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Summary

The aquaculture industry is experiencing rapid growth, which encourages moving the instal-
lations to more exposed sites, with harsher environmental conditions. With more exposed
sites comes stricter structural requirements, and the response of the installations should be
assessed and documented in irregular environmental conditions to capture the realistic be-
havior of the structures. The variability of environmental loads is not assessed in standard

regular analyses, which is the industry’s ”best practice” today.

Aquaculture installations are designed based on the partial coefficient method, which is an
ultimate limit state design approach. The procedure is based on requiring that the extreme
loads that act on the structure, represented by characteristic load, S¢, must be lower than
the minimum strength of the component, represented by characteristic strength, Rc. The
partial coefficient method incorporates safety factors for both load and strength, to ensure
that the structure meets the design requirements that are necessary to avoid technical failure.
Design load, Sp, is then determined by multiplying characteristic load with a load factor, ~¢,
and similarly, design strength, Rp, is determined by dividing the characteristic strength with
a material factor, ~,,. The load factor depends on the type of design analysis conducted,

while the material factor is chosen based on material and component type.

This master thesis focuses on the extreme effects of environmental conditions on a single
frame moored cage system. In particular, numerical simulations of mooring line tension
were performed in the simulation software FhSim, for different environmental conditions.
Stochastic analyses of two sea states with 10 and 50 year return period were performed to
determine the annual extreme value distribution of the load in irregular conditions. The
extreme value distribution was compared to the distribution of strength, which was assumed
normal distributed, and approximated based on the assumption that mean and standard
deviation are related to minimum breaking load as p = 1.05 x M BL and o, = 1.05 x 0.03 x

M BL, respectively.

The resulting distribution of load and strength showed that the curves did not overlap,
which indicated that the probability of failure was extremely small. According to the partial
coefficient method, characteristic strength is considered equal to minimum breaking load,
which represents the 90% quantile of the strength distribution. This implies that a safety
level is already inherent in the characteristic strength, before application of the material
factor. After applying a material factor of v, = 3.0, the minimum strength of the mooring

line became very conservative.

The distribution of load and strength was compared to different approaches for calculating
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characteristic load; (i) static analyses with current only, (ii) dynamic analyses in irregular
waves, and (iii) dynamic analyses in regular waves. Regular analyses based on the design
wave approach gave resulting design load of more than twice as high as the irregular design
load, and three times as high as the static design load in current only. The results showed
that analyses based on the design wave approach are very conservative compared to irregular
and static analyses. This implies that selection of analysis approach has significant impact
on the requirements concerning the load the components must withstand, and the suppliers

can possibly save money based on which approach they choose to apply.

Interaction between current and waves in irregular environmental conditions were inspected
by isolating the response in current only and waves only, and compared to the combination
of waves and current. The response analyses revealed a non-linear relationship between the
combination of current and waves, and the theoretical summation of current and waves. The
non-linearity occurred due to viscous drift, which are second-order effects that arise from the
relative velocity between the structure and the fluid. Viscous drift caused both a mean drift
force, and slowly-varying motions, which gave a significant increase in mooring line response.

Slowly-varying motions are not captured by regular wave analyses.

This report concludes that design analyses should be conducted with longer time series and
irregular environmental conditions to be able to study the behavior of fish farms in more
realistic sea states and better capture the variability of sea loads. Challenges that comes
with more exposed sites must be modelled correctly to ensure that the installations are fit

for harsher environmental conditions.
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Sammendrag

Havbruksnaeringen opplever hurtig vekst, og installasjonene flyttes til mer eksponerte lokaliteter
med hardere veerkondisjoner. Med mer eksponerte lokaliteter fglger strengere krav til struk-
turdesign, og responsen til installasjonene ma vurderes og dokumenteres for irregulaere
sjotilstander i tillegg til analysene som gjgres i dag. Variabiliteten til miljglaster er ikke
tatt hensyn til i dagens industristandard, som stort sett kun benytter seg av regulaere anal-

yser.

Havbruksanlegg designes pa bakgrunn av partielle koeffisienters metode, som krever at ek-
strem last som virker pa konstruksjonen, representert ved karakteristisk last, S¢, ma veere
mindre enn minimum styrke av komponenten, representert ved karakteristisk styrke, Rc¢.
Metoden inkluderer sikkerhetsfaktorer for bade last og styrke, som skal sikre at konstruk-
sjonen mgter designkravet som er ngdvendig for & hindre teknisk svikt. Design last, Sp,
bestemmes ved a multiplisere karakterisk styrke med en lastfaktor, v, og pa samme mate,
design styrke, Rp, bestemmes ved & dele karakterisk styrke pa en materialfaktor, ,,. Last-
faktoren avhenger av hvilken type designanalyse som utfgres, mens materialfaktoren velges

pa bakgrunn av materiale og komponenttype.

Fokus for denne mastergraden er effekten av ekstreme miljglaster pa en enkel rammeforankret
merd. Numeriske simuleringer av strekk i en ankerline ble gjennomfgrt i simuleringsprogram-
met FhSim, for ulike sjgtilstander. Stokastisk analyse av to sjgtilstander med 10 og 50 ars
returperiode ble gjennomfgrt for & bestemme arlig ekstremverdi fordeling av linestrekk i ir-
regulaer sjp. Fordeling av styrke ble antatt & veere normalfordelt, og tilnsermet ved a anta at
middelverdi og standardavvik er relatert til minimum bruddstyrke (MBL) som henholdsvis
u=1.05x MBL and o, = 1.05 x 0.03 x M BL.

Resulterende fordeling av last og styrke viste at de to kurvene ikke overlappet, noe som
indikerer at sannsynlighet for feil er ekstremt lav. I fglge partielle koeffisienters metode sa
kan karakteristisk styrke antas & veere lik minimum bruddstyrke, som representerer 90%
kvantilen for fordelingen. Dette innebaerer at karakteristisk styrke allerede inkluderer et
visst sikkerhetsniva, fgr materialfaktoren er anvendt. Nar en materialfaktor pa v, = 3.0,
benyttes, sa vil designstyrken bli veldig konservativ, og ikke reflektere usikkerhet i last siden

denne verdien kommer ekstremt langt ut i "halen” til styrkefordelingen.

Fordeling av last og styrke ble sammenlignet med forskjellige mater & bestemme karakteris-
tisk last; (i) statisk analyse med kun strgm, (ii) dynamisk analyse i irreguleere bolger, og (iii)
dynamisk analyse i reguleere bglger. Regulzere analyser basert pa designmetoden gav design-

last som var mer enn dobbelt sa stor som den irreguleere designlasten, og tre ganger sa stor



som resulterende designlast fra statiske analyser i kun strom. Resultatene viste at analyser
basert pa designmetoden i reguleer sjg er veldig konservative sammenlignet med irregulaere
og statiske analyser. Dette antyder at valg av analysemetode har betydelig innvirkning pa

krav til styrke.

Interaksjon mellom strgm og bglger i irregulzere sjgtilstander ble studert ved & isolere respon-
sen 1 kun bglger og kun strgm, og sammenligne med respons fra strom og bglger kombinert.
Responsanalysene viste et ikke-linesert forhold mellom kombinasjonen av bglger og strgm og
den teoretiske superposisjonen av kun bglger og kun strgm. Det ikke-linezere forholdet opp-
stod som fglger av viskgs drift, som er en andre-ordens effekt som oppstar pa grunn av relativ
hastighet mellom konstruksjonen og vannet. Viskgs drift forarsaket bade en gjennomsnittlig
drift-kraft, samt sakte-varierende krefter, som viste seg & gi en betydelig gkning i linestrekk.
Sakte-varierende krefter fanges ikke opp i standard regulzere analyser, siden to bglger med

ulik hgyde og amplitude er ngdvendig for & fa denne effekten.

Denne rapporten konkluderer med at designanalyser bgr gjennomfgres med lengre tidsserier
og irreguleere sjgtilstander, for & kunne studere adferden til et havbruksanlegg i mer realistiske
kondisjoner, og for & fange variabiliteten i lastene. Utfordringene som kommer med mer
eksponerte lokaliteter ma modelleres korrekt for a sgrge for at installasjonene er tilpasset

toffere sjgtilstander.
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1 INTRODUCTION

1 Introduction

The introduction will present the background of the research questions investigated in this
Master Thesis, and why there is a need to highlighting these topics. The objectives and
limitations of the study are presented, together with a presentation of previous work. The

structure of the report is introduced at the end for reader guidance.

1.1 Background

Since modern commercial aquaculture begun in Norway in the early 1970’s, the industry
has experienced rapid development and growth. Aquaculture installations are getting larger,
the environmental conditions become tougher, and the fish farms are moved to more ex-
posed sites. This entails stricter requirements for structural design to avoid fish escape, and

increased use of advanced technology is essential to meet the new challenges in the industry.

In the Norwegian aquaculture industry, NS9415 is the governing technical standard. The
main purpose of this standard is to prevent fish escape due to technical failure and/or
improper operation of the marine fish farm. The standard was drafted in 2003, and then
revised in 2009. Since then, the industry has experienced rapid development, and it is
essential that the technical standard assure the safety of the structures in light of the new

challenges the industry opposes.

The design approach applied in the industry today is based on ensuring that the loads
imposed on the structure over its lifetime does not exceed the strength of the installation
and its components. The background and documentation of today’s load — and material
factors for design of structural components are unclear. Also, the variability of the load

effects is not assessed in standard analyses.

Today, the industry perform design analyses with regular waves as "best practice”. As
the environmental conditions at fish farm locations get harsher, regular waves will not be
sufficient to describe the realistic response of the structure. Improved analyses that address
the variability of the environment and uncertainty in estimation of loads should be applied

to ensure that the structures are fit for more exposed sites.

1.2 Objective

The main objective of this Master Thesis is to examine whether the technical standard and

design procedures applied in Norwegian aquaculture today are good enough to cover the
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new challenges the industry face. In this lies the need for studying the effects of irregular
environmental conditions, and compare them to the response of the structure in regular
waves, to see if irregular conditions have prominent influence on the characteristic loads
applied in the design approach. Also, interaction between current and waves must be studied

to inspect second-order effects on the response.

In particular, response of mooring lines in different environmental conditions is examined in
a simulation study, to inspect the extent of the standard design approaches. A method for
determining the annual distribution of extreme mooring line tension when there is lack of
simultaneous data is proposed, and used for design checks in terms of varying environmental

force models.

1.3 Limitations

The simulation study was limited to inspecting the variability of the extreme tension in one
windward mooring line. This component was chosen to illustrate the application of the Two
Sea States Approach, and the conclusions made in this report are only valid for the specific
system and specific mooring line. Distribution of load and characteristic loads for other

components of the fish farm were not examined.

The inspected 10 and 50 year environmental conditions were based on a site survey conducted
at Salatskjeera, an exposed location in Frgyhavet. The distribution of mooring line tension

is thus valid only for locations with similar sea states.

The level of detail in the description of the relevant theory for this Master Thesis is varying,
due to limited time and space. The main focus of this report lie on theoretical concepts that
were highly relevant for the simulation study. The report includes a detailed description of
sea loads and stochastic analyses, while aquaculture concepts and components are introduced

briefly.

1.4 Previous Work

This Master Thesis is a continuation of the topic examined in my Project Thesis conducted
during fall 2016. The project thesis Structural Design and Behavior of Aquaculture Instal-
lations mainly focused on static and dynamic mooring analyses, and regular wave analyses
were performed to examine the mooring line tension in different environmental conditions,
as well as accidental conditions. Some parts of the project thesis were used as background

literature for this Master Thesis. This will be specified in section [1.5
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1.5 Structure of the Report

This report will first introduce the Norwegian aquaculture industry; different concepts, com-
ponents, and the rules and regulations which applies to the industry today. Then, the
theoretical background for performing stochastic mooring analyses is explained. The last
part of this report presents the simulation study that was performed, with a detailed de-
scription of the applied method, results and discussions of results. The report will end with

conclusions and recommendations for further work.

Chapter [2] to [4 gives a brief introduction to the Norwegian aquaculture industry. Chapter
presents an overview of different fish farm concepts, their components, how to develop a
fish farm as well as some state of the art concepts. This chapter is based on the project
thesis. The mooring system of an aquaculture installation and its components is presented
in chapter [3] which is also based on previous work. Chapter [4| presents rules and regulations

that apply for the Norwegian aquaculture industry.

Chapter [5] introduce design approaches, and presents the partial coefficient method, which
is the governing design approach applied in the industry today. This chapter is based on
previous work, but includes a more detailed explanation of the design procedure and how to

determine extreme load effects.

Chapter [6] describe the sea loads that act on a floating fish farm, and how to model these
loads for calculation and simulation purposes. Some parts are based on previous work,
but this report includes a more comprehensive description of environmental loads and their
effects on the response of the structure. Numerical models for determining sea loads are also

introduced here.

Chapter [7] describe how dynamic response analyses are conducted, and how the motion of
the structure can be described by mathematical expressions. The description of equations

of motions is based on previous work.

Chapter |§] gives an introduction to statistical description of waves, stochastic processes and
how to determine short— and long-term response of a structure. The theoretical concepts
introduced here were used as basis for the simulation study and development of the extreme

value distribution.

Chapter [J] presents FhSim, the software used in the simulation study for this Master Thesis.

The software framework, key components and generic models are described.

Chapter presents the simulation study that was performed to inspect the structure’s

behavior in irregular sea. The applied method is presented in detail. The results from the
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simulation study are also presented in this chapter and discussed at the end of this report,

together with final conclusions and recommendations for further work.

The reader of this Master Thesis is expected to have basic knowledge about marine hydro-

dynamics and statistics, but no prior knowledge about stochastic analyses are required.
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2 Aquaculture Installations

Large scale aquaculture is a relatively new industry in Norway, and the fish farming technol-
ogy has experienced rapid development in recent years. The combination of new technology
and competence has made it possible to increase the size of farming facilities and move the
fish farms to more exposed sites, which has made the aquaculture industry an important

contributor to the Norwegian economy.

The farming conditions along the Norwegian coastline are favorable due to optimal temper-
ature — and oxygen levels, flow conditions, salinity and wave exposure. The combination
of environmental conditions and access to unique technical competence from the offshore

industry, has made Norway world leading in aquaculture farming.

Today, several concepts for fish farming facilities are available on the market. The most
common construction is the open fish farm, which is characterized by free water flow through
the plant. Closed fish farms are, as the name suggests, closed to the surrounding environment

and needs its own water circulation system (Karlsen) 2015)).

Fish farms can be located in the surface or be submerged, either partly or fully submerged.
This Master Thesis will focus on open surface fish farms. The following sections will present
different fish farm concepts within this category, main components of the fish farm, as well
as an introduction to development of fish farms. State of the art concepts will be introduced

at the end of this chapter.

2.1 Fish Farm Concepts

Floating fish farms comes in various shapes and designs, and the choice of fish farm concept
is often based on the amount of fish intended for the farm, as well as the environmental

conditions on site.

The conditions on site can be defined according to degree of exposure. Sheltered sites repre-
sent locations in the inner parts of the fjords, protected from high waves and strong currents,
while exposed sites have conditions more similar to those offshore. Exposed sites oppose chal-
lenges of harsh environmental conditions, such as strong currents, high waves, varying peak
period and high wave steepness. Also, longer duration of storms, as well as longer distance
from shore makes it more challenging to operate aquaculture installations at exposed sites
(Fredheim, 2016).

Fish farm concepts can be categorized according to their structural properties and behavior
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in the ocean environment (Fredheim and Langan, [2009)):
e Flexible systems
e Hinged connected bridges
e Rigid structures

Different concepts for floating fish farms are presented in the following sections.

2.1.1 Circular Collar Fish Farm

The circular high-density polyethylene (HDPE) collar cage is an example of a flexible sys-
tem. This concept is illustrated in figure 2.1l The collar is made of plastic pipes, which
are welded together into preferred lengths and bent into circles with the desired ring size.
Several rings, usually two, are connected to ensure sufficient buoyancy, as well as to serve
as working platform for the operational staff. Circular plastic collars have high flexibility,
which gives good seakeeping performances in demanding environmental conditions, and is

often the preferred concept at exposed sites (Fredheim and Langan, 2009)).

Figure 2.1: Circular collar fish farm (illustration by SINTEF Ocean)

A typical floating fish farm consists of several cages and a global mooring system to keep the
farm in position. Circular collar fish farm concepts ensure good water flow conditions due
to optimal distance between the collars. This is an advantage concerning available oxygen

for the salmon and for avoiding salmon lice. The main disadvantage of this concept is the
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working conditions. The working platform does not have room for extra storage, such that
additional vessels with auxiliary equipment are needed to perform larger operations at the
fish farm. Operational tasks are difficult to perform on the circular collar due to its flexibility,

especially in bad weather (Fredheim and Langan, 2009)).

2.1.2 Steel Fish Farm

Another fish farm concept is the interconnected hinged steel fish farms, which consist of
square cages connected by bridges of steel. The concept is illustrated in figure Polyester
floatation is connected directly to the steel bridges and provides better flotation capabilities
than the circular plastic collars. The interconnected hinged steel fish farms also have better
working conditions due to larger and more stable working platforms. This makes the oper-
ation of the fish farm easier and safer. Lack of flexibility in the horizontal plane can cause
structural problems when the fish farm is exposed to waves and ocean currents, and it is

therefore more suitable for sheltered sites (Fredheim and Langan, 2009).

Figure 2.2: Steel fish farm (illustration by SINTEF Ocean)

2.1.3 Catamaran Steel Fish Farm

The catamaran steel fish farm is another concept with hinged connected bridges, which
consists of several steel hulls. The hulls provide flotation, while the hinges allow for rotation
in the horizontal plane. The hulls are not in direct contact with water, and therefore provide
flotation only along one axis. This gives better resistance to displacement forces than the
regular steel fish farms. In contrast to circular collar fish farms, the catamaran fish farms

have the advantage of good working conditions, with large working platform area suitable
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both for storage and for performing daily operations (Fredheim and Langan, 2009). An

illustration of the catamaran fish farm is shown in figure 2.3]

Figure 2.3: Catamaran fish farm (illustration by SINTEF Ocean)

2.1.4 Rigid Steel Fish Farm

Rigid steel fish farm concepts vary within the category. The most common types consist
primarily of steel pipes welded together into square collars. Wide working platforms gives
good working conditions, in contrast to the circular collar farms. Because these systems are
rigid, they are highly impacted by environmental loads and are thus not suitable for exposed

sites (Fredheim and Langanl, 2009)).

2.2 Fish Farm Components

An aquaculture fish farm can consist of several cages, and one farm usually range from 6 to
12 cages, depending on size of the location and amount of fish intended for the location. The
three main components of a typical fish cage are the floating collar, the net cage and mooring
system. In addition, buoys and weights are needed to provide the necessary buoyancy and
to ensure that the net cage remains its desired shape, and hand rails and working platform

are included for easier handling (Moe et al., [2007]).

Figure illustrates a single circular collar cage with its components highlighted. The

following sections will briefly describe the main components of a typical fish cage concept.
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Figure 2.4: Single cage with main components (illustration by SINTEF Ocean)

2.2.1 Floating Collar

The floating collar serves as an attachment point for the net and integrates all parts of
the floating fish farm. It provides buoyancy, distributes forces to the mooring system, and
serves as a working platform for daily operations (Fredheim and Langan) 2009). The floating
collar must also absorb the forces imposed on it. This includes loads that directly affect the

collar, but also loads that affect its adjacent parts, such as mooring system, net pen, feeding

equipment etc. (Standard Norway, [2009).

2.2.2 Net Cage

The farmed fish is kept in place in a net cage connected to the floating collar. Design of the
net cage aim to reduce the risk of fish escape, and ensure fish welfare. The net must also

be able to withstand forces from waves and current, as well as manual handling (Karlsen)
2015).

Form and function of the net cage are determined by several parameters, such as shape
of the floating collar, necessary net volume, depth and net materials. Depending on collar
type, net cages can be circular or square, and they can have vertical or inclined sides. The
bottom is usually cone shaped to collect dead fish in the bottom center (Fore, 2016). A
circular net cage provides the largest possible net cage volume compared to other shapes,
and thus have higher fish capacity. Large volume is also beneficial for increasing the efficiency
of operational procedures such as feeding. On the other hand, increased net cage volume

implies a larger fish quantum to handle and hence increased consequences in the event of
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fish escape (Karlsen, 2015]).

Weights are applied to the lower parts of the net to keep the desired shape of the net cage
when it is under influence of environmental loads. For circular cages, a filled polyethylene
ring, called sinker tube, or separate weights, are used for maintaining the net shape in waves
and current (Berstad et al., 2005]).

A net cage consists of a system of ropes and netting, designed to transfer and carry forces
through the ropes. The material used for netting can be produced of either knotless net-
ting, which is knitted bundles of multifilaments, or knotted netting, which consists of twines
of twisted multifilament bundles connected by knots. In Norwegian aquaculture, knotless
netting is the most common type (Moe et all [2007). The netting is usually made of syn-
thetic fibre such as nylon, HDPE, polyethylene, polyester or Dyneema®. Synthetic fibre
is suitable because of its distinct material properties; its rigidity ensures that the netting
maintains the desired shape, while the flexibility provides good resistance to environmental
forces (Fredheim and Langan| 2009).

The mesh length is an important parameter for the net cage, and is defined as the distance
between the center of two opposing knots when the mesh is fully stretched out (Standard
Norwayl, [2009). Choice of mesh length is mainly determined by the size of the fish that is
kept in the net cage. Also, the mesh length must be small enough to avoid wild fish from
swimming into the net, and at the same time be large enough to ensure good water flow
conditions through the net. Selection of mesh size influence the weight of the net cage and

cost, as well as the effect of current loads (Karlsen, 2015).

2.2.3 Mooring System

The purpose of the mooring system is to keep the fish farm at its desired position. The main
components of the mooring system include ropes, floats and bottom attachments (Fredheim

and Langan, 2009). The mooring system is described more closely in chapter

2.3 Fish Farm Development

Development of new fish farms must promote profitability for the farmer and always strive to
be a part of a sustainable industry. The main objective when designing aquaculture installa-
tions is to ensure sufficient structural integrity to prevent fish escape. The fish farm must be
able to withstand environmental loads, be operational, and ensure proper fish welfare. The
location of the fish farm must be optimized in terms of water flow, temperature, salinity and

available oxygen (Fredheim| 2016)).

10
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Fish farms are designed and certified according to the technical requirements provided in
the Norwegian standard, NS9415, and all stages of design must coincide with the standard
(Fredheim and Langan, 2009). The technical standard set requirements for individual com-
ponents of the fish farm, as well as requirements for the functionality of the fish farm as a
global installation. Rules and regulations that apply for the Norwegian aquaculture industry

will be further discussed in chapter

The design process can be divided into three main steps (Sereide, [2016): (i) site survey and
specification, (ii) analysis and testing, and (iii) report and planning. Each stage will be

discussed briefly in the following sections.

2.3.1 Site Survey and Specification

In order to develop a fish farm, a license must be issued by the relevant authorities. For the
farmer to get a license to farm, a site survey must be carried out at the specific site intended
for the installation. The aim of the site survey is to map the environmental parameters that
will impact the installation in order to calculate environmental loads. Wind velocity, current
velocity, and wave parameters can be determined from measurements, statistical data and/or

calculations according to NS9415 (Standard Norway, 2009).

The site survey must also include a description of water depth, bottom type and topography.
This documentation is mainly used for the anchoring — and mooring analysis (Fredheim,
2016]).

Specification of equipment is necessary to perform structural analyses of the installation and
the main components shall be carefully documented. The technical standard requires that
calculations, material parameters, certificates for parts and traceability are documented for

all structural components of the fish farm.

2.3.2 Analyses and Testing

Both structural and hydrodynamic analyses must be carried out for the specific components
of the fish farm, as well as for the global installation. These analyses are based on the site

survey and ensures that the structure meets the criteria stated in NS9415.

In addition to analyses of loads and loading conditions, risk assessment must be carried out
in the design process. Risk assessment includes risk analysis and risk evaluation, and must
be performed to ensure the safety of people, fish, and the installation (Standard Norwayl,
2009). The risk analysis should identify what can go wrong, estimate how likely it is that

11
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something goes wrong, as well as estimate the consequences of the event if something does
go wrong. Risk evaluation is carried out to determine which risks that can be tolerated, and

which risks that must be further assessed (Rausand) 2013]).

Testing of equipment is performed to document the capacity of the installation and its
components, and can be conducted as an alternative to mathematical analyses. Both model-
tests and full-scale tests are performed to ensure the safety of the installation. Testing can
be used to (Standard Norway), 2009):

e Determine component characteristics and/or breaking capacity of the components

Reduce uncertainty in analytical risk models

Control the quality of construction parts

Determine material characteristics

Inspect fish farms after installation

2.3.3 Reporting and Planning

Reporting and documentation must be done according to NS9415. Reporting is essential for
safe and proper operation of the installations. Proper planning of the operations required
on the fish farm is conducted to ensure the safety of the people handling the installation, as

well as sustainability (Sereide, 2016)).

2.4 State of the Art

The aquaculture industry has developed rapidly in recent years. Today, several innovative
concepts are being developed to meet new challenges such as more exposed sites, larger

installations and stricter government requirements.

2.4.1 Innovation Licenses

In the Norwegian aquaculture industry, there are strict regulations of the amount of fish
allowed at a fish farm, as well as the amount of fish allowed in one single net cage. To
produce farmed fish, the farmer needs a license, which constrain the maximum allowable
production at one site, called mazimum allowed biomass (MAB). This is described more

closely in chapter [4

12
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The Directorate of Fisheries in Norway can grant special innovation licenses to concepts that
have potential for innovation and significant investments. The purpose of the innovation
licenses is to enhance technology developments that can contribute to solve challenges in
the aquaculture industry. This license can grant permission to farm more than the general

maximum allowable biomass for the industry, and the developers can apply for several licenses

for one concept (Directorate of Fisheries| 2016).

2.4.2 Ocean Farm 1

Ocean Farm 1 is the first offshore aquaculture installation to be built, and the technical
solution is based on semi-submersible offshore concepts. Ocean Farm 1 is designed by Ocean
Farming, which is a Research and Development company within the SalMar group. The
offshore fish farm will be 250 000 cubic meter and can contain 6240 tonnes of fish

2016)). The concept is shown in figure

Figure 2.5: Ocean Farm 1 (SalMar, 2016

Ocean Farm 1 can be installed in areas with a water depth of 100 to 300 meter, which is
beneficial both for production and operation. The offshore conditions provide good biological
terms for the fish, and the fish farm can be operated autonomously, which implies that heavy

marine operations can be avoided. Ocean Farm 1 was granted an innovation license in 2016,

and will be tested offshore during the fall of 2017 (SalMar, 2016).

2.4.3 Havfarm 1

The Norwegian company Nordlaks has proposed an aquaculture ship for farming salmon,

called Havfarm 1, designed by NSK Ship Design. Havfarm 1 is designed with a capacity

13
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of 10 000 tonnes of salmon, which corresponds to over 2 million fish, and shall withstand
significant wave heights of up to 10 meter. The ship farm is planned to be 430 meter long
and contain six net cages, each with a surface area of 2500 square meter and 60 meter depth
(NSK Ship Design, 2016). The concept is shown in figure

Figure 2.6: Havfarm 1 (NSK Ship Design, 2016

The facility will be equipped with thrusters to optimize the oxygen ratio for the salmon and
to assist marine operations. Havfarm 1 is intended to lay at one site for its lifetime of 25
years, and it shall be moored in the bow to provide weather vaning capabilities. This gives

great advantages in rough sea. Also, by rotating the farm around the mooring point, the

spreading area for waste products is increased (NSK Ship Designl, 2016)).

The Havfarm 1 concept was granted an innovation license in December 2016 (Directorate of
[Fisheries| |2016).

14
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3 Mooring System

The purpose of the mooring system is to keep the installation at its correct position and
ensure safe position-keeping at all times (Standard Norway, 2009)). Design of the mooring
system also aim to reduce the risk of fish escape, as a result of technical failure. All main
components of the fish farm interact with the mooring system, and the system must therefore

be analyzed in regard to the global installation.

This chapter presents mooring concepts and the main components of a frame mooring system.

3.1 Mooring Concepts

Choice of mooring concept is based on size and characteristics of the specific fish farm, as
well as weather conditions and bottom topography at site. Mooring is usually done either
by independent lines directly moored from the collar to the bottom, or by a grid mooring
system. In the case of grid mooring, one or several collars are connected to a mooring frame

which is independently attached to the seabed (Fredheim and Langan, [2009).

3.1.1 Independent Mooring

Independent mooring lines are usually applied for interconnected hinged bridge systems.

3.1.2 Frame Mooring

Frame mooring systems are applied for fish farms that consist of circular cages. The mooring
frame intend to provide additional horizontal stiffness for the fish farm, since the plastic

collars themselves have low horizontal stiffness (Fredheim and Langan| 2009)).

The collars are connected to the mooring frame by bridles, such that each cage can move
freely inside the frame, independent of the mooring grid. The main mooring frame consists of
fiber ropes designed to withstand environmental loads. The mooring frame, bridles, mooring

lines, and frame buoys are connected by submerged mooring plates (Karlsen, [2015]).

The mooring frame itself is kept at sufficient depth, usually 5-10 meters, such that it won’t
affect marine operations. This avoids issues such as ropes coming into propellers, and allows
for boats to easily pass the installation site (Fredheim and Langan) 2009). An illustration of

a frame mooring system and its main components is shown in figure 3.1

15
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Figure 3.1: Frame mooring layout (illustration by Aqualine)

3.2 Mooring Components

A general mooring system consists of several cables attached to the floating installation at
different points with the lower ends of the cables anchored to the seabed (Faltinsen, 1990).
The standard frame mooring system consists of synthetic ropes, long link chain, shackles,
mooring plates, anchor chain and anchors (Sgreidel 2016|). The following sections focus on
mooring components for a typical frame moored circular collar fish farm as the one shown

in figure

3.2.1 Mooring Line

Mooring lines are used to attach the installation to the seabed, and to connect the separate
cages in a frame moored fish farm. The lines can consist of chain, fiber ropes, or a combination
of both. Choice of mooring line material depends on its application, but a combination of
chain and fiber rope is the most common option. The mooring frame itself usually consist

of fiber rope.
Chain

Chains come in different diameters and with different grades, and choice of chain is based
on the strength requirements determined in the dimensioning analysis. Chain has very good
abrasion characteristics and provide high geometric stiffness due to weight (Larsen, 2016)).

This will be further discussed in chapter [7]

16
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Chain links can be either studlink or studless. The studless chain links are most common
for permanent mooring (Vryof Anchors, 2010). The bottom attachment usually consists of
heavy studless chain to provide good dynamic capabilities and a flexible mooring system. In

other parts of the mooring system, lighter chain is usually applied (Standard Norway, [2009).
Synthetic Fiber Ropes

Synthetic fiber ropes has the advantage of high elasticity and low weight. Polyester and
polyethylene, which are the most common materials, is close to nylon in strength, but
stretches very little. They provide good damping effects and have highly elastic proper-
ties (Bai and Bai, 2012). Synthetic mooring lines are easy to handle and install, but doesn’t

have as good abrasion characteristics as chain (Larsen), 2016)).

3.2.2 Connectors

Connectors are applied to ensure safe and reliable connection between the different mooring

components.
Shackles

Shackles are used to connect the anchor chain to the anchor, or as a connection between
the chain segment and polyester segment of the mooring lines. A shackle consist of a bow
that is closed with a pin, and functions as a locking mechanism between two components
(Vryof Anchors, |2010). NS9415 require that shackles must be doubly secured, and made of

corrosion-resistant material. An example of a shackle configuration is shown in figure
Mooring Plate

The mooring plate is the connection point between the mooring frame, mooring lines, bridles
and buoy. It is the most important part of the mooring system, and aim to ensure safe
position keeping of the global installation. All ropes are connected to the mooring plate at
the mooring frame depth, well below propeller depth, to ensure safe transport around the
fish farm. The coupling plate must be designed such that the first yield occurs in a mooring
line attachment point rather than in the plate itself (Standard Norway, 2009). A typical
mooring plate configuration is shown in figure The buoy is attached in the middle
of the plate, while the mooring lines and mooring frame ropes are evenly distributed and

connected to the plate by shackles.
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(a) Shackle (b) Mooring Plate

Figure 3.2: Connectors (illustrations by Aqualine)

3.2.3 Bottom Attachment

The bottom attachment transfer loads from the mooring system to the seabed. Choice of
bottom attachment type mainly depends on the bottom conditions on site. Rock pins are
applied for rock bottom, while for sand and clay bottom, anchors are the preferred type of

bottom attachment.
Rock Pins

Rock pins are hollow steel pipes that can penetrate through rock. Two types of rock pins
are used for anchoring; T-pins and eye-pins. T-pins have a T-configuration on top of the
pin and shackles can be connected around the bolt stem, while for eye-pins, shackles are
connected through a hole at the top of the pin. The rock pin is installed by a piling hammer
or vibrator, and it is fastened to the soil either by expanding the steel on the bottom of the
pile, or by grout, which makes the pile stick to the rock. A combination of the two fastening
methods is usually applied. The holding capacity of the rock pin depends on the strength of
the steel, how good attachment it gets with the soil, as well as the strength of the soil itself
(SINTEF et al., 2010). A typical T-pin configuration is shown in figure

Anchors

The required dimensions of the anchor depend on the geological conditions on site, and
the weight of the installation. The anchor holding power must be sufficient to ensure safe

position-keeping, and according to the documentation provided by the manufacturer.

Fluke anchors are the most common anchor type for mooring of fish farms. These anchors are
beneficial in terms of high holding-capacity-to-weight ratio. The holding capacity depends
on the amount of soil that is displaced by the anchor and the ability of the soil to hold
together. This implies that anchors with large fluke and deep penetration gives the highest
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holding capacity. Penetration depth is dependent on soil conditions, and must be adapted

to the specific site (Vryof Anchors, |2010). An example of a fluke anchor is shown in figure
3.3

4 L

(a) Rock pin

(b) Fluke anchor

Figure 3.3: Bottom attachments (illustrations by Aqualine)
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4 Rules and Regulations

The Norwegian aquaculture industry is regulated by the Directorate of Fisheries, which is
subject to the Norwegian Ministry of Trade, Industry and Fisheries. The Directorate of
Fisheries is the advisory and executive body of the Norwegian authorities and aim to ensure

a profitable and sustainable aquaculture industry (Directorate of Fisheries, 2017)).

Rules and regulations are essential to ensure safe working conditions and fish welfare in
Norwegian aquaculture. Technical standards are an important part of Health, Safety and
Environment (HSE) regulations, to protect personnel and public from harm and reduce
negative environmental impacts. The rules and regulations also aim to ensure safe and
secure structures, and serve as guidelines for the farmers, suppliers, and manufacturers in
the industry (Fredheim, 2016).

This chapter will introduce the governing rules and regulations that applies for the Norwegian

aquaculture industry, with main focus on the technical regulations.

4.1 The Aquaculture Act

Norwegian aquaculture is subject to the Aquaculture Act, which applies for production of
all aquatic organisms. The Aquaculture Act is issued by the Directorate of Fisheries and
was first applied in 2006. Its purpose is to ensure that Norwegian aquaculture is profitable
and competitive, and that the industry is sustainable and contributes with wealth creation

to the local community, as well as to the nation (The Aquaculture Act|, |2006]).

4.1.1 Aquaculture Licenses

To engage in aquaculture activities, a farming license is required. The license grants permis-
sion to produce specific species in restricted areas, and allocation of licenses is given by the

Directorate of Fisheries (The Aquaculture Act, [2006]).

The license constrains the maximum allowable biomass (MAB) for each company, as well as
for the industry as a whole. MAB is implemented to regulate the produced volume of salmon.
One MAB equals 780 metric tonnes, but several MAB licenses can be granted for one site,
and in general, one fish farm contain between 2340 and 4680 tonnes (Marine Harvest), 2015).
Biomass limitations are determined by the carrying capacity of the production site and varies

for the different production sites.
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4.2 Technical Regulations

The amount of fish in one single cage is also limited by regulations. One cage can only
contain 25 kg fish per cubic meter of water, due to sanitary reasons and to ensure fish
welfare (Fredheim, [2016)).

4.1.2 Environmental Considerations

The environmental aspects of Norwegian aquaculture is mainly regulated by the Aquacul-
ture Act. It states that aquaculture should be done in a sustainable manner in all phases
of production, including planning and termination. The law set requirements for e.g. envi-
ronmental surveillance, protection of specific sites and removal of escaped fish (Norwegian
Seafood Council, 2016]).

4.2 Technical Regulations

In addition to the Aquaculture act, technical requirements for aquaculture installations are
specified in separate regulations. The overall objective of the technical rules and regulations
applied in Norwegian aquaculture is to prevent fish escape by ensuring sufficient integrity of
the installations. Operational integrity, design integrity, as well as technical integrity must

be assessed in order to prevent escape (NYTEK] 2011]).

Fish escape is a threat to wild stock and nature. Interbreeding of farmed fish and wild stock
can introduce new species, which is not suited for wild life. Farmed fish claims food and
space, and can possibly transfer pathogens and parasites to the wild stock. Fish escape can
also result in significant economic loss for the farmer. Both loss of income due to escaped
fish and the cost related to handling of the incident affects the total return, so it is of great

interest for the farmer to avoid fish escape (Fredheiml 2016)).

Technical regulations in Norwegian aquaculture is set by NYTEK, while NS9415 represent
the technical standard of the industry.

4.2.1 NYTEK

NYTEK is the national regulation of technical standards for floating aquaculture installa-

tions, issued by the Norwegian Ministry of Trade, Industry and Fisheries.

NYTEK includes regulations for certification and inspection of fish farms. For the farmers
to get a license to farm, documentation on the specific locality, mooring analyses and a site

certificate is required. All main components, such as the cage, net and mooring system, must
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4 RULES AND REGULATIONS

be controlled and verified by an independent third-party inspection company. The purpose
of the NYTEK certification is to reduce the risk of technical failure, and to ensure high
reliability of the components (NYTEK] 2011)).

NYTEK set requirements for all entities involved in the aquaculture industry; the farmers,
the manufacturers and suppliers. The farmers are required to provide environmental data
for the planned location of the fish farm to get a license, while manufacturers and suppliers is
required to certify their products to be allowed to deliver equipment to the farming industry
(NYTEK] |2011). NYTEK refers to NS9415 for technical specifications.

4.2.2 NS9415

The Norwegian Standard, NS9415, outlines the technical requirements for design, dimension-
ing, production, installation and operation of a marine fish farm (Sgreidel 2016)). NS9415 is
applicable to all main components of the farm, such as nets, floating collars, mooring systems
and rafts. The standard was drafted in 2003, and then revised in 2009 (Standard Norway,
2009). The specific design requirements include prerequisites for all main components of
a fish farm, as well as requirements for the functionality of the global installation. This
includes strength analyses, safety limits and lifetime analyses. The standard also specifies
which loads to include when dimensioning the equipment and how to calculate the specific
loads (Standard Norway, 2009).

As mentioned, the regulations state that a site survey must be performed to be allowed to
develop an aquaculture fish farm. The site survey shall provide the information needed to
be able to determine the environmental loads on site, and an overview of parameters such
as wind, waves and current must be included. These parameters will be used as a basis
for calculations of environmental loads that can affect the planned installation (Standard
Norwayy, [2009)).

NS9415 also include requirements for use and installation manuals. This is to ensure proper

interaction between the main components of the fish farm (Fredheim) 2016).
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5 Design of Aquaculture Installations

When designing a marine fish farm, rules and regulations needs to be assessed in all stages of
the design process. The overall purpose of a comprehensive design approach is to avoid fish
escape because of technical failure. NS9415 set restrictions that applies for all main compo-
nents of the installation, and specifies design limit states for the individual components, as
well as for the global installation. To ensure safe design of the structure, determination of
loads, load effects and resistance to the load effects needs to be assessed early in the design

process. This should be done in accordance with defined limit states.

This chapter will introduce the concept of limit state design, and describe the partial coeffi-
cient method, which is a design approach applied to ensure that the structure meet the load

requirements necessary to avoid technical failure.

5.1 Limit State Design Approaches

In early stages of design, it is difficult to predict the loads that will act on the structure during
its intended lifetime. Limit state design is a method for enabling more accurate structural
design by considering the possible loads separately (Curtin et al. 2008]). The method is
applied to verify that no structural limits can be exceeded due to unpredicted loads and
response, improper material properties, inaccurate geometrical data, or product properties
(Fredheiml 2016)).

Design limit states are introduced to ensure that the structure can handle the loads that
will impact the structure over its intended lifetime. According to NS9415, dimensioning of

a structure, or part of a structure, should be done in relation to two limit states:
e Ultimate Limit State (ULS)
e Serviceability Limit State (SLS)

Fatigue and accident situations should be seen in regard to the ULS condition (Standard

Norway, [2009). The different limit states will be presented briefly in the following sections.

5.1.1 Ultimate Limit State (ULS)

The ultimate limit state (ULS) aim to ensure that the structure, or a specific part of the
structure, have sufficient strength when exposed to extreme environmental loads. ULS is

usually set equal to the maximum load that the components can withstand without structural
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5.2 Partial Coeflicient Method

failure. The ultimate limit state shall ensure the safety of people, as well as the safety of the

structure itself (Standard Norway, 2009).

5.1.2 Serviceability Limit State (SLS)

The serviceability limit state (SLS) is the limit state for when a structure, or part of a
structure, no longer meets the requirements for normal use. This limit state assess the

comfort of the people handling and operating the installation (Standard Norway), 2009).

5.1.3 Accidental Limit State (ALS)

The accidental limit state (ALS) is the limit state for when a structure, or part of a structure,
is exposed to an accidental load (Standard Norway, [2009). ALS aim to ensure that the system
has enough reserve capacity in accident situations. Accidental loads can arise from accidental
events, such as collisions, or operational failure, such as improper pretension of the mooring
lines (Brown, [2005).

5.1.4 Fatigue Limit State (FLS)

The fatigue limit state (FLS) is the limit state for when a structure, or part of a structure, is
exposed to repeated loads during its intended lifetime (Standard Norway, 2009). FLS aim to
ensure that the system has enough reserve capacity when the equipment is exposed to cyclic
loading. Fatigue depends on load variations over time, and for mooring lines it is especially

important to asses loads that vary with wave frequency (Brown) 2005).

5.2 Partial Coefficient Method

Ultimate limit states are important criteria in design of aquaculture structures, and ULS
design checks are generally based on extreme load effects. In the aquaculture industry,
extreme environmental conditions are represented by waves and current with 10 and 50 year
return period. How to determine extreme environmental conditions that cause extreme loads

are presented in section [5.2.2

Fish farms are exposed to random load processes, S(t), as illustrated in figure The
design procedure aims to ensure that the structure can resist the mazimum load effect that
may cause ultimate failure over the structure’s lifetime. This is done by making sure the

dimensions of the equipment are adequate and that the material properties are suitable
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5 DESIGN OF AQUACULTURE INSTALLATIONS

for the environmental conditions at the specific location of the structure (Naess and Moan,

2012).

Maximum load effect, S(t)
that may cause ultimate
failure inthetime T

______________________________________ i
“n ( J
=

S, R

Figure 5.1: Random load process (Naess and Moan, 2012

The simplest example of an ULS design check approach is the partial coefficient method.
This procedure incorporates safety factors to ensure that the structure meets the design
requirements that are necessary to avoid technical failure. The partial coefficient method is
based on requiring that the extreme load effect, S, must be less than or equal to the strength

of the component, R (Standard Norway, 2009):

S<R (1)

Safety factors are applied to account for the variability and uncertainty of strength and load

effects, which gives:

Re
Scxyp < — (2)
m
where

Sc is the characteristic load
Vvt is the load factor
Ro is the characteristic strength
Vm is the material factor

The characteristic capacity for strength, R¢, is usually determined by equipment testing,
and is commonly set equal to the minimum breaking load (MBL) of the component, which
corresponds to the 90% quantile of the strength distribution. This will be further introduced
in chapter [8| If no test data is available, the distribution of strength could be assumed to

follow the normal distribution, with mean value,

i =1.05x MBL (3)
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5.2 Partial Coeflicient Method

and standard deviation,
o, =1.05x0.03 x MBL (4)

This is valid for polyester ropes, but can be assumed to apply for polyethylene ropes as well
(Horte and Macke, [2014).

The characteristic load, S¢, is determined from extreme value analyses based on the design
limit states (Standard Norway, |2009). This will also be explained in more detail in chapter
NS9415 require that two combinations of loads, based on return period, must be assessed
when designing a marine fish farm. Table presents the combinations of current, wind, and
waves that must be controlled in ULS. The most unfavorable of the two load combinations

should be used to determine the characteristic load, S¢.

Table 5.1: Combinations of environmental loads, given in return period (years)

Combination Current Wind Wave
1 50 10 10
2 10 50 50

The concept of the partial coefficient method is illustrated in figure 5.2l The curve to the
left illustrates the distribution of load, S, and the right curve illustrates the distribution
of strength, R. The objective of equation [2]is to ensure that the load does not exceed the
strength of the component with a defined probability level. The probability of failure is

indicated on the figure by the grey shaded area where the two distribution curves overlap.

PDF

Distribution of load, S

T

Distribution of strength, R

7

Load
uncertainty

Strength
uncertainty

Probability
of failure,
P(S>R)

Load/strength magnitude

Figure 5.2: Illustration of the partial coefficient method
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5 DESIGN OF AQUACULTURE INSTALLATIONS

Probability of failure can be calculated by integrating over the two curves:
Py = P(S> R) = / Fs(s) Fals) ds (5)
S

where fs(s) is the distribution of load, and Fg(s) is the probability of load being greater
than strength, P(R < S). Probability distribution will also be explained in more detail in

chapter

5.2.1 Safety Factors

Safety factors are applied to ensure that the possible loads imposed on the fish farm do not
exceed the capacity of the different components with defined probability, i.e. that the grey
shaded area in figure is sufficiently small. The safety factors account for uncertainty in

loads and response, as well as uncertainties in material properties (Standard Norway), 2009).

The safety factors in NS9415 are adapted from Furocode: Basis for Structural Design, NS-
EN 1990, which is the governing standard for the Eurocode series. It establishes principles
and requirements for the reliability of constructions, the design of structures and verification
of safety (Standard Norwayj, 2002).

The load factor, ~y¢, applied in the partial coefficient method accounts for uncertainty in

loads. The load factor considers the following (Standard Norway), 2009)):
e The possibility of loads deviating from the theoretical values
e The reduced probability of extreme loads acting at the same time
e Uncertainties in modelling and analyses of loads

The load factor is independent of the type of component that is inspected, and all components
must be designed in accordance with the load factors provided in NS915. Which load factor
to apply in the design check depend on the type of analysis conducted, and the load factors
provided in NS9415 are presented in table

Table 5.2: Load factors for mooring lines (Standard Norway), 2009))

Type of analysis Load factor, ¢
Static analysis 1.6
Quasi-static analysis 1.15 x DAF
Dynamic analysis 1.15
Accident limit (break in mooring line) 1.0
Spring flood 1.0
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5.2 Partial Coeflicient Method

The material factor, v, accounts for uncertainty in material properties. The material factor

considers the following (Standard Norway, |2009):
e The possibility of material strength deviating from the theoretical values

e The possibility that the total material strength for the global installation is less than

the material strength for each individual component
e Uncertainties in the modelling of strength

The specific material factor depends on the type of materials and/or components to be
designed. NS9415 provide material factors for all the main components of a marine fish farm

and the material factors that applies for mooring lines are presented in table

Table 5.3: Material factors for mooring lines (Standard Norway, [2009)

Type Material factor, v,
Synthetic rope 3.0
Synthetic rope with knots 5.0
Chains and chain components 2.0
Used chain 5.0
Coupling disks 1.5
Shackles 2.0
Rock bolts and other bottom attachments 3.0

As seen, synthetic rope has a material factor of 3.0, while chain has a material factor of 2.0.
Chain has lower material factor due to lower capacity uncertainty, compared to synthetic
fiber. The material that is going to be used must be in accordance with the documenta-
tion provided by the supplier of the mooring lines, and the material properties must be

documented by proper testing (Standard Norway, [2009).

Figure illustrates the application of safety factors in the partial coefficient method. Sp
represents the design load, which is the dimensioning load the structure must be able to
resist. Rp represents design strength, which is considered representative for the minimum
strength of the component. If Sp > Rp, equation [2|is not satisfied, and the strength of the
component must be increased. For mooring lines, this is typically done by increasing the

rope diameter.

30



5 DESIGN OF AQUACULTURE INSTALLATIONS
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Figure 5.3: Illustration of the effect of safety factors

5.2.2 Determining Extreme Load Effect

For aquaculture fish farms, the extreme load effects from waves and current are the governing
forces regarding design purposes. To determine the design load effect, S, wave distribution
and environmental conditions at the fish farm’s intended locality is examined. The site survey
provides the basis for the analysis that is conducted to determine the characteristic load,
Sc, that act on the installation. The environmental parameters in the site survey includes
significant wave height, Hg, peak period, T}, and current velocity, V¢, at two different depths,

as well as the direction of the different parameters.
Determination of Waves

Dimensioning wave conditions are based on the types of waves representative for the specific
locality. Wind-induced waves are determined by either wave measurements, or calculations
based on effective fetch length. In the case of calculations, wind data from the locality is
used, which represent 10 minute average wind velocity at 10 meter height, Ujg. 50 year
significant wave height is determined based on the 50 year wind velocity at the location, and
similarly for 10 year significant wave height. The adjusted wind velocity is then determined
from (Standard Norway, 2009):

Uy =0.71 UL (6)

and the dimensioning wave height and peak period is calculated by:
Hg=5.112x 1074 Uy P2 (7)
T, =6.238 x 1072 (Ua F,)3, (8)



5.2 Partial Coeflicient Method

respectively. Fp represent the effective fetch length, which must be determined by a "rec-
ognized method” according to NS9415. Alternatively, Hg and 7T, can be determined from
plots of peak period and significant wave height versus effective fetch length for different

wind velocities. These plots are provided in NS9415 and are shown in figure [5.4]

Peak periode, Tp Significant wave hight, H
Based on effective fetch lenght (km) and wind velocity (m/s) Based on effective fetch length (km) and wind velocity (m/s)
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(a) Peak period (b) Significant wave height

Figure 5.4: T}, and Hg based on effective fetch length (Standard Norway, (2009

If ocean swells occur on site, the dimensioning wave height and peak period is determined

from one of the following (Standard Norway), [2009):

e Diffraction and refraction analysis
e Measurements on site
e Other documented methods

Other wave conditions at site, such as ship-generated waves, wave/current interaction or

wave reflection, must also be considered if relevant (Standard Norway, 2009).

Analyses could be done based on either irregular or regular sea states. For calculations with
irregular sea, the JONSWAP spectrum should be applied with peakedness parameter v = 2.5

for wind sea, and v = 6.0 for ocean swells.
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For regular sea states, the design wave approach is applied, where the dimensioning wave
height is assumed equal to:
Hpor =1.9%x Hg (9)

The regular wave period is set equal to the peak period, T}, (Standard Norway), 2009).

The preferred method is up to the supplier of the equipment, and regular wave analyses are
most common in the industry today. For irregular wave analyses, the extreme load effects

are determined from long-term extreme value distribution. This topic is described in chapter

5]

Determination of Current

The dimensioning current velocity can be determined by one of the following options:
e Measurements of current for one year and use of long-term statistics
e Measurement of current for one month and use of multiplication factors
e Use of previous current measurements

In the case of measurements for one month, the multiplication factors in table is applied
to determine current velocity for 10 and 50 year return period. If the calculated 50 year
current velocity is lower than 50 em/s, the dimensioning current should be set to 50 cm/s

regardless of the measurements (Standard Norway, [2009).

Table 5.4: Multiplication factor for determination of current (Standard Norway, [2009)

Return period Multiplication factor
10 1.65
50 1.85
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6 Sea Loads

Aquaculture installations are exposed to both functional loads, such as operation of equip-
ment, and environmental loads. The governing loads regarding design of these installations
will be the load contributions from environmental forces, more specifically from wind, waves,
and current. The intensity of these loads varies both in time and space, and it is important to
address this variability when determining the characteristic loads that act on the aquaculture

installation.

This chapter will focus on sea loads that influence the response of aquaculture cages. The
effects of waves, current, and non-linearities will be presented, and modelling of sea loads on

floater and net will be described at the end of this chapter.

6.1 Description of Environment

The sea loads that influence the behavior of aquaculture installations mainly consist of forces
from wind, waves and current. Wind loads act on the parts of the fish farm that lie above
the surface, and for aquaculture installations this will include components such as bird nets
and hand rails. The response of the structure due to wind is usually small, since it only acts
on a small area, and wind loads can be neglected when studying single cages. If an entire
installation, including feeding barge and live fish carriers, is studied, the wind loads will have

a greater impact on the response.

Wawve loads act mainly on the floating collar and upper parts of the net structure, and the
extent of the response depends on the location of the installation. For exposed sites, both

wind-induced waves and ocean swells must be considered in response analyses.

Current loads act on the submerged parts of the structure, and current is often the govern-
ing environmental load when studying single cages, since they mostly consist of submerged

components (Fredheim and Langan, 2009).

The flexibility of the net and floating collar allows the cage to change shape when it is
exposed to waves and current. The permeability of the net let parts of the flow field stream
through the net cage, while the rest of the fluid will flow around the cage. For a fish farm
with multiple cages, the presence of downstream cages will alter the flow field, and this must
be accounted for when analyzing an entire marine fish farm (Loland, 1993). This effect is

illustrated in figure [6.1
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SIDE VIEW:
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Figure 6.1: Flow through a system of net cages (illustration by |[Lgland| (1993))

6.2 Wave Loads

Aquaculture installations are affected by wave loads, which are dynamic of nature. The size
and intensity of wave loads vary in time and space, and must be analyzed in terms of the

size of the structure.

6.2.1 Classification of Wave Loads

When performing structural analyses of floating installations, it is beneficial to characterize
the structural members by their size compared to wave height and wave length (Fredheim!

land Langan, 2009). For large-volume structures, diffraction loads are the governing loads.

Diffraction loads refer to loads induced by incident waves and their modification due to the
presence of the structure. Small-volume structures, on the other hand, does not affect the
incident waves, thus long-wave approximation can be applied. The long-wave approximation
implies that the wave loads can be modelled as if the body was not present in the fluid. Small-
volume structures can be subdivided into drag dominated and inertia dominated structures
(Faltinsen, 1990).

To classify the structure as either large— or small-volume, it is beneficial to study a cylinder
with diameter D in regular waves, with wave length A, and wave height H. If % < 5, the
structure is classified as large-volume, while if % > 5, the structure is considered small-
volume. The proposed limits between large— and small-volume structures only serve as

guidelines, and the classification of the structure will also depend on environmental conditions
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and the specific phenomenon that is studied (Pettersen, 2007).

Whether small-volume structures are drag dominated or inertia dominated depends on dif-
ferent factors. Drag dominated structures are influenced by viscous forces that arise from
pressure forces due to separated flow. Drag loads can be hard to determine due to the
uncertainties connected to viscous effects, but the structure can be considered to be drag

dominated when % > 4m (Pettersen) 2007). Classification of wave loads are summarized in

figure

H{D 47\_, Breaking
HI/\ JANIVAN AN wave
AV VAR N

A

Drag
dominated
4 +

Inertia
S dominated

\ 4

A/D

A
A\
A
v

Large- Small-
volume

Figure 6.2: Classification of wave loads

6.2.2 Morison’s Equation

Floating fish farms are complex systems since the differences in length scales makes these
installations a combination of large — and small-volume bodies (Kristiansen and Faltinsen)
2015)). For the components of the fish farm that are considered small-volume, Morison’s
equation can be applied to derive the wave loads. Morison’s equation is used to calculate
wave forces on components with circular cross-section. The horizontal force, dF’, on a strip,
dz, can be determined by (Morison et al.l |[1950):

D? 1
dF = PWTCMAW dz + §pCDD‘leVW dz (10)

Inertiaforce Dragforce

where
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I density of water

D cylinder diameter

Cy mass coefficient

Cp drag coefficient

Aw wave particle acceleration
Vv wave particle velocity

The terms in Morison’s equation are summarized in figure [6.3]

XL
dz %——» dF
Vw
p Aw

A
y

Figure 6.3: Horizontal force, dF’, on a circular cylinder

For a single aquaculture cage, the contribution from inertia forces is small compared to the
drag forces, due to low particle acceleration, and drag loads are thus the governing forces. The
drag coefficient depends on several factors, and can be determined from empirical formulas.
This will be described in section [6.5.21

The drag term in Morison’s equation is quadratic with respect to velocity. The velocity is
not only influenced by the wave particle velocity, Vi, but also the current velocity, Vi, and
velocity of the structure, Vg. Relative velocity can be defined as the relative velocity between
the fluid and the structure. In general, increasing relative velocity gives an exponential
increase in drag force. This is only true for structures that does not deform when exposed to
environmental loads. However, for fish farms, the geometry of the net cage will change due to
its flexibility, and thus the total drag load will be lower than for a rigid structure (Kristiansen
and Faltinsen, 2012). It is therefore important to properly model the deformation of the

structure and the relative velocity between the structure and the fluid, and not just account
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for wave loads when calculating drag forces.

6.2.3 Diffraction Loads

For larger components of the fish farm, such as barges and live fish carriers, diffraction theory
is applied to determine the resulting wave loads (Berstad et al., 2014)). Diffraction theory
is based on considering the forces, F;, on a body that arise when the structure is restrained
from oscillating. These forces are composed of Froude-Kriloff and diffraction forces. The
two contributions are obtained by integrating the incident-wave dynamic pressure and the
diffraction dynamic pressure along the mean wetted surface of the structure, respectively
(Faltinsen, |1990):

F= - //Spm ds + Ajar + Apas + Ajzas (11)
Dif fraction
Froude—Krilof f
where
D hydrodynamic pressure on the submerged structure
n; normal vector
Ajj added mass coefficient
a; acceleration

The wave forces decrease rapidly with depth, and are therefore most critical with respect to

the floater. For the net cage, current will have larger influence on the loads.

6.3 Current Loads

Current loads are static loads, which means they do not change with time, and the load
contribution from currents are often dominating for small-volume structures with a large
submerged area. Calculation of current loads is also based on the Morison equation presented

in equation and can be determined from:
1
Fo = 5p CpDVE (12)

where V¢ is the current velocity. Current will also influence the relative velocity, and must
be seen in conjunction with wave loads and structure motions. For low current velocities, a
quadratic increase in drag can be observed. For larger V¢, a linear increase is seen, and for
high current velocities, the curve is expected to flatten out. This is a result of the flexibility

of the net (Kristiansen, 2013)).

39



6.4 Second-order Effects

Current loads act on the submerged parts of the structure, and thus affect the deformation of
aquaculture cages, which are very elastic. The degree of deformation is highly influenced by
the weight of the sinker tube or bottom weights. Figure illustrates the deformation of
the net cage under influence by ”high exposure” current velocity of 1.38 m/s for a standard
sinker tube with weight of 80 kg/m. Figure illustrates the deformation of the net cage
exposed to the same current velocity, but with a sinker tube with weight of 1000 kg/m. The

illustrations are taken from the simulation software AquaSim.

(a) Standard sinker tube

(b) Heavy sinker tube

Figure 6.4: Deformation of net cage under influence by current

6.4 Second-order Effects

For irregular waves, the forces on the structure are irregular of nature, and can be split into
two main contributions: (i) wave-frequency motions, which are first-order oscillatory forces
with wave-frequency, and (ii) low-frequency motions, which are second-order slowly-varying
forces with frequencies low compared to the wave frequency. Wave-frequency forces cause
the structure motions, and the response frequencies will be equal to the frequencies in the
wave spectrum. These first-order forces are proportional to the wave height. On the other
hand, the low-frequency forces are proportional to the square of the wave height. They cause

large-amplitude horizontal motions, which implies that low-frequency motions are important

for moored structures (Pinkster} 1975).

The complex behavior of an aquaculture cage system placed in current and waves introduce
non-linearities, and the system must therefore be treated as a second-order non-linear prob-
lem. Second-order effects are typically small relative to first-order load contributions, but

can still have an important impact on the structural response. Second-order effects cause

(Grecol 2012):

e Mean wave drift forces
e Slow drift motions

e Sum-frequency effects
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Aquaculture installations are small-volume structures, and mean drift forces and slow drift

motions are the most relevant second-order effects on these structures.

6.4.1 Viscous Drift

Both mean drift forces and slow drift motions on aquaculture structures arise from viscous
effects which can give significant contributions to the low-frequency loads. Potential theory
is not adequate to cover these effects, since viscous loads cause non-linear dependence of

waves and current in combination (Lie and Kaasen) [2008)).

The second order effects from mean drift forces is illustrated in figure[6.5 The mean offset of
the structure due to current, waves, and structure motion is much larger than the summation
of current only and waves only. This increased offset is a result of viscous effects, and the
superposition principle is thus not valid when second order effects are of importance (Burns),
1983).
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Figure 6.5: Structure offset due to viscous drift in regular waves

For irregular waves, the combination of waves with different frequencies and amplitudes cause
viscous drift in terms of slow-drift motions. Slow-drift motions are resonance oscillations
excited by non-linear effects that arise due to the interaction between the fluid and the
motion of the structure. The resonance frequencies are excited at frequencies low compared
to the frequency of the incoming wave (Grecol, |2012). The total response of the structure

will thus be affected by both low-frequency motions and wave-frequency motions.

Slow-drift motions are typically of importance for moored installations. The restoring force

provided by the mooring lines for a moored structure will lead to large resonance periods in
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6.4 Second-order Effects

the range of e.g. 1-2 minutes for horizontal motions. Slow-drift motions will thus occur in

the horizontal plane corresponding to surge, sway, and yaw (Grecol 2012).

6.4.2 Predicting Viscous Drift

This following section presents equations for predicting viscous drift, and is based on [Burns
(1983).

Viscous drift may result from the relative velocity term in Morison’s equation.. The relative
velocity describes the velocity between the structure and fluid, which is affected by both cur-
rent and wave induced water particle velocity. Total relative velocity can then be determined
by:

Vr = Vo + Viy cos (0 + ¢) — Vs cos (0) (13)

where V¢ is the current velocity, Vi is the particle velocity of the wave, and Vg describe the
motion of the structure. 6 is the wave phase and v is the phase shift from wave phase. By
simplifying the difference between the wave particle velocity and the structure motion, and

introducing a phase shift, we can rewrite relative velocity as:
Vi = Vo + Vi cos (¢) (14)

where ¢ is the phase of the partial relative velocity, V,.. This simplification is derived in
appendix [A] The drag force can then be written using a Morison formulation as a function

of relative velocity:
1
Fp= §pCDD (Vo + Vi cos (9)) |V + Vi cos (¢)] (15)

By dividing the drag force by the constant R = % pCp D, equation |15 can be written as:

%3 — (Vo + Vi cos () Ve + Vi cos ()], (16)

which is a non-linear quadratic force. Equation and in appendix [4] is valid for the
mean drift force. When free-surface effects are introduced, the equations must account for
higher order, where second order forces predominate. Equation [16|can then be written on a

similar form as equation [89] in appendix [A}

F
Fo _va 1 2oscon g+ V2 eos 7 (1)

Only the first and third term contributes to viscous drift, and the equation can be rewritten

in terms of second-order effects as:

F 1 1
5 = Ve + 5V + 5V cos (20) (18)
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Equation illustrate three effects; the first term is related to the current force, the sec-
ond term represent the mean viscous drift, while the third term produces the slow drift

oscillations.
Mean Viscous Drift

Viscous drift force in regular waves can be calculated from

_ 1
F= Eng%DAz =Cvp AZ (19)

where Cy p is the viscous drift coefficient, which can be determined experimentally, and A, is
the amplitude of the regular wave. The mean drift force in irregular waves can be determined

from the wave energy density spectrum:

Fs=2 /0 " So(F)CE() df (20)

where Sy(f) is the regular wave spectrum, given as So(f)df = %Az Equation [20| is derived
by [Pinkster; (1975)), and will not be derived here.

Oscillating Drift

The slowly-varying part of viscous drift is represented by the third term in equation
The low-frequency response is characterized by a load spectrum, Sg(u), within a range of
low frequencies, p. This load spectrum must be determined to estimate the response to
low-frequency loads (Greco, 2012). The following derivation is based on Pinkster’s formula
(Pinkster, |1975]), described in Burns| (1983).

Oscillating drift arise from the difference in frequency of two wave components, called beating

effect, and the slowly-varying load spectrum, at beat frequency p is defined as:
Sk =8 [ Su0)SuS +Ch (s + 5) df (21)

where Sp(u) is the mean value of the load spectrum for the beating frequency of two wave
components. Equation 21| can be simplified by introducing an expression for the slow drift
oscillation amplitude: -

2= [ Se(N) du (22
where x represents the root mean square (rms) amplitude of drift oscillation, and N (u)
represents the dynamic response function. By integrating the dynamic response function,

and assuming Sr(p) to be constant, equal to Sg(f,), we can write:

[SFE(fn n
Lrms = M (23)

where ( is the damping coefficient, K is the spring constant, and where

Sr(f) =8 /0 ST () df (24)
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6.5 Modelling of Sea Loads

which can be solved by numerical integration. This entails that the low-frequency loads can
be determined from the slow-drift spectrum, Sg(f,), which can be obtained when the drift

forces in regular waves are known.
Free-surface Effects

Also, viscous drift can arise from free-surface effects, due to the fact that the submerged
area of surface-piercing structures changes with incoming waves. For wave crests, the area
subjected to drag forces are larger than for a wave through. This will give a net force acting
in the same direction as the wave. For a wave trough, the effect will be opposite, and a net
force in the opposite direction of the wave will arise (Burns, 1983)). This effect is illustrated
for a circular cylinder in figure
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Figure 6.6: Viscous effects due to free surface penetration

6.5 Modelling of Sea Loads

Accurate numerical models are important to implement to be able to investigate the behavior
of floating fish farms for design purposes. As aquaculture installations increase in size and
on-site conditions become harsher, it is more difficult to perform full-scale experiments.
Numerical mathematical models must therefore be applied to determine the hydrodynamic
forces that act on the structure. The hydrodynamic effects on marine structures can generally
be obtained by vector superposition of all the forces that act on the individual structural
components of the fish farm (Enerhaug et al.; 2012)). The following sections will explain how
wave and current loads can be numerically modelled for the floater and net. The numerical
models presented here are mainly those implemented in the software FhSim, which will be

introduced in chapter [9}
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6.5.1 Wave Loads on Floater

Due to the flexibility of the floater, it will deform when exposed to waves. Its elasticity
causes the collar to nearly follow the waves for long wave lengths, but for wave lengths in the
range of floater diameter and long relative to cross-sectional diameter, free-surface effects are

important (Li and Faltinsen, 2012).

Wave loads on the floater can be modelled by a Morison type model, where free surface
and middle position of the floater is used as reference for submerged area. The force is
calculated based on a linear model, where dynamic pressure, diffraction forces, and added
mass is calculated with mean position as reference. The instantaneous position of the floater

is only used for calculation of stiffness and forces in mooring lines (Endresen, 2017).

Due to the elasticity of the floater, asymmetric external loads and short-crested waves must
be accounted for to determine deformation around the x- and y-axis. Modified expressions for
vertical and horizontal radial displacement at a point on the ring could then be determined
from (Endresen et al., 2014)):

N
w(B,t) = ag(t) + Z [ay (t) cosnfB + by (t) sinnf] (25)
n=1
N
v(B,t) = [al(t) cosnB + bli(t) sinnp, (26)
n=2

respectively. a? and b; are the vertical response of the ring corresponding to mode n,
while a” and b are the corresponding modal response for horizontal movement. 3 denotes
the polar angle of the ring. The cosine modes of equation and gives the symmetric
deformations around the x-axis, while the sine modes corresponds to symmetric deformations
around the y-axis. The combination of the two equations produce a model of the arbitrary

non-symmetric motions (Endresen et al., 2014)).

6.5.2 Current Loads on Net Structure

Current forces act on the submerged parts of the structure and are most often the governing
sea loads contribution that affect the behavior of single cages. Since the net structure have

large submerged area, the current will highly influence the behavior of the net.
Solidity

When a net cage is placed in current, it will alter the flow field. A part of the flow will go
around the net, while the rest will flow through the net cage with increased velocity due to

the presence of the net. The water will accelerate because of conservation of mass, and the
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6.5 Modelling of Sea Loads

flow speed-up effect is highly dependent on the area covered by twines, which is expressed
by the solidity of the net (Enerhaug et al., 2012). Solidity ratio, S, can be defined as the
ratio between the area covered by twines and the total net area, and calculated by (Lgland,

1993):

2xd

Sp = 3

(27)
where

d twine diameter

mesh length

and the increase in velocity of the water passing through the net elements, Ug, can be

determined as a function of inflow velocity, Uy, and solidity ratio, S, (Enerhaug et al.l

2012):

V23S,

s = a0 s,

Uso (28)

Figure[6.74illustrates a simple knotless net structure, while figure[6.7b|shows basic definitions

used to determine the solidity ratio. The mesh is assumed to be rhombic, that is, all mesh

sides are of equal length (Enerhaug et al., 2012).

BB
Chks|

a) Typical net Structure Berstad et al |2014

(b) Mesh definitions

Figure 6.7: Illustrations of net structure

Wake Effect

When a net structure is placed in current, both upstream and downstream effects will influ-
ence the velocity. The initial velocity of the water passing through the net will speed up due
to the presence of the net, but the velocity behind each individual twine will be reduced.

This reduction of velocity is called wake effect (Enerhaug et al. 2012).

The reduced velocity behind each twine in the net will have an impact on the forces that act

on the net and the deformations of the structure. Due to the wake effect, net segments that
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are located downstream will experience a lower inflow velocity than the upstream segments.
To calculate the drag forces accurately, the wake effects must be properly modelled. Two

levels of wake effects must be included in the hydrodynamic force model; (i) Local wake

effects act between the mesh bars in a triangular element (Endresen et al., 2013)). This is
illustrated in figure

Incidient current velocity

Figure 6.8: Local wake effect between mesh bars

(ii) Global wake effects act between separate net segments. The downstream net panel will

experience lower inflow velocity compared to the upstream net segment (Endresen et al.,

2013). This is illustrated in figure

Upstream net Downstream net
section section
Incidient current velocity Reduced current velocity
U, U,
—)
z
y
X

Distance between panels

Figure 6.9: Global wake effect between net segments
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Net Model

As previously noted, the drag loads are the governing contribution to the hydrodynamic loads
that act on the net structure. Current and wave loads on the net structure can be modelled
by a hydrodynamic force model based on the Morison equation introduced in section
A simplified approach for calculation of wave and current forces on the net is to apply the
Morison equation to each twine in the net, by assuming cylindrical twines with constant
diameter. However, this method overpredicts the drag force for large inflow angles and does
not account for the interaction effects between the twines (Kristiansen and Faltinsen|, 2012).

The method is also both time consuming and require large computer capacity.

Another option for calculation of current loads on the net cage is to divide the net into a
set of panels. These panels could be square or triangular elements, as illustrated in figure
The number of panels needed to determine hydrodynamic forces depends on the shape
of the net cage (Kristiansen and Faltinsen) 2012).

/

/ > 4 @ O O
/

Figure 6.10: Triangular net panel used for calculation of wave and current forces

In addition to the complex behavior in current, net structures have intricate geometries. Even
though nets intended for aquaculture usually consist of knotless netting, the intersections
between meshes cover a larger area than single twines, and this intersection can be modelled
as knots. Drag force on the knots can be calculated by assuming that each knot is spherical,
with diameter twice the thickness of the twines (Enerhaug et al. 2012). Experiments show
that this simplification does not impact the response significantly, since most of the loads

will act on the twines and not the intersections (Ferel 2017)).

Due to high number of knots and twines in a net structure, calculation of their equilibrium

positions is time consuming. To make calculations more efficient, the net can be split into
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an appropriate number of triangular elements, such that each element covers a large number

of meshes (Priour and Germain, 2005). A net split into a number of triangular elements is

illustrated in figure |6.11

Figure 6.11: Net split into triangular elements (Priour and Germain) 2005

Calculation of current loads on triangular elements is based on assuming that the net panels
consist of a set of twines with a certain direction relative to the net panel. For rhombic mesh
models, the net is modelled with two directions of twines. One assumes that these directions
will not change with time, and that each direction of twine is kept parallel in each triangular
net element. This entails constant deformation for each direction of twines. The forces can

then be calculated for one twine per direction (two in this case), and multiplied with the

number of twines in each direction (Priour and Germain, [2005).

The environmental loads that act on the net can then be calculated by summarizing the
forces acting on each triangular element, by assuming constant inflow angle. The resulting
force are decomposed into drag— and lift components for one twine in each direction and

then summarized for each net element:

dFp = = Cp(a, Sy, Re) D |ulu dz (29)

dF;, == Cr(a, Sy, Re) D |u|u dz (30)

NI NI

Decomposition of forces are shown in figure[6.12] F and Fr denotes normal — and tangential
force, while Fr denotes the resultant force. Fp and Fj, represents the drag — and lift forces
calculated by equation 29 and [30] respectively.
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Figure 6.12: Hydrodynamic forces on a two-dimensional net panel

The drag — and lift coefficients in equation 29 and [30] depends on the flow pattern around the
mesh bars and knots, and can be calculated based on a polynomial expressed as a function
of the logarithm of the Reynolds number. The flow pattern is influenced by the solidity of

the net, the flow speed (Reynolds number), dimensions and structure of the material, as well

as inflow angle, o (Kristiansen and Faltinsen, |2012)). When the orientation of the net panel
change, the resultant hydrodynamic force and deflection angle (denoted ¢ in figure [6.12)) will
change with the angle of attack (denoted « in figure [6.12)) (Enerhaug et al. [2012)). This

effect is important to capture in order to model the hydrodynamic drag forces that act on

the net structure.
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7 DYNAMIC RESPONSE ANALYSIS

7 Dynamic Response Analysis

Structural analyses are conducted to determine the response of the structure, and aims to
document that the structural reliability of the installation is sufficient for its purpose and
location. The first step in conducting such analyses is to determine whether the system
can be described by a static or dynamic model. Dynamic analyses are generally necessary
for describing response due to transient loads. Also, if the inspected load process contain
energy within the same range as the eigenfrequency of the system, dynamic analyses must

be conducted to capture this effect (Naess and Moan, [2012)).

Aquaculture installations and their components are subject to ocean waves and current,
which are transient of nature. The intensity of environmental loads varies in both space and
time, and the description of the loads needs to address this variability. Response analyses

therefore have to account for the dynamics of the system (Naess and Moan, 2012]).

This chapter will introduce the general requirements and purpose of dynamic mooring anal-
yses, how the system motion can be described as a function of time, and how the equation

of motion can be solved in time-domain.

7.1 Analysis of Mooring Systems

To perform analyses of the mooring system, the floating fish farm must be examined as a
global system. The excitation loads that act on the fish farm will affect the tension and
forces imposed on the mooring lines, such that the interaction effects between the different

parts of the installation must also be assessed in a complete mooring analysis.

7.1.1 Requirements

The supplier of the mooring system must provide sufficient documentation to prove that
the system is suitable for the specific site. The documentation describes the specifications of
each mooring line, the expected limit states, design working life, etc., and the documentation

must be supported by calculations and tests (Standard Norway, [2009).

A certified mooring analysis is required by NYTEK for all fish farming sites. To perform
an analysis of a complete mooring system, it is essential to have prior knowledge about the
specific site where the system is going to be deployed. The site survey includes information
about water depth, bottom type and topography, providing the basis for the mooring analy-

ses. NS9415 requires that a sketch of the facility including the mooring system is contained
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7.1 Analysis of Mooring Systems

in the documentation of the system. The documentation must include the intended laying
pattern, attachment points, line lengths and depths. An example of a mooring lay-out is

shown in figure 7.1
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Figure 7.1: Mooring lay-out (illustration by Aqualine)

7.1.2 Mooring Analysis

Mooring analyses aim to determine the characteristic loads that act on the system to ensure
that the system has sufficiently low probability of failure, that is, that the design load don’t
exceed the design strength of the component. The dynamic response of the mooring sys-
tem that induce the characteristic loads are determined from simulations and calculations
by exposing the system to environmental loads. In standard mooring analyses, the tension
in the mooring lines are of particular interest, since this variable is directly comparable to
the strength of the component. If the characteristic tension exceeds the minimum breaking

strength of the component after applying safety factors, the mooring line can fail. The re-

sponse of the structure must be assessed for eight different load directions (Standard Norwayl,
2009). Windward mooring lines are most prone to bad weather, but the slack in the leeward

lines must also be assessed to ensure that bottom contact is avoided.

Mooring line tension is related to the horizontal movement of the aquaculture installation
when exposed to sea loads, which are transient of nature. The response of the mooring lines
will have a static contribution from current loads, and a dynamic contribution from wind

and wave loads. Since most of the structure is submerged, the current loads will be the
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7 DYNAMIC RESPONSE ANALYSIS

dominating load for response calculations. Figure illustrates an aquaculture net cage
exposed to wind, waves, and current. 7' illustrates the tension in the mooring lines, and x

show the direction of motion of the system.

Wind
Waves i

Current
‘ W

Figure 7.2: Aquaculture net cage exposed to sea loads

7.2 Equations of Motion

Aquaculture net cages are highly flexible structures that experience large deformations when
exposed to waves and current, and fish farms will behave differently in their environment
compared to rigid installations. The different loads that affect the behavior of a marine fish
farm must be analyzed such that the effect of interaction between the different components of
the farm is accounted for. The combination of stiff and soft parts imposes a challenge for an-
alyzing the fish farm as an integrated coupled system. All components will move and behave
under mutual influence, and hydroelastic analyses is required to account for structural de-
flection. Hydroelastic analyses capture the time-dependent interaction of the hydrodynamic

forces from the fluid and the elastic structural forces (Kristiansen and Faltinsen) 2012]).

The equation of motion is used to describe the system motion as a function of time, and can

generally be expressed as:

(M+A)x+Cx+Kx=Q() (31)

where

M mass

A added mass

T position vector

C damping

K stiffness

Q excitation force

For an aquaculture net cage, the equation of motion can be used to describe its horizontal
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movement, i.e. movement in x-direction. The excitation forces correspond to the environ-
mental forces; wind, waves, and ocean current. The mass term includes the mass of the
structure, as well as hydrodynamic mass. Damping is mainly provided by the net. Stiffness

for a single cage, as well as an entire fish farm, is provided by the mooring system.

7.2.1 Mass

The mass term in the equation of motion includes the mass of the floating structure and
the hydrodynamic mass (added mass). The net cage itself has low weight in water, thus the
mass will mainly be provided by the weight of the collar and sinker tube. The installation
will have an added mass contribution from the effect of fluid inside the net (Kristiansen and
Faltinsen, [2012)).

7.2.2 Damping

Damping denotes the structure’s ability to dissipate kinetic energy, that is, its ability to
transform kinetic energy into other types of energy (Langen and Sigbjornsson, 1999). Sub-
merged structures have larger damping forces than those in air, mainly due to viscous forces
(Larsen| 2014)). The damping forces on fish farms are provided primarily by drag forces on
the net cage, and viscous effects are the most important contribution to damping. Different
damping scenarios are presented in figure [7.3] For an overdamped system, the installation
returns to equilibrium without oscillating, while underdamped systems oscillate with grad-
ually decreasing amplitude. Critically damped systems return to equilibrium as quickly as
possible without oscillating. An aquaculture net cage will be overdamped in heave, surge

and sway, due to the viscous damping from the net (Sgreide} 2016]).

Overdamped
Critically damped
........... Underdamped

%o’ . time

Figure 7.3: Damping scenarios for damped free vibration
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7.2.3 Stiffness

Stiffness of the aquaculture installation is provided by the mooring system. The effective
stiffness is composed of geometric and elastic stiffness. Geometric stiffness is provided by line
weight, and is the governing stiffness contribution from chains. Elastic stiffness is provided
by line axial elongation, due to material characteristics and cross section properties of the
mooring lines. For synthetic mooring lines, elastic stiffness is the dominating contribution

(Faltinsen, |1990).

A floating fish farm is moored by pretensioned mooring lines, which implies that there is a
certain tension in the lines when the farm is in its equilibrium position. Pretension is applied
to ensure that the mooring lines don’t go slack to avoid wear due to bottom contact. When
the structure moves in response to environmental forces, the geometry of the mooring lines
change, which, in turn affects the tension. The offset of the structure will not be constant, but
rather oscillate around a mean position, due to the installation’s motion in waves. Mooring
lines will thus impose a spring effect on the fish farm that depends on the stiffness of the

system (Faltinsen, (1990).

For spread mooring systems, several pretensioned mooring lines are anchored around the fish
farm to keep it at its desired position. The tension that restrains the farm from moving is
provided by weight and/or elastic properties of the mooring lines. Segmented mooring lines
that consist of both chain and polyethylene provides stiffness by both weight and elasticity
(Faltinsen, |1990).

Total stiffness, k0, can be calculated by summarizing the inverse of the geometric and elastic

stiffness:
LI + ! (32)
kot ko = ke

where

ka geometric stiffness

kg elastic stiffness

The horizontal stiffness contribution from one mooring line is determined by the mooring line
characteristics. The horizontal distance between the anchor and the floater can be plotted
against horizontal tension in the mooring line to examine the displacement of the structure
due to static loads. Figure illustrates the line characteristics for one elastic line and
one inelastic line, with the same pretension and length. Line characteristics of the synthetic
mooring line, with high elasticity and low weight in water, is linear. For the inelastic line,
the horizontal tension also increases for increasing displacement, but as the offset gets larger,

the tension increase more rapidly.
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%10° Line Characteristics

Inelastic Line:
—— Inelastic line Studless chain 36 mm
6k —&— Elastic line | MBL=68.5 ton

Elastic Line:

1 8-braided polyethylene
rope 64 mm

MBL = 68.2 ton

1 Length=300m
Depth = 100 m
Pretension = 100 kN

Horizontal tension [N]

o L 1
0 5 10 15

Offset [m]

Figure 7.4: Line characteristics for elastic and inelastic mooring lines

7.2.4 Excitation Forces

The excitation forces that act on a floating aquaculture installation are mainly sea loads,
which corresponds to waves, wind, and current. Wind act on the parts of the fish farm
that lies above surface. Wave forces act on the floating collar and the upper parts of the

net cage. Current forces act mainly on the net cage, but mooring lines, the floating collar

and floatation is also influenced by current (Fredheim and Langan| 2009). Sea loads were

described in detail in chapter [6]

7.3 Solution of Equations of Motion
The equation of motion is solved to determine the motion of the structure. This can be

done in numerous ways. The following sections will describe solutions in time-domain by

numerical integration of the equations of motion, and the methods implemented in FhSim.

7.3.1 Frequency— and Time-domain

The equation of motion can be solved in two ways, either in frequency-domain or time-

domain. The choice of formulation depends on several factors, such as (Naess and Moan),

2012):
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e Nature of the loading, i.e., whether the load change with time
e Frequency dependence of mass, damping and stiffness
e Non-linear features of the response

Non-linearities in structural analyses can arise from geometric non-linearities, non-linear
material properties or non-linear effects due to interaction between the structure and its

environment (Langen and Sigbjornsson, 1999).

Time-domain methods are suitable for solving non-linear equations of motion for complex
systems. Aquaculture installations are complex due to the combination of stiff and soft
components, elastic material properties, and the transient nature of the loading (Haver,

2011). This makes time-domain analyses suitable.

7.3.2 Numerical Integration

The differential equations for an aquaculture cage structure can be solved by numerical
integration. Numerical integration is beneficial for solving non-linear ordinary differential
equations that are difficult to solve analytically, and is performed by subdividing the time
interval into sub-intervals of length h. If starting values such as displacement, velocity
and/or acceleration are known, the solution at the end of a time series can be determined by
assuming variations in the motion pattern throughout the interval. The computed results
from the previous time increment is then used as starting values for the next interval. This
procedure gives approximate solutions at each interval of the time series, and the accuracy
depends on the length of the time steps. Smaller time step gives a more accurate solution,

but also increase computing time (Langen and Sigbjornsson, |1999).

Several numerical integration methods are available, but all methods are generally based on
finding the velocity and displacement at each new time step by integrating the acceleration

twice (Langen and Sigbjornsson, (1999):

h
it = i + /0 on (33)
h
Tptl = T —|—/O &(t)dt (34)
where .
() = 57 (Qt) — Ci(t) — Kz(t)) (35)
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7.3.3 Runge-Kutta Methods

The difference between the different numerical integration methods lie in the assumptions
concerning how the acceleration will vary over the inspected time interval. Runge-Kutta
methods are a collection of methods that are based on approximating equation [33| and [34] by

expressions on the form (Langen and Sighjornssonl, 1999):
ftn—l—l = Ip + h¢1 (tnv Tn, ina h) (36)

Tn+1 = Tn + hé?(tna ng, j:TM h)7 (37)

where ¢ and ¢, represent average values in each time interval, for Z(¢) and #(t), respectively.
¢1 and ¢o are obtained as weighted averages of several approximations to acceleration and

velocity within the interval.

The Runge-Kutta methods can then be formulated as (Hairer et al., [1993):

i=1

Let s be an integer equal to the number of stages in the method, and as1, a1, a21,...,as s—1,

b1,...,bs,co...,cs be real coefficients. Then

k1 = f(tmxn)
ky = f(tn + c2h, xy + h(a21k1))
ks = f(tn + csh, xy + h(ag1k1 + asaka)) (39)

ks = f(tn +csh, xp + h(aslkl + asoko + ...+ as,s—lks—l))

Various methods of the Runge-Kutta family are distinguished by their Butcher tableau, which
is a mnemonic device that present the integer s, coefficients a;;, b; and ¢; (Hairer et al., [1993]).
A general Butcher tableau is presented in table

Table 7.1: Butcher tableau for Runge-Kutta integration methods

0
C2 | a21

C3 | a31 G32

Cs | Qs1 QAs2 ... (0Ogs—1

by by .. bsq bs
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7 DYNAMIC RESPONSE ANALYSIS

Embedded variations of the Runge-Kutta methods are available to estimate the local trun-
cation error of each step of the method. This is performed by having two methods in the
Butcher tableau; one of order p and one of order p — 1. The lower step is then determined

from:

T = 2+ h Y B (40)
=1

where k; is the same as for the higher order method (see equations . The corresponding
extended Butchers tableau will have an extra line, as shown in table

Table 7.2: Butcher tableau for embedded Runge-Kutta integration methods

0
C2 | G21

€3 | a3z1 a32

Cs | Gs1 As2 ... (Ags—1
by by ... bs_1 bs
* * * *
I P S T

One variation of the Runge-Kutta methods is the embedded Runge—Kutta—Fehlberg method,
or RFK45 method, which is a method of order O(h*) with an error estimator of order O(h°)

(Hairer et al |1993). The corresponding Butchers tableau with numerical values is shown in

table [T.3]

Table 7.3: Butcher tableau for the Runge-Kutta-Fehlberg (RKF45) integration method

0

1 1

1 1

3 3 9

8 32 32

12 | 1932 7200 7296

13 | 2197 2197 2197

1| 439 _8 3680 845
216 513 1104

1| .8 _ 3544 1859 11

2 27 2565 4104 10
16 0 6656 28561 9 2
135 12825 56430 50 55
25 0 1408 2197 _1
216 2565 4104 5
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8 Stochastic Analysis

Aquaculture installations and their components are subject to constantly changing loads in
the ocean environment, and dynamic analyses are carried out to account for time-varying
external forces, damping, inertia forces, reaction forces, and corresponding responses. Dy-
namic analyses can be performed in two ways, either by deterministic or stochastic analyses.
In deterministic analyses, known load history implies that all future states are also known.
Stochastic analyses, on the other hand, describe random phenomenons, which implies that
load history cannot be used to describe future conditions. Thus, statistical concepts are used
to assume future states instead. Ocean waves and wind are examples of random loads, i.e.
stochastic load processes (Naess and Moan, 2012). Due to the randomness of the excitation
loads, the wave induced loads and responses will also be stochastic load processes (Haver,
2011]).

This chapter describes the statistical concepts applied to determine the short- and long-term
distribution of extreme response. The extreme value distribution will be introduced, and

two methods for developing this distribution will be presented.

8.1 Statistical Description of Waves

The ocean environment is described by regular incident waves, that is, waves oscillating in
time with period 7', and in space with wavelength A. Regular waves are far from being similar
to how the ocean waves appear in reality, but they are useful to describe more general waves.
By assuming linearity, the output is considered to be proportional to the input, and the
linear superposition principle is valid (Greco, 2012). The concept of linear theory allows for
simulation of irregular waves as a sum of regular waves with different amplitudes, frequencies

and phase angles, and thus statistical estimates can be obtained (Faltinsen) |1990).

8.1.1 Stochastic Wave Process

The ocean environment change with time and prediction of future states must be done in
accordance with statistics. Consider three recorded timeseries of surface elevation as shown
in figure from laboratory experiments. The three plots represent waves from the same
wave condition, but each plot show differences on a local level. However, the three time series
are distributed around a certain value, zero in this case, which is similar to the outcome of
random variables. The surface elevation can be considered a random function, or stochastic

process, X (t), with time, ¢, as the variable argument. By definition, X (¢) is considered a
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8.1 Statistical Description of Waves

stochastic process if X(t) equals a random variable for all values ¢ in the interval (a,b).
A sample space, N, of the stochastic process is obtained by repeating the experiment or
measurement, and collecting all possible surface elevation time series at the same predefined
conditions (Naess and Moan, [2012).
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Figure 8.1: time series of wave elevation (Naess and Moan, [2012

8.1.2 Modelling of Irregular Waves

Ocean waves can be modelled by assuming that the surface constitutes a stochastic wave
field. Due to the irregularity of ocean waves, it is difficult to achieve a correct description of
the wave field, and some assumptions has to be introduced. The wave process is assumed to
be (Myrhaug and Lian| 2009):

e Stationary
e Ergodic
e Normally distributed

The standard approach when modelling irregular waves is to assume that the wave field is
stationary in time and homogeneous in space. A stationary wave process is characterized by
constant standard deviation and mean value, i.e. they do not change with time. However,
the wave process is only assumed stationary for limited time periods, usually of duration

from 20 minutes to 3 hours, such that the wave process is idealized as ”piecewise” stationary

(Naess and Moan, 2012). This is referred to as the short-term description of the wave field,
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8 STOCHASTIC ANALYSIS

and will be further discussed in section [R.2

To be able to use one single time series as representative for the entire wave process, the
process is assumed to be ergodic. This enables that the expected value and variance can be
calculated by time averaging one single time series (Myrhaug and Lian, |2009). An ergodic

wave process is automatically stationary (Naess and Moan, [2012]).

The wave elevation is assumed to be normally distributed, or Gaussian distributed, which
implies zero mean value and constant variance (Myrhaug and Lian, [2009). Gaussian dis-
tributed surface elevation implies that the elevation at a given point in time and space at
sea surface can be represented by a Gaussian random variable. The Gaussian probability
distribution can be used to assess the response of marine installations, and can be determined
from (Naess and Moan, 2012):

T — )2
et = o ean( = U ) (a1)

where o, is the standard deviation and p is the mean value. Probability distribution will

also be discussed in detail in section 8.2

By applying the assumptions of a stationary, ergodic, and Gaussian distributed wave process,
the wave elevation of a long-crested irregular wave can be written as a sum of a large number

of regular wave components (Faltinsen, 1990):

N
X(t) = Z Ajcos(wjt — kjx + €5) (42)
j=1
where
A; wave amplitude
wj circular frequency
k; wave number
£j random phase angle

The wave amplitude, A;, can be expressed by a wave spectrum, S(w). The wave spectrum
describes the distribution of energy for different wave frequencies and wave lengths on the

surface, and we can write (Faltinsen, [1990):

L2

§Aj = S(wj)ij (43)
or

Aj = QS(wj)ij (44)

where Aw; is a small frequency interval. By introducing equation in equation the

wave elevation at a particular location in space (x = 0) can be approximately represented

63
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as: N
X(t) = Z 25 (w;)Aw; cos(w;t + €5) (45)
j=1

Equation [45| can then be used to model irregular sea states.

8.1.3 Wave Spectrum

Random ocean waves can be described by an energy density spectrum, or wave spectrum,
S(w). The wave spectrum has all the necessary information about the statistical properties
of the wave amplitude, A;. Since the wave spectrum and weather information of specific
locations are not usually known, several standardized wave spectra are available. The stan-
dardized formulas are empirical, which means they are based on observed properties of ocean
waves (Chakrabarti, [2005)).

Wave spectra are based on one or more parameters that represents statistical quantities for
the storm represented by the spectrum. These parameters describe the total energy content
of the storm and the frequency distribution, which are important factors for determining the
response of the structure. Different spectrum models differ from each other in the way that
the energy is distributed across the frequency band. This will in turn affect the response of
the structure (Chakrabarti, 2005).

Choice of spectrum depends on (i) which frequency range that is studied, (ii) if the spectrum
has the required integrability, and (iii) that the spectrum have a reasonable number of
parameters (Myrhaug and Lian, 2009). The basic form of wave spectra, called Pierson-

Moskowitz spectrum, and the JONSWAP spectrum will be presented in the following.
Pierson-Moskowitz Spectrum

The basic form of wave spectrum is referred to as a Pierson-Moskowitz (PM) type of spec-

trum, and have the form of
A B
S(w) = - e:cp( - F) (46)
where A and B are constants that vary for the different variations of the PM spectrum. The
PM model is valid for fully developed sea states and have one peak (Myrhaug and Lian)|
2009). The following three PM spectrum models are commonly used to describe the wave

process (Naess and Moan, [2012)):

e The standard PM spectrum is a one-parameter spectrum, and written in terms of the
peak frequency w,, which corresponds to the frequency at which the wave spectrum

reach its maximum value. It can also be described by the mean wind speed, U,,.
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8 STOCHASTIC ANALYSIS

e The modified PM spectrum is a two-parameter spectrum, which, in addition to peak

frequency, require significant wave height, Hg, as input.

e The ISSC spectrum is also a two-parameter spectrum which is based on the significant

wave height and mean frequency of the individual waves, w.
Formulas for the most common spectrum models are summarized in table

Table 8.1: Formulas for standardized wave spectra

Wave spectrum  Parameters Formula

Pierson-Moskowitz — wj, S(w) = sz—g; exp(—1.25%§)

Modified PM Hg, wy S(w) = 0.3125 Hg ,%% exp(—1-25%§)
ISSC H,, @ S(w) = 0.1107 Hg T exp(—0.4427;)
JONSWAP Hy, wp, 7, 04y 05 S(w) = %% eap(—1.252%) o)

JONSWAP Spectrum

The JONSWAP spectrum is a five-parameter spectrum, and is also a version of the PM
model. It is constructed by multiplying the PM spectrum with a factor 'ya(w):

ag’ W\ aw)
S(w) = ey e:cp( - 1.25F> 0% (47)
where ( )2
w — wp
and
=0.07 f <
> oA , or w < wp (49)
op = 0.09, for w > wp

~ represents the peakedness parameter, and typically range between 1 and 7. For typical
storm conditions in the North Sea, the vy-values lies around 3, and v = 3.3 is commonly
applied (Naess and Moan, 2012). For fully developed sea, that is, for v = 1.0, the JONSWAP
spectrum reduces to the modified PM spectrum (Chakrabarti, 2005)).

@ determines the shape of the spectrum in the high frequency range. For North Sea appli-
cations, the following formula is usually applied (Naess and Moan, 2012):

Hg?
a = 5.058 T (1—0.287 In~) (50)
p
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8.1 Statistical Description of Waves

Figure shows the JONSWAP spectrum with two different peakedness parameters, v = 1
and v = 3.

JONSWAP(y=3)

Stfw)

- Modified Pierson-Moskowitz (y=1)

0 05 1 15 2 25 3 35 4
w/lawp

Figure 8.2: JONSWAP spectra for v =1 and v = 3 (Naess and Moan| 2012

8.1.4 Response Spectrum

For a given load frequency, the response of the structure will be a linear function of the load
amplitude, and have the same frequency as the load. The load is described as a function
of time, but the transfer between the load and the structural response can be modeled as a
time-invariant system described by the transfer function, Hpx(w). The response spectrum

can then be determined by (Naess and Moan, 2012)):

Sx(w) = |Hf x (w)[x Sp(w) (51)

where Sr(w) is a variance spectrum of the stochastic load process X (). The relation between

load and response is shown in figure [8.3

S w) M Hpx ()| ‘ S (w)

Figure 8.3: Relation between load and response (Naess and Moan, 2012
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A response spectrum describes the energy intensity of the response as a function of frequency.
If a time series describing the load process is known, the response spectrum can be determined

by Fourier Transformation (Larsen) 2014). This topic will not be discussed here.

8.2 Short-term Statistics

The statistical description of waves are also applicable for response calculations. For design
purposes, it is beneficial to get an idea of how the structure is affected by the environmen-
tal conditions over longer time periods. To predict the characteristic loads that affect the
structure, the response in short time periods can first be examined and then generalized for

longer periods.

The short-term distribution is used to inspect the distribution of individual mazima of the
wave process, that is, the maximum values between each zero-upcrossing (Larsen), [2014).
This is illustrated in figure

A — Individual maxima

/

Figure 8.4: Illustration of the individual maxima in a wave process

The short-term distribution describes the probability of a random response value, z,, being
less than a given response level in specific environmental conditions, X,, and can be expressed
by:
Ta
P(X, < 20) = Fx,(a) = [ fr.w)dy (5)
—0oQ

where Fx, (z,) is the cumulative distribution function (CDF) and fx, (z,) is the probability
density function (PDF). CDF express the probability of X, being less than or equal to the
random variable x,. The PDF, on the other hand, is used to express the probability of the
random variable being greater than xz,, which implies the relationship (Naess and Moan)

2012):

dFXa (a:a)

Fxu(@a) = — - — (53)

The relation between the CDF and PDF is illustrated in figure The total area under

the PDF curve always equal one.
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F 3 . A
e (%) Fr (o)
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Figure 8.5: Left: PDF, right: CDF (Larsen, [2014])

If we assume that the stochastic process is Gaussian distributed, and that all individual
maxima for each stochastic process are statistically independent from each other, the short-

term distribution can be described by the Rayleigh distribution (Larsen, [2014)):

2
x
Fyx,(za) = P(Xo < 20) =1 — e:cp( - 20%) (54)
The corresponding PDF is determined from equation
dFx,(x4) 4 x2
fXa(xa) = P(Xa > ZUa) = T = ;% €ZCp( — ﬁ) (55)

where X, is an arbitrary maximum response value drawn from a stationary stochastic pro-
cess, X (t), with variance o2. The shape of the Rayleigh distribution for a variable z is shown

in figure The solid line represents the PDF, while the dashed line represents the CDF.

PDF and CDF of a Rayleigh variable

0.9F L7

0.8f v

0.6} | /\
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Figure 8.6: Rayleigh distribution of a variable z (Naess and Moan, [2012])

PDF f(x) and CDF F(x)
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The Rayleigh distribution is valid for narrow-banded processes, that is, stochastic processes
with a narrow frequency spectrum, no negative maxima, and only one maximum value
between each zero up-crossing. Contrary, a broad banded process can have negative maxima
and several maximum values between each zero-upcrossing (Larsen, 2014). Such processes
are described by the Rice distribution, but this will not be treated here. The concept of

narrow banded and broad banded processes are shown in figure [8.7]

Narrow banded
process

A
M /’\ M M Broad banded
* »  process

Figure 8.7: Illustration of narrow — and broad banded processes (Larsen, 2014)

8.3 Extreme Value Distribution

When designing marine installations, the extreme response in design storm conditions are
of particular interest. Design storm conditions are based on parameters that describe the
short-term environmental conditions, such as significant wave height, Hg, and spectral peak
period, T}, as well as duration of the storm (Larsen, 2014). In the aquaculture industry, the

design conditions represent environmental conditions with 10 and 50 year return period.

The extreme value from a process can, as for the individual maxima, be described as a
stochastic variable, since the largest maximum response will vary independently for each
short-term time series. Extreme value theory is also based on a sequence of independent and
identically distributed random variables {X1, Xs,..., Xy} which are Rayleigh distributed.
The extreme value of this sequence is found as X4 = maz{Xi, Xs,..., Xy}, and the
extreme value distribution is determined by identifying the largest maxima, x,qz, from N

storm samples, that is

N
FXma;C (xma:v) = P(Xma:v < xmam) = [FXa (xma:v):| (56)

where X4, is then the largest response achieved among all maxima during N storm samples.
The extreme value distribution of maximum response from four different storm samples is

illustrated in figure 8.8
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Xmax1
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Figure 8.8: Extreme value distribution (Larsen, 2014)

The extreme value distribution of response processes relevant for marine installations usually
follow the extreme value distribution type 1, or Gumbel distribution, expressed by (Naess and

Moan, [2012):

P mas) = 5 exp{ = (= oxp [ - (=)} ) (57)
and the corresponding CDF:
FX s (Tmaa) = exp { — exp [ - (W)} } (58)

which is described by the parameters a and . « represents the location parameter of the

distribution, while § represents the scale parameter. The Gumbel parameters are illustrated

in figure

Gumbel PDF

a

Figure 8.9: Tllustration of Gumbel parameters
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As « decrease, the distribution shifts to the left, and similarly, if « increase, it shifts to the
right. [ illustrates the width of the distribution, and as [ increase, the PDF spread out
and becomes wider. As (3 decrease, the PDF becomes taller and narrower (Naess and Moan,
2012]).

If the stochastic process is assumed to be Gaussian distributed, and the individual maxima
follow the Rayleigh distribution, the Gumbel parameters can be determined from the method
of moments. The parameters « and § are related to the mean value, u, and standard

deviation, o, of the extreme value sample space, as:

w=o+0.5772 x 8 (59)
Op = % X (60)

The estimates of u and o, obtained from the available extreme value sample space will
therefore provide estimates of the Gumbel parameters, o and 3, which leads to the fitted

Gumbel distribution by the moment method (Naess and Moan, [2012]).

When inspecting extreme response, a specified quantile value of the fitted Gumbel distri-
bution can be extracted and used for design considerations. This fractile is described by
100(1 — 1)%, where 7 is usually a small number, typically n = 0.1. The quantile function of
the Gumbel distribution is given by (Naess and Moan, 2012)):

Q(p) = a — B x In(—In(p)) (61)
where p is the probability level, equal to 1 — 7. The 90% quantile is determined from:

Q(0.9) = a — 8 x In(—1In(0.9)) (62)

8.4 Overview of the Distributions

Figure illustrates the different probability density distributions presented. A shows a
stationary Gaussian distributed process, X (t), with zero mean value and constant variance.
B shows the Rayleigh distributed individual maxima of X (¢) for a narrow-banded process.
C represents the extreme value distribution for various number of storm samples, N. It can
be seen from the figure that the extreme value distribution, fx, ., will have higher PDF

values and become narrower for increasing number of storm samples, N (Naess and Moan),

2012).
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Figure 8.10: Overview of distributions (Naess and Moanl 2012

8.5 Long-term Distribution

The short-term distribution is only valid for the specific sea state that is inspected. The
structural response of a marine installation depends on factors such as sea severity and

previous history of the wave process, such that the structural response over longer time

periods must be investigated when designing marine structures (Naess and Moan| 2005]).

The most accurate ULS design approach is to use long-term statistics of response when
determining the extreme load effects that act on the structure over its lifetime. This way,
the changing environmental conditions is accounted for when the characteristic loads are
estimated (Naess and Moan), 2012).

8.5.1 Structure of the Long-term Distribution

The long-term distribution is based on the short-term distribution, and is valid at any point
in time for a specified location. The long-term distribution is described by the probability
of exceeding the specific maximum value, denoted @ x, (z,), rather than using the CDF that

describe the probability of being smaller than a random value z,. This is to avoid numerical
problems, and the long-term distribution is usually expressed as 2014)):

Qx,(zy) = P(Xy>my) =1—P(X, <zq)=1- Fx,(z,) (63)
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Let X(t) denote a zero-mean stochastic process, such as response, that reflect the chang-
ing environmental conditions. This implies that X (¢) is not a stationary process, but this
problem is solved by considering the long-term response as a sequence of N short-term sta-
tionary conditions (Naess and Moan, 2012)). Let X, be defined as the maximum value of the
stochastic process X (t) between two consecutive zero-upcrossings. The long-term distribu-
tion is found by combining the short-term distribution with the statistics of the parameters
describing the sea states at the actual location, typically significant wave height and peak
period. The short-term contributions are then summarized for all the inspected sea states,

and the long-term distribution of the response X, is calculated by (Larsen) 2014]):

Qx,(a) = Y Y Qx,jus, (x| Hs, Ty) P(Hs, T,) W(Hs, Tp) (64)
Hs Ty
where
Qx,|Hs,1,(Ta| Hs, T)) Short-term Rayleigh distribution
P(Hgs,T),) Probability of an actual sea state
W(Hs,T)) Weight factor for the actual sea state

The weight factor accounts for variations of the relative frequency of the response for each
sea state. The probability of an actual sea state, P(Hg,T}), is determined from measured

data or simulations (Myrhaug and Lian| |2009).

8.5.2 Extreme Response

When dimensioning structures, the worst imaginable situation is often of particular interest.
The long-term distribution can be used to estimate the long-term extreme values of response.
NS9415 require that the structure must resist load effects from sea states with 10 and 50
years return period, and long-term response statistics is used to document that the structure
will meet these design criteria. Regarding prediction of extreme values, it is the upper tail
of the distribution that is of particular interest. The amount of data available therefore have

to be sufficient to describe the tail region properly (Haver, 2012).

The extreme environmental conditions are often unknown due to lack of sufficient measured
data. If wave data from e.g. one year is available, 10 and 50 year return period of significant
wave height can be determined from probability analyses. The Weibull distribution is a
continuous probability distribution that can be used for several purposes due to its simplicity

and flexibility. The Weibull PDF is expressed by (McCool, [2012]):

= 2(5) e { - ()} o
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and the corresponding CDF":

Fx(z)=1- exp{ - (%)B} (66)

To ensure that the data follow the Weibull distribution, a quantile-quantile (Q-Q) plot can
be computed, with the vertical scale ruled proportionally to the values of in(—In(1 —CDF))
and with a logarithmic horizontal scale. If the data plot form approximately a straight line,
the data can be assumed to follow the Weibull distribution (Naess and Moan) 2012). An
example of a Q-Q plot for the Weibull distribution is shown in figure [8.11] Q-Q plots are
also applicable for extreme value probability analyses, by plotting the extreme values and

CDF of the Gumbel distribution to ensure the data set follow the Gumbel distribution.

Q-Qplot

In(-In(1-CDF))

_2 1 1 1 L 1 1
In(data)

Figure 8.11: Q-Q plot with trend line

The Weibull distribution can then be used to determine Fx(z) within graphical accuracy
for the values of interest by inspecting the linear trend in a Weibull probability plot. In
case of a data set that is representative for one year, 10 and 50 year values, corresponding
to Fx(x) = 0.90 and Fx(z) = 0.98, respectively, are of particular interest. These can be
determined graphically by looking at the intersection with the linear trend line and reading
the values of the horizontal axis (McCool, [2012). An illustration of a Weibull probability
plot is shown in figure [8.12] The points correspond to the data points, while the red line

illustrates the linear trend.
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Weibull Probability Plot
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Figure 8.12: Weibull probability plot

8.5.3 [Establishing the Long-Term Extreme Value Distribution

The long-term extreme response can be determined in two different ways, based on the
amount of available data. The All sea states approach is applied when a wide range of sea
states can be inspected and the probability of an actual sea state can be determined from
measured data. The Two sea states approach is applied when there is lack of simultaneous
environmental data. The method use two known sea states to determine the corresponding
extrema and then fit the Gumbel distribution from the two known maxima. Both methods

will be presented in detail in the following.
Method 1: All Sea States Approach

The All Sea States Approach consider both the short-term and the long-term variability. If
there is sufficient amount of measured data available to estimate the distribution in the tail
regions, the long-term distribution can be determined directly from equation[64] For extreme
response design purposes, the weight factor W(Hg,T,) in equation |64 is not relevant, since
only the maximum response of each long-term distribution is of interest. The extreme value

distribution can then be written as:

Qx,(Tmaz) = ZZQXQ\HS,Tp(l'max|H57Tp) P(HS7TP) (67)
Hg T,

where Qx, |11, (Zmaz|Hs, T)) is the short-term Gumbel distribution with parameters o and
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8. These parameters are determined by inspecting the mean and standard deviation of the
extreme value distribution. This distribution accounts for the randomness of extreme values
within the short-term duration of the sea state, which usually range from 20 minutes to 3
hours (Puente and Lian, |2017)).

The joint probability of an actual sea state, P(Hg,T)y), express the long-term description of
the sea state, and can be determined from a frequency table, often denoted scatter diagram.
A scatter diagram presents the number of observations of sea states for any environmental

combination, usually Hg and 7). An example of a frequency table is shown in table

Table 8.2: Example of frequency table for significant wave height and peak period

Significant Peak period [s]

wave height m] 2-3 3-4 4-5 5-6 6-7 7-8 89 9-10 10-11 11-12 12-13
0.0-0.5 0 219 245 63 69 88 68 77 0 1 0
0.5-1.0 0 0 244 120 58 64 12 55 6 0 0
1.0-1.5 0 1 0 22 98 554 5 2 5 0
1.5-2.0 0 0 66 97 78 55 2 3 1 0 0
2.0-25 0 0 65 87 4 1 0 0
25-3.0 0 0 0 14 2 0 0

> 3.0 0 0 0 0 1 0 1

The probability for an actual sea state can then be found directly from this table by the ratio
between the number of observations of a specific sea state and total number of observed sea
states, NV (Larsen) 2014).

If the long-term distribution of the individual response maxima, X,, is known, then the
response level for any return period can be determined directly from the long-term distri-
bution. The probability of exceeding the individual response level X, once every year, is

calculated from (Puente and Lian| 2017):

Qx. (Tmaz.d) = mid (68)

where ¢ is the target annual exceedance probability, and my is the annual number of events

of duration d.
Equation [68] cannot be solved analytically, and the solution is thus obtained by iteration.
Method 2: Two Sea States Approach

If the scatter diagram is too coarse, that is, if the available simultaneous data is not sufficient,
it will give poor resolution in the tail regions of the extreme distribution. This will in turn

lead to inaccurate long-term extreme value estimates (Naess and Moan, [2012). The Two
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Sea States Approach can be applied when there is not enough available data to estimate the

probability of an actual sea state, P(Hg,T}).

Consider two known sea states, 10 and 50 year conditions, where Hg and 7T}, are known. Each
sea state is simulated N times, and each simulation run will generate an extreme response
value. The selection of extreme responses in 50 year conditions, {x}naxﬁo, xfmxﬁo, - x%axﬁo}
from N storm samples are then used to estimate the mean and the standard deviation, which
provide estimates of o and 3 in the Gumbel distribution. When the Gumbel parameters are
estimated, a fitted Gumbel distribution can be established for the 50 year sea state. The 90%
quantile value, 5o, of this fitted distribution is then extracted and used to fit the Gumbel

distribution of the maximum annual response.

The same procedure is applied with the other known sea state, i.e. the 10 year environmental
conditions. Similarly, the 90% quantile of the fitted 10 year extreme value distribution is

extracted. The procedure is summarized in figure [8.13

50 year 1 10 year X 1
Xmax,SO max,10

Seed 1 W Seed 1 IW

N H :
X : N @
max,50 : Xmax,lO :
Seed N IW Seed N M\Mﬂ\/\/\/\f/\
| t | t
_ 1 N - 1 N
Xinax50 = (Ximax,507s wweseeserens » Ximax,50 1 Xinax,10 = Ximax, 205 ++sereeeeienr Xmmax,20' 1

Xmax,lO

90% quantile

Gumbel PDF
Gumbel PDF

Figure 8.13: Illustration of the Two Sea States Approach

With these two extreme values, x59 and x19, known, the Gumbel distribution of the largest
annual response can be estimated by determining the Gumbel parameters from the equation

for cumulative probability distribution, for each of the two sea states:

7



8.5 Long-term Distribution

Fy, (zs0) = exp{ — exp [— (%)” —1- % = 0.98 (69)
and
Fy, (z10) = exp{ — exp [— (‘Tloﬂ_ O‘)” —1- % = 0.90 (70)

for 50 and 10 year conditions, respectively. F, . (%50), Fx,...(%10), 50 and x1o is known,
which gives two equations with two unknowns; « and 8. The distribution of the maximum

annual response can then be obtained from only two known sea states. This is illustrated in

figure [8.14]

Distribution of
maximum annual

e response

Gumbel PDF

X10 Xs50

Figure 8.14: Distribution of maximum response from two known sea states
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9 Time Domain Simulation of Marine Systems

Marine systems within aquaculture are often complex. Fish cages are highly flexible and must
be modelled by non-linear differential equations. FhSim is a software framework developed
by SINTEF Ocean, used to simulate marine systems and operations in time domain. Time-

domain integration is applied to ensure that the system behavior is simulated realistically

by including non-linear effects (Reite et al.,|2014)). The following chapter is mainly based on
Reite et al.| (2014), and will describe the architecture and core functionality of FhSim.

9.1 FhSim Architecture

In FhSim, complex marine systems are designed by modelling the components of a system

as a combination of sub-models. The sub-models are interconnected by input/output ports

facilitating the necessary information and properties to conduct a simulation (Endresen et al.,
2014). The modularity of the software platform makes it easy to adapt the simulation studies

to specific purposes.

9.1.1 Key Components

Figure 0.1] illustrates an overview of the FhSim architecture.

| | | | |
[ Integrator ’ [ File I/O ’ [ Visualization J
\ \ \ \

[ Method # 1 ’ [ Method # N ’ [ Input J [ Scene }

‘ ModelStructure [ External Ports

SimObject # 1 SimObject # N

Figure 9.1: FhSim Architecture

The software consists of five key components, where FhSim represents the overarching main
component where the user interaction occur. FhSim interconnects the system model de-

scribed in ModelStructure with the Integrator, File I/O, External ports and Visualization
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9.1 FhSim Architecture

components. Input to the software is provided by the user from textual input files, while
outputs are provided from the FhSim component as either text files, screen shots or messages

to console.

SimObjects can be seen as the building blocks of an FhSim simulation. These objects im-
plement the different sub-models and each SimObject computes its own state derivatives,
visualization and output ports. The ModelStructure implement all SimObjects to a total
system model. This will represent the simulation model, and can for instance be a fish
farm interacting with live fish carriers and feeding barges. The ModelStructure contain an
overview of the interconnections between the SimObjects defined in the input file. The In-
tegrator keeps track of the states of the total system model and reads and writes initial
conditions. Several integration methods are available in FhSim. File I/0 handles the inter-
action (input and output) between the model system and files, which includes interpretation
of input, message logging, and writing the resulting data to output files. Output is given
as .csv-files which includes element forces in x, y, and z-direction. The coordinate system
in FhSim is not an ordinary right-hand system, but rather a north-east-down system, where

north = x, east = y, and down = z.

The Ezternal ports component enables integration between FhSim and external systems. Vi-
sualization manages visualization of the simulations, which makes real-time 3D visualization

and recording of simulations possible.

9.1.2 System Setup

The FhSim setup is facilitated through XML input files specified by the user. The XML
file specifies which objects to include in the simulation and how they are connected to each
other, the initial states of the SimObjects, as well as integrator options and output options.
The input file consists of four sections (SINTEF Ocean| 2017):

e Objects — specifies which SimObjects to include in the simulation and the necessary

input parameters.

e Interconnections — specifies how the SimObjects are connected. They could either be

connected to each other or assigned constant values by the user.
e Initialization — specifies the initial conditions of the SimObjects.

e Integration — specifies which integration method to use and details regarding step length

and intervals, i.e. how the simulation is run.
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9.2 Simulation

The actual simulation procedure in FhSim consist of numerical integration of differential

equations in combination with visualisation.

9.2.1 Numerical Integration

Various methods based on numerical integration is available in FhSim, including Forward
Euler methods, Heun’s method, as well as Runge-Kutta methods, which was presented in
section [7.3.3] The preferred integration method must be specified under the integration
section in the input file, together with time step length and total duration of the simulation.
The simulation can be conducted with either fixed or variable time steps - the latter can be

beneficial for highly non-linear problems.

9.2.2 Visualization

Visualization in 3D is available in FhSim through an open source rendering engine. The
geometry of the structures in FhSim can be realized as either static or dynamic meshes.
Static meshes often represent rigid bodies such as ship hulls, buoys and feeding barges.
Dynamic meshes change for each visualization frame, and represent flexible structures such
as nets and floating collars. Figure show illustrations from simulations of irregular waves

and current.

(a) Side view

(b) Top view

Figure 9.2: Visualization of simulations in FhSim
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9.3 Generic Models

FhSim can implement several sub-models to create the total system model. A selection of
generic sub-models is available in the software, such that the user only needs to know the
interface of the SimObjects (SINTEF Ocean, [2017).

9.3.1 Floating Collar

The floating collar is modelled by a circular 6 degrees of freedom (DOF) ring element. The
mode superposition principle is used to model the structural response of the ring, which is
based on summarizing the response for the natural modes to determine the total response.
This model accounts for elastic deformations, while the effects of axial force, shear forces

and torsion are not included (Endresen et al., 2014)).

9.3.2 Net Structure

The net structure itself is modelled by a collection of triangular net elements, and the ropes
embedded in the net structure are modelled by basic cable elements. The net is assumed to
be knotted, with spherical knots of twice the twine diameter, even though aquaculture nets
are usually knotless. All parts of the net structure are interconnected through nodes and
the mass of the elements are distributed to the closest node. The hydrodynamic, as well as
structural forces that act on each element is also distributed to the nodes. The acceleration
of the node is found by summarizing all the forces acting in one node, and applying Newton’s
second law with known node mass and added mass. This enables calculations of velocity
and position of the node, which is used to simulate the deformations and movement of the

net structure in response to the external and internal forces (Endresen et al., 2014).

The net model is initialized by its own sub-model which contain an overview of all net
and cable elements comprising the desired net structure, and information on how these are
interconnected. Parameters such as twine diameter (mm), mesh bar length (mm), and

density (kg/m?) are specified for each element (Endresen et al., 2014).

The net model can account for wake effects between twines, as well as wake effects between

elements. This is especially beneficial for fish farms that consist of several cages.
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9.3.3 Cables, Ropes and Chains

Cables, ropes and chains are modelled by a generic cable model in FhSim. The cable model
consists of interconnected rigid bar elements, and the hydrodynamic forces that act on the
bar elements are computed by a Morison type expression (Reite et al., [2014). By applying
constraint equations to the bar elements, structural properties such as bending stiffness,
axial forces etc. can be provided. When implementing the cable model, parameters such
as cable length (m), weight per unit (kg/m), number of elements, diameter (m), as well as

E-modulus (N/m?), must be specified in the input-file.

9.3.4 Environment
FhSim can be used to model both regular and irregular sea states. For irregular sea states,

realizations of JONSWAP and ISSC spectra are available in the software, and the preferred

spectra must be specified in the input-file.
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10 Stochastic Analysis of Mooring Line Tension

The aim of this Master Thesis was to inspect whether the technical standard and design
procedures are good enough to cover the new challenges the industry face. This was done
by performing numerical simulations of mooring line tension for different environmental
conditions, and develop an extreme value distribution of mooring line tension based on
stochastic mooring analyses. The effects of irregular environmental conditions were studied
and compared with the response of the structure in regular waves, to see if the irregular

effects had prominent influence on the characteristic loads.

This chapter presents the simulation study conducted to examine the long-term mooring line
tension. First, the procedure that was applied to determine extreme response of the system,
and how to develop the annual extreme value distribution of mooring line tension, will be
presented. Then, the results from the stochastic mooring analyses will be presented, and a

discussion of the results will follow at the end of this chapter.

10.1 Method

Long-term stochastic analysis of extreme mooring line tension were performed by the Two
Sea States Approach, presented in chapter |8 section Simulations of 10 and 50 year
environmental conditions were conducted in FhSim, and the extreme response of the struc-
ture was used to develop an extreme value distribution for each sea state. The two sea states
were then used as basis for determining the annual extreme value distribution of mooring

line tension.

Distribution of the extreme load was compared with distribution of strength of the com-
ponent, to inspect the significance of the load and material factor in the partial coefficient

method. The following sections will describe the procedure in detail.

10.1.1 Environmental Data

Environmental parameters for the different sea states were based on a site survey for the
locality Salatskjeera from 2015. The site survey was conducted by Havbrukstjenesten AS,
and provided by Aqualine with permission from SalMar, who owns the report. Also, envi-
ronmental data recorded from an ocean buoy at Salatskjeera from March 9th, 2016, to March
14th, 2017, was provided by SINTEF Ocean in conjunction with the Exposed Aquaculture

project. The site survey was used as basis for the simulations, while the data from the
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ocean buoy was used to study the environmental conditions in detail. The following sections
will highlight the environmental data used in the simulation study and summarize how the

parameters in the site survey were determined.
Location

The inspected area is located in Frgyhavet, off the coast of Sgr-Trgndelag county in Norway.
Salatskjeera is exposed to open sea, with some islets and small islands north-west, west and
south of the locality (Havbrukstjenesten AS,|2015)). The locality is highlighted in figure
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Figure 10.1: Location Salatskjeera (map from the Directorate of Fisheries map service)

Current

Measurements of current velocity for the site survey were performed on an empty locality in
2013/2014. The measurement period was set to minimum one month and logging occurred
every 10th minute at two levels; 5 meter and 15 meter. Current velocity was measured from
December 5th to January 21st for 5 meter depth, and from July 25th to September 3rd for
15 meter depth. The 10 and 50 year conditions were then determined by multiplying the
maximum measured value for each depth with the multiplication factors presented in table

Maximum measured current speed was 49.9 ¢m/s at 5 meter depth, which resulted in 10

and 50 year conditions of 82 em/s and 91 ¢m/s, respectively (Havbrukstjenesten AS| 2015]).
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Wind-induced Waves

The exposed location of Salatskjeera entails both wind-induced waves and ocean swells.
NS9415 states that wind-induced waves should be determined by (i) wave measurements,
or (ii) calculations based on effective fetch length. For this location, calculations based on
effective fetch length were used to determine 10 and 50 year significant wave height and

corresponding peak period (Havbrukstjenesten AS, 2015)).

Equation [6] was applied to determine the adjusted wind velocity, and the wind conditions
on site, Uyg, were determined in accordance with NS-EN 1991-1-4, based on the reference
wind velocity for Frgyhavet. Hg and T;, were calculated from equation [7| and |8} respectively.
Results from calculations of wind-induced waves based on effective fetch length are presented
in table (Havbrukstjenesten AS, 2015). Wind from north-east resulted in the highest

wind-induced waves.

Table 10.1: Calculation of wave height based on effective fetch length

Return period Wind direction Uy [em/s] Hg [m] T, [s] Direction (°)
10 year NE 23 2.8 5.4 59
50 year NE 25 3.0 5.7 60

Ocean Swells

Ocean swells also have an impact on the locality, due to the exposed location of Salatskjeera.
These wave conditions were calculated based on extreme value analyses of NCEP (National
Centers for Environmental Prediction) model data at reference points along the Norwegian
coast. NCEP is a free weather database which can be used to model ocean waves. 10 and
50 year conditions were determined from a Weibull analysis (described in section of
the model data (Havbrukstjenesten AS| 2015).

The results of the analyses showed that ocean swells from north, north-west and west, with
wave height of 0.7 — 1.3 m and peak period of 14.0 — 16.0 s propagates at the location with
direction 61 — 65° (Havbrukstjenesten AS| [2015).

Combination Waves

The combination of wind-induced waves from north-east, and ocean swells from north-west,
increased the wave height with 0.4—0.5 m. This resulted in maximum significant wave height
of 3.3 m and peak period of 6.3 s for a 10 year return period, and wave height of 3.5 m and
period of 6.5 s for a 50 year return period (Havbrukstjenesten AS| 2015).
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10 and 50 Year Environmental Conditions

For practical reasons, the maximum wave conditions and current velocity were assumed to
arise from the same direction in the simulations. The 10 and 50 year environmental conditions
used for the simulation study are summarized in table A more detailed overview of the

results from the site survey are presented in appendix

Table 10.2: 10 and 50 year environmental conditions from site survey

Return period V¢ at 5m/15m [cm/s] Hg [m] T; [s]
10 year 82/73 3.3 6.3
50 year 91/82 3.5 6.5

Weibull Analysis

The 10 and 50 year significant wave height in the site survey were based on calculations
of wind-induced waves and NCEP model data of offshore swells, and not actual measure-
ments on site such as the dimensioning current. The data from the ocean buoy located
at Salatskjeera was used to perform a Weibull analysis of the significant wave height. The
data set contained measurements for one year, and this was used to estimate the Weibull
parameters and develop a fitted Weibull distribution. A linear fit of the data was extracted
to estimate 10 and 50 year significant wave height. The dimensioning significant wave height

from the Weibull analysis was then compared to those provided in the site survey.

10.1.2 Simulation Model

The model used for simulations in FhSim was based on the Aqualine Midgard® system,

presented in figure [10.2

Figure 10.2: Aqualine Midgard® system (illustration by Aqualine)
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The Aqualine Midgard® system is an integrated net cage and distension system that consist
of double circular collar floaters, a net cage with cone-shaped bottom, and a submerged

sinker tube to maintain the shape of the cage.

The circular cage itself is connected to a mooring frame by three bridles in each corner, and
the total system is moored to the seabed by eight mooring lines. The main components of
the Midgard® model are illustrated in figure m

7

Mooring line

Collar

Figure 10.3: Simplified cage model with main components

Aquaculture cages comes in various sizes, but the simulation model was chosen with ring
circumference of 157 meter, and diameter of 50 m. The cage model had a total depth of 28
meter, including cone depth. The mooring frame was laid at a depth of 8 meter to avoid
interaction with live fish carriers and operational vessels, and the whole system was moored

at 100 meter depth. Model dimensions are summarized in figure [10.4] and figure [I0.5]

Collar diameter =50.0 m

< »
< Lt

Sinkertube depth=17.5m Wall depth=15.0m

\/ Cone depth=13.0 m

Figure 10.4: Cage dimensions
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Buoy distance = 100.0 m

Frame depth=8.0m

Anchor depth=100.0 m E ;
Horizontal distance = 355.0 m

Figure 10.5: Mooring system dimensions

The floater was modelled by two polyethylene pipes of cross-sectional diameter 0.5 meter.
The net model consisted of 80 triangular elements, with mesh thread diameter of 1.7 mm
and solidity of 22.3%. For practical purposes, the mooring lines were modelled only by
polyethylene ropes, without any chain segments. The same rope dimensions were used for
the anchor lines and mooring frame, while the 12 bridle ropes were given a smaller cross-

sectional area. All relevant data of the simulation model is provided in appendix [C}

The mooring system was pretensioned according to the industry’s ”best practise”. Preten-
sioning is applied to ensure that the leeward mooring lines does not go slack and wear out
from contact with the sea bed. The pretension usually ranges from 1 to 10 tonnes, and
depends on depth, length, neighboring mooring lines, amount of anchor chain, as well as
type of bottom attachment (Hval, 2017)). To achieve the desired pretension for the model,

the position of the anchors and the weight of the mooring lines were altered.

10.1.3 Simulation in FhSim

The simulation study was performed in the simulation software FhSim, which was introduced
in chapter [9] FhSim was selected for this purpose due to well proven numerical models for
simulations in irregular environmental conditions. The following sections explain how the

simulations were performed and important specifications applied to FhSim.
Environment

FhSim was applied to simulate 10 and 50 year environmental conditions and inspect the
extreme response of the mooring lines. A JONSWAP spectrum, with peakedness parameter

~v = 3.3, was used to simulate long-crested irregular waves. The resulting JONSWAP spec-
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trum for 50 year conditions is presented in figure [10.6] The dashed line indicates the peak

frequency, w,,.
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Figure 10.6: JONSWAP spectrum for 50 year conditions

When simulating irregular sea states, each sea state should vary from another while still
having the same predefined conditions. This is done by varying the seed number. The wave
seed number is a random value, which will give different maximum wave rise and wave
fall, as well as vary the time window for when the peak response will occur, during the
simulation (Suwarno and Lee} 2016)). In FhSim, the seed number updates automatically for

each simulation run. This can also be done manually if preferable.

Regular sea states were simulated by specifying wave frequency and wave amplitude in the

input-file.
Length of Time Series

Several short-term wave processes are required to develop a long-term description of the
wave field. These short-term processes usually have duration of 20 minutes to 3 hours (Naess
and Moan, 2012)). The length of the time series for this simulation study was determined
by simulating several different lengths and examine at which time the response converge,
as well as the length of the actual simulation. The FhSim model consist of many small
elements and has complex net structure, and simulation turned out to be a time-consuming

process. Simulation time thus became the critical factor for determining the length of the
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time series. Simulation of time series from 500 seconds to 3000 seconds were performed, and
1000 seconds turned out to be enough to capture the extreme response, without having too
time-consuming simulations. The length of time series was thus set to 1000 seconds, with

logging interval of 1.0 second.
Input

The simulation model itself was kept identical for all simulation purposes, but the input
in terms of environmental conditions were adjusted based on which environment to study.
First, pretension was determined by simulation without environmental forces. Then, 10 and
50 year irregular and regular environmental conditions were simulated by altering the input-
values in the SimObject called ”Deep sea gravity waves”. Also, simulations with current
only, as well as waves only, were performed to inspect the static and dynamic contribution
to the mooring line response. The SimObjects corresponding to the different environments

used in this simulation study is included in appendix

The preferred numerical integration method is also specified by the user in the input-file.
For all simulations performed in this simulation study, the Runge-Kutta-Fehlberg method
(RKF45) was applied. This method was described in detail in section [7.3.3]

Output

FhSim generates the output in .csv-files. For this simulation study, the tension in the mooring
lines were of particular interest, and thus the output was specified to only cover the cable
forces. ”Cable force” includes the force in all bridles, mooring frame, and mooring lines, and
the force in both the upper and lower element. For each element end, the force in x-direction

(north), y-direction (east), and z-direction (down) was given, and mooring line tension was

T=\/F2+F2+F? (71)

The output-files were transferred to MATLAB for further processing. The MATLAB codes

programmed for this simulation study are included in appendix [E]

calculated from:

Simulation Runs

FhSim was used to simulate different environmental conditions, both regular and irregular

environments, and these are presented in table
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Table 10.3: Simulation runs

Simulation Vc [em/s] Hg [m] T, [s] # of seeds
Irregular

50 year conditions 91/82 3.5 6.5 45
10 year conditions 82/73 3.3 6.3 45
Load combination 1 91/82 3.3 6.3 1
Load combination 2 82/73 3.5 6.5 1
Current only 91/82 - - 1
Waves only - 3.5 6.5 1
Regular

50 year conditions 91/82 3.5 6.5 -
Design wave - combination 1 91/82 6.27 6.5 -
Design wave - combination 2 82/73 6.56 6.5 -

10.1.4 Mooring Line Tension

The mooring line tension was of specific interest for this stochastic analysis. FhSim provided
output values for all eight mooring lines, and the tension in the upper element connected to
the mooring plate was selected as reference to inspect the mooring line response. Numbering

of the mooring lines in the simulation model is shown in figure

| Current/wave direction ‘

Figure 10.7: Numbering of mooring lines
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Tension in all mooring lines were inspected to determine which mooring line that was most
vulnerable to the environmental loads. The mooring line with the largest response was then

selected as reference for the extreme value analysis.

10.1.5 Response

The range of the mooring line tension were examined by plotting the time series from several
seed numbers together, and the interaction between the sea loads was inspected by isolating
the response from current and waves. A response spectrum, as described in section [8.1.4]
was established to examine the frequency range of the response from the waves and the

combination of waves and current.

10.1.6 Load Combinations

NS9415 states that characteristic load should be determined from analyses of the two load
combinations presented in table Load combinations in both regular and irregular con-
ditions were simulated, and the most unfavorable of the two were chosen as reference for

characteristic load.

10.1.7 Static and Dynamic Response

The static and dynamic response were isolated by simulating only current and only waves,
respectively, as well as a combination of current and waves. Also, the combination of current
and waves was compared to the theoretical superposition of current only and waves only, to

examine the linearity of the response.

Simple hand calculations were performed to estimate the drag force on the net structure,
and the resulting force was compared with the results of the static simulation to validate the
results. Drag forces on the cage were estimated by assuming a square cage and neglecting
drag forces on the net sides and bottom. The drag load on the floating collar was also
neglected. A simplified procedure for calculating drag force on a series of net panels is

presented in appendix [E]

10.1.8 Regular and Irregular Response

Simulation of regular environmental conditions was also conducted in FhSim. First, 50 year

conditions were simulated to compare the frequency motions of the response with irregular
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environmental conditions. Then, the design wave approach was simulated to compare the
characteristic load resulting from the design wave approach to the characteristic load from

irregular environmental conditions.

10.1.9 Extreme Value Distribution

The mooring line response was assumed to be a piecewise stationary Gaussian process with
zero mean value, and the maxima was assumed to be Gumbel distributed. A Q-Q plot of

the extreme values for each sea state was established to validate the latter assumption.

Number of storm samples needed to describe the extreme value distribution is dependent on
the Gumbel parameters. It is important to ensure that the Gumbel parameters converges,
and the number of storm samples needed are thus dependent on the mean and standard
deviation of the extreme value distribution. The chosen number of storm samples, N, was

verified by plotting the Gumbel parameters against IN. This is illustrated in figure
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Figure 10.8: Convergence test of Gumbel parameters

In addition, the 90% quantile of the mooring line tension had to converge, since this was
of particular interest for this simulation study. Equation was applied to calculate the

90% quantile for each sea state, and plotted against N to ensure convergence of the extreme

values.

The extreme value distribution of the mooring line tension was estimated by the Two Sea

States Approach described in chapter [§], section Simulations in 10 and 50 year en-
vironmental conditions were performed, and the maximum mooring line tension from each

simulation was used to estimate the extreme value distribution for both sea states. This was

done by estimating the Gumbel parameters according to equation 59| and |60} which is based
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on the mean and standard deviation of the sample space. The Gumbel PDF and CDF for
each sea state were then calculated from equation [57] and respectively.

The 90% quantiles for each condition were extracted and used to estimate new Gumbel
parameters from equation [69 and [70] The new Gumbel parameters were then used to fit an
annual extreme value distribution of the mooring line tension based on only two known sea

states.

For design purposes, the extreme values in the tail region of the distribution are of particular
interest. The probability of exceedance for the tail region was plotted for a large tension

range.

10.1.10 Partial Coefficient Method

The fitted Gumbel distribution obtained from the Two Sea States Approach was plotted
together with distribution of strength of the component, to inspect the significance of the

load and material factors in the partial coefficient method.

Characteristic strength was assumed equal to minimum breaking load of 68.2 ton. Due to
lack of test data, the component strength was assumed to be normal distributed with mean
and standard deviation corresponding to equation [3|and |4} Distribution of load and strength

did not have similar PDF scales, but were plotted together for illustrative purposes.

Which load factor to apply in the partial coefficient method depends on the type of analysis
conducted. Both dynamic and static analyses were carried out to inspect the effects of the
selected type of analysis. The most unfavorable of the two load combinations were used as
characteristic load for the dynamic approach, while for the static approach, the characteristic

load was determined from analyses of 50 year current.

Also, whether analyses in regular wave conditions or irregular conditions are conducted is
up to the certification company, and the same load factor is applied regardless of analy-
sis procedure. Analyses in both conditions based on the procedures explained in NS9415
were conducted to compare the outcome of the two analyses. Characteristic load for both

conditions was determined from the most unfavorable load combination.
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10.2 Results

The results from this simulation study were used to inspect the long-term extreme tension
in one windward mooring line. The following sections will present key results from the
simulation study, including mooring line tension for all mooring lines, the static and dynamic
effect on response, as well as regular and irregular effect on response. The simulation results
were used to develop an extreme value distribution of mooring line tension, and the resulting
load distribution is presented and compared to the distribution of strength for the mooring

line at the end of the result section.

10.2.1 Environment

The environmental parameters used for the simulations were based on the site survey. In
addition, data from an ocean buoy placed at Salatskjsera was used to inspect the environ-
mental parameters on site more closely. Figure show the relation between significant
wave height, Hg, and peak period, T),. The scatter diagram show that most waves were in

the range of 0.3 to 1.0 meter with a period of 2.0 to 7.0 seconds.

Scatter diagram for Salatskjaera

2.5

Significant wave height [m]
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Peak period [s]

Figure 10.9: Scatter diagram for peak period and significant wave height
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Figure show a scatter diagram for current direction and wave direction. Current
direction was measured at a depth of 4 meters, and presented in degrees towards inflow
direction in the data set. Wave and wind direction, on the other hand, were presented by
degrees at inflow direction. This means that waves from west equals 270 degrees, while
current towards east equals 90 degrees in the data set. In figure the current direction

was fitted to the same direction description as the waves.

Current dlrectlon and wave dlrectlon for Salatskjara
350 [* o '.'-V ,}, - ot Jes e K \,4
- 13 ':

300
250 f1.r
200 -+

150 - )

Wave direction [deg]

7

a
o
< .
38

& e
Pt

100
Current direction [deg]

Figure 10.10: Inflow direction of waves and current

Figure [10.10] show some correlation between current and wave direction. Most of the sea
states came with inflow angle around 180 degrees and 300 degrees, corresponding to east
and north-west, respectively. The assumption of current and waves arising from the same

direction for the simulations was therefore considered good enough.

To inspect whether the 10 and 50 year values from NCEP model data provided in the site
survey were suitable for the Salatskjaera location, the significant wave height data from the
ocean buoy was plotted in a Q-Q Weibull plot. The resulting plot is presented in figure
The linear trend line is indicated in red and the data from the ocean buoy seem to
follow the Weibull distribution well for the upper region.
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Weibull Q-Q probability plot for significant wave height
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Figure 10.11: Weibull Q-Q probability plot of significant wave height

Figure [10.12 show an estimation of the upper tail region of the Weibull distribution, and

this was used for prediction of 10 and 50 year values. The Weibull analysis gave 10 and 50

year significant wave height of H éo =2217m and H go = 2.374 m, respectively.
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Figure 10.12: Upper tail Weibull fit
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10.2.2 Pretension

Pretensioning of the system was performed by altering the weight of the mooring lines and
position of the anchor. Due to lack of anchor chain, the weight of the mooring line was too
low to contribute with significant geometrical stiffness. The system was therefore tightened
by increasing line weight and by moving the anchors outwards. Figure shows the result
of pretensioning with two different placements of the anchors. An anchor distance of 355
meters was selected, and this gave pretension of about 55 kN, which is according to the

industry’s best practice.
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Figure 10.13: Pretension of mooring lines with different distance to anchors

10.2.3 Mooring Line Tension

The results from the simulations were used to plot time series of the mooring line tension.
Tension in all 8 mooring lines due to response in 50 year irregular environmental conditions
are shown in figure and the tension in the windward and leeward mooring lines are
outlined in figure [10.15
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Figure 10.14: Tension in all eight mooring lines for one simulation
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Figure 10.15: Mooring line tension

Figure [10.14] show that mooring line number 2 and 3, which corresponds to the windward
mooring lines in figure [L0.15a) had the highest resulting tension. Mooring line number 2 was

therefore chosen as reference for the extreme value study. The inspected line and element is
highlighted in figure [10.16
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7

| Current/wave direction ‘

Figure 10.16: Reference mooring line

10.2.4 Response

Tension in mooring line number 2 for ten different seed numbers are shown in figure
All simulations show similar trends, without any outliers. The response converge around 300

seconds, and range from about 145 to 200 kN.

x10° Mooring line tension for different seeds
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Figure 10.17: Tension in mooring line number 2 for ten different seed numbers
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Figure[10.18|show the tension in mooring line number two after 300 seconds for one irregular
simulation. The response oscillates around a mean tension of about 170 kN, as indicated
on the figure, and seem to be influenced by both low-frequency motions and wave-frequency

motions.

19 x10° Tension in mooring line # 2

1.851

1.8

1.75

—_
~

1.65

Tension [N]

—_
»

1.55

1.5

1 '45 1 1 1 1 1 1
300 400 500 600 700 800 900 1000

Time [s]

Figure 10.18: Tension in mooring line number 2 after 300 seconds

A response spectrum of the mooring line tension was established in frequency domain, and
the result for combined waves and current in 50 year conditions, as well as 50 year waves
only, is presented in figure The response showed a peak near 0 rad/s, which represent
the low-frequency motions, and a peak at 0.8 rad/s, which represent the wave-frequency

motions.

The response in waves only was low compared to the combination of waves and current. The

wave-frequency motions was relatively small and showed a peak at frequency 1.3 rad/s.
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Response Spectrum
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Figure 10.19: Response spectrum

10.2.5 Load Combinations

Results from irregular analyses of the two combinations is presented in figure [10.20

x10° Load combinations - irregular conditions
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Figure 10.20: Resulting mooring line tension from the two load combinations
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Load combination 1 with 50 year current and 10 year waves gave the highest response in the
inspected mooring line, and characteristic load was set equal to the maximum response due

to load combination 1; Sgreg = 186 kN.

Also, regular analyses with design wave equal to Hyqr = 1.9 X Hg, were conducted for the
two different load combinations. Combination 2, with 10 year current and 50 year waves,

reg

gave the highest maximum response, equal to S~ = 495 kN

10.2.6 Static and Dynamic Response

The resulting mooring line response in static and dynamic conditions, as well as a combina-
tion of waves and current are shown in figure[10.21} Current only and waves only corresponds
to 50 year environmental conditions, while the combination of waves and current corresponds

to 50 year conditions for both current and waves.

x10° Static and dynamic loads
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Figure 10.21: Static and dynamic response

Figure [10.22 show the response due to the combination of waves and current, together with

summation of the response due to waves only and current only.

105



10.2 Results

x10° Combined current and irregular waves
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Figure 10.22: Combination of current and waves

The resulting characteristic load from static and dynamic simulations in the most unfavor-
able environmental conditions are presented in table The dynamic characteristic load
corresponds to load combination 1. Static characteristic load was determined from simula-
tions of 50 year current velocity. Hand-calculations were performed to estimate the total
drag force on the system due to static forces (current), and the procedure and results are

included in appendix [E]

Table 10.4: Characteristic load from static and dynamic analysis

Type of analysis Characteristic load, Sc
Static - current only 1.0621 x 10° [N]
Dynamic - load combination 1 1.8578 x 10° [N]

10.2.7 Regular and Irregular Conditions

Figure[10.23|show the response in 50 year regular and irregular conditions, for a combination
of waves and current. The regular simulations gave higher response in the inspected mooring
line than the irregular environment, as expected. Regular conditions gave maximum tension

of 250 kN, while this particular irregular environment gave maximum tension of 187 kN.
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25 x10° Regular and irregular response
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Figure 10.23: Response in regular and irregular conditions

Figure show the converged response due to a combination of current and waves for

regular and irregular conditions, plotted with the mean tension for both conditions.
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Figure 10.24: Converged response in regular and irregular conditions
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The design wave method with H,,,, = 1.9 X Hg was applied to inspect the characteristic
load, and this approach gave maximum mooring line tension of 495 kN for load combination
2. Characteristic load for irregular and regular environmental conditions from the most

unfavorable load combination are summarized in table [10.5

Table 10.5: Characteristic load from regular and irregular analysis

Type of analysis Characteristic load, Sc
Irregular 1.8578 x 10° [N]
Regular - design wave 4.9458 x 10° [N]

10.2.8 Extreme Value Distribution

The maximum mooring line tension from all simulations was assumed to follow the Gumbel
distribution. This was validated by plotting a Q-Q Weibull plot and inspect whether the
data formed an approximate straight line. The resulting plots are shown in figure The
red line indicates the linear fit, and the stapled lines and intersection point indicate the 90%

quantiles. The plots show good correlation with the Gumbel distribution.

Q-Q Gumbel Plot for 10 year conditions Q-Q Gumbel Plot for 50 year conditions
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Figure 10.25: Q-Q Gumbel plots

To ensure that the sufficient number of storm samples needed to describe the extreme value
distribution was included in the analyses, the Gumbel parameters, o and /3, were plotted

against number of storm samples, N. The result is shown in figure [10.26
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Figure 10.26: Convergence test of Gumbel parameters

Also, the 90% quantiles for 10 and 50 year environmental conditions were plotted against
number of storm samples, N. The results are shown in figure The calculated curve
corresponds to the quantiles calculated from equation while the fitted plot corresponds
to the built-in function ev fit in MATLAB.

158 x10° 90% quantile 10 year conditions 194 x10° 90% quantile 50 year conditions
. T ¥ T T . T T T T
f ***** Calculated 3
/ *******%-* -Fitted 1.93
157} M PR
Wt | L
e 1.92
1.56 - '
W ! L 191F
=) *x % [m]
0 oM O L.l
1551 M 1.9
1.89
1.54 1 ]
1.88 1)
1.53 : ‘ : : 1.87 : - : -
0 10 20 30 40 50 0 10 20 30 40 50
# storm samples, N # storm samples, N
(a) 10 year conditions (b) 50 year conditions

Figure 10.27: Convergence test of 90% quantile

The results of the convergence tests show that the scale parameter, 5, which converge after
about 25 simulation runs, turned out to be the critical factor. On the other hand, the 90%
quantiles, shown in ﬁgure converge very rapidly (notice the small scale on the y-axis).
This was due to small variations in extreme response for each new seed number, which can
be observed in figure Since the extreme response was of particular interest for this

purpose, 45 storm samples were considered sufficient to capture the maximum load effects.
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10.2.9 Two Sea States Approach

For the Two Sea States Approach, 10 and 50 year environmental conditions were simulated
for 45 different seed numbers to develop an extreme value distribution for each sea state.
This resulted in Gumbel parameters and 90% quantiles (zx) presented in table

Table 10.6: Parameters for the 10 and 50 year Gumbel distributions

Parameter 10 year 50 year

a 1.4643 x 10° 1.8104 x 10°
B 2.1970 x 103  1.9045 x 103
TN 1.5137 x 10°  1.8533 x 10°

The calculated Gumbel PDF and CDF are shown in figure [10.28] and [10.29] respectively.
Also, the built-in function ev fit was applied in MATLAB to compare with the calculations.
The 90% quantiles are indicated in both the PDF and CDF plots. The calculated PDF and
CDF for 10 year conditions deviates from the fitted one’s due to deviations in calculated and

fitted 8 value.
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Figure 10.28: Gumbel PDF
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Gumbel CDF - 10 year conditions Gumbel CDF - 50 year conditions
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Figure 10.29: Gumbel CDF

The 90% quantile values z5¢ and z1¢ in table were used to estimate the new Gumbel
parameters. The resulting parameters are presented in table The fitted Gumbel distri-

bution of annual mooring line tension based on the estimated parameters are presented in

figure [10.30

Table 10.7: Gumbel parameters estimated from the Two Sea States Approach

Parameter Value
a! 1.0954 x 10° [N]
B 2.1029 x 10% [N]

Fitted Gumbel PDF Fitted Gumbel CDF
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Figure 10.30: Fitted Gumbel distribution for annual response

For extreme response analyses, the tail of the Gumbel distribution is of particular interest.

The probability of load exceedance for the tail region is presented in figure [10.31
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Probability of exceedance
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Figure 10.31: Probability of load exceedance

10.2.10 Partial Coefficient Method

Figure [10.32] show distribution of load for the mooring line tension with characteristic load
and design load. Characteristic load from load combination 1 in irregular conditions and the

design load, Sp = S¢ X vy, are indicated on the figure.
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Figure 10.32: Distribution of load with characteristic load and design load
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Figure [10.33] show distribution of strength with assumed mean value, u = 70.2 kN and
standard deviation, o, = 21.1 kN. Characteristic strength, Rc, and design strength equal
to Rp = % are indicated on the figure.
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Figure 10.33: Distribution of strength with characteristic strength and design strength

Figure show distribution of load and strength, together with characteristic and design

values.
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Figure 10.34: Load and strength distributions with effect of load factors
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The two distributions did not have similar PDF scale, but was plotted together for illustrative
purposes. The red solid line represents the characteristic load and the dashed red line
corresponds to the design load after application of the load factor. The solid blue line
represent the breaking strength of the mooring line, while the dashed blue line corresponds

to the design strength after application of the material factor.
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10.3 Discussion

The following sections will include a general discussion of the results obtained in this simula-
tion study. The simulation study is only considered valid for the specific sea states inspected,

and the specific simulation model, and the discussion is based on this particular study.

10.3.1 Extreme Sea States

The extreme value distribution obtained by the Two Sea States Approach was based on sim-
ulations in 10 and 50 year environmental conditions obtained from the site survey conducted
by Havbrukstjenesten. 10 and 50 year current provided in the site survey were obtained from
measurements at the actual location, where current velocity were measured from December
5th to January 21st for 5 meter depth, and from July 25th to September 3rd for 15 meter
depth. The 10 and 50 year dimensioning current were then determined by the multiplication
factors presented in table Significant wave height and peak period were obtained from
calculations based on effective fetch length and model data from NCEP.

In addition to the site survey, data from the SINTEF ocean buoy on the fish farm location
was used to inspect the environmental conditions more closely. The data set contained
measurements from March 9th 2016, to March 12th 2017, and logging took place every hour.

The maximum measured values from the ocean buoy are summarized in table

Table 10.8: Maximum measured parameters at Salatskjsera

Parameter Extreme value Unit
Current velocity 58.5938 cm/s
Significant wave height 2.0313 m
Maximum wave height 2.9688 m
Peak period 24.9023 S

Maximum current velocity from these measurements would result in 10 and 50 year values
of 97 em/s and 108 e¢m/s by multiplication with the factors in table This gave higher
dimensioning current velocity than the extreme values determined in the site survey. Maxi-
mum current velocity was measured in January, which was also used as measurement month
for 5 meter depth in the site survey. On the other hand, for 15 meter depth, measurements
were conducted during July to September, which had lower current velocity than in January.
The standard does not specify which month to use for measurements, which implies that

variations of dimensioning current can be significant due to selection of measurement month.
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Dimensioning wave height in the site survey was determined from calculations based on ef-
fective fetch length in combination with Weibull analyses of NCEP model data. A similar
Weibull analysis of the significant wave height data provided from the ocean buoy was con-
ducted in this report to compare the 10 and 50 year values from the measured data set with
those in the site survey. The resulting Weibull analysis presented in figure showed
estimated 10 and 50 year significant wave height of 2.217 m and 2.373 m, which is signifi-
cantly lower than the modelled values of 3.3 m and 3.5 m, respectively. This indicates that
estimation of dimensioning wave height from the calculations and NCEP model data were
more conservative than measurements at the actual location with corresponding long-term

statistical analysis.

The values from the site survey and those determined from the ocean buoy are summarized

in table [[0.91

Table 10.9: Comparison of extreme environmental parameters

Parameter Site survey Ocean buoy
10 year current velocity 82 [cm/s] 97 [cm/s]
50 year current velocity 91 [cm/s] 108 [cm/s]
10 year significant wave height 3.3 [m] 2.217 [m]
50 year significant wave height 3.5 [m] 2.373 [m]

10.3.2 Interaction Between Current and Waves

The interaction between current and waves were inspected in both irregular and regular
conditions. Figure show that the dynamic contribution from irregular waves was small
compared to the static contribution from current, but the dynamic effects increased for the
case of combined current and waves. The wave loads oscillate around a mean tension of
56 kN, which is only slightly higher than the pretension, while the mean tension due to
current loads was about 100 kN. Current loads are dominating due to the large submerged
area of the net, and the resulting drag loads acting on the net due to current were larger

than the wave loads on the floater and the upper parts of the net.

By comparing the tension in the mooring line due to combined current and waves, and
the summation of current and waves in figure non-linear effects were observed. This
non-linearity indicates that linear theory is not applicable for this particular study, and the
superposition principle is not valid. The non-linear increase in response for combined current

and waves corresponds to the effects of viscous drift, as illustrated in figure
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Figure 10.35: Irregular analysis - effect of viscous drift

Figure show that the regular simulations do not capture the slowly-varying motions,
only wave-frequency motions. Slowly-varying motions only occur for irregular wave condi-
tions, since at least two waves with different frequency and amplitude are essential to get the
effect. As seen in the response spectrum for irregular analyses in figure low-frequency
motions corresponds to the governing part of the response, while the wave-frequency motions
have much lower effects on the mooring line tension. Also, the response was much higher for
the combination of waves and current, than for waves only, which indicates the importance

of viscous drift effects.

The mean drift force observed in figure[10.35] as well as the slowly-varying motions mentioned
above, arise from the relative velocity term in Morison’s equation, which represent the relative
velocity between the fluid and the structure. For the simulation study, the relative velocity
could not be determined, due to lack of information about structure velocity, Vg, in FhSim.
By assuming Vg = 0, the relative velocity ranged between —0.73 m/s and 2.56 m/s for

regular waves, which directly affect the drag loads calculated from Morison’s equation.

In section [6.4.2] non-linear variations in submerged floater area was introduced as an effect
that can cause viscous drift. The floater model in FhSim does not account for non-linear
free-surface effects, and changing relative velocity was thus the only identified reason for

second-order effects in this simulation study.
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10.3.3 Static and Dynamic Response

The load factor applied in the partial coefficient method is dependent on whether static
or dynamic analyses are conducted, and the effect of choice of analysis was inspected by
comparing the design load, Sp, from the two approaches. Maximum dynamic response from
the most unfavorable combination of irregular waves and current, as well as static response
from 50 year current only, were multiplied with the appropriate load factor. The results are
presented in table

Table 10.10: Static and dynamic analysis

Type of analysis Characteristic load Load factor Design load

Sc V¥ Sp =S¢ X v
Static 1.0621 x 10° [N] 1.6 1.6994 x 10° [N]
Dynamic 1.8578 x 10° [N] 1.15 2.1365 x 10° [N]

The analyses showed that the design load from the dynamic analysis was more than 25%

higher than the resulting design load from the static analysis.

The standard does not specify which loads to include in a static (or dynamic) analysis.
Here, it was assumed that static analyses includes sea loads due to current only, but the
combination of current loads and mean loads from regular waves can also be considered a
static force. This will increase the static response significantly, and thus the static analyses
will be more conservative than dynamic analyses. Expectations regarding what to include

in the different analysis options should be made clearer in the technical standard.

10.3.4 Regular and Irregular Response

Simulations in regular and irregular environments gave significant deviations in estimation
of characteristic loads. According to NS9415, regular analyses are conducted by the design
wave method, where H,,q = 1.9 X Hg, while irregular analyses are conducted by applying
a JONSWAP spectrum with H,,,, = Hg. Table show resulting design load from
simulations of the most unfavorable load combination in regular and irregular environments,

respectively.

118



10 STOCHASTIC ANALYSIS OF MOORING LINE TENSION

Table 10.11: Regular and irregular analysis

Type of analysis Characteristic load Load factor  Design load
Sc Vf Sp =S¢ X vy

Regular - design wave 4.9458 x 10° [N] 1.15 5.6877 x 10° [N]

Irregular 1.8578 x 10° [N] 1.15 2.1365 x 10° [N]

The resulting design load in regular waves were more than 60% higher than the design load

in irregular waves, which implies that regular wave analyses are very conservative.

For the regular simulation study, the period was set equal to peak period, T}, as specified in
NS9415. The standard does not specify any criteria in terms of wave steepness, which is the
ratio between wave height, Hg, and wave length, A. Maximum steepness of a regular wave

is given by (Pettersen, [2007):
Hg 1
e = 2
S (72)

or

1?2 (73)

It is important to satisfy equation to simulate realistic conditions, and this should be
specified in NS9415. For the regular simulation study presented here, load combination 2
with T}, = 6.5 s, gave maximum significant wave height of 9.4 m according to equation
This was in compliance with the criteria for wave steepness, and the simulated wave could

thus be considered realistic.

Also, NS9415 does not specify the required duration of the simulations. The design wave
method is based on assuming that the most probable largest wave amplitude is equal to
(Larsen, 2014):

Cmaz,N = 0.V2In N (74)

where N equals number of sea states, and can be calculated from:
T
N=— 75
- (75)
T equals duration of the sea state, and T equals zero-upcrossing period. By assuming 3

hour sea states, equation [74] can be simplified to:

Cmaaz,N = 3.8 X 0y (76)
and by introducing
Hg
e = 74~ (77)
equation [76] becomes
H
Cmax,N = 3.8 X TS =0.95 x Hg (78)
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This gives maximum wave height of
Hipaz = 2 X Gaz,n = 1.9 x Hg, (79)

which equals the design wave approach. This shows that the design wave approach is based
on assuming that sea states have duration of 3 hours, which means that simulation length

should also have a duration of 3 hours for the design wave approach to be accurate.

The length of the time series in this simulation study was restricted to 1000 seconds, due
to very time-consuming simulations. To ensure an accurate piecewise stationary short-term
description of the environment, the duration of the simulations should be extended to at

least 20 minutes, and preferably 3 hours.

10.3.5 Extreme Value Distribution

The fitted extreme value distribution was based on 45 simulation runs of 10 and 50 year
environmental conditions. Extreme values for each simulation run turned out to be very
similar, and number of simulation runs were considered sufficient for this purpose. The sea
loads were assumed to arise from the same direction, and from the most unfavorable direction
with respect to mooring line tension. This would overpredict the response to some extent,

and the extreme value distribution would thus be conservative.

The fitted extreme value distribution presented in figure[I0.30]is valid for the specific mooring
line and the specific simulation model, and based on 10 and 50 year environmental conditions
from the site survey. To get a more accurate extreme value distribution of the mooring line
tension, the All Sea States Approach presented in section should be conducted for a

wide range of significant wave height and peak period values.

However, the extreme value distribution obtained by simulation of two sea states gave an
indication of the variability in mooring line tension. This variability is not captured in
regular wave analyses, which is the standard approach conducted in the industry today. The
industry should consider including irregular analyses in their design approach, to be able to

capture load effects in realistic conditions.

10.3.6 Partial Coefficient Method

The partial coefficient method incorporates safety factors in the calculations to ensure that
the structure meets the design requirements that are necessary to avoid technical failure.

The method is based on requiring that the characteristic load, S¢, multiplied with some
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10 STOCHASTIC ANALYSIS OF MOORING LINE TENSION

load factor vy, must be less than or equal to the characteristic strength of the component,

R¢, divided by some material factor ~,,.
Characteristic Load

The standard presents different methods for determining characteristic load, S¢, and in the

simulation study this was done by three different approaches:
1. Static analysis in current only with load factor vy = 1.6
2. Dynamic analysis in irregular waves with load factor vy = 1.15 and Hyper = Hg
3. Dynamic analysis in regular waves with load factor vy = 1.15 and Hyqz = 1.9 X Hg

The result from each approach is summarized in table [10.12

Table 10.12: Comparison of characteristic load by different design approaches

Type of analysis Characteristic load Load factor Design load
Sc Vs Sp = Sc X vy

Static - current only 1.0621 x 10° [N] 1.6 1.6994 x 10° [N]

Irregular 1.8578 x 10° [N] 1.15 2.1365 x 10° [N]

Regular - design wave  4.9458 x 10° [N] 115 5.6877x 10° [N]

As seen from the resulting characteristic loads, choice of analysis highly affects the dimen-
sioning load that the component must be able to withstand. Regular analyses with the design
wave approach gave design load of more than three times the design load resulting from static
analysis, and more than twice the design load from irregular analyses. In theory, the three
methods for estimating design load should give similar results, and preferably equal. The
differences in characteristic load arising from the different methods should be inherent in the

load factor when determining design load.

NS9415 states that "the characteristic values shall be determined as loads which the marine
fish farm with a defined probability will not exceed during its design working life”. The
probability level is not specified in the standard, and probability of load exceedance will

vary significantly for each of the analysis approaches presented above.
Characteristic Strength

The characteristic strength of the mooring lines was assumed equal to a minimum breaking
load of 68.2 tonnes. This MBL value corresponds to standard 8-braided Aqualine rope with
diameter 64 mm, while the mooring lines in the simulation model had diameter of 50 mm.

Also, the weight in water was higher for the modelled lines than the standard mooring lines.
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10.3 Discussion

This would affect both the response of the structure and the minimum breaking load, but

these assumptions were made to be able to compare the distribution of load with strength.

Similarly as for characteristic load, NS9415 states that ”The characteristic capacity for re-
sistance shall be based on a defined probability that they will not be underreached during
the dimensioned useful life of the fish farm”. The requirements for probability level is not

specified for characteristic strength.
Design Load and Strength

Figure [10.36| show the distribution of load and strength, design strength (blue dashed line),
as well as design load from the three approaches presented above. The red dashed line
represents the irregular environment, the pink dashed line represents the static load, while

the green dashed line represents the regular design wave approach.

Design load from different approaches

- - -Irregular SD
Regular SD

- - - Static SD

- — -Design strength RD

PDF

L 1 1 1

0 1 2 3 4 5 6 7 8
Load/strength [N] x10°

Figure 10.36: Comparison of design load in the partial coefficient method

The two distribution curves does not overlap at all, which indicates that the probability of
failure, P(S > R), is extremely small. Also, it can be seen that the design strength is very
far out in the tail of the strength distribution. This indicates a large safety level. Design
strength was determined by dividing the minimum breaking load by the material factor for
synthetic rope, v, = 3.0. This resulted in design strength, Rp of 223 kN, which corresponds

to 22.7 tonnes.
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10 STOCHASTIC ANALYSIS OF MOORING LINE TENSION

The design loads from the three approaches vary significantly. The load distribution is valid
for the inspected irregular sea state, but could be compared to design load from both regular
and static simulations for illustrative purposes. The regular design load is located far out in
the tail of the load distribution, while the static design load is lower than the 90% quantile
of the distribution.

Figure illustrates how probability of load exceedance can be determined from the
partial coefficient method. Load factor, 7 is applied to characteristic load, Sc, to determine
the design load, Sp. The Pf curve represents the load distribution based on simulations in

irregular environmental conditions.

Probability of exceedance

10°
—Pf
107 ¢ —— Charateristic load | 4
- - -Design load
102 £ \ )
PO
10—3 L
g—
o
10% ¢
10° ¢
_ \%;
10 ¢ )
10—7 L 1 1 L L 1 1 L
0 0.5 1 15 Scz SD 2. 3 35 4 45

Load [N] x10°

Figure 10.37: Concept for determining probability of exceedance

According to calculations in irregular conditions, design load of 214 kN gave correspond-
ing probability of load exceedance, indicated as Py at the figure, of about 10723. This

corresponds to less often than once per 100 year.

Figure[10.38|show probability of exceedance for design load from irregular, regular and static

analyses.
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Probability of exceedance with design loads
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Figure 10.38: Probability of exceedance for the three design approaches

Static analyses indicates probability of exceeding the design load of about 107!, which
corresponds to once every 50 year. Regular analyses, on the other hand, indicates probability

of exceeding the design load of 1079, which can be considered as extremely low.

10.3.7 Calibration of Safety Factors

The safety factors in NS9415 is based on FEurocode: Basis for Structural Design, NS-EN
1990, which is valid for loads on structures. In general, safety factors are calibrated based
on requirements for defined probability of failure. This defined probability must be seen in
accordance with risk evaluation, as well as intended lifetime of the structure. An aquaculture
installation has expected lifetime of about 20 years with the correct maintenance and service,
and the safety level of design loads and strength should be seen in regard to this. In the
oil and gas industry the defined probability level is set equal to 104, which corresponds to

acceptable failure once every 10 000 year.

The desired probability level should be inherent in the safety factors, and dimensioning load
should be in the same range regardless of analysis approach. The partial coefficient method
can be rewritten as:

Reo > S¢ % Vi X Ym (80)
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10 STOCHASTIC ANALYSIS OF MOORING LINE TENSION

For static conditions, with load factor vy = 1.6 and material factor v,, = 3.0, this gives:
RO > G819t % 1.6 x 3.0 = S x 4.80 (81)

And similarly, for dynamic conditions, with load factor vy = 1.15 and material factor v, =
3.0:
RY™ > 5™ % 1.15 x 3.0 = S¥" x 3.45 (82)

If the load factors were calibrated correctly, the ratio between static and dynamic loads

should be equal to

S 4.80
= ~1.39 83
Setat = 345 (83)

Simulations in irregular conditions and static simulations with current only gave ratio of
1.75, which is in the same range as the requirement in equation However, simulations
in regular conditions gave ratio of 4.66, which is far from the theoretical ratio. This implies
that the load factor, 7, should be adjusted for simulations in regular conditions. The design
wave approach overpredicts the loads, and by applying the dynamic load factor, the loads

are additionally overpredicted.

The material factor, 7, should reflect the uncertainties in component strength. In the
standard design approach used in the industry today, the characteristic strength is set equal
to minimum breaking load, which represents the 90% quantile of the strength distribution.
This means that a safety level is already included in the choice of characteristic strength,
before application of the material factor. As seen in figure the design strength is
situated far out in the tail of the strength distribution, which implies a very conservative

safety level.
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11 Conclusion

This chapter will summarize and conclude the results of the simulation study. Recommen-

dations for further work is presented at the end.

11.1 Concluding Remarks

Dimensioning of components in the aquaculture industry is based on the partial coefficient
method, which requires that the maximum load effect must be lower than the minimum
strength of the component with sufficient probability. This requirement ensures that the
loads imposed on the fish farm does not exceed the strength of the different components,
by applying safety factors that account for uncertainties in load and response, as well as

material properties.

The mooring analyses performed in the industry today are based on regular wave analyses,
which implies that the variability in load conditions is not assessed. Simulations performed
with only regular waves exclude the uncertainty in estimation of loads, and does not capture

the slowly-varying motions that arise in irregular conditions.

A simulation study of mooring line tension was conducted to inspect the effects of irregular
environmental conditions and the variability of the response. Interaction between waves and
current in irregular conditions was dominated by non-linear effects due to viscous drift. Vis-
cous drift arises from the relative velocity term in Morison’s equation, which describes the
relative motion between the structure and the fluid. Simulations in irregular conditions cap-
tured both wave-frequency motions and low-frequency motions, which cannot be identified

in standard regular analyses.

An extreme value distribution of mooring line tension was developed based on the Two Sea
States Approach, which is a useful method for estimating the load distribution when there
is lack of simultaneous data available. The resulting extreme value distribution showed in-
herent variability and deviations from the design wave approach. Distribution of component
strength was approximated by assuming that both standard deviation and mean value is
dependent on the minimum breaking load of the component. The resulting distributions of

load and strength showed that probability of overload was extremely small.

The characteristic load that will act on the structure was determined from three different
approaches in this simulation study; (i) Static analyses with current only, (ii) Dynamic
analyses in irregular waves, and (iii) Dynamic analyses in regular waves. The results showed

that approach (iii) gave more than three times higher design load than approach (i), and
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more than twice the design load from approach (ii). This implies that selection of analysis
method has significant impact on the requirements concerning the load the components must
withstand. By choosing the approach that gives the lowest design load requirement, money
can be saved. The industry must consider whether it should be beneficial to choose one

analysis approach over another.

The load factor applied to the characteristic load was the same for regular and irregular
conditions. Due to the deviation in design load for the two approaches, a third load factor
valid for regular analyses should be considered introduced in the technical standard. The
material factor for synthetic rope also gave a very conservative design strength, due to the

inherent safety level in the characteristic strength.

This report concludes that design analyses should be conducted with longer time series and
irregular environmental conditions to be able to study the behavior of fish farms in more
realistic sea states and capture the variability of sea loads. The industry should contribute
to, and encourage, software development, such that state of the art analysis tools become
commercial. The challenges that comes with more exposed sites must be modelled correctly

to ensure that the installations are fit for harsher environmental conditions.

11.2 Recommendations for Further Work

For this simulation study, only the Two Sea States Approach was conducted, due to limited
available time and time consuming simulations. For obtaining a more accurate extreme
value distribution, the All Sea States Approach should be conducted, with a wide range of
Hg and T), values to capture the extreme effects. Also, the length of the simulations should
be extended to at least 20 minutes to ensure an accurate piecewise stationary short-term

description of the environment.

To achieve more comparable results, the simulation model should be modelled as a true
copy of an existing system. The mooring lines were modelled without the anchor chain
segment, and the weight of the mooring lines in water was made higher than polyethylene
ropes usually are. This made comparison with component strength difficult, due to lack of
breaking load data. By modelling mooring lines with known dimensions, weight in water, as
well as breaking load, the distribution of load can be directly compared to the distribution

of strength of the mooring lines. This applies for all types of components.

This simulation study only focused on mooring line tension, and analyses of all local com-
ponents, as well as the global system, should be conducted to be able to generalize the

conclusions. The results from this study can be seen as trends, and the response of the
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global system in irregular conditions should be inspected more closely to understand the

extent of irregular wave effects.
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A SIMPLIFYING THE VISCOUS EQUATIONS

A Simplifying the Viscous Equations

Simplification of the viscous equations is described in the following section, and this procedure

is based on |Burns (1983).

For current and waves arising from the same direction, the drag force can be calculated by:
F =R |Vo+ Viycos (0 + 1) — Vs cos (0)} X [VC + Viy cos (0 + ) — Vg cos (0)} (84)

where Vi is the current velocity, Viy is the wave particle velocity, and Vg is the velocity of
the structure. The phase shift ¢ represents the shift of the structure centerline from the

wave, plus the spacial shift of the member from the centerline.
By introducing a partial relative velocity, V,., and a phase shift «:
Vycos (0 4+ o) = Vyyr cos (6 + 1) — Vs cos (), (85)

Expanding equation equating the like terms, and squaring, gives the expressions for V.

and «, respectively:

Ve = Vi + V2 — 2V Vs cos ) (86)

o Vi siny
 Wwcost — Vg’

where VR represent the amplitude of the relative velocity between the structure and water

(87)

particle, and « is the phase shift measured from the wave phase. By letting 6 + o = ¢,
equation [84] becomes:

F
= (Vo + Vicos (9)) Ve + Vycos () (38)
Two expressions equivalent to equation [88]is then:
F 2 2 2
B= V& + V.2 cos ¢ + 2V V. cos ¢, Vo > |V, cos ¢ (89)
F v
== [Vg + V2 cos ﬂ KSZ;‘;' +oVeVicosp, Ve < |Vicosdl (90)

It can be shown that by integrating equation 89 and [90] over a wave cycle, the mean viscous

force, Fg, can be determined from:

F 1

A A e Vo > |V, cos ¢| (91)
R 2

Fs

where equation is a direct derivation, while is an approximate solution. These two

equations does not account for free-surface effects.
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B SITE SURVEY: SALATSKJARA

B Site Survey: Salatskjsera

The simulations in this Master Thesis was based on the environmental conditions at the
Salatskjeera locality. The site survey was conducted by Havbrukstjenesten AS and is owned
by SalMar Farming. Table and present the key results from the site survey used for

the simulation study.

Lokalitetsrapport
etter NS9415:2009

Lokalitet: Salatskj=era
Lokalitet nr.: 34857
Dato: 20.03.2015

Oppdragsgiver: SalMar Farming

umnuxs o
TJENESTENS .,%.‘

Figure B.1: Site Survey for Salatskjeera
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B SITE SURVEY: SALATSKJZARA
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C SIMULATION MODEL

C Simulation Model

C.1 Mooring System

Table C.1: Data for the mooring system of Aqualine Midgard®

Mooring System Value Unit
Polyethylene mooring lines

Number 8 #
Length 300 m
Diameter 0.0499775 m
E-modulus 1.9 x 10°  N/m?
Weight in water 2.20694  kg/m
Anchor depth 100 m
Horizontal distance to anchor 355 m
Spring stiffness of bottom attachment 2 x 10° N/m
Bridles

Bridles at each corner 3 #
Length outer bridle 53.091 m
Length mid bridle 47.7055 m
Diameter 0.0499775 m
E-modulus 2.0 x 10 N/m?
Weight in water 2.20694  kg/m
Mooring frame

Number 4 #
Length frame rope 100 m
Depth 8 m
Diameter 0.0499775 m
E-modulus 1.9 x 10°  N/m?
Weight in water 2.20694 kg/m
Buoys

Number (one in each corner) 4 #
Buoyancy 2500 litre
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C.2 Net

C.2 Net

Table C.2: Data for the net of Aqualine Midgard®

Net

Value Unit

Thread diameter
E-modulus
Solidity

Wall Depth
Cone Depth
Total Depth

1.73 x 1073 m
1.9x10° N/m?
0.2232 -
15
13
28

3 3 3

C.3 Floater

C2

Table C.3: Data for the floater of Aqualine Midgard®

Floater Value Unit
Number of tubes 2 #
Inner tube circumference 157 m
Diameter inner ring 50 m
Tube diameter 0.5 m
Tube area 0.052477 m?
E-modulus 1.9 x 10°  N/m?

Weight in air

50.010737  kg/m




D FHSIM INPUT FILES

D FhSim Input Files

The SimObjects corresponding to the different environments used in this simulation study

is presented in the following sections. The complete input-files were uploaded together with

the Master Thesis on DAIM.

D.1 50 year conditions

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
WaveSpecter="JONSWAP”
Spectrum="Spectrum”
LongCrestedPower="1000.0"
Significant WaveHeight="3.5"
MeanWavePeriod="6.5"
MainWaveDirectionRad="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0.91,0.91,0.82,0.82”
CurrentDirectionRads="0,0,0,0”

/>

D.2 10 year conditions

jLib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
WaveSpecter="JONSWAP”
Spectrum="Spectrum”
LongCrestedPower="1000.0"
Significant WaveHeight="3.3”
MeanWavePeriod="6.3"
MainWaveDirectionRad="0"
DepthLayerThickness="5,10,1000"
CurrentVelocity="0.82,0.82,0.73,0.73”
CurrentDirectionRads="0,0,0,0"

/>
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D.3 Load combination 1

D.3 Load combination 1

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
WaveSpecter="JONSWAP”
Spectrum="Spectrum”
LongCrestedPower="1000.0"
Significant WaveHeight="3.3”
MeanWavePeriod="6.3"
MainWaveDirectionRad="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0.91,0.91,0.82,0.82”
CurrentDirectionRads="0,0,0,0”

/>

D.4 Load combination 2

iLib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
WaveSpecter="JONSWAP”
Spectrum="Spectrum”
LongCrestedPower="1000.0"
Significant WaveHeight="3.5"
MeanWavePeriod="6.5"
MainWaveDirectionRad="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0.82,0.82,0.73,0.73”
CurrentDirectionRads="0,0,0,0"

/>

D.5 Current only

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
WaveSpecter="JONSWAP”
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D FHSIM INPUT FILES

Spectrum="Spectrum”
LongCrestedPower="1000.0"
Significant WaveHeight="0"
MeanWavePeriod="0"
MainWaveDirectionRad="0"
DepthLayerThickness="5,10,1000"
CurrentVelocity="0.91,0.91,0.82,0.82”
CurrentDirectionRads="0,0,0,0”

/>

D.6 Waves only

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
WaveSpecter="JONSWAP”
Spectrum="Spectrum”
LongCrestedPower="1000.0"
Significant WaveHeight="3.5"
MeanWavePeriod="6.5"
MainWaveDirectionRad="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0,0,0,0"
CurrentDirectionRads="0,0,0,0”

/>

D.7 Regular 50 year conditions

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
Spectrum="Component”
WaveFrequency="0.9666"
WaveAmplitude="1.75"
WaveDirection="0"

PhaseAngle="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0.91,0.91,0.82,0.82”
CurrentDirectionRads="0,0,0,0”
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D.8 Design wave approach - load combination 1

/>

D.8 Design wave approach - load combination 1

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
Spectrum="Component”
WaveFrequency="0.9666"
WaveAmplitude="3.135"
WaveDirection="0"

PhaseAngle="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0.91,0.91,0.82,0.82”
CurrentDirectionRads="0,0,0,0”

/>

D.9 Design wave approach - load combination 2

<Lib LibName="SFHBaseLibrary”
SimObject="DeepSeaGravity Waves”
Name="environment”
WaveTheory="Airy”
Spectrum="Component”
WaveFrequency="0.9666"
WaveAmplitude="3.325"
WaveDirection="0"

PhaseAngle="0"
DepthLayerThickness="5,10,1000"
Current Velocity="0.82,0.82,0.73,0.73”
CurrentDirectionRads="0,0,0,0”

/>
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E CALCULATIONS OF DRAG FORE ON NET PANEL

E Calculations of Drag Fore on Net Panel

The following simplified calculations are based on Exercise 12 in TMR4225 Marine Opera-
tions, spring 2016.

E.1 Method

Total drag force on a net panel can be determined from the Morison formula:

Fp=£Cp AU} (93)
where
p water density
Cp drag coefficient for net with given solidity
Ur local incident current velocity ahead of mesh
A total net area

The current velocity will decrease as an effect of the conservation of mass, and the mean

velocity behind several panels can be determined from:
u; = Up0.9° (94)

where Uy, is the velocity in front of the first panel and u; is the velocity in front of panel

number 3.

A simplified model of a square net cage with two net panels are shown in figure [E.1l The
drag forces on the longitudinal and bottom part of the net, as well as floater and other

components, are neglected in this model.
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E.2 Results

Upstream net section Downstream net section
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o

Figure E.1: Simplified model for calculations of drag force on net cage

The simplifications gives total drag force of
Fpgor =5 B H Cp [U% + (09 Us)” (95)

for a square cage with two net panels.

E.2 Results

This simplified procedure was applied to the Midgard cage by assuming net sides of 30 m
and depth of 15 m. The drag coefficient for the net section was assumed to be Cp = 0.66,
based on Kristiansen and Faltinsen| (2012). The results presented in figure showed good

correlation with simulations.

Calculated drag force on net structure

F D,calc = 228145.38 N
Drag force from simumlations

F D,zim = Z0O983T7.80 N
Difference between calculated drag force and simmlation
delta = 18307.58 N

Figure E.2: Results from hand-calculations
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F MATLAB

F MATLAB

F.1 Inspect mooring line tension 50 year conditions

% MOORING LINE TENSION

)

% inspect and compare tension in all mooring lines

clc

clear all

%% Open data

path = 'C:\Users\malinbjorkoy\Desktop\Master\FhSimPlayPen_vsl4 64 student\bin';
header = [path '"\'1];% '\env'];

filename = [header 'Midgard.env_50_1.csv'];

data = dlmread(filename, ';"',3,0);

%% Extract forces in mooring lines

fid = fopen(filename, 'r'");

tags = split (fgetl (fid), ';"); %$Get tag names from first line (row)
ports = split (fgetl (fid), ';"); $Port names from second line (row)
indexes = zeros(l,size(tags,1l));

for i = 1l:1:size(tags,l)

str = tags{i};

if ("isempty (strfind(str, "ACable'"))) $Find mooring line forces = ACable
indexes (i) = 1;

end

end

subset = data(:,logical (indexes));

ports = ports(logical (indexes));

indexes = zeros(l,size(tags,1l));

for i = 1l:1:size(ports, 1)

str = ports{i};

if (Tisempty (strfind(str, '"ForceA'))) $Forces in point A
indexes (i) = 1;
end
end
subset = subset(:,logical (indexes));

%% Make vectors of mooring line forces

F1



F.1 Inspect mooring line tension 50 year conditions

x = subset (:,1:3:end); $First column in each ACable
y = subset (:,2:3:end); %$Sencond column in each ACable
z = subset (:,3:3:end); %$Third column in each ACable

%% Mooring line tension in all 8 lines
for i = 1:8
T(:,1) = sqgrt((x(:,1))."2 + (y(:,1))."2 + (z(:,1))."2);

end %for

%% Plot tension in all mooring lines
figure

plot (data(:,1), T, 'LinewWidth',1.2);
title('Tension in all mooring lines');
set (gca, 'fontsize',12)

xlabel ('Time [s]');

ylabel ('Tension [N]'");
legend('1','2"','3","4", '5",'6"','7"',"'8");

%% Windward mooring lines

figure

plot (data(:,1), T(:,2),'b', 'LineWwidth',1.2);
hold on

plot (data(:,1), T(:,3),'r"', 'Linewidth',1.2);
hold off

title('Tension in windward mooring lines');
set (gca, 'fontsize',12)

xlabel ('Time [s]'");

ylabel ('Tension [N]'");

legend('Line # 2','Line # 3'");

%% Leeward mooring lines

figure

plot (data(:,1), T(:,1),'c', 'LineWidth',1.2);
hold on

plot (data(:,1), T(:,4),'m', 'Linewidth',1.2);
hold off

title('Tension in leeward mooring lines');
set (gca, 'fontsize',12)

xlabel ('Time [s]');

ylabel ('Tension [N]');

legend('Line # 1','Line # 4");

%% Inspect tension in mooring line # 2
scut time series

n = length(data);

tt = data(300:n,1);

T2 = T(:,2);

T2cut = T2(300:n);

F2



F MATLAB

midt = mean (T2cut);

$Plot

figure

plot (tt, T2cut, 'b', 'LineWidth',1.2)
hold on

line([tt (1) n], [midt midt]);
title('Tension in mooring line # 2'");
set (gca, 'fontsize',12)

xlabel ('Time [s]');

ylabel ('Tension [N]'");

F.2 Interaction between current and waves

% STATIC AND DYNAMIC COMPARISON

%inspect interaction between current and waves in regular and irregular

$conditions

clear all

clc

%% Load static and dynamic tension for regular and irregular sea states

load static dynamic.mat

load load combinations.mat

%% IRREGULAR ENVIRONMENT

% Plot current only, waves only and a combination of current and waves

figure

plot (Tstep,Tw, 'r', 'LineWidth',1.2)
hold on

plot (Tstep,Tc, 'g', 'LineWidth',1.2)
hold on

plot (Tstep, Tcomb, 'b', 'LineWidth',1.2)
hold off

axis ([0 Tstep(n) 0 2x10757)

set (gca, 'fontsize',12)

title('Static and dynamic loads')
xlabel ('Time [s]")

ylabel ('Tension [N]"')

legend('Waves only', 'Current only', 'Current and Waves');
% Plot superposition principle
pretension = Tc(l);

superpos = Tw + Tc pretension;
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F.3 Response spectrum

figure

plot (Tstep, Tcomb, 'b', 'LineWidth',1.2)

hold on

plot (Tstep, superpos, 'r', 'LineWidth',1.2)
hold off

title('Combined current and irregular waves')
set (gca, 'fontsize',12)

xlabel ('Time [s]")

ylabel ('Tension [N]'")

legend ('Current and waves', 'Current and waves from superposition');

%% REGULAR AND IRREGULAR ENVIRONMENT

o

¥ Plot regular and irregular together

figure

plot (Tstep, Tcomb, 'b', 'LineWidth',1.2)
hold on

plot (Tstep, Trcomb, 'm', 'LineWidth',1.2)
hold off

title('Regular and irregular response')
set (gca, 'fontsize',12)

xlabel ('Time [s]'")

ylabel ('Tension [N]'")
legend('Irregular', 'Regular' );

% Plot close up of combined response, regular and irregular
Tstep2 = Tstep (401:n);

Tcomb2 = Tcomb (401:n);

Trcomb2 = Trcomb (401:n);

mean = sum(Tcomb2)/length (Tcomb2);
meanr = sum(Trcomb2)/length (Trcomb2) ;
figure

plot (Tstep2, Tcomb2, 'b', 'LineWidth',1.2)

hold on

plot (Tstep2, Trcomb2, 'm', 'LineWidth',1.2)
line([Tstep2(l) nl], [mean mean], 'Linewidth',1.2);
line ([Tstep2(l) nl], [meanr meanr], 'LineWidth',1.2);
hold off

title('Regular and irregular response')

set (gca, 'fontsize',12)

xlabel ('Time [s]")

ylabel ('Tension [N]")

legend ('Irregular', "Regular');

F.3 Response spectrum
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F MATLAB

% RESPONSE SPECTRUM

% calculate and plot response spectrum for the mooring line tension
clc

clear all

%% Get data Static and dynaic contributions

load static dynamic.mat

%% Calculate response spectrum MATLAB fft description

o\

Signals to inspect

d = Tw; $Waves only

x = Tcomb; %Current and waves

dmean = mean (d) ;

xmean = mean (x);

d = d dmean; $remove mean from wave signal
X = X xmean; $remove mean from combo signal

o\

Cut response to converged part

n = length(d); %$vector length

stab = 300; %$converged response

d = d(stab:n); %Remove first segment
x = x(stab:n); %$Remove first segment
L = n stab; %$Length of signal

% Compute the Fourier transform of the signal.

10xpow2 (nextpow?2 (n)) ; $transform length

N
I

Y = fft(x); %$combined response
A = fft (d); $response due to waves

$Frequnecy specifications

Fs = 1.0; $Sampling frequency, 1 per second
f = Fsx(0:(L/2))/L; $frequency area

w = 2xpixf;
nn = length(f);

Y2 = abs(Y/L);
Y1 = Y2(1:L/2+1);

Yl(2:end1l) = 2%xY1(2:end 1) ; %$combined current and waves

A2 = abs(A/L);
Al = A2(1:L/2+1);
Al(2:end 1) = 2xAl(2:end 1) ; Swaves only

%% JONSWAP spectrum

%50 year conditions

Tp = 6.5; $peak period

Hs = 3.5; %$significant wave height
wp = 2%pi/Tp; $peak frequency

gamma = 3.3; %peakedness paramete

g = 9.81; %gravity constand
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F.3 Response spectrum

for i = l:length(w)
if w(i)<wp
sigma = 0.07;
else
sigma = 0.09;

end

aw = exp ( (w(i) wp) "2/2+xsigma”2xwp”~2);

as = 5.058x (Hs"2/Tp~4)*(10.287+1log(gamma)) ;
Sw(i) = as*g"2/w(i) "5*exp (1.25x(wp~4/w (i) 4))*gamma” (aw) ;
end $for
[maxValue, index] = max(Sw(:));
wmax = w(index);

%% Plot JONSWAP
figure
plot (w,Sw, 'LineWidth',1.2)
hold on
line ([wmax wmax], [0 maxValue], 'Color', 'green', 'Linestyle',' ', 'LinewWidth',1.2)
hold off
title ('JONSWAP Spectrum');
set (gca, 'fontsize',12)
xlabel ('frequency \omega [rad/s]1");
ylabel ('S_F (\omega)');

%% Plot the one sided spectrum:

figure

plot (w,Y1, 'b',w,Al,'r"', 'LineWidth',1.2);

hold on

line([wp wp], [0 max (Y1) /4], 'Color', 'green', 'Linestyle',' ', 'LineWidth',1.2);
hold off

title ('Response Spectrum')

set (gca, 'fontsize',12)

xlabel ('frequency \omega [rad/s]')

ylabel ('S_x (\omega)')

legend ('Combined waves and current', 'Waves only', 'Peak frequency');

%% Plot only wave spectrum

figure

plot(w,Al, 'r', 'Linewidth',1.2);

hold on

line([wp wp], [0 max(Al) /2], 'Color', 'green', 'Linestyle',' ', 'LineWidth',1.2);
hold off

title ('Response Spectrum for waves only')

set (gca, 'fontsize',12)

xlabel ('frequency \omega [rad/s]")

ylabel ('S_x (\omega)')
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F MATLAB

legend ('Waves only', 'Peak frequency');

F.4 Convergence test

CONVERGENCE TEST
% simulation runs that are nescessary
clc

clear all

%% Open data

%Load tension in mooring

load tension.mat

o\

S
S

Gumbel Parameters

o

Check if the number of storm samples is adequate,

% Check if the Gumbel parameters converge and determine how many

line 2 for all simulation runs

i.e. if the Gumbel parameters converge

n = length(T2.50); %$vector length

N = [1:1:n]; $vector with # of storm samples
Qlim = 0.9; %$90% quantile

p = log ( log(Qlim)); $logarithmic 90% guantile

for i=1:n
% For 50 year storm condition
Text_50 (i) max (T2.50{1,1});

std (Text_50);

sigma_ext_50

mu_ext_50 mean (Text_50) ;
%Gumbel parameters

beta_50 (i) (sqrt (6) /pi)
alpha_50 (1) mu_ext_50

* sigma_ext_50;

0.5772 % beta.50(i);

%90% quantile

ev50_fit = evfit (Text_50);

Xx_50 (1) = evinv(Qlim, ev50_fit (1),ev50_fit (2));
Q50 (i) = alpha_50(1i) beta 50 (i) *xp;

% For 10 year storm condition

Text 10 (i) = max(T2.10{1,i});

sigma_ext_10 std (Text_10);

mu_ext_10 mean (Text_10) ;
%$Gumbel parameters

beta_10 (i) (sqgrt (6) /pi)
alpha_10 (1) mu_ext_10

*

0.

sigma_ext_10;

5772 = beta_10(1i);

%90% quantile

evfit (Text_10);

evl10_fit

%$Extreme 50 year
%$standard deviation of extreme values

$mean of extreme values

$parameter beta

$parameter alpha

$EVD parameters
%$Built in function for 90% gquantile

%90% quantile function

%$Extreme 10 year
$standard deviation of extreme values

$mean of extreme values

$parameter beta

$parameter alpha

$EVD parameters
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F.4 Convergence test

Xx_10 (i) = evinv(Qlim, ev10_fit (1),ev10_fit (2));
Q-10(i) = alpha-10(1) beta_ 10 (1) *xp;

end %for

%% Save Gumbel parameters

$Converged Gumbel parameters alpha and beta
a50 = alpha_50(n);

b50 = beta_ 50 (n);

al0 = alpha-10(n);

b1l0 = beta_10(n);

$Sort extreme forces in entire time series
Text_50 = sort (Text_50);
Text_10 = sort (Text_10);

save ('gumbel parameters', 'ab0','b50','al0','bl0", ...

'"Text_ 50", 'Text_10','0.50','Q_10",'n', 'Qlim', 'p")

%% Plot Gumbel parameters to ensure that they converge

% 1. Alpha

figure

plot (N, alpha.50, 'o ', 'LineWidth',1.2);
hold on

plot (N,alpha_10, 'x ', 'LineWidth',1.2);
hold off

title ('Gumbel parameter \alpha‘);
ylabel ("\alpha');

xlabel ('# storm samples, N');

set (gca, 'fontsize',13)

legend('50 year conditions', 'l0 year conditions')

% 2 . Beta
figure

plot (N, beta 50, 'o ',
hold on
plot (N, beta-10,
hold off

'LineWidth',1.2);

'x ', 'LineWidth',1.2);

title ('Gumbel parameter \beta');
set (gca, 'fontsize',13)

ylabel ("\beta');

xlabel ('# storm samples, N');

legend('50 year conditions', 'l0 year conditions')

o°

3. 90% quantile plots
%50 year conditions
figure

plot (N, Xx_50,"" g',
hold on

plot (N, Q.50,'" b',

'LineWidth',1.2);

'LineWidth',1.2)

F8
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F MATLAB

hold off

title ('Gumbel 90% quantile 50 year conditions');
set (gca, 'fontsize',13)

ylabel ('CDE");

xlabel ('# storm samples, N');

legend ('Fitted', 'Calculated')

%10 year conditions

figure

plot (N,Xx_10,"'* m', 'LineWidth',1.2);

hold on

plot (N, Q.10, "% c¢', 'LineWidth',1.2);

hold off

title('Gumbel 90% quantile 10 year conditions');
set (gca, 'fontsize',13)

ylabel ('CDE");

xlabel ('# storm samples, N');

legend ('Fitted', 'Calculated')

F.5 Gumbel distribution in 10 and 50 year conditions

% GUMBEL DISTRIBUTTION

% plot Gumbel PDF & CDF and Gumbel Q Q plot for 10 and 50 year conditions
clc

clear all

%% open data

load gumbel parameters.mat

%% Gumbel PDF & CDF for 10 and 50 year environment

for m = 1:n

%50 year conditions

z_50 = (Text_50(m) a50) /b50; %z parameter in distribution
Gpdf50 (m) = (1/b50)+*exp ( (z-50 + exp ( z.50))); %Gumbel PDF

Gcdf50 (m) exp ( exp ( z_.50)); $Gumbel CDF

%10 year conditions

z.10 = (Text_10(m) al0)/bl0;

Gpdfl0(m) = (1/bl0)*exp ( (z-10 + exp ( z_-10))); $Gumbel PDF
Gcdfl0(m) = exp (exp ( z_-10)); %$Gumbel CDF
end $for

$Fitted extreme value distribution

%(1) location parameter alpha, (2) scale parameter beta
ev50_fit = evfit ( Text_50);

evl0_fit = evfit ( Text_10);
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%$Built in pdf
Gpdf50_fit = evpdf ( Text_50,ev50_fit (1),ev50_£fit (2));
Gpdfl0_fit = evpdf ( Text_ 10,ev10_fit(1l),ev10_fit (2));

$Built in pdf with converged alpha and beta
Gpdf50_semifit = evpdf (Text_50,a50,b50);
Gpdfl0_semifit = evpdf (Text_10,al10,bl0);

%$Built in CDF
Gcdf50_fit
Gcdfl0_fit

I
=

evcdf ( Text_50,ev50_fit (1),ev50_fit (2));
evcedf ( Text_ 10,ev10_fit (1), ev10_fit (2));

Il
—

%$Quantile line

Xquant50 = [Q-50(n) Q-50(n)];
Yquant50 = [0 0.5%max (Gpdf50)1];
Xquantl0 = [Q_10(n) Q-10(n)];
Yquantl0 = [0 0.5*max (Gpdfl0)];

%% Plot PDF and CDF
Plot Gumbel PDF

o°

figure

hold on

plot (Text_50,Gpdf50,"' s', 'LinewWidth',1.2);
hold on

plot (Text_50,Gpdf50_fit, " o', 'LineWidth',1.2)
hold on

line (Xquant50, Ygquant50, 'LineWidth',1.2)
hold off

title ('Gumbel PDF 50 year conditions');
set (gca, 'fontsize',13)

ylabel ('"PDF");

xlabel ('Tension [N]'");

legend('Calculated PDF', 'Fitted PDF', '90% Quantile')

figure

plot (Text_10,Gpdf10,"' s', 'LineWidth',1.2);
hold on

plot (Text_10,Gpdf10_fit,"' o', 'LineWidth',1.2)
hold on

line (Xquantl10, Ygquantl10, 'LineWidth',1.2)
hold off

title ('Gumbel PDF 10 year conditions');
set (gca, 'fontsize',13)

ylabel ('"PDE");

xlabel ('Tension [N]'");

legend('Calculated PDF', 'Fitted PDF', '90% Quantile')

% Plot Gumbel CDF

F10

%PDE 50
%PDF 10

year

year



F MATLAB

figure

plot (Text_50,Gcdf50, " s', 'LineWidth',1.2);
hold on

plot (Text_50,Gcdf50_fit, "' o', 'LineWidth',1.2)
hold on

line([Text_50(1) Text_50(n)], [Qlim Qlim], 'Color', ...
'blue', 'LineStyle',' ', 'LineWidth',1.2);

hold off

title ('Gumbel CDF 50 year conditions');

set (gca, 'fontsize',13)

ylabel ('CDF");

xlabel ('Tension [N]'");

legend('Calculated CDF', 'Fitted CDF', '90% Quantile')

figure

plot (Text_10,Gcdf10,' s', 'LinewWidth',1.2);
hold on

plot (Text_10,Gcdfl10_fit,"' o', 'LineWidth',1.2)
hold on

line([Text_10(1) Text_10(n)], [Qlim Qlim], 'Color', 'blue', ...
'LineStyle', "’ ', '"LineWidth',1.2);

hold off

title ('Gumbel CDF 10 year conditions');

set (gca, 'fontsize',13)

ylabel ('"CDE");

xlabel ('Tension [N]'");

legend('Calculated CDF', 'Fitted CDF', '90% Quantile')

%% Gumbel plot procedure, Naess chapter 16.6

for r = 1:n
vax(r) = log(log((n+l)/r)); %$logarithmic y axis
Mk_50 (r) = Text_50(r); $Extreme value 50 year
Mk_10(r) = Text_10(xr); $Extreme value 10 year

end $for

%$90% quantile line

x2.50 = [Mk.50(1) Mk_50(n)];
x2.10 = [Mk.10(1) Mk_10(n)];
v2 = [ p pl;

$fit linear polynomial

pl 50 = polyfit (Mk_50,vyax,1); %$Linear fitting
p2.50 = polyfit(x2.50,y2,1); %$90% quantile line
pl_10 = polyfit (Mk_10,vyax,1); %$Linear fitting
p2-10 = polyfit(x2.10,vy2,1); %$90% quantile line

%$calculate intersection
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x_intersect_50

y-intersect_50

x_intersect_10

y-intersect_10

for s = 1:n
1in_50(s)
1in_10 (s)

end %for

%% Gumbel plot with intersection point and lines

o\

figure

$Variables

plot (Mk_50, vyax, 'x',

hold on

$Linear fit

plot (Mk_50,1in_50,

hold on
%$90% quantile

line ([Mk_50 (1)

'Color', 'blue',

%line from intersection to x axis

hold on

fzero (@ (x) polyval (pl_50 p2.50,x),3); $intersection

polyval (pl1-50, x_intersect_50);

%$intersection

fzero (@ (x) polyval (pl-10 p2.10,x),3); $intersection

polyval (pl.10,x_intersect_10);

p1.50 (1) *Mk_50 (s)
p1.10 (1) +Mk_10 (s)

50 year conditions

+ pl.50(2);
+ pl.10(2);

'LineWidth',1.2);

'LineWidth',1.2)

$intersection

$Linear fit line

$Linear fit line

x_intersect_50], [y-intersect_ 50 y_intersect_50],...

', 'LineWidth',1.2);

'LineStyle’', "’

line([x-intersect_50 x_intersect_50], [yax (1)

', 'LineWidth',1.2);

'Color', 'blue',

hold on

%$Intersection point

'LineStyle', "

plot (x_intersect_50,y_intersect_ 50, 'r*")

hold off

title('Q Q Gumbel Plot for 50 year conditions');

set (gca, 'fontsize',13)

xlabel ('Extreme value');

ylabel (" In(In (1 CDF))");

legend('Data', 'Linear fit',

o

figure

$Variables

3 10 year conditions

'90% Quantile');

plot (Mk_-10, vyax,'x', 'LineWidth',1.2);

hold on

$Linear fit

plot (Mk_10,1in_10,

hold on
%$90% quantile

line ([Mk_10(1)

'Color', 'blue',
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y-intersect_50], ...

x_intersect_10], [y-intersect_ 10 y_intersect_10],...

', 'LineWidth',1.2);

'LineStyle’', "’

coordinate

coordinate

coordinate

coordinate
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%line from intersection to x axis

hold on

line([x-intersect_10 x_intersect_10], [yax(l) y_-intersect_10], ...
'Color', '"blue', 'LineStyle',' ', 'LineWidth',1.2);

hold on

%Intersection point

plot (x_intersect_10,y-intersect_10, 'r*")

hold off

title('Q Q Gumbel Plot for 10 year conditions');

set (gca, 'fontsize',13)

xlabel ('"Extreme value');

ylabel (" In(In (1 CDF))");

legend('Data', 'Linear fit', '90% Quantile');

F.6 Two Sea States Approach

% METHOD 2: TWO SEA STATES APPROACH
% fit Gumbel distribution from two known sea states
clc

clear all

%% Load parameters

load gumbel parameters.mat

load load combinations.mat

%% Fit Gumbel distribution

T50 = Q.50 (n); %$90% quantile from 50 year conditions
T10 = Q.10 (n); %$90% quantile from 10 year conditions

%$New Gumbel parameters estimated from 2 equations with 2 unknowns

F_X50 = 0.98; %50 year CDF
F_X10 = 0.9; %10 year CDF
F50 = log ( log(F_X50)); %$constant

F10 = log ( log(F_X10)); $constant

beta90 = ((T10 T50)/F50)*(1/ (1 (F10/F50))); $new beta
alpha90 = beta90xF10 + T10; $new alpha

$New Gumbel distribution for new alpha and beta parameters

F.T = [0:0.0001:17; $CDF vector
f = length(F.T); $number of entries in CDF vector
0O = alphad0 beta90x*p; %90% quantile of new distribution

for i = 1:f
t (i) = beta90* ( log ( log(F_T(1i)))) + alpha90; %$calculates tension for new distr
z_.T(1) = (t(i) alpha90) /betad0; $Gumbel entry
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f.T(1) = exp( (z_-T(i) + exp ( z_-T(i)))); %$new Gumbel PDF

end %for

$Save variables

save ('method2.mat', 'alpha90', 'beta90','F.T',"£.T"','t")

$% Plot fitted Gumbel distribution

o\

new Gumbel CDF

figure

plot (t,F.T, 'b', 'LineWidth',1.2)
title('Fitted Gumbel CDF');

set (gca, 'fontsize',13)

xlabel ('Tension [N]'");

ylabel ('CDE");

% new Gumbel PDF

figure

plot (t, £.T,'r', 'LineWidth',1.2)
title('Fitted Gumbel PDF');

set (gca, 'fontsize',13)

xlabel ('Tension [N]'");

ylabel ('"PDE");

F.7 Partial coefficient method

% PARTIAL COEFFICIENT METHOD
% Distribution of load and strength with load and material factors
% Comparison of characteristic load

clc

clear all

%% Load parameters

load method2.mat

load load combinations.mat

%% Plot quantiles in the tail region
Quantile = [0:0.0000001:1.0];

agn = length (Quantile);

for j = 1l:gn

pg(j) = log ( log (1 Quantile(j))); %CDF
Qg (j) = alpha90 beta90*pg(j); %Quantiles
Pf(j) = (Quantile(3j)); %1 CDF

o

end % for

o)

% Plot probability of exceedance

figure
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semilogy (Qq, Pf, ' b', 'LineWidth',1.2)
title('Probability of exceedance', 'FontSize', 14);
xlabel ('Tension [N]', 'FontSize', 12);

ylabel ('P_f', 'FontSize', 12);

%$% Partial coefficient method

$safety factors

gamma_load = 1.15; %load factor, dynamic analysis
gamma_load_stat = 1.6; %$load factor, static analysis
gamma-mat = 3.0; $material factor, polyethylene mooring lines

%Characteristic laod and design load

Sd = Scxgamma-load; %$irregular design load
Sc_reg = 4.9458e+05; %$regular characteristic load
Sd_reg = Sc._regxgamma-load; %$regular design load

Sc_stat = 1.0621e+05; $static characteristic load

Sd_stat = Sc_statxgamma_load_stat; S%static design load

%$Characteristic strength

MBL = 6.6904%x10"5;

SMBL = 6.6904x1075%(0.050/0.064) "2;
MBL_gamma = MBL/gamma._mat;

save ('characteristic load.mat', 'Sc', 'Sd', 'Sc.reg', 'Sd.-reg',

%% Load PDF with load factor
figure

plot (t, £.T, 'r', 'LineWidth',1.2)
hold on

'Sc_stat', 'Sd.stat')

Cplot = line([Sc Sc], [0 0.5*max(f-T)], 'Color','red', 'LineWidth',1.2);
Dplot = line([Sd Sd], [0 0.5*max(f_T)], 'Linestyle',' ', 'Color', 'red', 'LineWidth',1.2);

hold off

title('Distribution of load with effect of safety factor');
set (gca, 'fontsize',12)

xlabel ('Load [N]');

ylabel ('PDEF');

legend([Cplot, Dplot], {'Characteristic load S.C', 'Design load S.D'})

%% Pf with characteristic load

figure

Pfplot = semilogy(Qq,Pf, 'b', 'LineWidth',1.2);

hold on

Scplot = line([Sc Sc], [107(1.55) 10°(7)1,...
'Color', 'red', 'LineWidth',1.2);

Sdplot = line([Sd sd], [107(2.2) 10°(7)1,...
'Color', 'red', 'Linestyle',' ', 'LineWidth',1.2);

hold on

line ([0 Sc], [107(1.55) 10" (1.55)1,...
'Color', 'red', 'LineWidth',1.2);

line ([0 Sd], [107(2.2) 107 (2.2)],...
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'Color', 'red', 'Linestyle',' ', 'Linewidth',1.2);
hold off
title('Probability of exceedance', 'FontSize', 14);
xlabel ('Load [N]', 'FontSize', 13);
ylabel ('Pf', 'FontSize', 13);

legend ([Pfplot, Scplot, Sdplot],{'Pf','Charateristic load', 'Design load'}, 'FontSize',

%% Strength distribution

mu = 1.05«MBL; %assuming mean value

sigma = 1.05%0.03+«MBL; %assuming standard deviation
var = sigma”2;

Rmin = MBL 6 x sigma; %calculation range min

Rmax = MBL+6*sigma; %calculation range max

range = [Rmin:Rmax];

m = length (range);

const = 1/ (sqgrt (2xpixvar)); S%Snormal distrbution constant

for x = 1:m
ex(x) = ((range(x) mu)."2)/(2*var); $exponential value
f_X(x) = constxexp ( ex(x)); %$assuming normal distribution
f R(x) = £.X(x)*x1074.2; $for plot purposes

end %for

%plot strength distribution
figure

plot (range, £_X, 'LineWidth',1.2);
title('Distribution of strength');
set (gca, 'fontsize',12)

xlabel ('Strength [N]")

ylabel ("PDF")

legend('Distribution of strength')

%% Plot distirbution of load and strength together
figure

plot(t, £.T,'r',range,f.R,'b', 'LineWidth',1.2);

hold on

line([Sc Sc], [0 0.5%*max(f_T)], 'Color',6 'red', 'LineWidth',1.2);

line([Sd 8d], [0 0.5%max(f-T)], 'Linestyle',' ', '"Color','red', 'LineWidth',1.2);
hold on

line ([MBL MBL], [0 O0.5*max(f_T)], 'Color', '"blue', 'LineWidth',1.2)
line ([MBL_gamma MBL_gamma], [0 O0.5xmax(£-T)], ...
'Linestyle’, "’ ', '"Color', 'blue', 'LineWidth',1.2)
hold off
title('Distribution of load and strength with safety factors');
set (gca, 'fontsize',12)
set (gca, 'YTick', [1);
xlabel ('Load/strength [N]")
ylabel ('PDE")
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legend('Distribution of load', 'Distribution of strength')

%% Distribution of load and strength with different characteristic loads
figure

plot(t, £.T,'r',range, f_R,'b', 'LineWidth',1.2);

hold on

irreg = line([Sd Sd], [0 O0.5xmax(f_-T)1]1,...
'Linestyle’, "’ ', 'Color', 'red', 'LineWidth',1.2);

hold on

reg = line([Sd.-reg Sd-reg], [0 0.5%max(f_T)],...
'Linestyle’, "’ ', 'Color', 'green', 'LineWidth',1.2);

hold on

stat = line([Sd_stat Sd._stat], [0 O0.5*max(f_T)1]1, ...
'Linestyle’, "’ ', 'Color', 'magenta', 'LineWidth',1.2);

hold on

mbl = line([MBL_.gamma MBL_gamma], [0 0.5+ max (f_-T)], ...
'Linestyle’, "’ ', 'Color', 'blue', 'LineWidth',1.2);

hold off

title('Design load from different approaches');

set (gca, 'fontsize',12)

set (gca, 'YTick', [1);

xlabel ('Load/strength [N]")

ylabel ('PDE")

legend([irreg, reg, stat, mbl],...
{'Irregular S_D','Regular S.D','Static S.D','Design strength R,D'})

%% Distribution of strength with characteristic strength and design strength
figure
plot (range, f.R, 'b', 'LinewWidth',1.2);
hold on
mbl = line([MBL MBL], [0 O0.5xmax(f.T)], ...
'Color', 'blue', 'LineWidth',1.2);
mbl_load = line([MBL_gamma MBL_gamma], [0 0.5xmax(£_.T)], ...
'Linestyle', "’ ', 'Color', 'blue', 'LineWidth',1.2);
hold off
title('Distribution of strength with effect of safety factor');
set (gca, 'fontsize',12)
xlabel ('Strength [N]")
ylabel ("PDF")
legend([mbl, mbl_load], {'Characteristic strength R.C','Design strength R.D'})
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