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ABSTRACT

In South Africa, squid fishing vessels need to find and then anchor above benthic squid
egg beds to effect viable catches. However, waves acting on the vessel produce a
dynamic response on the anchor line. These oscillatory motions produce impact forces
of the chain striking the seabed. It is hypothesised that this causes damage to the squid
egg bed beneath the vessels. Different mooring systems may cause more or less
damage and this is what is investigated in this research. The effect of vessel mooring
lines impact on the seabed during squid fishing is investigated using a specialised
hydrodynamic tool commercial package ANSYS AQWA models.

This study analysed the single-point versus the two-point mooring system’s impact on
the seabed. The ANSYS AQWA models were developed for both mooring systems
under the influence of the wave and current loads using the 14 and 22 m vessels
anchored with various chain sizes. The effect of various wave conditions was

investigated as well as the analysis of three mooring line configurations.

The mooring chain contact pressure on the seabed is investigated beyond what is
output from ANSYS AQWA using ABAQUS finite element analysis. The real-world
velocity of the mooring chain underwater was obtained using video analysis. The
ABAQUS model was built by varying chain sizes at different impact velocities. The
impact pressure and force due to this velocity was related to mooring line impact
velocity on the seabed in ANSYS AQWA.

Results show the maximum impact pressure of 191 MPa when the 20 mm diameter
chain impacts the seabed at the velocity of 8 m/s from video analysis. It was found that
the mooring chain impact pressure on the seabed increased with an increase in the

velocity of impact and chain size.

The ANSYS AQWA impact pressure on the seabed was found to be 170.86 MPa at the
impact velocity of 6.4 m/s. The two-point mooring system was found to double the
seabed mooring chain contact length compared to the single-point mooring system.
Both mooring systems showed that the 14 m vessel mooring line causes the least

seabed footprint compared to the 22 m vessel.
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1.1.

CHAPTER ONE

1. Project introduction

Introduction

The South African chokka squid fishery is based in the Eastern Cape between
Plettenberg Bay and Port Alfred, and is a major source of foreign revenue as the entire
catch, on average some 8000 t, is exported to Europe. Squid fishing is considered as
one of South Africa’s most valuable fisheries. Most of the catch is exported generating
approximately R500 000 000 in foreign revenue (Krusche et al., 2014). Despite South
Africa’s efforts and progress over the past decade to improve the state of its marine
resources, significant challenges remain. A report by the World Wide Fund for Nature
indicated that many of South Africa’s inshore marine resources are overexploited and
some have collapsed (World Wide Fund South Africa, 2011). Starting in 2012 the squid
industry has consecutively experienced 3 of its least productive years for a 20-year
period pushing the industry to the verge of collapse (Blignaut, 2012).

Observations by South African marine and coastal management departments have
found that the collapse possibly correlates with a change in the squid boat mooring
systems. The squid boats changed from a single-point mooring system to a two-point
mooring system which is now considered the industry standard. Divers from the South
African Department of Environmental Affairs have noticed an interaction between the

mooring chain and squid eggs (MJ Roberts 2015, personal communication, 2 July).

Commercial squid fishing is only viable when the vessels are above spawning
aggregations formed in the water column above egg beds on the seafloor (Figure 1.1
(b)). Egg beds comprise hundreds of thousands of translucent, slim and slimy egg
capsules about 15 cm in length that are glued to the bottom substrate forming massive
mats often spanning tens of meters. Hatching occurs about 3 weeks from spawning on
average. Traditionally, the fishing vessels position themselves above an egg bed using
a single-point mooring system with the anchor dropped upwind of the egg bed. A

significant part of the chain lies on the seafloor over eggs.

The fleet comprises 138 vessels ranging between 11 and 22 m in length on average
(Figure 1.1 (a)). Each vessel carries about 22 fishermen who land the squid using hand-
held jigs on fishing line. This number excludes the number of crew who are not allowed

to fish. Waves acting on the vessel set up dynamic behaviour in the mooring line which



rapidly lifts the chain off the seabed, dropping it back with considerable force on the
bottom (Sarkar & Eatock Taylor, 2002), and possibly damaging squid eggs. As sea and
wind conditions change daily, vessels regularly pick up anchor and relay the anchor
chain. In 2010, a new ‘double anchor system’ (two-point mooring system) was
introduced and used by about 10 vessels. This V' shaped anchor line configuration
offers vessels greater position control over the egg beds but potentially doubles the
impact of the chain on the eggs (MJ Roberts 2015, personal communication, 2 July).

In 2013, the chokka squid fishery crashed and has not fully recovered. Concern has
been raised by both fisheries managers and boat owners that the chain impact -
especially from the two-point mooring system (double anchor system) - maybe causing

excessive damage to the squid eggs reducing recruitment.

(a)

Figure 1.1: A chokka squid fishing vessel (a) anchored above an active egg bed (b)

These egg masses can extend over an area as large as 10 000 m? . This study is the
first part of an investigation into the impact of anchor chains on the seabed; it focuses
on the mechanical impact of the mooring chain system on the single and two-point
mooring systems when the 14 and 22 m squid fishing vessels are analysed. The
second part of the investigation is beyond the scope of this thesis, which will be done
after the results from the first part of the investigation are available. The results are
going to be used for studying the damage and consequences of the chain impact on
the egg beds and hatching success. The numerical investigation of the behaviour of
the mooring chain and seabed interaction in this thesis is performed using ANSYS
AQWA software to obtain structural displacement, dynamic contact length and mooring
forces in the time domain, and by ABAQUS finite element software to determine the

impact forces on the seabed.



1.2.

Background of mooring systems

Mooring lines are useful in securing a structure against environmental forces. The
predominant environmental forces are the wind, current and wave. Ebbesen (2013)
described the primary function of a mooring system as to impose the floater (boat or
vessel) with a horizontal stiffness to limit its horizontal motion (Ebbesen, 2013). The
design of a mooring system is such that it will resist the vessel movements and
environmental forces (Chrolenko, 2013). This is achieved by the mooring systems’
ability to provide the vessels’ required restoring forces to maintain the equilibrium

position when the environmental loads are exerted on it (Balzola, 1999).

A basic mooring system is made up of three components which are chain/rope, anchor,
and a flotation device. The stiffness of the mooring system depends on the anchor
holding capacity, anchor embedment depth and the seabed soil properties (Vineesh et
al., 2014).

Figure 1.2 is an illustration of the mooring line anchoring system using a catenary chain.
Catenary shape provides slackness for vessel horizontal excursions. The mooring line
is made up of steel chain. The chain mooring line is designed to have a degree of slack
which allows the anchor to be locked on the seabed. When the wave conditions
become severe, the slack mooring line usually prevents the anchor from dragging on
the seabed and reduces tension on the mooring chain. The slack mooring chain
imposes high mooring line stiffness on the vessel by absorbing the energy generated
and dissipates it.
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Figure 1.2: Schematic of the mooring system
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The Klusman 100-250 kg anchor mass is mostly used by the squid fishery with about
80 — 160 m of chain length using 14 — 20 mm link diameter steel chain. Catenary
moorings mainly use drag embedment anchor or the horizontal anchor. This anchor
type can only resist horizontal loads (Miedema et al., 2006). The anchor is deployed
for positioning the fishing vessel and pulled up either for re-deployment to a new
location or when the vessel goes back to the harbour. The steel chain weight ranges
between 4.36 and 10 kg/m. The chain is controlled by a winch on the vessel’'s foredeck
that feeds chain through the fairlead on the vessel’s bow. Two types of chain links are

used - studless and studded.

The studded chain link is designed to prevent knot formation but is more susceptible to
fatigue failure than the studless link (ABC Moorings, 2015). Note that the description of
the studless and stud link chain is in section 2.2. In mechanics, the chain component
is characterised by the catenary stiffness (effect), low elasticity, high non-breaking
strength and mass. As shown in the previous figure, the mooring system is subjected
to varying wind, waves and current, all of which introduce dynamic behaviour into the

mooring line.

In Figure 1.2 shown, the part of the mooring line that lies on the seabed is termed
grounded chain while that suspended in the water column is the catenary. The
touchdown point is a position along the mooring where the chain begins lifting off the
seabed. This point varies as a result of the dynamic sea conditions. Pellegrino and
Ong, (2003) demonstrated that when the mooring chain is excited due to wave loading,
the chain dynamically interacts with the seabed; which creates a boundary condition
that varies in time and in space. The dynamic excitation causes a significant change in
the mooring line’s catenary profile resulting in part of the chain to lift off and drop back
down on the seabed (Yu & Tan, 2006). This is illustrated in Figure 2.10 in Chapter 2
and can be modelled using a dynamic simulation which accounts for the application of
loads on the system over time with the consideration of wave inertia forces and

structural damping.

The mooring system’s ability to provide a connection between the squid fishing vessel
and the seafloor by means of an anchor chain enhances squid catches and thus plays
an important role in the squid fishing industry. Ocean waves induce hydrodynamic
loads on the squid fishing vessel. These excited wave forces acting on the vessel

causes dynamic behaviour on the mooring chain which is anchored to the seafloor.
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1.3.

This is evident by the apparent unstable oscillatory motions of the mooring chain. When
the above phenomena take place, a significant part of the chain lying on the seafloor
lifts up and drops back down under dynamic conditions (Sarkar & Eatock Taylor, 2002).
This phenomenon was also noticed by divers by from the South African Department of
Environmental Affairs. This study will investigate and analyse the motion and the
impact force of the mooring chain on the seabed (seafloor) on the single and two-point

mooring systems.

Typical fishing vessels on site

To ensure that the problem is clearly understood, a site visit to Port Elizabeth was
undertaken to gather practical information on the mooring systems. Figure 1.3 below
shows varying inspections of the double (two-point) and single anchor (single-point)

configurations.

a) Two anchor vessel with two winch drums b) Single anchor vessel with anchor pulled up

Two anchors pulled up

¢) Vessel with two anchors d) 22 m Silver Arrow vessel

Figure 1.3: Photographs of the anchor system used by squid fishing vessels

Specific objectives of the site visit included:
1. Familiarity with the squid fishing vessels, anchor systems and anchor

deployment methods.



2. To gather information on chain specifications (chain mass per unit length, chain
length and diameter)
3. To obtain actual vessel dimensions (obtain vessel engineering drawings for

accurate modelling and vessel mass)

The information on mooring systems obtained include:

1.4

1.5.

1. The chain mooring line specifications are shown in Appendix A supplied by McKinnon

Chain (PTY) LTD.

Vessels on-site are in the range of between 11 and 22 m.

The vessel operators or skippers provided enough information on the anchor
deployment methods and conditions at sea.

Anchor deployment: the anchor is dropped below the bow of the vessel, when the
anchor reaches the seabed, the anchor chain is then increased as the vessel moves
away from the anchor position, as this happens. The anchor drags on the seabed until
it is locked on the seabed.

The mooring chain length depends on the fishing depth and sea conditions.

Obtained vessel specific information. This consisted of knowing the steel chain sizes
of 13, 14, 16 and 20 mm in diameter which are commonly used depending on the vessel
size. The 20 mm chain is the heaviest of all the four chain sizes and is used to anchor
a vessel when the sea conditions are harsh; while the 16 mm used in conjunction with
the 20 mm for two-point mooring to provide more stability. The 20 mm and the 16 mm
are commonly used in the squid fishing industry. The single anchor vessel either uses

20, 16, 14 or 13 mm chain based on the skippers’ discretion.

Problem statement
We will investigate the effect of different mooring line systems and types in terms of

potential impact on squid egg beds.

Aim and objectives
The aim of this study is to develop numerical models for predicting the behaviour and
impact of the single-point versus the two-point mooring system. The predictions will

then be used to investigate the likelihood of the anchor chains damaging the squid

eggs.

The main objectives are divided into the following sections in order to develop

numerical models to quantify the impact force of the mooring chain on the seabed —
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¢ Numerical models will be used to simulate single-point mooring system versus
the two-point mooring system using the 14 and the 22 m long vessels.

e The impact force and frequency of the chain on the seabed will be analysed
and quantified.

e The models will be used to analyse the dynamic tension on the mooring line
and determine which mooring system has the greatest tension.

e The numerical models will also be used to quantify this dynamic tension based
on various ocean conditions which best represent the real-world motion of the
mooring chain underwater and impact on the seabed.

e The numerical models will be validated by video footage analysis obtained of
the mooring chain impacting the seabed at a considerable velocity.

¢ The numerical models will be setup using methodologies from related studies
and analyses of a moored vessel at sea; software packages user and theory
guides will also be used for ensuring correct model setup.

1.6. Research methodology overview

The following methods of investigation were used in undertaking this study:

¢ Hydrodynamic analysis — this is the moored vessel's response in the ocean
environment; numerical simulations were performed by using a specialised
hydrodynamic analysis commercial package ANSYS AQWA for analysing the
moored vessel response. This software enables the analysis of the interaction
between the chain and the motion of a moored vessel under the influence of
ocean environment forces i.e. wave and current forces.

¢ Finite element analysis — ABAQUS finite element analysis software was used
to determine the seabed contact forces under varying mooring chain diameter
and the impact velocity.

e Video analysis — Tracker software was used to analyse the video footage
captured by marine divers when capturing the mooring chain motion impacting
the seabed. Video analysis was performed for determining the mooring chain
underwater velocity. The velocity was used for validating and calibrating the
numerical models in ANSYS AQWA and ABAQUS.



1.7. Dissertation structure

Chapter 2 reviews relevant literature on the impacts of the mooring lines; it also
presents common approaches used for solving the dynamics of a mooring line.
Chapter 3 presents the background of the ANSYS AQWA and ABAQUS modelling
tools. It also presents the governing equations and loads acting on the moored
vessel. Lastly, it also presents underwater video analysis of a video footage
captured by marine divers. Chapter 4 presents both ABAQUS and ANSYS AQWA
results. A table is also provided which lists and describes all the subsequent
analysis conducted in this study. Chapter 5 presents conclusions that can be drawn
from this study and also provides recommendations as well highlights main

software limitations.



2.1

CHAPTER TWO

2. Literature review

This chapter reviews the literature on mooring systems; it reviews studies on mooring
line impact and the seabed interaction highlighting numerical and experimental models

used.
Mooring line impact on the seafloor studies

Boat and buoy anchoring can have a negative impact on the seabed habitat through
its three stages (1) anchor laydown to the seabed, (2) anchor drag on the seabed and
(3) pulling the anchor chain from the seabed. When the anchor and chain drag on the
seabed, the seagrass is then cut and pulled from the seabed (Collins et al., 2010).
Swinging mooring chain has been observed to be scrapping the seabed leading to
coarser seabed surface. This reduced the number of seagrass species growing in the
Medina estuary, Cowes , England area that has been affected by the swinging mooring
chain (Herbert et al., 2009).

A study near Perth of Western Australia found that boat chain mooring lines produce
round patches in seagrass meadows of the range between 3 to 300 m? (see Figure
2.1) (Walker et al., 1989). The study found that “Cyclone” boat moorings which are
characterised by three anchors and a swivel causes less damage to seagrass
meadows than “Swing” mooring lines which are characterised by a single anchor and
chain. It was found that the swing mooring system caused scoured area 10 times more
than the cyclone mooring system. This resulted in the total loss of seagrass meadow
due moorings to be about 5.4 hectares in Rottnest Island (Walker et al., 1989).

Figure 2.1: Photograph of a swing mooring showing typical
damage caused by the mooring chain to the seagrass meadow

(Adapted from Walker et al., 1989)
9



Contrary to the latter study, Hastings et al. (1995) argued that “Cyclone” mooring lines
caused more damage on the seagrass meadows than “Swing” mooring lines. Their
study was conducted by comparing areal coverages obtained using aerial photography
of seagrasses and sand patches within seagrass beds taken between 1941 and 1992.

Seagrass loss was found to be caused due to the change from single anchor swing
mooring lines to cyclone mooring lines which used three chains. Cyclone mooring lines
were found to have produced three circular patches in the seagrass bed, these holes
caused 5 m radius round patches on the seafloor. Hastings et al. (1995) stated that the
study by Walker et al. (1989) only investigated the condition of seagrass meadows
observed in 1987 which neglected the rate at which seagrasses were lost due to boat
mooring lines. The two studies compared above both agree that boat chain mooring
systems cause damage to the seagrass meadows on the benthic ecosystem.

In addition to the study conducted by Hastings et al. (1995), the temporal decline of
seagrass beds was associated with the damage caused by permanent chain mooring
systems. The study showed a decrease in seagrass beds area and an increase in sand
patch area on the seafloor in relation to mooring lines; these findings were obtained in
a period between 1941 and 1992 in Rocky Bay and Thomson Bay, Rottnest Island,
Western Australia. More seagrass damage was found in Rocky Bay with 18% of
seagrass area lost between 1941 and 1992, and 13% between 1981 and 1992
(Hastings et al., 1995).

The conclusion from the study by Hastings et al. (1995) was that the decline of
seagrasses in Rocky Bay corresponds with the doubling of boat moorings and an
increase in boat size and traffic between 1981 and 1992. This loss of seagrasses was
also as a result of the change from a single anchor swing mooring line to a cyclone
mooring line with three chains. The study highlighted that the single weighed swing
mooring lines cause the least damage when compared to cyclone mooring lines as it
covers less seagrass area. Both the swing and cyclone mooring systems were found
susceptible for seafloor abrasion — a phenomenon where the seafloor surface is swept

by the mooring chain.

A similar study to Hastings et al. (1995) was conducted by Demers et al. (2013) in
Callala Bay, Australia; the study compared a ‘seagrass-friendly’ screw mooring,
cyclone mooring and a standard single anchor swing mooring line types. It was found

that ‘Swing’ mooring lines produced substantial seabed scour, stripping seagrass
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patches of about 18 m diameter; whereas cyclone moorings produced extensive
stripped patches of about 36 m diameter on average. The screw mooring was found to
cause less seagrass scour amongst the three types of moorings on the latter studies;
this was noticed by finding a small circular scar around most ‘screw’ mooring systems.
The cyclone mooring system was found to cause the most damage which agrees with
findings from the study by Hastings et al. (1995). The three types of mooring mentioned
above are illustrated in Figure 2.2 below.
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Figure 2.2: Schematic representation of a typical (A) ‘screw’ mooring
system, (B) ‘swing’ mooring system and (C) ‘cyclone’ mooring system

(Adapted from (Hastings et al., 1995).

These studies by Walker et al. (1989), Hastings et al. (1995) and Demers et al. (2013)
are all in agreement that the mechanical impact of boat mooring chains causes
disturbance to seagrass meadows; this mechanical impact mostly produce stripped
areas within seagrass meadows (Demers et al., 2013). The next Figure 2.3 shows
distinctive round areas stripped of seagrass in Callala Bay mooring area obtained by

an aerial photograph.
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Figure 2.3: Aerial photograph of the mooring area at Callala
Bay showing characteristic round areas stripped of seagrass

(Adapted from Demers et al., 2013)

Another study by Davis et al. (2016) was recently completed involving large vessels
interaction with the marine environment with an emphasis on the impact of seafloor
biota. The study investigated the impact of large vessels with the length of between
100 — 300 m and a single anchor chain link of about 60 — 200 kg. The study used a
case study in South Eastern Australia to highlight the complex issues surrounding large
vessel anchoring. The investigation involved exploring activities which interact with
marine environments. The investigation placed an emphasis on the substantial
ambiguity surrounding the impacts caused by large vessel anchoring on the seafloor
organisms (Davis et al., 2016).

The outcomes from this study were that vessels at anchor pose a risk to the seafloor
and its biota as a ship’s anchor can shift, and its mooring chain swing across the
seabed, causing abrasion of the seafloor and damage to the benthic ecosystems. The
study stated that the mapping of the seafloor areas with high shipping activity can give
more insight on which marine habitats may be at risk. This can be achieved by the use
of remotely operated vehicles and cameras to compare marine life (fish and
invertebrates) between the areas which are subject to heavy anchoring (Davis et al.,
2016).

The next Figure 2.4 shows the impact of recreational and commercial vessels’ mooring
chains in shallow water environment of less than 50 m in depth (Davis et al., 2016).
Automatic ldentification System (AIS) was used to show vessels at anchor changing
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positions due to changing current, wind and swell. The conditions at sea cause vessels

to swing on their anchor chains. These changes in vessel position appeared as

anchoring arcs.
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Figure 2.4: Anchor arcs based on AIS (Automatic Identification
System) vessel tracking data near the Port of Newcastle
acquired from the Australian Maritime Safety Authority (AMSA)

(Adapted from Davis et al., 2016)

A case study by Rajasuriya et al. (2013) investigated the effects of human-induced
disturbances in Sri Lanka coral reefs. The study found that human activities such as
sewage discharges, oil discharges, destructive fishing practices, land and mangrove
destruction and tourism cause degradation of the coral reefs. Boat anchoring was found
to be one of the human disturbance factors together with net fishing (Rajasuriya et al.,
2013). Although boat moorings were found to cause damage to the coral reefs,

however, the amount the damage was not quantified.
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Milazzo et al., (2004) studied the effect of different anchor types in three anchoring
stages on boats anchored on seagrass beds in a marine protected area. The study
experimentally quantified the damage caused by boat anchoring by counting seagrass
shoot density after the anchoring process. Various factors were tested to quantify the
damage; these factors include the use of a chain or a rope, the use of different anchor
types and the analysis of the three anchoring stages i.e. anchor laydown, anchor drag
on the seabed and lock-in and anchor weighing. The pattern shown by each factor
tested was checked for consistency in different locations of the seagrass meadows.

The mechanical destruction of seagrass species was attributed to human activities and
boat moorings. Human activity impact was quantified to be on a large spatial scale from
1000 to 10 000 m, whereas on a smaller spatial scale, the seagrasses suffered from
the chain mooring mechanical damage from the scale of 10 to 100 m. Human activities
included sewage discharge, fish farming and construction of marinas. The mechanical
damage mainly happens in coastal regions where frequent recreational activities takes
place (Milazzo et al., 2004).

The findings from the study are summarised by the next Figure 2.5 which shows the
number of shoots broken or uprooted caused by different anchor types on seagrass
meadows. This figure clearly shows that more seagrass damage occurs during the
‘weighing stage’ whereby the anchor is pulled back to the vessel (Milazzo et al., 2004).
During the weighing stage, the portion of the mooring chain lying on the seagrass bed
drags on the seagrass bed before it is weighed causing abrasion to the seagrass

meadows.
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Figure 2.5: Mean number of shoots uprooted/broken by the three
anchor types (Hall in black; Danforth in grey; Folding grapnel in white)

(Adapted from Milazzo et al., 2004)

Milazzo et al. (2004) also noticed that when studying boat moorings, more damage of
seagrasses seemed to be caused by anchor drag which sweeps seagrass bed, during
the forward and backwards motion of the boats (Milazzo et al., 2004). It should be noted
that this study focused upon light anchor of 4 kg in mass and the boat of about 5.5 m
in length; thus, results and conclusions made in this study are more likely to differ in
regions where long vessels, with heavy anchors and chains are used. The study cited
above clearly demonstrates that boat anchoring causes severe damage to seagrass

beds due to the mechanical impact of the anchor chains.

Francour et al. (1999) “studied the direct effects of boat moorings on seagrass beds in
the Port-Cros National Park”. The study revealed through field experiments 34
seagrass shoots destroyed on average during the boat anchoring process, especially
when the seagrass mat compactness was weak. These experiments were carried in

seven different sites; various factors which could have affected the number of uprooted
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seagrass shoots were studied. They included the density of the root mat, the seagrass
meadow density and the extent of rhizome exposure. The study noticed a clear direct
effect of anchoring whereby 20 seagrass shoots were uprooted when the anchor digs
into the seagrass bed. During the anchor weighing stage, 14 seagrass shoots on
average were also observed to be uprooted whereby the anchor was retrieved to the
boat with an electrical windlass (Francour et al., 1999).

Within the context of climate change, a study by Kininmonth et al. (2014) investigated
the impact of anchor damage within the Great Barrier Reef World Heritage Area
(GBRWHA) in Australia. The coral reefs and seagrass habitats were susceptible to
human disturbances which included boat anchoring. This disturbance of the coral reefs
seagrass habitats includes the anchor deployment, anchor retrieval and anchor chain-
seabed interaction which potentially causes loss of the coral reefs and seagrasses
(Kininmonth et al., 2014). Only 19% of approximately 20 000 km? GBRWHA was
considered vulnerable to anchor damage. The study classified human activity such as
anchoring as a small scale disturbance to the coral reefs and seagrasses. (Kininmonth
et al., 2014).

In the study cited above, the assessment of the area exposed to anchor damage was
found to be a challenging task due to the difficulty of the oceanic environment and the
absence of real verifiable data. In GBRWHA five major ports, the deployment of the
anchor and chain drag were found not to have a direct impact on coral reefs and

seagrasses (Kininmonth et al., 2014).

It can be deduced from the literature cited above that large vessels seem to cause more
damage on the seafloor than smaller vessels. This is because large vessels require
heavy chain to be deployed for anchoring. In all cases studied here, the mooring chain
caused considerable destruction to the benthic habitat in some regions, whereas in
some regions no considerable destruction to the coral reef systems was found. Studies
here suggest that more vessel activity is more likely to cause considerable damage to
the benthic system. This view is also supported by Abadie et al. (2016) which states
that severe boat anchoring in seagrass areas eventually leads to the destruction of

seagrass meadows due to the mechanical damage of the anchoring process.

It is worth noting that this mechanical damage has various degrees of impact on
seagrasses depending on the rate and type of the anchor used, as well as the depth of

the sea and the boat size. The mechanical damage aforementioned also induce a
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2.2.

change in the nature of the seagrass substrate which generates round patches on the

seabed (anthropogenic patches) (Abadie et al., 2016).

There seems to be no consensus on which fishing practices are seafloor “friendly”
amongst boat\vessel owners as there is currently no boat anchoring standard during
fishing. However, studies cited above indicate that mooring chains used for buoys and
boats cause abrasion to the seafloor surface.

Mooring line analysis studies

Mooring line behaviour as a result of the wind, current and wave action, has received
attention by numerous studies. For example, Sluijs & Blok (1977) first established a
static analysis of mooring line forces; this was followed by a dynamic analysis which
incorporated the dynamic effects such as inertia, dynamic loading, and geometric non-
linearities and was solved mathematically by using finite difference method (Sluijs &
Blok, 1977).

Masciola et al. (2014) outlined three approaches for solving dynamic mooring line
behaviour - (1) line representation from the finite-element analysis (FEA), (2) finite-
difference method (FD), and (3) lumped-mass (LM) method. These approaches can
achieve similar results as long as an adequate fine discretisation is used; however,
simplifications have to be introduced into these models in order to reduce
computational cost which includes the omission of bending, torsion, and shear stiffness
(Masciola et al., 2014). The fact that these approaches can yield similar results was
established by Ketchman & Lou (1975) who demonstrated that LM approach gives the
same results as FEA representations when a sufficient fine discretisation is used
(Ketchman & Lou, 1975).

In alignment with these findings, Boom (1985) found that by assuming the mooring line
to be composed of an intersected set of discrete elements, that the system of patrtial
differential equations which is used to describe the variables along the mooring line
can be replaced by the equation of motion. This was achieved by employing the
lumped-mass and finite element methods. These methods were found to be more
applicable in the general approaches of analysing various underwater systems such as

chains and cable (Boom, 1985).

Ha (2011) describes the lumped-mass method as a continuous distribution of the mass

mooring line where a discrete distribution of lumped masses is replaced by a finite
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number of points. The replacement of mooring line mass leads to idealising the system
as a set of non-mass linear springs and concentrated masses. Therefore, the line is
idealised into a number of lumped masses connected by a massless elastic line taking
drag and elastic stiffness into account (Ha, 2011). This “involves the grouping of all
effects of mass, external forces and internal reactions at a finite number of nodes along
the mooring line. A set of discrete equations of motion is derived from applying the
equations of dynamic equilibrium and continuity (stress/strain) to each mass”. These

equations are solved using finite difference techniques in time-domain (Boom, 1985).

The finite element method utilises interpolation functions to describe the behaviour of
a given variable internal to the discretised mooring line element in terms of the
displacements of the nodes defining the element. The equations of motions for a single
element are obtained by applying the interpolation function to kinematic relations (strain
or displacement), constitutive relations (strain or displacement) and the equations of
dynamic equilibrium. The solution procedure of the finite element method is similar to
the lumped-mass method (Boom, 1985); the study by Boom (1985) concluded that
computer codes based on FEM were proven to be less computer time efficient when
compared with the LM algorithms. The study then used the lumped-mass method to
analyse the dynamic mooring line behaviour. The model was built with a special
attention on the maximum mooring line tension. Results from the study were then

validated from oscillation model tests.

Several models were developed using the FEM approach for analysing mooring line
response to hydrodynamic forces. Vineesh et al. (2014) used the FEA approach for
solving the dynamics of a buoy anchored by a mooring chain and a spar platform under
wave, current and wind environmental forces using FEA package ANSYS 10.0
(Vineesh et al., 2014), however, this study did not consider the mooring line interaction

with the seabed.

Jameel et al. (2011) modelled mooring lines in ABAQUS as 3D tensioned beam
elements. Hybrid beam elements were used to model the mooring line; these hybrid
elements accounted for 6 DOF including displacements and axial tension as nodal
degrees of freedom of the mooring line. The axial tension of the mooring was found to
maintain the catenary’s shape. The choice of hybrid beam elements was due to their
easy convergence; linear or nonlinear truss elements can also be implemented in the

ABAQUS model, however, they have their own limitations (Jameel et al., 2011).
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Yu & Tan (2006) developed an efficient 2D finite element model to numerically analyse
the interaction of the mooring lines with the seabed. The model was developed in the
time domain using ABAQUS. Hybrid beam elements and the Newton-Rhapson iteration
procedure were implemented. The seabed was represented by using elastic and soll
constitutive models; the coulomb model used the contact friction coefficient of 0.4. The
hydrodynamic forces acting on the mooring line were simulated using the wave height
of 3 m and period of 4 s for the simulation duration of 800 s.

The mooring line pretension was set to 36 kN and a vertical force of 3000 kN was
applied at the fairlead point. One of the outcomes from the study was that, the
environmental forces influence the mooring line predominantly on its longitudinal
profile, while the transversal profile response can be ignored in the dynamic analysis
(Yu & Tan, 2006). Kim (2003) also modelled the seafloor as an elastic foundation
between the single-point chain mooring line and multi-body floating platform (Kim,
2003).

Yang (2007) conducted a “hydrodynamic analysis of mooring lines based on optical
tracking experiments” using free and forced oscillation tests. These tests were
implemented to verify the numerical results of moored body motion. Owing to the lack
of experimental data available, the drag coefficients for chains were typically assumed
to be the same as for a rod, but with an equivalent diameter equal to twice the bar size
of the chain link. The study emphasised the difficulty of determining studless chain drag
coefficients since the chain has a complex shape which complicates experiments.

Figure 2.6 below show an example of a stud and studless chain.

- -
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{a) Stud-Link (b) Studless Chain

-
P

Figure 2.6: Stud-Link (a) and Studless Chain (b)

Since the chain comprises of interconnected links which have the shape of oval rings,

the direct force measurement on the body (i.e. the chain link) using a force gauge is
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difficult. The chain links are free to rotate at the interconnections to a certain extent, the
torsional motion of the chain might be a consideration in the analysis even for small
lengths of chain. Also, as compared to simple body shapes, the complex geometry of
chain links causes more complex wake flow kinematics. For these reasons, predicting

the hydrodynamic loading on moving chain is quite challenging (Yang, 2007).

The optical tracking experiments were conducted using a high-speed video camera
which provided an opportunity for exploring the feasibility of deducing Morison drag and
inertia coefficients from measured trajectories of chain and cable elements undergoing
controlled free or forced oscillations in calm water (Yang, 2007). Figure 2.7 shows the
setup of the large-scale optical testing experiment conducted in a 3D wave basin. The

basin was 45 m long, 30 m wide and 6 m deep (Yang, 2007).
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Figure 2.7: Diagram of large scale test setup

(Adapted from Yang, 2007)

The next Figure 2.8 below shows a suspended catenary mooring line with white

markers for optical computer tracking. These experiments took place in a small 3D
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wave basin whose sides were made of glass, which allowed direct measurement of line

kinematics by optical tracking. The video footage recorded by the optical tracking
2007).

camera was processed to extract time-histories of the position for all markers (Yang,

Figure 2.8: Suspended catenary mooring mount

(Adapted from Yang, 2007)

Figure 2.9 shows 2D mooring line configuration for forced oscillation tests for semi-taut
catenary mooring.

Ciscillator

Load cell

Chain (7 m)

/( Anchaor

P
|

261 m

Figure 2.9: Two-dimensional line configuration for forced
oscillation tests

(Adapted from Yang, 2007)
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Wang et al. (2010) investigated the 3D interaction between the mooring chain and the
seabed; they described the interaction between the chain and the seabed as a very
complex process which has not been thoroughly understood yet (Wang et al., 2010).
This interaction was found to cause a significant effect on the dynamic behaviour of the
mooring chain. The interaction was as a result of the mooring chain excitation due to
the action of wave loads. This interaction created a boundary condition that varied in
time and in space (Pellegrino & Ong, 2003). The change in the mooring chain’s
longitudinal profile resulted in a significant amount of the chain length lying on the
seafloor to lift off and drop back down; the amount of the mooring chain length dropping
back on the seafloor varied with time (Yu & Tan, 2006). The following Figure 2.10

illustrates various touchdown points of the mooring line.

Imposed excitation at the top <—»

Changing profile of
mooring cable

Varying touchdown points, resulting in ime-varying
boundary condition for the suspended cable

Figure 2.10: Mooring line touchdown points
resulting in time-varying boundary condition

(Adapted from Pellegrino & Ong, 2003)

This problem can be solved in both frequency and time domain analysis. The frequency
domain analysis approach was first presented by Pellegrino & Ong (2003) on modelling
of seabed interaction of mooring cables (Yu & Tan, 2006). However, Frequency-
domain analysis neglects the “non-linear hydrodynamic load effects and non-linear
interaction effects between” the vessel, the mooring line and the seabed. Time-domain
simulations are preferred since they best predict the mooring line dynamics, although

they are time-consuming in nature and are mostly carried for about 3600 s (DNV, 2011).
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2.3.

Single-point and two-point mooring systems

As stated in the introduction, the “double anchor i.e. two-point mooring system, was
introduced into the South African squid fishery. Currently, there is no available literature
dedicated on the comparison of the singe-point and two-point mooring systems used
in the squid fishing industry between Plettenberg Bay and Port Alfred in Eastern Cape.
The subsequent damage each mooring system type causes has not been quantified.
However, studies reviewed in this thesis shows that the mooring chain interaction with
the seafloor caused abrasion to the seafloor and its species.

As cited by Demers et al. (2013) single-point mooring systems are prone to dragging
on the seabed causing a radial contact zone. However, the dynamic behaviour of a
two-point mooring has not been given much attention by researchers. Two-point
mooring systems require more deployment area than single-point mooring systems
which can cause concerns for fishermen as each of their boats is competing for the
limited resources. Single-point mooring system is easy to deploy and has less seabed

footprint in general compared to the two-point mooring system.
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CHAPTER THREE

3. Methods and mathematical formulations

This chapter describes the methods and theory of the research problem, the way this
was modelled, and the software packages used to obtain the quantitative description

of the behaviour of squid fishing vessel anchor lines.

3.1.  ANSYS AQWA and ABAQUS introduction

Two primary numerical simulation programs have been used to investigate the dynamic
response of the moored squid fishing vessels interaction with the seabed. The first is
ANSYS AQWA which was used to model the wave and current forces acting on the
moored vessel. The second is ABAQUS which was used for determining contact forces
on the seabed since ANSYS AQWA does not have this functionality. The secondary
software package used was Tracker which was used for analysing the acquired video
footage from divers on analysis the motion of the chain underwater. This section gives
the general background of ANSYS AQWA and ABAQUS software

3.1.1. ANSYS AQWA background

ANSYS AQWA has been used as the primary investigative tool in this project. It is a
toolset used for investigating effects hydrodynamic loads on marine structures. It
provides an environment for investigating the effects of the wave, wind and current
loads on floating or fixed offshore structures. This includes ships, tension leg platforms
(TLPs), semi-submersibles, renewable energy systems and breakwater design.
ANSYS AQWA uses potential flow solver, the wave loads on a structure are calculated
through a panel method which is based on potential flow theory (ANSYS AQWA, 2015).

ANSYS AQWA uses a Boundary Element Methods (BEM), or Panel Methods, or
Boundary Integral Methods (BIM) to calculate the pressures and forces on the floating
vessel. It can also conduct time-domain simulation with mooring lines attached to the
vessel. When this is done, mooring line tension forces and vessel displacement in

different wave conditions can be obtained.

ANSYS AQWA can simulate the wind, wave and current loading on the floating

structure. This can be achieved by employing 3D radiation/diffraction theory and

Morison’s equation for slender structures in regular waves in the frequency or time-

domain. The static and dynamic stability characteristics of the moored floating structure
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under steady or unsteady environmental loads can be estimated (ANSYS AQWA,
2015).

The software simulates mooring, stability, vessel motions in regular and irregular waves
within time and frequency-domain by solving the governing equations (Eder, 2012).
This is achieved by using diffracting and non-diffracting panels; Morison elements
(TUBE, STUB and DISC) are used for slender structures i.e. the mooring line etc. While
Panel elements (QPPL and TPPL) are used for the rigid bodies i.e. the vessel hull,
defined by point masses (PMAS), fenders, articulations and elastic catenaries.

ANSYS AQWA can generate time-history of the simulated motions of floating
structures, arbitrarily connected by articulations or mooring lines, under the action of
the wind, wave and current forces. The positions and velocities of the structures are
determined at each time step by integrating the accelerations due to these forces in the
time domain, using a two-stage predictor-corrector numerical integration scheme
(ANSYS AQWA, 2015).

3.1.2. ABAQUS background

The ABAQUS software was used to simulate the contact between the chain mooring
line and the seabed. This is a finite element numerical technique used to solve
structural problems such as dynamic vibration problems, thermal connections and non-
linear statics and contact problems. In the finite element model, the entire structure acts
as a continuum. The model can handle all nonlinearities, loading and boundary

conditions.

The finite element method utilises interpolation functions to describe the behaviour of
a given variable internal to the discretised mooring line element in terms of the
displacements of the nodes defining the element. The equations of motions for a single
element are obtained by applying the interpolation function to kinematic relations
(strain/displacement), constitutive relations (strain/displacement) and the equations of

dynamic equilibrium (Allan, 2008).

ABAQUS provides an environment for pre-processing and post-processing the

behaviour of the mooring line contact with the seabed in 2D and 3D.
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3.2.

3.2

Mathematical formulations of the moored vessel

This section presents the mathematical formulations of the chain mooring line and the
fishing vessel when subjected to sea conditions. The equations of motion are used to
achieve this objective; these equations are based on the basic Newton’s second law of
motion which provides a tool for studying the relationship of the response to the
parameters governing that response. The equations of motion are modified in order to
represent the time-dependent (dynamic) terms and the nonlinear behaviour of the

vessel-mooring interaction.

.1. Governing equations of the chain mooring line in time-domain

The nonlinear chain mooring line is represented by a catenary section in ANSYS
AQWA,; the catenary section is assumed to have a circular profile which is represented
by a nonlinear dynamic catenary cable. The catenary section also allows the mooring
line to be made up of different section properties. The cable which represents the
mooring line is connected between the anchor and vessel Fairlead point. The dynamic
response of the catenary cable is characterised by its large axial stiffness in the
longitudinal direction compared to the lateral stiffness (transverse stiffness). When the
catenary section data is defined, ANSYS AQWA internally converts all the mooring
lines sections to a two-dimensional load/extension database with the maximum of 600
points (ANSYS AQWA, 2015).

The cable connection is modelled using Morison-type line elements subjected to
external loads — the wave, wind and current loads. Figure 3.1 shows the configuration
of a dynamic chain mooring line model discretised into a number of finite elements by
lumping each mass of an element into a corresponding node using the Lumped-Mass
method. The variables @, = (a,, a,, az) indicate the unit axial vector from a node j-th to
node (j + 1) — th, while the unstretched mooring line length from the anchor point to
the j-th node is represented by S;. The seabed is assumed to be a simple plane which
is flat and horizontal. The mud line springs shown at each node are used for modelling
the reaction force of the seabed. The springs are chosen for reducing discontinuities
and energy losses at the touchdown point of the node in the discretized chain mooring
line (ANSYS AQWA, 2015).

The depth of the mud layer shown in Figure 3.1 is indicated by Z which is located above

the seabed. The laid length denoted by Lz of a dynamic chain mooring line interacting
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with the seabed is measured from the anchor point to the touchdown point of a node.
The touchdown point is defined as 0.282 above the seabed (ANSYS AQWA, 2015).

Mud line

Mud spring /t

. - e

N

~ L Muid layer 7

T le gase? I
Seabed

Figure 3.1: Modelling of a dynamic mooring line using

a cable connection

(Adapted Agwa Theory Manual, 2015)

Various forces which act on a mooring line represented by a cable connection are
described by Equation 3.2-1 below. The single cable element is subjected to external
hydrodynamic loadings and structural inertial loading (ANSYS AQWA, 2015):

Figure 3.2: Forces on a Cable Element

(Adapted from ANSYS AQWA Theory Manual, 2015)

The motion equation of this cable element is obtained from the general Newton’s

second law of motion:
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Equation 3.1

where F represents all the forces acting the cable element which are cable tension,
shear, weight and hydrodynamic forces which are due to forces acting on a cable
element immersed in water with its relative motion. These terms acting on the cable
element can be written as vectors which account for the direction of the chain element,
if vectors are ignored, this will lead to an inaccurate solution, vectors are represented
by the arrow (—) and are placed on top of each term on the equation below:

aT

wv - = %R
—~+-—+tw+F,=m

as, = s 2 Equation 3.2

oM | 9R _ = N
— X — —
35S, + S, 4 q

m — represents the structural mass per unit length

q — represents the moment distribution loading per unit length

—

R — represents the position of the first node of the cable element using vector
representation

AS, — is the length of the cable element

AD, —is the diameter the cable element

W — is the weight of the cable element
F)h — represent the external hydrodynamic forces per unit length using vector

representation. ?h is formulated using a modified drag force equation called the
Morison’s equation which is used for calculating the wave loads on slender

structural members.

—

T — represent the tension force at the first node of the cable element using

vector representation

—

M — represent the bending moment at the first node of the cable element using

vector representation

—

V — represent the shear force at the first node of the cable element using vector
representation
t— represents time

d- shows the partial derivative
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aT v _ = . .
The terms 25 a5 W F, from the left hand-side of the Equation 3.2 are summed up to
e e

a’R
incorporate all the forces acting on the cable element; the term m— is mass and

acceleration product.

The tension and bending moment of the cable element are related to the bending
stiffness EI and the axial stiffness EA of the cable material properties shown by the

following relations:

Equation 3.3
R aﬁ
as, asez
T = EAe¢

where ¢ is the axial strain of the element.

The following boundary conditions are applied at the fairlead and anchor point:

Equation 3.4
R(0) = P
I_?)(L) = I_)) top

azﬁ(())__6
ds,2
R (L) -

g)=o
ds,

Whereﬁbot, Ftop represents the discretised mooring line attachment points; L

represents the total length of the unstretched mooring line.

The motion equation given in Equation 3.2 can be integrated to obtain Equation 3.5 in

matrix form below:

Equation 3.5
—T% -[vil _1'ﬁ+ﬁd _mL 3| R
]+1a] ~[Vj41] [W+F ] 2 ot RTj+1

Inwhich [V;] = [V(j-1y)] — [V ;] is the shear force at node j, which is determined from

the two adjacent elements.
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The excitation force due to the wave on the nonlinear dynamic cable is ignored.
Therefore, in Equation 3.5 the hydrodynamic force F, acting on a mooring line cable
element consists of the drag force, the buoyant force, and the added mass related
force, the relation is shown by:

Equation 3.6

Fh = Fb + Fd - ma[c/l\, a/]ﬁ]T

where m, is the added mass matrix of the cable element and a, represents

the acceleration vector of cable element at node j.

The drag force with respect to time on the cable element is conveyed in the basic form
shown as

Equation 3.7

1
Fa(t) = {fd () =5 CaScpw |U;(©) - V;®|{u;(©) - V;(t)}}

The dynamic response of the discretised mooring line shown by Equation 3.2, Equation
3.3, and Equation 3.4 is solved by using the discrete Lump-Mass method in ANSYS
AQWA.

The Morison-type elements of the discretised mooring line are solved by Morison’s
equation. The Morison's equation approach is used for slender structures when the
diameter of a structural element is less than 1/5™ of the shortest wavelength. It can be
applied on mooring lines, 3D buoys and floating vessels. The Morison's equation is

given by Equation 3.2-8 below:

Equation 3.8

F = Fruertia + FDrag

The inertial forces (due to the motion of the fishing vessel) are predominant than the
drag forces. The inertia forces can be identified by considering a spectrum of waves
interacting with the ship. In this case this is represented by irregular waves and are fully

described in

F mnertia 1S the sum of the Froude—Krylov force pVu and the he hydrodynamic mass

force pC,,Vu and the Fp,.q4 is defined by the basic drag equation.
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This can be written as:

Equation 3.9

T, . 1
F = pZD Cu +EpCdDu|u|

Interia force term Drag force term
since 7D? = 4,
This equation is further expanded for a moving body in an oscillatory flow as follows:
Equation 3.10

1
dF = pACy ity — pA(Cy — D5 + EpDCdluf — u,|(up — uy)
1
= pA(1 + Cp)uy — pAC it + EpDCd|uf — u,|(up — uy)

where D is the drag diameter, Cq is the drag coefficient, uy is the fluid particle velocity

in the lateral direction, u is the structure velocity in the transverse direction, C,, = C, +

1 represents the inertia coefficient, and A is the cross-sectional area.

The definition of the directional dependent forces and moments of the discretised

element is shown in Figure 3.3 below.
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Figure 3.3: Local Tube Axis System

(Adapted from ANSYS Aqwa Theory Manual, 2015)
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The hydrodynamic forces and moments acting on an element are determined “with
reference to the local tube axis system by the integration of the cross-sectional over
the submerged length of L’,”

Equation 3.11

L'+Lgq
K = fL {EPDyCdy|17f = 1| (upy — usy) + PACmyltpy — PA(Cmy — Dufy} dx

el

!

L' +Leq 1
k= f {E'DDZCdsz - ﬁ)Sl(ufz - usz) + pAszufz — pA(Cpy — 1)1'11‘2} dx
Ley
L,+Lel 1
My N f {E'DDZCdzluf - usl(ufz - usz) + PAszufZ — pA(Cpyz — 1)11fz}de
L

el

L'+Ley 1
M, = __[ {EprCdy|“f = U |(upy — Usy) + pACiylipy = pA(Ciny — Dufy}de
L

el

“In AQWA, a three-point Gaussian integration scheme is employed to estimate the
integral forms given by Equation 3.11” (ANSYS AQWA, 2015).

“The forces and moments on each tube element are then transformed to the fixed
reference axes (FRA) and, in addition, the moments are with respect to the centre of
gravity of the structure. The total fluid load is the summation of forces on all the
tube elements and the panel elements” (ANSYS AQWA, 2015).

3.2.2. Governing equations for the fishing vessel in time domain

To obtain the hydrodynamic response the fishing vessel at sea, the most common
approach used is the 3D panel method which is based on fluid potential theory. The
panel method is a technique for solving incompressible potential flow over thick 2D and
3D geometries (for external flow); it is used to determine the fluid velocity and the
pressure distribution, on an object (Mason, 2015). The panel method is based on the
potential flow theory assumption that the fluid is inviscid (negligible viscosity.),
incompressible, irrotational and steady. The motion of the fishing vessel is represented
by six degrees of freedom (6-DOF) rigid body translational and rotational motions which
are categorised into two — Translation (heave, sway, and surge) and Rotational (yaw,

pitch and roll) as shown in Figure 3.4 below.
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Figure 3.4: Vessel 6-DOF rotations and translations
(Adapted from Ibrahim & Grace, 2010).

The solution flowfield (fluid domain) is found by representing the fishing vessel surface
by a number of panels, and solving a linear set of algebraic equations which satisfies
the Laplace’s equation to determine unknown variables. The potential flow panel
method is incorporated in the Bernoulli's equation to find the fluid pressure at a given
point on the surface of the fishing vessel. The fishing vessel surface is discretised into
number panels called a mesh. Finer meshed geometries tend to yield more accurate
results. The panels below the vessel waterline are called ‘diffracting panels’, these
panels are subject to the three-dimensional panel method based on fluid potential

theory. The panels above the waterline are called ‘non-diffracting panels’.

The hydrodynamic loads are mainly caused by the interactions between the vessel and
the waves. The hydrodynamic loads acting on the fishing vessel are the drag, the wave,
and the inertia loads. Drag loads (viscous forces) on the hull of the vessel are important
when structural members are slender and wave amplitude is large and are obtained
using Morison’s equation. This is the net force opposing the vessel’s forward movement
due to the pressure and shear forces acting on the wetted surface of the vessel
(ANSYS AQWA, 2015).
Equation 3.12
[Famj| = Cam|[|uj||u;]] where j=1,6

“‘where [de]-] is the 6x1 matrix which consists of the three Morison hull drag force

components and three Morison hull drag moment components, Cg4,, IS a 6x6 Morison

drag coefficient matrix, and u;(j = 1, 6) is the relative translational or rotational velocity
component in the structure local axis frame. The translational relative velocity (j=
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1,3) in Equation 3.12 is the difference between the steady fluid velocity (current speed
only without fluid particle velocity due to waves) and the structural motion velocity”
(ANSYS AQWA, 2015),

Equation 3.13

Uj = Ugj — Uy

where u.; and ug; represents the current and structure velocity.

The wave exciting load, in small amplitude waves, consists of the diffraction force and
first order wave force — the Froude-Krylov force. The diffraction force is due to wave
disturbance which is caused by the presence of the vessel. Both the diffraction and

Froude-Krylov forces are the active forces acting on the vessel.

The wave exciting load and the wave inertia load on the vessel are solved using the
fluid potential theory. This can be formulated from the basic potential flow equation
which used to determine flow around an object and is given by:
Equation 3.14
V=V
where V represents the flow velocity, @ velocity potential and V is the gradient “del”
which based on vector calculus, it represents the rate of change of a function with

directions or components.
When radiation and diffraction waves are taken into account, the fluid flow field that
surrounds the floating vessel through the application of the velocity potential from

Equation 3.14 then becomes:

Equation 3.15
O(X,t) = a,p(X)e it

where the incident wave amplitude is represented by a,, and the wave frequency is

represented by w . V is replaced by (Y, t) for keeping the notation consistent.

The term Q)()—(') is has contributions from the radiation waves due to the six degrees of

freedom of the vessel motion, the diffracted and the incident wave.
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The potential due to wave contributions in the vessel 6-DOF may therefore be written
as:
Equation 3.16
j=1
¢X)e™ " = | (p1 +pa) + Z oriXj| e
6

The potential functions derived above enable the resultant physical quantities such as
fluid pressure and vessel motions in time-domain to be determined.

The term X; = u;(1,3) and X; = 0;_3,(j = 4,6), @, represents the first order wave
potential, the diffraction wave potential is represented by ¢4, the radiation wave

potential is represented by ;.

The first order hydrodynamic pressure on the vessel hull is calculated by using the

linearized Bernoulli's equation below after obtaining the wave velocity potentials,

Equation 3.17

09(X,t)

® = _
p p ot

= iwpp(X, t)e it

The nonlinear response of the fishing vessel under hydrodynamic loads is obtained by
integrating the equation of motion with respect to time in the form as proposed by
Cummins, 1962:

Equation 3.18

[oe]

(M + A)X() + BX (£) + CX(E) + f K(r) X (t—T)dt = F (£)
0
where M represents the inertia matrix. A is the added mass matrix, B is the viscous

damping and C, which are the viscous damping matrix and C is the hydrostatic restoring

matrix . K contains the impulse response functions. The added mass (A) of the structure
occurs due to the water displaced by the structure in motion. X is the 6-DOF vessel
displacements vector, X is the vessel velocity vector and X vessel acceleration vector.

The 6 degrees of freedom (DOF) vessel displacements are represented by X and the

dot symbolises differentiation with respect to time. The first dot shows differentiation
vessel displacements which gives the velocity shown by X, likewise, the second dot

shows the vessel displacements differentiated twice which gives us X which is the

acceleration of the vessel. The external force is denoted by F which is the

hydrodynamic loads contributions of both linear and nonlinear forces; these include the
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consideration of the nonlinear properties of mooring line characteristics as well as the
irregular wave load on the fishing vessel. The irregular wave load represents the wave
theory which realistically represents the water particle kinematics to estimate the drag
and inertia for all the six degrees of freedom (6-DOF) of the structure (ANSYS AQWA,
2015).

The equation of motion described above is solved using an iterative time-domain
numerical integration scheme which calculates the solution quickly and efficiently. To
achieve this, a three-point Gaussian integration scheme is used in ANSYS AQWA.

3.3.  Environmental loading

The moored vessel experiences the wave, current and wind ocean environment loads.
In ANSYS AQWA, the fishing vessel is modelled as a rigid body, and the wind loads
and wave forces acting on the rigid body are described in this section. This section also

gives the theory description of the ocean environment hydrodynamic loads.

3.3.1. Description of waves

According to DNV (2011), “ocean waves are irregular and random in shape, height,
length and speed of propagation”. A random wave model is required for describing a
real sea state. Sea waves can be classified as irregular (random) waves which are
specified in terms of height and period, and direction of propagation. They are
predominantly generated by the wind and appear to be irregular in character (Haritos,
2007).

The fishing vessel is assumed to be under the influence of irregular waves. This wave
type is defined by the Pierson-Moskowitz spectrum in ANSYS AQWA. The wave
spectrum is formulated by the significant wave height and the average wave period
parameters. The Pierson-Moskowitz spectrum is given by:

Equation 3.19

S(@) = an3 121 16m3 1
w) = 4T Tz4w5eXp TZ4 w5

where S(w) represent the Pierson-Moskowitz spectrum
The following relationship exists between T,, T; and Tj:
T, = 1.408.T,
T, = 1.086.7,
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where T, is the average wave period and T, is the maximum period, w is the wave

frequency, T is the average wave period and H is the wave height.

3.3.2. Currents

Currents create significant loads on marine structures, particularly on moored vessels
and offshore structures. Currents are based on the assumption that they move in a
horizontal direction but may vary depending on the depth of water. The interaction of
currents and waves is crucial in the simulation of offshore structures. The combined
fluid particle velocity of currents and waves may increase the fluid drag force on smaller
components such as risers and mooring lines. Ocean currents contribute to the drag
force on the hull of the fishing vessel as well as increasing drag forces on the chain
mooring. Currents can be defined with a uniform or a non-uniform profile (ANSYS
AQWA, 2015).

The Agulhas Current has been described as one of the fast-flowing currents in any
ocean and reaches an estimated top speed of 2.6 m/s. Its velocity depends on
variations in the equatorial current velocity, which in turn change with location, depth,
and season. It is present between Plettenberg Bay and Port Alfred region with an
estimated average flow rate of 0.2 to 0.6 m/s (The Editors of Encyclopaedia Britannica,
2009).

3.3.3. Winds

Wind loads not only create wind-induced waves but also directly generate drag loads
on the fishing vessel upper hull portion. The wind with a constant direction over
time, the frequency distribution of the wind speed fluctuations can be described
by means of a wind spectrum (ANSYS AQWA, 2015). However, the effects of wind
loads will be ignored in this study. This because ocean waves are wind dependent and
therefore the results of the analysis in this study remain valid. Additionally, adding the
wind will increase the number of parameters to be evaluated which will increase the

number of analysis to be done.
Thus, only the effects of the waves and currents will be considered. The wind direction

is assumed to be in the same direction as the waves and currents for simplifying the

analysis.
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3.4.

3.4

Underwater video analysis: Experimental

As stated in the introduction, scuba scientist divers have long observed anchor chain
movement across squid egg beds. This was captured using underwater video camera;
the chain was marked with a white plastic bag. Vertical and horizontal measuring sticks
with white markers were used for calibration. Analysis of this video footage was
performed using an open source software called Tracker. This motion analysis of the
chain is later used to calibrate ANSYS AQWA and ABAQUS models ultimately to
determine the chain contact forces on the seabed. Various ocean conditions will be
evaluated for making correlations with the output from the following video analysis.

.1. Tracker video analysis

A total of four video footage were obtained, the three were recorded on the double
anchor mooring and one was recorded on the single-point mooring. One of the video
footage obtained had better stability than others and thus was selected for video

analysis.

Figure 3.5 below shows an example of the original video image with labels. The
mooring chain shown has a diameter of 20 mm. The video footage analysed was

obtained from the double anchored (two-mooring) vessel.

Figure 3.5: Original underwater video image of the chain movement experiment

For this experiment, a high definition video camera was used to record the 9 minutes and

47 seconds long video footage. The portion of the video that was analysed starts from
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3 minutes and 10 seconds to 4 minutes and 3 seconds. This portion was extracted due
to better visibility and video camera stability for analysing the 2D motion of the chain.

One video camera was used, hence only the 2D motion of the chain could be analysed.

The frame rate of 50 frames per second was used for capturing the rapid motion of the
chain underwater. The frame-rate is defined as the acquisition frequency of the video
camera; high frame has a better resolution which can record the smallest detail of the
chain motion. Generally, higher frame-rates are required for tracking objects moving at
high speeds (Paredes & Taveira-Pinto, 2016).

(The original video footage of the recorded chain motion has been stored on the

following website: https://www.youtube.com/watch?v=8DB56jg1HG0&t=18s ).

The video analysis, in accordance with Paredes & Taveira-Pinto (2016), was done in
three stages (i) video linearization where the optical distortions were corrected or
minimized; (ii) calibration to match the pixel coordinates with the real world coordinates;

and (iii) video footage acquisition of the chain motion underwater.

Since all video and photo cameras have imaging distortions, video enhancement
techniques were required to improve the quality of the video footage. The large
thickness of water and suspended particulate matter between the camera and the chain
lessened the contrast of the footage as a result of light absorption and scattering by the
suspended particles in the water column. One of the techniques used to enhance the
video quality was to reduce video noise by conversion of the video image from RGB to
8-bit grayscale. This greatly improved the contrast between the chain markers and the

background allowing for easy analysis.

A margin of error is expected and thus the measurements of the video analysis
discarded as outliers. An accurate error analysis will require cameras with higher optical
quality and the optimisation of procedures used for calibration which are objectives not

pursued in this work (Paredes & Taveira-Pinto, 2016).

Figure 3.6 below shows an example of the Tracker video analysis user interface. The
video is in grayscale to improve contrast between the chain, discrete (white plastic bag)
tracking point and the background. Tracker uses a colour-based tracking technique.
The region where the colour-based operation is going to be performed is highlighted in
red. During analysis, the program searches for white colours on the selected region for

each frame of the video sequence.
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Tracker also allows for the video image angle to be adjusted perpendicular to the 2D
plane movement of the mooring chain. This was done by adjusting the angle of the
origin such that it fits perpendicularly with the reference point of the video image.

About 2 m of the chain in the figure below was observed to have lifted off and dropped
back down on the seabed in sequence.

Figure 3.6: Underwater video analysis using Tracker

Figure 3.7 below show the vertical displacement of the tracked discrete point. This
vertical motion of the discrete point was as observed to be more dominant than the
horizontal motion. This was the expected result which was also observed in the video
footage showing the mooring chain lifting off and dropping back down at a different
frequency and speed. The velocities associated with this vertical displacement will be
used to calibrate the ANSYS AQWA model as well as to determine the seabed contact
forces using the ABAQUS model.
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Figure 3.7: Discrete point vertical displacement
Figure 3.8 below shows the velocity of the discrete tracking point in the vertical direction

where the tracked values fell within the range of -8.01 and 8.14 m/s. As can be seen,

most values fall between + 4 and 5 m/s.
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Figure 3.8: Discrete point underwater vertical velocity
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CHAPTER FOUR

4. Results and discussions

The results obtained in this study were reported in two parts. The first part was the
ABAQUS simulation model based on the measured chain velocity obtained from video
analysis. The impact forces and pressures of a single chain link were investigated on
the 14, 16 and 20 mm diameter chains. The second part of the investigation was the

ANSYS AQWA simulation of both the single-point and the two-point mooring systems.

ABAQUS results are first presented for correlating them to the expected chain velocity
in ANSYS AQWA simulations. This is because of the ANSYS AQWA software limitation
which does not account for the mooring chain impact pressure and force on the seabed.
The software only considers the dynamic mooring line length laid on the seabed, anchor
uplift forces and the dynamic mooring line tension. Hence, ABAQUS models were used
for estimating seabed impact pressure and forces of the dynamic mooring chain.

Table 4.1 gives a summary of the types of analysis conducted in this thesis.
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Table 4.1: Description of various models used for mooring line analysis

Analysis

Description

1:

The model was developed
for investigating the seabed
effect of three mooring chain
sizes at different velocities.
The velocities were obtained
from the underwater video
analysis.

ABAQUS chain-seabed impact

e Varied chain link sizes of 14, 16 and 20 mm at 1, 3, 5, 6,
8 and 10 m/s

e OUTPUT parameters: Contact force and contact
pressure

2:

The model was developed
for investigating seabed
impact forces based on the
slender rod method.

ABAQUS chain-seabed impact

e Used 0.12 and 1 m slender rod length

e Used circular 3D solid equivalent section

e Varied maximum velocities of 5 and 8 m/s.

e OUTPUT parameters: Contact force and contact
pressure

e Made correlations with a single chain link

3:

The model was developed
for studying the effect of
wave height and period.

The model was also used
for investigating the wave
condition which correlates to
the observed chain impact
motion.

ANSYS AQWA time domain simulations:
e Varied wave conditions:
o 1 m wave height with 7 s period
o 1 mwave height with 10 s period
o 2 m wave height with 7 s period
o 2 mwave height with 10 s period
o 2.5 m wave height with 7 s period
e Used 22 m single-point moored vessel
e Used constant chain diameter of 20 mm with 160 m
length
e OUTPUT parameters: Tension, Laid length and Anchor
uplift forces and seabed contact pressure

4.

The model was developed
for investigating the effects
of three mooring
configurations on the

ANSYS AQWA time domain simulations:

e Used constant wave conditions: 2.5 m wave height and
7 s period

e Used three mooring line configurations on the 14 and 22
m vessels (single and two-point mooring)

e Used constant chain diameter of 20mm with 160 m

The model was developed
for investigating the effect of
three chain sizes on the
seabed.

seabed. |ength
e OUTPUT parameters: Tension, Laid length and Anchor
uplift forces
5: ANSYS AQWA time domain simulations:

e Constant wave conditions: 2.5 m wave height and 7 s
period

e Constant mooring line length of 160 m

e Varied chain diameter of 14, 16 and 20 mm

e OUTPUT parameters: Tension, Laid length and Anchor
uplift forces
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4.1.

ABAQUS model for the mooring chain impact on the seabed

The impact force of the mooring chain on the seabed was modelled using ABAQUS
6.14-1 finite element analysis software. In this study, a single chain link was simulated
at different chain velocities of impact. Since ANSYS AQWA uses a flexible slender rod
(cable) to model the mooring line as most mooring line analysis tools do, the single
chain link (3D studless chain link) impact simulations are compared to those using a
3D flexible slender rod in ABAQUS. The impact forces and pressures due to different
velocities will later be related to the ANSYS AQWA model mooring line velocities at
different points of contact along the mooring line. The velocities used in this analysis

were obtained from the underwater video analysis in Chapter 3.4.

4.1.1. Geometry of the model

The 20 mm diameter studless chain CAD geometry is shown in Figure 4.1 below. To
save computational time, only a single link of chain was simulated in ABAQUS. The
contact force of a single chain link well represents all mooring chain links in contact
with the seabed when impact velocity is the same. Results presented in Section 4.1.7
show that the seabed impact pressure and force due to the impact velocity are the
same for 0.12 and 1 m long rods (both rods with the same diameter). The simulated
short rod (0.12 m long) represents a single link rod that makes up the entire mooring
line. The 1 m rod represents a series of 0.12 m short rods that makes up 1 m rod.
Therefore, a single chain link impact pressure and force shown in Figure 4.1 below will

be the same as long as the impact velocity is the same.

CL [ DS

Figure 4.1: CAD geometry of the 20 mm diameter chain
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The seabed geometry is shown in the next Figure 4.2. The dimensions of the seabed
geometry are 0.08 x 0.15 x 0.25 m. The region where the chain link contacts the seabed
was meshed with a fine mesh and is shown by the partitioned region.

Partitioned geometry region for mesh
refinement

Figure 4.2; Seabed geometry

4.1.2. Material property definition

The mooring chain link was modelled as a 3D homogenous solid using steel properties
shown in Table 4.2 below. Appendix E shows the dimensions of the 14 and 16 mm

diameter studless chain links.

Table 4.2: Steel chain properties of 20 mm chain

Chain Mooring Line properties
Parameter Value Units References
Nominal diameter 14,16 & 20 | mm Appendix E
Steel density, p 7800 | kg/m® Appendix B
Poisson’s ratio, v 0.3 Appendix B
Young's modulus, E 200E9 Pa Appendix B

The seabed was modelled as an elastic foundation using soil properties with the contact
friction coefficient of 0.74 for sand recommended by Taylor & Valent (1984). The elastic
foundation makes a simplifying assumption of neglecting cohesion and adhesion
effects of the seabed soil. Yu & Tan, (2006) used elastic and elastic-plastic models for
modelling the mooring chain-seabed contact using ABAQUS/Standard contact

algorithms. Yu & Tan also stated that “The elastic foundation can be used for the
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calculation of cable/seabed interaction with adequate accuracy”. The following Table
4.3 shows the seabed soil properties used for the elastic foundation model. (See
Appendix B for the seabed sand properties).

Table 4.3: Seabed soil properties

Seabed dense sand properties
Parameter Value Units Reference
Sand density, p 1922 | kg/m3® | Appendix B
Poisson’s ratio, v 03] - Appendix B
Young's modulus, E 1440 000 000 Pa Appendix B
Friction coefficient 0.74 | - (Taylor & Valent, 1984)
4.1.3. Mesh

Figure 4.3 below show the 3D chain link meshed with quadratic tetrahedral elements
of type C3D10M. ABAQUS has four types of solid elements which are hexahedral, Hex-
dominated, tetrahedral and wedge elements (see Figure 4.5 ). The tetrahedral element
type selected is described as C3D10M. C3D10M stands for a 10-node modified
quadratic tetrahedron by using an explicit element type. C3D stands for a three-
dimensional continuum and 10 stands for a 10-node quadratic tetrahedral. “Quadratic
elements provide more accurate results than linear elements, but increase the

computational time as well” (Bjgrnsen, 2014).

Figure 4.3: Single chain link meshed (stud link)

For the elastic foundation, linear hexahedral element type C3D8R was selected and is
described as an 8-node linear brick element with reduced integration and hourglass
control. “Hourglass control prevents mesh instability due to spurious deformation mode
of a Finite Element Mesh” (Belytschko et al., 1984).
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Figure 4.4: Elastic foundation mesh

Linear: ' S

Quadratic:

Tetrahedr Triangular Hexahedr

Figure 4.5: Linear and Quadratic Solid elements

(Adapted from Bjgrnsen, 2014)

4.1.4. Contact

The chain link-seabed impact was modelled using ABAQUS/Explicit general contact.
The contact region between the chain link and the seabed is shown in Figure 4.6. The
“Explicit General contact” interaction property between the chain link and the seabed
was defined by the “normal behaviour” and “tangential behaviour” contact properties.
The “tangential behaviour” penalty contact friction coefficient of 0.74 was set.

In ABAQUS /Explicit, the solution for a particular time step is solved based on the
history of the previous step. At the end of each time step, the updated system matrices
is executed and the new system of equations is solved without iteration. If the

increments are small enough accurate results will be computed, otherwise the solution
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will diverge. This is due to the fact that the equilibrium is not strictly enforced (ABAQUS,
2012).

Figure 4.6: Chain link and seabed contact surfaces

4.1.5. Boundary Conditions and Loading

The loading on the chain link was defined using “velocity field” option; velocities of 1,
3, 5, 6, 8 and 10 m/s were varied. These velocities were selected based on the
measured underwater chain velocity time-history shown in Figure 4.8. The seabed
elastic foundation was fixed on all sides except the top side where the chain link
impacts the seabed. Figure 4.7 shows boundary conditions regions and the chain-link
velocity field. The elastic foundation sides were fixed with “Encastre” boundary

condition as shown.

The ANSYS AQWA software ignores the friction of the mooring section lying on the
seabed. In reality, the seabed experiences (1) friction due to the vertical contact force
of the mooring chain, (2) friction in the longitudinal direction of the chain (when the
chain drags along its axis) and (3) friction in the transverse direction (when the mooring
chain sweeping across the seabed). Due to the complexity of analysing the mooring
chain movement in the longitudinal and transverse directions in ABAQUS, this study
this focuses on the assessment of the vertical impact of the mooring chain.

Furthermore, the underwater video footage obtained of the mooring chain impacting
the seabed showed the vertical movement of the mooring chain predominant than the
longitudinal and transverse movements. Last of all, the vertical impact assessment of

the mooring chain on the seabed was also requested by marine biologist who noticed
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an interaction between the mooring chain and the seabed as stated in the introduction

of this thesis.

Normal direction

»?

Figure 4.7: Chain-Seabed boundary conditions and

loading

Figure 4.8 shows the scatter plot of the measured chain velocity from Tracker in
Chapter 3.4. This figure shows that the most expected maximum values fall in the range
-8.01 and 8.14 m/s.
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Figure 4.8: Chain velocity scatter plot
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The radar plot clearly shows how the velocity is distributed in the next Figure 4.9.

0
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Figure 4.9: Chain velocity radar plot

4.1.6. Results

The results of the analyses are presented as CNORM (Normal Contact force),
CPRESS (Contact Pressure) and S (von Mises) stress. The stresses as a result of the
chain-link impacting the seabed at 1 and at 10 m/s are shown respectively in all three
chain-link sizes; while the stresses, contact pressures and contact forces on the
seabed for the 20, 16 and 14 mm chain links is shown by evaluating the impact at 1, 3,
5, 6, 8, and 10 m/s.
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4.16.1. 20 mm chain results
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Figure 4.10: Chain link-seabed contact stresses, pressures and forces at 1 m/s for the 20 mm

diameter chain

Figure 4.10 above show the seabed contact forces when the 20 mm chain link impacts

the seabed at 1 m/s. The average contact force at this velocity was found to be 19.41

N; while the Von Mises stress on the 20 mm chain link was found to be 6.74 MPa. It

was noticed that the Von Mises stresses on the seabed are higher than those on the

chain link. This is because the seabed is made of soil which has low elastic modulus

compared to the high elastic of steel chain link.
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Figure 4.11: Chain link-seabed contact stresses, pressures and forces at 3 m/s for the 20 mm

diameter chain
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Figure 4.12: Chain link-seabed contact stresses, pressures and forces at 5 m/s for the 20 mm

diameter chain




Max: 33.61E+06
Elem: Deform floor-1.17445
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(a) Von Mises stresses on the seabed (Pa)
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(c) Contact pressure on the seabed (Pa)
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16.80E+06 16.80E+06
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(b) Von Mises
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(d) Contact force on the seabed (Pa)

Figure 4.13: Chain link-seabed contact stresses, pressures and forces at 6 m/s for the 20 mm

diameter chain
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44,67E+06
40.95E+06
37.23E+06
33.50E+06
29.78E+06
26.06E+06
22.34E+06
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Node: 33861

(a) Von Mises stresses on the seabed (Pa)
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20.65E+06
0.00E+00

Max: 247.81E+06
Node: Deform floor-1.18188

(c) Contact pressure on the seabed (Pa)
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33.50E+06
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26.06E+06
22.34E+06
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11.17E+06
7.45E+06
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Elem: Deform floor-1.11844
Node: 33861

(b) Von Mises stresses (Top view)
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0.00E+00

Max: 242.30E+00
Node: Deform floor-1.18188

(d) Contact force on the seabed (Pa)

Figure 4.14: Chain link-seabed contact stresses, pressures and forces at 8 m/s for the 20 mm

diameter chain
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Figure 4.15 below show the maximum contact forces on the seabed when the chain
link impacts the seabed at 10 m/s. The maximum contact forces were averaged by only
considering the first four maximum contact forces. The average contact force was found
to be 385.44 N (Figure 4.15 (a)), the corresponding contact pressure was found to be
499 MPa (Figure 4.15 (b)). The chain link stresses are shown by (Figure 4.15 (a) & (b)).
The maximum contact stress on the chain is shown to be 38.41 MPa. This is below the
400 MPa steel yield strength, this shows that the chain has insignificant deformation as
it impacts the seabed.

S, Mises S, Mises
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(a) Von Mises stresses on the seabed (Pa) (b) Von Mises stresses (Top view)
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Elem: Deform floor-1.14168
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Elem: Deform floor-1.14168 Node: 14399
Node: 14399
(c) Von Mises stresses on the seabed (Pa) (d) Von Mises stresses (Top view)
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83.20E+06 81.14E+00
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0.00E+00 0 b0E+00
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Node: Deform floor-1.18118 Max: 486.86E+00

Node: Deform floor-1.18118

e) Contact pressure on the seabed (Pa) (f) Contact force on the seabed (Pa)

Figure 4.15: Chain link-seabed contact stresses, pressures and forces at 10 m/s for the 20 mm
diameter chain
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4.1.6.2. 16 mm chain results

S, Mises S, Mises
Avg: 759 (Avg: 75%)
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i 2.04E+06
T 2.04E500 1.86E+06
- 1.86E+06 1.68E+06
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1.14E+06 L g;gggg+83
. + . +03
950.29E 103 L3334 103
599.56E+03 419.55E+03
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(d) Von Mises stresses on the seabed (Pa)
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(f) Contact pressure on the seabed (Pa)
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(a) Von Mises stresses, XZ plane (b) Von Mises stresses, ZX plane (c) Von Mises stresses, 3D plane
(Top of chain link) (Pa) (Bottom of chain link)
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4.26E+06
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0.00E+00

Max: 5.11E+06
Elem: Deform floor-1.15116
Node: 37094

(e) Von Mises stresses (Top view)

CNORMF General_Contact_Domain, Magnitude

22.63E+00
20.74E+00
18.86E+00
- 16.97E+00
- 15.09E+00
13.20E+00
11.31E+00
9.43E+00
7.54E+00
5.66E+00
3.77E+00
1.89E+00
0.00E+00

Max: 18.02E+00
Node: Deform floor-1.1501

(g) Contact force on the seabed (N)

Figure 4.16: Chain link-seabed contact stresses, pressures and forces at 1 m/s for the 16 mm

diameter chain
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(a) Von Mises stresses on the seabed (Pa)
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(c) Contact pressure on the seabed (Pa)
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(b) Von Mises stresses (Top view)
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Node: Deform floor-1.12720

(d) Contact force on the seabed (Pa)

Figure 4.17: Chain link-seabed contact stresses, pressures and forces at 3 m/s for the 16 mm

diameter chain
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(a) Von Mises stresses on the seabed (Pa)
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(c) Contact pressure on the seabed (Pa)
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(b) Von Mises stresses (Top view)
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Node: Deform floor-1.10084

(d) Contact force on the seabed (Pa)

Figure 4.18: Chain link-seabed contact stresses, pressures and forces at 5 m/s for the 16 mm

diameter chain
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(a) Von Mises stresses on the seabed (Pa)
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(c) Contact pressure on the seabed (Pa)
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(b) Von Mises stresses (Top view)
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(d) Contact force on the seabed (Pa)

Figure 4.19: Chain link-seabed contact stresses, pressures and forces at 6 m/s for the 16 mm

diameter chain

(a) Von Mises stresses on the seabed (Pa)
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(b) Von Mises stresses (Top view)
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Node: Deform floor-1.1325

(d) Contact force on the seabed (Pa)

Figure 4.20: Chain link-seabed contact stresses, pressures and forces at 8 m/s for the 16 mm

diameter chain
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S, Mises S, Mises
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(a) Von Mises stresses, XZ plane
(Top of chain link)(Pa)

S, Mises
(Avg: 75%)

41.50E+06
38.04E+06
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Node: 15493

(e) Von Mises stresses (Top view)
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Node: Deform floor-1.10000

(g) Contact force on the seabed (N)

Figure 4.21: Chain link-seabed contact stresses, pressures and forces at 10 m/s for the 16 mm

diameter chain
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4.1.6.3. 14 mm chain results
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(a) Von Mises stresses, XZ plane
(Top of chain link) (Pa)

S, Mises
(Avg: 75%)

| 3.79E+06

631.16E+03
315.58E+03
0.00E+00

Max: 3.79E+06
Elem: Deform floor-1.8764
Node: 8954
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(e) Von Mises stresses (Top view)
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Node: Deform floor-1.11619

(g) Contact force on the seabed (N)

Figure 4.22: Chain link-seabed contact stresses,

diameter chain

pressures and forces at 1 m/s for the 14 mm
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(b) Von Mises stresses (Top view)
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(d) Contact force on the seabed (Pa)

Figure 4.23: Chain link-seabed contact stresses, pressures and forces at 3 m/s for the 14 mm

diameter chain
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Figure 4.24: Chain link-seabed contact stresses, pressures and forces at 5 m/s for the 14 mm

diameter chain
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Figure 4.25: Chain link-seabed contact stresses, pressures and forces at 6 m/s for the 14 mm
diameter chain
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Figure 4.26: Chain link-seabed contact stresses, pressures and forces at 8 m/s for the 14 mm
diameter chain
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Figure 4.27: Chain link-seabed contact stresses, pressures and forces at 10 m/s for the 14 mm

diameter chain

4.1.6.4.

Summary of velocity versus contact force graphs and equations

The next Figure 4.28, Figure 4.29 and Figure 4.30 show the velocity plot versus the
seabed contact force. As mentioned before, seabed impact velocities of 1, 3, 5, 6, 8
and 10 m/s were analysed by evaluating the 20, 16 and 14 mm diameter chain sizes.
The highest seabed contact pressure were observed to occur when the 20 mm
diameter was used, this result is what is expected as larger diameter chains have more
contact area than smaller chain sizes.

The relationship between the 20 mm chain impact velocity and the seabed contact can
be described by a cubic function, obtained by regression, as in the following equation:

Equation 4.1

Fenaintine = 1.2524V3 0000 + 17.716V% 1pace + 96,610 +67.912 ... 20

mm chain velocity impact equation
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This equation can further be used for predicting seabed contact pressures and forces
for other velocity values of interest when the 20 mm diameter chain is used.
Likewise, Figure 4.29 (16 mm chain link) and Figure 4.30 (14 mm chain link) have the
cubic polynomial regression in the form the following equations:

Equation 4.2

Fenaintine = —0.19v3 p00e + 2.333v% a0 + 9.0115v — 8.7346....16 mm

chain velocity impact equation
Equation 4.3

Fenaintink = 0470403 0000 + 6.886202 000 + 421120 — 23.479.......... 14 mm

chain velocity impact equation

In Figure 4.28, Equation 4.1 can be used for determining the contact force in
Newton’s and contact pressure in mega Pascal’s. This is also true for Figure
4.29 and Figure 4.30.

20 mm chain velocity graph
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Figure 4.28: Seabed contact forces by the 20 mm chain
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Figure 4.29: Seabed contact forces by the 16 mm chain

14 mm chain velocity graph
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Figure 4.30: Seabed contact forces by the 14 mm chain

The reason we have chosen a cubic polynomial over a linear regression is the apparent
point of inflection observed on some of the curves more clearly than others. The reason
for the point of inflection is a more complex relationship between the velocity and impact
pressure due to the changing surface area in contact as the cylindrical (through the
thickness) chain link penetrates the substrate. The changing shape and corresponding
surface area change results in a more complex change in pressure and frictional force

than a simple linear relationship.
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The 20 mm chain link produces the greatest seabed impact force, this was followed by
the 16 mm diameter chain link. The 14 mm diameter chain link produced the least
seabed impact force. The contact forces for the three chain sizes are all shown in
Figure 4.31 below.

E =0 385.44
S 400 :
o 350
?
2 300
5 250 191.82 141.84
- 152.84
= 200 152.24 33.69 179.84
& 107.09
150 84.95
8 71.42 112.58
S 100 19.33 53.81 79.09 2043
5 19.41 50.40
g s |y I
S 0 [
© 1 3 5 6 8 10
Velocity (m/s)
=20 mm chain =16 mm chain 14 mm chain

Figure 4.31: Chain link-seabed contact forces (showing the 20, 16 and 14 mm
chain links)

4.1.7. Studless chain link seabed contact forces comparison with the slender rod
method

Slender rod method is mostly used for simplifying the chain geometry in many offshore
engineering numerical simulation codes (Garrett, 1982). The numerical simulation code
(ANSYS AQWA) used in this work also uses this method. The mooring chain is
represented by a circular section with a constant diameter. This method reduces

computational effort required to solve the complex geometry of chain links.
The equivalent diameter of the rod is obtained by 1.8D, where D is the nominal chain

link diameter. In this case the equivalent diameter of the 20 mm chain is 36 mm
diameter rod.
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Figure 4.32: 36 mm diameter slender rod (a) 1 m long, (b) 0.12 m long

The next Figure 4.33 shows comparisons of the ABAQUS simulation results using 0.12
and 1 m slender rod with the studless chain link. Both slender rods were simulated at
8 m/s using the same simulation procedure as for the single chain link shown

previously.

Figure 4.33 shows the following:

e The seabed contact pressure and force are the same for both the 0.12 and 1 m
long rods. The maximum contact pressure on the 1 m slender rod is shown to
be 323.67 MPa while the 0.12 m long rod is 324.72 MPa. The corresponding
maximum contact forces are shown to be 316.31 and 317.19 N for the 1 m and
0.12 m slender rods respectively.

e The seabed contact pressure and force were also found to be similar when
comparing the slender rod and the 20 mm studless chain calculated previously.
These were found to be 247.81 MPa and 242.3 N contact pressure and force.
The comparison between the 0.12 m rod and the 20 mm studless chain contact
pressure was found to be 26.87%, while the contact force difference was
26.77%.

This comparison above shows that the slender rod method overestimates the contact
pressure and force by about 27%. This difference may be due to the difference in the
contact cross-sectional area of the slender rod and the surface contact area of the

studless chain link.
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Figure 4.33: Contact pressure and force at 8 m/s on seabed using (a) & (b) 1 m rod, (c) &

(d) 0.12 m rod and (e) & (f) studless chain link
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4.2.

4.2

ANSYS AQWA model description and setup

This section presents a description of the ANSYS AQWA modelling procedure in detail.
It also presents the model setup with the input data used in this study.

.1. ANSYS AQWA simulation procedure description

The simulation procedure in ANSYS AQWA for the moored vessel can be summarised
by separating the model setup in four stages i.e. 1) Vessel construction, which is
obtained from the constructed CAD model, 2) Input data, which is the pre-processing
stage, 3) Simulation stage where the model input data are solved and 4) Result
Analysis, where the moored vessel response is obtained. These stages are shown
Figure 4.34.

*CAD __ *Pre-

processor

-Meshing
-Loads
-Solidworks )
geometry -Environment &

constraints
DS
QJj/j :‘l

-Images -Hydroynamic /
-Tables database /
-Graphs -Motion

-Animations EjponkE

*Post-
process

Figure 4.34: ANSYS AQWA Hydrodynamic Simulation Procedure

ANSYS AQWA Workbench interface is shown in Figure 4.35. It shows workflow
defining a system of analysis. The Hydrodynamic Diffraction is the pre-processor stage
where Hydrostatic Results of the vessel are determined. This stage comprises of
defining the mass distribution of the imported CAD geometry and defining the mass
distribution of the vessel. The Hydrodynamic Diffraction static results are then obtained
which include the Centre of Gravity (CoG) Position of the vessel, Centre of Buoyancy
(CoB) Position and Metacentric Heights which are the measurement of the initial static

stability of a floating vessel.
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The Static Response stage analyses the initial equilibrium position of the moored
vessel. It determines the vessel starting position before the simulation is run. Both
Hydrodynamic Diffraction and Static Response results are used as input data for the
Time Domain response stage. The Time Domain Response is the dynamic analysis
stage where sea conditions are applied i.e. ocean waves and currents. The wave can
either be regular or irregular waves. This study selected irregular waves as they best
represent the real world behaviour of ocean waves. The time-history of the vessel
position, velocity, acceleration, structural forces and mooring forces results are
obtained.

- A - B - C
= S 1 : :
I8 2 Hydrodynamic Diffraction L EE Hydrodynamic Response i g Hydrodynamic Response
2 0 Geometry v g M2 W) Geometry v 482 ) Geometry v 4
3§ Model o ———&3 §@ Model v ——&3 P Model v
4 @ setup v /04 § setup v —/. 4 @ setup v
5 Solution v 5 Solution v 5 |§F Solution v
& @ Results v 6 @ Results v 6 @ Results v

Hydrodynamic Diffradion StaticResponse Time DomainResponse

Figure 4.35: ANSYS AQWA Workbench project schematic

Figure 4.36 shows two sets of axes used in ANSYS AQWA. They are the FRA (Fixed
Reference Axes) and the LSA (Local Set of Axes). The FRA is the Global Axis System.
This system has its origin on the mean water surface with Z axis pointing upwards, X
and Y on the mean water surface. The mean water surface is at Z=0. This axis system

does not move at any stage of the ANSYS AQWA analysis.

Az

i

FRA Axes

Figure 4.36: Axes Systems

(Adapted from ANSYS Aqwa Theory Manual, 2015)
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The Local System Axis (LSA) has its origin at the CoG of the vessel, with X, Y and Z
axes parallel to the FRA when the vessel is in its initial definition position. X is along
the length of the vessel shown above, Y along the beam to port, and Z in the direction

of the cross product of X and Y. This axis system moves with the vessel.

The following steps were followed when setting up a model in ANSYS AQWA:

a) Geometry is attached — The CAD models of the both the 22 m and the 14 m vessels
were constructed in Solidworks using surfaces; the models were then exported to
ANSYS AQWA. (See Appendix C for 3D models).

b) Surface body definition — This was done in ANSYS AQWA ‘Design modeller’ where the
imported CAD geometry waterline was defined by splitting the geometry into Upper Hull
and Lower Hull. ANSYS AQWA only process surface and line bodies, hence the CAD
model was constructed in Solidworks using surface bodies instead of solid bodies.
Surface bodies are areas that can be meshed to create diffracting (submerged lower
hull) or non-diffracting elements (the exposed part of the vessel). Figure 4.37 shows

Lower Hull of a vessel below the water line.

Figure 4.37: Fishing vessel cut at the waterline (vessel Lower Hull in

yellow and Upper Hull in grey).

¢) Point mass definition - point mass is the mass inertia matrix that is defined via the
Radius of Gyration of the vessel. It defines the centre of mass of the vessel in x, y and
z coordinates. The mass distribution of the vessel (mass inertia matrix) is defined
by Ky, = 0.34 x width of the vessel, K,,,, = 0.25 = length of the vessel and K,, = 2.6 *
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d)

e)

f)

9)

length of the vessel. The vessel mass is defined in kg. Figure 4.38 shows centre of

mass of the vessel indicated by the green sphere.

0.000 5.000 10.000 (m)
I a0
2.500 7.500

Figure 4.38: Vessel centre of mass

Point Buoyancy — is defined by the submerged volume of the Lower Hull of the vessel.

Definition of connections to the vessel — a non-linear catenary section is selected as it
best represents the complex geometry of the mooring chain. The mooring chain is
simplified as a cable with equivalent section properties. The catenary data is then
defined after selecting non-linear catenary section option. This is where chain
properties are defined i.e. mass/unit length, equivalent cross-sectional area and
diameter, stiffness which is defined by EA (E is the elastic modulus and A the cross-

sectional area) and drag coefficients of the chain.

The model connection points where the mooring chain is connected are then defined;
the vessel anchor which is located on the seabed is defined as a fixed point. This point
is defined by x, y and z coordinates. The fairlead point is attached at the bow of the
vessel and is also defined by x, y and z coordinates; this point moves relative to the

vessel motions.

Mesh — the vessel surface body was meshed in ANSYS AQWA Hydrodynamic
Diffraction stage. Figure 4.39 shows the meshed 22 m vessel. The mesh is responsible
for discretising the vessel into elements and nodes where loads are be applied. ANSYS
AQWA has a limit of 40 000 elements for the floating object, of these, 30 000 may be
diffracting elements. The mooring chain has a limit of 250 elements, most studies use

100 elements for discretising the mooring line.
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Figure 4.39: Meshed vessel (22 m vessel)

The table below shows the types of elements that are used in ANSYS AQWA and their
description.

Table 4.4: Element types in ANSYS AQWA

Element | Description No of Material Property Geometric
type Nodes Property
QPPL Quadrilateral Panel 4 None None
TPPL Triangular Panel 3 None None
PMAS Point Mass 1 Mass Inertia
PBOY Point Buoyancy 1 Displaced mass None
TUBE Tube 2 Density Geometry
STUB Slender Tube 3 Mas and inertia Geometry
FPNT Field Point 1 None None
DISC Circular Disc 2 None Geometry

QPPL: This element generates pressure and hydrostatic forces only on the hull of the

vessel. Quadrilateral pressure plate of zero thickness.

Mormal points
Mode 4 it fluid

.!-‘-\_-\-\_\_\_\_
/ T Node3

——
Node 1 ——
e -\-\_"‘—\-\_\_\_

T
Node 2

Figure 4.40: Quadrilateral Panel element (QPPL)
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TPPL: This element generates pressure and hydrostatic forces only on the hull of the

vessel. Triangular pressure plate of zero thickness.

Normal points
into fluid

—\

B
Mode 2

Figure 4.41: Triangular Panel element (TPPL)

PMAS: The PMAS element generates mass forces only. Point mess element having
internal mass with the centre of mass coincident with a given node and specified values

of second moments of mass inertia.

PBQOY: The PBOY element generates hydrostatic displacement forces only on the hull

of the vessel. This is an external point buoyancy element without mass.

DISC: The DISC element has a drag coefficient and added mass coefficient in its
normal direction. When the mass is defined, it can be assigned geometry. This can
able used to define the mooring line cross-section.

s Node 2

Figure 4.42: The DISC Element

TUBE: Tubular element with uniform circular cross-section and constant wall thickness.

Forces on this element are calculated using Morison’s equation.

73



h)

)

j)

Node 1

EndCutl

Node 2

End Cut 2

Figure 4.43: The TUBE Element

FPNT: The FPNT Element defines the external fluid field point element used to define
the fairlead attachment point. This element gives the pressure head amplitude at a
specified point in the external fluid domain. FPNT elements are defined in the local
axes and move with the structure in which they are defined. The anchor is defined as

a fixed point.

Hydrodynamic Diffraction — this stage allows the user to obtain hydrostatic results of
the vessel using wave frequencies and directions. Various parameters can be
evaluated which include Diffraction and Radiation forces on the vessel, structural
damping, Response Amplitude Operators (RAOAS), hull pressure and motions, Centre
of Gravity (CoG) Position globally, Surge, Sway, Heave, Roll, Pitch, and Yaw, the
Centre of Buoyancy (CoB) Position of the vessel, Out of Balance Forces/Weight and
Small Angle Stability Parameters such as Metacentric Heights (GMX/GMY) and
Metacentric Heights (GMX/GMY).

Static Response — the static response analysis calculates the equilibrium configuration
of the vessel and forms the basis for the dynamic analysis stage (Time Domain

Response) of the moored vessel.

Time Domain Response — the ‘Irregular Wave Response’ setting is selected in order to
apply the Irregular wave type on this stage. The current profile is also defined. The
time-history of the vessel's position, velocity, acceleration, structural forces and
mooring forces are obtained in this stage. ANSYS AQWA has several predefined wave

models for representing various sea conditions.
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4.2.2. ANSYS AQWA model setup

Figure 4.44 below shows an example of the 22 m vessel single-point mooring system
in ANSYS AQWA environment. The dark blue arrow indicates the wave applied in the
X —direction, and the purple lines show the current direction and speed. The current is
shown to be defined at the origin. The yellow round object is a clump weight of

negligible mass used as a reference point for tracking the motion of the chain.

Figure 4.44 also shows the coordinate system that will be used to present results. The
X —direction represents the horizontal displacement (surge), taken as positive
forwards; Y- lateral (sway), positive to the port side, and Z-the vertical displacement
(heave), positive upwards. The displacements of the vessel are calculated from its
centre of gravity. The 22 m vessel geometry was meshed using 29 566 fine elements.

R «— Fairlead
: «—Wave direction ‘/Sea Surce
Origin (0, 0, 0 - Fairlead
Current - ((X, Y Z)) Clump weight
\ f Cable Anchor (fixed)
| Seabed \ :
| J_.
u A )lj

Figure 4.44: Single-point moored 22 m vessel

Table 4.5 shows properties of the 22 m vessel ‘Point Mass’ for defining the distribution
of the centre of mass. (The detailed dimensions of the 22 m vessel can be found in
Appendix C). The vessel parameters calculation are show in Appendix F.

Table 4.5: 22 m vessel properties

Parameter Value Units
Vessel dimensions 22 (Length) x 8.7 (width) x 4.45 (depth) m
Kyx 2.72 m
Ky, 55 m
K,, 5.72 m
Mass 123 000 kg
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The 22 m vessel connection points are shown in Table 4.6 below.

Table 4.6: Single-point mooring anchor coordinates for the 22 m vessel

Name Coordinates
x(m) | y(m) z (m)

Anchor 1 150 -100 -30

Fairlead 1 0 0 4

Figure 4.45 below shows an example the 14 m vessel single-point mooring system in
ANSYS AQWA environment. The vessel geometry was meshed using 15 983 fine
elements. (The detailed dimensions of the 14 m vessel can also be found in Appendix
C).

1

oo e -
[ i S

1501

Figure 4.45: Single-point moored 14 m vessel

Table 4.7 below shows the 14 m vessel properties for defining the distribution of the

centre of mass. The vessel parameters calculation are show in Appendix F.

Table 4.7: 14 m vessel properties

Parameter Value Units
Vessel dimensions 14 (Length) x 5 (width) x 2.2 (depth) m
Ky 1.7 m
K,y 3.5 m
K, 3.64 m
Mass 35 000 kg

The 14 m vessel connection points are shown in Table 4.8 below.

Table 4.8: Single-point mooring anchor coordinates for the 14 m vessel

Name Coordinates

x(m) | y(m) z (m)
Anchor 1 150 -100 -30
Fairlead 1 0 0 2
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The following Table 4.9 shows the mechanical properties of the 20, 16 and 14 mm
diameter chain sizes. The mooring chain drag coefficients were obtained from the
‘Offshore Standard ‘DNV-OS-E301’ document which recommends a normal drag
coefficient of 2.4 and axial drag coefficient of 1.15 for the studless chain without marine
growth (DNV, 2010).

The ANSYS AQWA computational model assumes that the mooring chain is a line with
a constant circular section, the equivalent chain properties were derived based on
derivations from OrcaFlex shown in Table 4.9. (OrcaFlex is a dynamic analysis tool for
offshore marine systems). The chain link bending stiffness has been set to zero
assuming that the links are subjected to very small moments (OrcaFlex, 2010). The
vessel parameters calculation are show in Appendix F. Appendix A shows the

mechanical properties of the type chain used.

Table 4.9: Mooring chains mechanical properties

The properties of an equivalent Cable connection

Chain diameter (D), mm OrcaFlex 20 16 14
derivation
Equivalent Diameter, (m) 1.8D 0.036 0.029 0.025
Mass/unit length (kg /m) 19.9 D? 7.96 5.09 3.9
Equivalent Cross-Sectional Area - 6.28E-04 | 4.02E-04 | 3.08E-04
(m?)
Stiffness, EA 0.85 x 108D?2 | 3.42E+07 | 2.19E+07 | 1.67E+07
Minimum break load (N) - 2.51E+05 | 1.61E+05 | 1.23E+05
Added Mass Coefficient - 1 1 1
Transverse Drag Coefficient - 24 24 2.4
Longitudinal Coefficient - 1.15 1.15 1.15
Chain length (m) 160 160 160
Chain No. elements 250 250 250

The minimum breaking load of the mooring chain was obtained from the manufacture’s
catalogue which can be found in Appendix A. The minimum breaking load describes

failure condition of the chain. The failure condition is defined by Equation 4.1.

Equation 4.1

FChain max tension > FMinimum break load

If the tension on the mooring line exceeds the minimum breaking load, the chain will
fail or break. This condition was monitored to check whether the chains fails for the
analyses in this study.
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Table 4.10 below shows the ocean environment conditions selected for all the types of
analysis in this study. The Pierson-Moskowitz Irregular wave spectrum was selected
for modelling ocean waves. This wave type is considered as a developed sea state and
is a good approximation of variable and complex ocean waves. Wave height and period
were varied in some analysis; therefore, they were left out of the table. These will be

specified for each type analysis in this study.

Table 4.10: Ocean environment data

Parameter Value Units
Water Density 1025 kg/m3
Ocean Depth 30 m
Wave Type Pierson-Moskowitz (Irregular wave) -
Direction of spectrum 180 °
Current speed (Uniform) 1 m/s

The simulation duration of 1200 s (20 minutes) and a time step of 0.1 s were used, this
was to ensure the dynamics of the mooring line impacting the seabed is well captured.

(The sea depth was obtained from skippers during site visit).
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4.3.

4.3

ANSYS AQWA model simulation results

The section presents the ANSYS AQWA model results. Firstly, the ANSYS AQWA
model velocity is correlated to the measured underwater chain velocity. Secondly, the
effect of varying wave height and period mooring line impact on the seabed is
investigated. Thirdly, three mooring line configurations are studied for investigating
their effect on the seabed. Lastly, three mooring chain sizes are varied for studying
their effect on the seabed. The section also presents comparisons between the effects
of the single-point versus the two-point mooring systems.

.1. ANSYS AQWA model correlation with underwater chain velocity

The ANSYS AQWA model was calibrated by correlating it with the underwater chain
velocity obtained in Chapter 3.4. The calibration was done by varying the wave height
and period while other parameters were kept constant (this effect is fully investigated
in Chapter 4.3.2). Four points along the mooring line which constantly made contact
with the seabed during the simulation were tracked. The video analysis procedure
described in Chapter 3.4 for tracking points in contact was used. This correlation
between the underwater video analysis velocity and ANSYS AQWA model velocity can

also be used for estimating realistic sea conditions.

For this analysis, both the 14 and 22 m vessels were simulated. Figure 4.46 and Figure
4.47 shows the mooring line profiles of both vessels which were anchored using the 20
mm diameter chain. The mooring line motion in the ANSYS AQWA model was
observed to behave similarly to the mooring line motion observed from the underwater

video footage.

The simulated single-point mooring system on the 22 m vessel has been stored on the
following: https://www.youtube.com/watch?v=IYRUDWr3ZT4&t=13s.

The simulated single-point mooring system on the 14 m vessel has been stored on the

following: https://www.youtube.com/watch?v=rpVwcQ7WbSc.

In Figure 4.46, the mooring line profile and tension with a time stamp are shown for 22
m single-point moored vessel for the simulation of 1200 s. The vertical (in Z direction)
and horizontal (in X direction) components of tension are shown. The lateral (in the Y-
direction) tension values has been left out as they were found insignificant. Figure 4.47

also shows the same results on the 14 m vessel.
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a) Simulation time 242.4 s ; Tension in X=1.16 kN; Tension in Z=3.41 kN.

b) Simulation time 400 s; Tension in X=9. kN; Tension in Z=9.11 kN.

¢) Simulation time 594.4 s Tension in X=165.10 kN (max); Tension in Z=5.53 kN.

d) Simulation time 996 s; Tension in X=8.28 kN; Tension in Z= 85.49 kN (max).

Figure 4.46: Mooring line profile of the 22 m vessel single-point for 1200 s
simulation duration
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a) Simulation time 200.3 s; Tension in X=2.68 kN; Tension in Z= 7.57 kN.

b) Simulation time 323 s; Tension in X= 94.39 kN (max); Tension in Z=5.15 kN.

¢) Simulation time 332.2 s; Tension in X= 93.59 kN; Tension in Z= 59.14 kN (max).

d) Simulation time 780.00 s; Tension in X=14.21 kN; Tension in Z=10.25 kN.

Figure 4.47: Mooring line profile of the 14 m vessel single-point for 1200 s
simulation duration

The observation from these two figures above shows the 22 m moored vessel mooring
chain fully stretching, while the 14 m moored vessel does not fully stretch. In this study,
the 22 m vessel was used for correlating the underwater video analysis results for
estimating the possible ocean conditions. The 14 m vessel has not been used for
making correlations as it showed slack mooring line with considerable amount of

mooring line lying dormant on the seabed.

The next Figure 4.48 illustrates an example of the Tracker video analysis performed to
determine the mooring chain velocity in ANSYS AQWA. One clump weight is shown as
an example where the motion was tracked. However, four clump weights were used as

reference points for tracking.



Calibration distance (30 m)

Search region

Discrete point (Clump weight)

. 4
Origin (0,0,0) — .

Figure 4.48: ANSYS AQWA video analysis using Tracker

Table 4.11 shows the results of the four points tracked in ANSYS AQWA. These results
showed good correction compared to the underwater video analysis results previously
shown in Figure 3.8. In this study, the contact velocity was obtained by finding the
average between the maximum and minimum velocities for each point. The table shows

the average seabed contact velocity of about 6.4 m/s.

Table 4.11: Wave conditions used for motion correlation

Wave condition 5: Wave height=2.5 m; Wave period=7 s
Velocity (m/s)
Velocity points Max Min Mean
Point 1 8.04 4.75 6.40
Point 2 7.93 4.43 6.18
Point 3 7.09 4.32 5.71
Point 4 3.00 2.30 2.65
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4.3.2. Effect of wave height and period on the 22 m single-point moored vessel

The effect of varying the wave height and period results are shown in Table 4.12. These
results were conducted on the 22 m long single-point moored vessel with a 20 mm
diameter chain. The ocean depth, current and the mooring line length were kept
constant. Table 4.13 shows the corresponding seabed pressure and force due to the
impact velocity at various contact points (at the touch-down point) along the mooring
line.

Table 4.12: Effect of wave height and period results

Wave condition 1: Wave height=1 m; Wave period=7 s

Parameter Max Min Mean STD

Resultant Tension (kN) 23.93 | 1.30 | 5.07 1.72
Laid Length (m) 118.61 | 79.06 | 103.00 | 7.79
Anchor Uplift force (N) 3.06 |0.003| 0.17 0.28

Wave condition 2: Wave height=1 m; Wave period= 10 s

Parameter Max Min Mean STD

Resultant Tension (kN) 22.08 | 1.84 | 4.63 1.23
Laid Length (m) 113.82 | 88.19 | 103.51 | 5.28
Anchor Uplift force (N) 0.33 | 0.001| 0.03 0.05

Wave condition 3: Wave height=2 m; Wave period=7 s

Parameter Max Min Mean STD
Resultant Tension (kN) 106.96 | -4.52 | 10.85 | 10.13
Laid Length (m) 11143 | 4.63 | 75.48 | 19.06
Anchor Uplift force (kN) 1159 | -0.08 | 0.04 | 0.44
Wave condition 4: Wave height= 2 m; Wave period= 10 s
Parameter Max Min Mean STD
Resultant Tension (kN) 61.98 | -1.69 | 7.17 5.26
Laid Length (m) 107.62 | 29.98 | 87.40 | 12.66
Anchor Uplift force (N) 580.09 | 0.01 | 4.26 |25.46
Wave condition 5: Wave height=2.5 m; Wave period=7 s
Parameter Max Min Mean STD
Resultant Tension (kKN) 17413 | -6.26 | 15.33 | 19.15
Laid Length (m) 110.23 | 4.02 | 63.11 | 23.30
Anchor Uplift force (kN) 1858 | -0.75 | 0.21 1.07

Note that the negative tension values in the table above indicate cable slack on the
mooring line. Thus, all negative values for the tension and anchor uplift forces are taken

as zero.
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Due to the ANSYS AQWA software output file limitation of the lack of the time-history
of velocities along the mooring line (mooring line nodes). A maximum of four points
were selected for tracking the maximum and minimum impact velocities. These are
shown in the table below. The contact pressure was found by using Equation 4.1
obtained from ABAQUS simulations.

Table 4.13: Seabed contact Pressure and Force due to various contact points velocities

Wave condition 1: Wave height=1 m; Wave period=7 s

UEI_DC'W (m/s) Mean contact pressure | force (MPa / N)
Parameter Max Min Mean
Paoint 1 Mo contact |Mo contact | Mo contact -
Point 2 268 1.05 1.87 42 48
Point 3 1.04 0.50 0.7 29.61
Point 4 Mo motion | Mo motion | Mo maotion

Wave condition 2: Wave height= 1 m; Wave period=10s

UEI_DC'W (m/s) Mean contact pressure | force (MPa / N)
Parameter Max Min Mean
Paoint 1 Mo contact |Mo contact | Mo contact -
Point 2 1.79 1.14 1.47 36.96
Point 3 0.1 0.780 0.a0 2982
Point 4 Mo motion | Mo motion | Mo maotion

Wave condition 3: Wave height= 2 m; Wave period=7 s
Velocity (m/s)

Mean contact pressure | force (MPa / N)

Parameter Max Min Mean
Paoint 1 6.27 3.7 499 118.03
Paint 2 6.19 3.46 4.82 112.51
Paoint 3 5463 3.37 4.45 100.91
Paoint 4 1.34 0.50 092 30.95

Wave condition 4: Wave height= 2 m; Wave period=10s
Velocity (m/s)

Mean contact pressure | force (MPa / N)

Parameter Max Min Mean
Paoint 1 Mo contact |Mo contact |Mo contact -
Paoint 2 492 3.69 4.3 96.59
Paoint 3 3.06 1.50 228 4920
Paoint 4 Mo motion | Mo motion | Mo motion

Wave condition 5: Wave height= 2.5 m; Wave period=17 s
Velocity (m/s)

Mean contact pressure | force (MPa / N)

Parameter Max Min Mean
Foint 1 8.04 475 6.40 170.86
Paint 2 793 443 6.18 162.03
Paoint 3 7.09 432 571 143.49
Paoint 4 3.00 2.30 265 56.06
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The outcomes of the comparison in Table 4.12 showed that wave condition 5 had the
highest mooring line length interacting with the seabed with the highest impact
pressure. This mooring line length more frequently lifts up and drops back down on the
seabed than during all the other wave conditions evaluated.

The effect of varying the wave height and period showed that the mooring line profile
is greatly influenced by the decrease in wave period and an increase in wave height.
This consequently increased the interaction of mooring line laid length with the seabed.
The corresponding mooring line impact pressure and force on the seabed also
increased when the have height was increased with a decreased wave period. This

also increased the tension at the fairlead as well as anchor uplift forces.

The increase in wave period from 7 to 10 s resulted in more slack of the mooring line
profile; while the decrease in wave period from 10 to 7 s resulted in both slack and taut
mooring line profiles when the wave height was doubled from 1 to 2 m. The increase
in the slack of the mooring line profile resulted in a portion of the mooring line laid length
on the seabed inactive. Figure 4.49 and Figure 4.50 shows the slack mooring line
profiles with a large portion of the mooring line length lying dormant on the seabed for

wave condition 1 and 2.

The comparison between wave conditions 1 and 2 shows the effect of the wave period
when the wave height is kept constant. Figure 4.49 and Figure 4.50 demonstrates this
effect on the mooring line profile showing both mooring line profiles which are almost
identical. However, wave condition 1 showed slightly higher maximum tension which
was 8.04% more than the tension in wave condition 2. The mooring line laid length on
the seabed of these wave conditions was found to be the least when all five wave
conditions were compared. Wave condition 1 also shows a slight increase of the
mooring line interaction with seabed compared to wave condition 2 (see

Figure 4.55). This outcome shows that short wave periods reduces slack on the mooring

line profile and increases mooring line seabed interaction.

The mooring line impact pressure on the seabed due to wave condition 1 and 2 was
found to be the least in all five wave conditions investigated. This can be seen in Table
4.13 which showed the maximum mooring line impact pressure of 42.48 and 36.96

MPa for wave conditions 1 and 2 respectively.
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The mooring line length which interacts with the seabed dramatically increased when
the wave height was doubled. This increase of the mooring line interaction with seabed
was observed when comparing wave conditions 3 and 4. The comparison distinctively
showed the effect of the wave period and height as was observed from the comparisons
in wave conditions 1 and 2. Figure 4.51 and Figure 4.52 illustrates the mooring line
profile of the two wave conditions mentioned. As can be seen, the wave period of 10 s
resulted in more slack of the mooring line profile with more mooring line laid length lying
on the seabed; while the wave period of 7 s (in Figure 4.51) shows both slack and taut

mooring line profiles with a large portion of the mooring line interacting with the seabed.

Figure 4.51 also shows tension for each profile at a specific time. The mooring line
touch-down point (TDP) was found to dynamically vary with time as stated in the
literature. The mooring line length interacting with the seabed for wave condition 3 was
found to be in the range of about 4.63 to 111.43 m, with the average length of about
75.48 m and a standard deviation (STD) of about 19.06 m. Wave condition 4, the
mooring line length interacting with seabed was found to be in the range of about 29.98
to 107.62 m, with the average length of about 87.40 m and a standard deviation (STD)
of about 12.66 m. As can be observed, wave condition 4 had the least mooring line laid
length interaction on the seabed when compared to wave condition 3 which showed
more frequent interaction (

Figure 4.55).

The effect of increasing the wave height from 1 to 2 m with the wave period of 10 s
showed an increase in the mooring line impact pressure on the seabed from 36.96 to
96.59 MPa. A decrease of the wave period from 10 to 7 s with the same increase of the
wave height from 1 to 2 m showed an increase in the mooring line impact pressure on
the seabed from 42.48 to 1118.03 MPa.

The slack mooring line profile was also found to be associated with reduced tension at
the Fairlead. This tension was found to be 61.98 kN for wave condition 4 and 106.96
kN for wave condition 3 which showed an increase in tension. The corresponding
anchor uplift forces were found to be directly proportional to the tension at the Fairlead.
These forces were found to be 11.59 kN and 580.09 N for conditions 3 and 4

respectively.

Wave condition 5 (2.5 m wave height and 7 s wave period) showed the most interaction

of the mooring line with the seabed. The mooring line laid length interacting with seabed
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is shown to be in the range of about 4.02 to 110.23 m, with the average length of about
63.11 m and a standard deviation (STD) of about 23.30 m

Figure 4.55 show the time-history of mooring line laid length on the seabed. As can be
seen, wave condition 5 shows the highest peaks followed by wave condition 3 (when
the wave height is 2 m with 7 s wave period). This high interaction of the mooring line
corresponds with slack and taut mooring line profiles shown in Figure 4.53. In this
instance, the mooring line is observed to fully stretch and then becomes slack. This
was phenomenon was observed to be repetitive over the simulation duration of 1 200

S.

The maximum mooring line impact pressure on the seabed in this wave condition was
found to be 170.86 MPa which was found to be the highest in all wave conditions

investigated.

The mooring line maximum tension at the Fairlead is also shown to be 174.13 kN.
Figure 4.54 (b) show the time-history of tension at the Fairlead. High mooring line
tension was found to have a linear relationship with the increase in wave height and a

decrease in wave period.

The corresponding forces that act on the anchor which are termed ‘Anchor uplift force”
are also shown; the maximum force acting on the anchor of about 18.81 kN was found
to be the highest in all wave conditions. Figure 4.56 (b) show the time-history of anchor

uplift forces.

In summary, the mooring line impact pressure on the seabed was found to be
influenced by the velocity of the chain link impact and its diameter. The impact pressure
on a longer section of the mooring line was found to be the same if the impact chain

links have the same impact velocity.

Results obtained in this section clearly show that an increase of the chain impact
velocity causes an increase in impact pressure of the chain. This increase of the
mooring chain link impact velocity was found to be associated with wave conditions 3
(when the wave height is 2 m with 7 s wave period) and 5 (when the wave height is 2.5

m with 7 s wave period).
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(a) Initial mooring line profile, Initial Cable Tension at start = 5.51 kN

-

(b) Simulation time = 0 s; Resultant Tension 0=N

(c) Simulation time = 251.40 s; Resultant Tension = 26.93 kN (max)

(d) Simulation time = 471.4 s; Resultant Tension = 7.05 kN

(e) Simulation time = 116.9 s; Resultant Tension = 8.07 kN

Figure 4.49: Mooring chain profile for 1 m and 7 s wave height and period
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(a) Initial mooring line profile, Initial Cable Tension at start = 5.51 kN

-

(b) Simulation time = 0 s; Resultant Tension = 0 kN

(c) Simulation time = 145.90 s; Resultant Tension = 3.68 kN

(d) Simulation time = 517.10 s; Resultant Tension = 3.843 kN

(e) Simulation time = 895.80 s; Resultant Tension = 22.08 kN (max)

Figure 4.50: Mooring chain profile for 1 m and 10 s wave height and period
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(@) Simulation time = 107 s; Resultant Tension = 16.53 kN

(b) Simulation time = 259.2 s; Resultant Tension =-91.82 kN

(c) Simulation time = 601.2 s; Resultant Tension = 41.93 kN (max)

(d) Simulation time = 776.6 s; Resultant Tension = 13.59 kN

(e) Simulation time = 960 s; Resultant Tension = 20.73 kN

Figure 4.51: Mooring chain profile for 2 m and 7 s wave height and period
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(a) Simulation time = 186.5 s; Resultant Tension = 7.35 kN

(b) Simulation time = 510.50 s; Resultant Tension = 7.69 kN

(c) Simulation time = 889.10 s; Resultant Tension = 61.98 kN (max)

(d) Simulation time = 981.20 s; Resultant Tension = 12.26 kN

Figure 4.52: Mooring chain profile for 2 m and 10 s wave height and period
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(a) Simulation time = 242.1 s; Resultant Tension = 5.64 kN

b) Simulation time = 400 s; Resultant Tension = 12.78 kN

(c) Simulation time = 594.2 s; Resultant Tension = 174.13 kN (max)

(d) Simulation time 875.7s; Resultant Tension = 21.44 kN

(e) Simulation time 1107.80 s; Resultant Tension = 46.89 kN

Figure 4.53: Mooring chain profile for 2.5 m and 7 s wave height and period
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22 m moored vessel resultant tension on the 20 mm chain
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(a) Wave conditions at 1 m wave height when varying 7 and 10 s periods

22 m moored vessel resultant tension on the 20 mm chain

100 300 500 700 OO0 1100

Time (s)

2.5 m wave height, 7 5 perod
2 m wave height, 105 perod
— 2 m wave height, ¥ = perod

(b) Wave conditions at 2.5 m wave height when varying 7 and 10 s periods

Figure 4.54: The effect of wave conditions on tension
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22 m moored vessel laid length on the 20 mm chain
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Figure 4.55: The effect of wave conditions on chain laid length
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(a) Wave conditions at 1 m wave height when varying 7 and 10 s periods
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Figure 4.56: The effect of wave conditions on anchor uplift forces
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4.3.3. Mooring system results using three configurations

The simulation results parameters that are of interest in this study are the vessel
displacements, the mooring chain tension, the mooring chain length laid on the seabed,
the anchor uplift forces and the seabed impact pressure and force. All these parameters
varied with time and were evaluated for 1200 s. The following three anchor
configurations were used in this study on both the 14 and 22 m vessels:

Configuration 1: Single-point mooring system with the anchor position in-line with the
vessel and the incoming waves (shown in Figure 4.57). Table 4.6 & Table 4.8 has
already provided anchor coordinates for the 22 and 14 m configurations.

Figure 4.57: Configuration 1 - Single-point mooring
system with anchor in line with waves and current
(top view)

Configuration 2: Single-point mooring system with the anchor position at an angle with

the vessel and incoming wave is shown in Figure 4.58.

Figure 4.58: Configuration 2 - Single-point mooring system with anchor at an angle with
incoming waves and current, (a) top view & (b) isometric view
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The 22 m vessel anchor connection points are shown in Table 4.14 below.

Table 4.14: Single-point mooring with ‘Anchor 2’ coordinates for the 22 m vessel

(anchor at angle)

Name Position

X (m) y (m) z (m)
Anchor 2 100 100 -30
Fairlead 2 0.01 1 4

The 14 m vessel anchor connection points are shown in Table 4.15 below.

Table 4.15: Single-point mooring with Anchor 2 coordinates on the 14 m vessel

Name Position

x (m) y (m) z (m)
Anchor 2 100 100 -30
Fairlead 2 0.01 1 2

Configuration 3: Two-point mooring system with vV’ shaped anchor is shown in Figure 4.59
below.

Figure 4.59: Configuration 3 - Two-point mooring system with ‘V’ shaped anchoring, (a) top
view & (b) Isometric view
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The 22 m vessel connection points with two anchors are shown in Table 4.16 below.

Table 4.16: Two-point mooring anchor coordinates on the 22 m vessel

Name Position

X (m) y (m) z (m)
Anchor 1 100 -100 -30
Anchor 2 100 100 -30
Fairlead 1 0.01 -1 4
Fairlead 2 0.01 1 4

The 14 m vessel connection points with two anchors are shown in Table 4.17 below.

Table 4.17: Two-point mooring anchor coordinates on the 14 m vessel

Name Position

X(m) | y(m) z (m)
Anchor 1 100 -100 -30
Anchor 2 100 100 -30
Fairlead 1 0.01 -1 2
Fairlead 2 0.01 1 2

The above three configurations were simulated with the wave height of 2.5 m and wave

period of 7 s.

The ANSYS AQWA model included sensitivity analysis for determining the best number
of mooring line elements for discretisation. Since the program only allows 250
maximum elements, most studies use 100 elements to discretise the mooring line. The
difference between using 100 and 250 elements was found to be 1.39%. This difference
was found by comparing the mooring line maximum tension when using 100 and 250

elements.

The maximum horizontal tension of 167.4 kN was obtained when 100 elements were
used, while the maximum horizontal tension force of 165.1 kN was obtained when 250

elements were used. This study used 250 elements for discretising the mooring line.

When the three configurations are solved numerically in ANSYS AQWA, the motion

response for the 14 and 22 m vessels is obtained. The initial hydrostatic results showed
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the 22 m vessel center of gravity of -13.24 m, while the 14 m vessel center of gravity
was -8.61 m. The full hydrostatic results which include Hydrostatic Stiffness, the center

of buoyancy and stability parameters can be found in Appendix D.

The next Figure 4.60 shows the horizontal displacements of both vessels using the
three mooring line configurations mentioned above. The displacements are calculated
at the CoG of the vessel.

When Figure 4.60 (a) & (c) are compared, the 14 m vessel in particular is shown to
have less horizontal displacements than the 22 m vessel. Since both vessels were
simulated under the same ocean conditions, this shows the effect of the mooring line
on large and small vessels. In this case, the mooring line induces high motion damping
on the 14 m vessel by counteracting the vessel motions due to the action of the wave
and current loads. However, when the wave direction changes (Configuration 2 -
anchor at an angle to the incoming wave) shown in Figure 4.60 (b), the 14 m vessel is

observed to have higher horizontal displacements than the 22 m vessel.

Since the mooring chain (line) has its highest stiffness (resistance) in the longitudinal
direction, this stiffness is low in its lateral direction (Y-direction). In this instance, in
Configuration 2, the 14 m vessel experienced high horizontal displacements because
of the low mooring line stiffness. The outcome from comparing results from Figure 4.60
(@) & (b) is that that the 20 mm mooring chain stiffness is low when the wave angle
changes and becomes high when the wave angle and the anchor are in the same
alignment. The 14 m vessel experienced low mooring chain stiffness in Configuration
2 and high mooring chain stiffness in Configuration 1. This shows that high mooring

chain stiffness results in less vessel displacements which agree with literature.

When Figure 4.60 (a) horizontal displacements are closely observed — Configuration 1,
this configuration shows the single-point mooring system on the 14 and 22 m vessels
with the least horizontal displacements amongst the three mooring line configurations
analysed. This is due to high mooring chain horizontal stiffness caused by the alignment
of the anchor and vessel to the incoming waves. The 22 m vessel is shown to have
slightly higher horizontal displacements than the 14 m vessel. The 22 m vessel was
displaced within the distance range of between -7.18 and +7.27 m with the STD
(Standard Deviation) of approximately 7.37, while the 14 m vessel was displaced within
the distance range of between —10.01 and 4.418 m with the STD of 2.88.
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Additionally, the 22 m vessel was observed to have a significant portion of the mooring
line lifting off and dropping back down on the seabed compared to the 14 m vessel (in
Configuration 1). The 14 m vessel was observed to have a significant amount mooring
chain lying dormant on the seabed; only a small portion was observed to be lifting off
and dropping on the seabed. Note that the displacement range is taken from the

simulation time of 20 — 1200 s when the vessel’s initial starting position was established.

A closer look at Figure 4.60 (b) shows the single-point 14 m moored vessel in
Configuration 2 with the highest horizontal displacements in all three configurations;
this was followed by the 22 m vessel with high horizontal displacements on the same
configuration. The 22 m vessel was displaced within the distance range of between —
0.21 and +56.94 m with the STD of 7.37; while the 14 m vessel was displaced within
the distance range of between —6.57 and +54.44 m with the STD of 12.26. The
difference on the horizontal motion between the two vessels is shown by the great STD
of approximately 12.16 m on the 14 m vessel. Note that this range is taken from the

simulation time of 30 — 1200 s when the vessel’s initial starting position was established.

Figure 4.60 (c) shows the horizontal displacements of the two-point moored 14 and 22
m vessels using Configuration 3. In this configuration, the horizontal displacements of
both vessels were observed to be the second highest when the three configurations
are compared. The 22 m vessel in particular, had higher horizontal displacements than
the 14 m vessel. The 22 m vessel was displaced within the distance range of between
—8.16 and 18.16 m with Standard Deviation two times greater than the 14 m vessel’s
Standard Deviation; while the 14 m vessel was displaced within the distance range of
between — 5.08 and 16.57 m with the STD of 3.02. Note that this range is taken from
the simulation time of 25 — 1200 s when the vessel’s initial starting position was

established.

The outcome from analysing the horizontal motion of the three configurations,
demonstrates that the anchor deployed at an angle to the incoming waves and the
vessel will result in high horizontal displacements of the vessel, especially smaller
vessels. This also implies that when the wave direction changes, the horizontal
excursions of the vessel increase accordingly. The result in the high horizontal
displacement of the both vessels is caused by low mooring chain stiffness due to the
wave approaching at an angle. This is because chain mooring lines have their highest

stiffness on their longitudinal axis.
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The 14 m vessel showed to have less displacement because of the presence of the 20
mm mooring line when the two anchors were used. In practice, smaller vessels mostly
use smaller chain sizes of 14 and 16 mm. This shows that when the two-mooring
system is used, smaller vessels (14 m vessel for example) will result in less
displacements when the 20 mm chain is used than large vessels (22 m vessel for
example). This also shows that heavier weight chain imposes high motion resistance
to the moored vessel, especially smaller vessels.

It is evident from the three mooring line configurations that the 14 m vessel has the
least amount of mooring chain lifting off and dropping back down on the seabed. This
suggests that the seabed footprint is high when larger vessels are used since they
imposed high dynamic forces on the mooring chain. The comparisons in Figure 4.60
show that the two-point mooring system has better vessel motion restriction when the
wave angle changes. This also suggests that if the wave direction slightly changes
during fishing, the two-point moored vessels will have less vessel displacement than
single-point moored vessels. However, the two-mooring system potentially increases

the mooring line footprint of the seabed.
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Figure 4.60: Horizontal displacements (X-direction) of the vessels in three

configurations

The next Figure 4.61 shows lateral displacements (Y-direction) of the three mooring

line configurations.

Figure 4.61 (a) shows the single-point mooring system
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(Configuration 1) with the least lateral displacements when compared to Configuration
1 and 2, the 14 m vessel, in this case, is shown to have slightly higher lateral
displacements than the 22 m vessel. The 22 m vessel was displaced within the distance
range of between -0.12 and 0.12 m with the STD of 0.04; while the 14 m vessel was
displaced within the distance range of between -1.66 and 0.76 m with the STD of 0.46.
Both vessels are shown to have very small lateral displacements which also indicated
by their small Standard Deviation from their mean lateral displacement values.

Configuration 2 in Figure 4.61 (b), shows the highest lateral displacements of the 14
and 22 m vessels with the anchor at an angle to the incoming waves and the vessel.
The 22 m vessel was displaced within the distance range of between 54.42 and 141.11
m with the STD of 15.54; while the 14 m vessel was displaced within the distance range
of between 20.74 and 164.35 m with the STD of 26.62. This configuration was observed

to have had a significant amount of the mooring chain sweeping on the seabed.

The 14 m vessel, in particular, showed high lateral displacements at the beginning.
After about 450 s of the simulation time, both vessels are shown to have similar lateral
displacements. This outcome is consistent with the observation made previously when
the ‘Anchor 2’ coordinates were used (anchor at an angle), where the horizontal

displacements of the single-point 14 m moored vessel were found to be the highest.

Lastly, Figure 4.61 (c), Configuration 3 - shows the lateral displacement of the two-point
14 and 22 m moored vessels. Higher lateral displacements on the 22 m vessel were
observed than on the 14 m vessel which was similar to the observation illustrated in
Figure 4.60 (c) previously. The 22 m vessel was displaced within the distance range of
between -24.21 and 15.56 m with the STD of 9.23; while the 14 m vessel was displaced
within the distance range of between -11.43 and 10.83 m with the STD of 2.95.
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Figure 4.61: Lateral displacements (Y-direction) of the vessels in three configurations

Figure 4.62 shows the single-point moored vessels vertical displacements (Z-direction)
of the three configurations. Figure 4.62 (a), Configuration 1, shows the 22 m vessel
vertical displacements between the range of -0.46 and 2.36 m with the STD of 0.45;
while the 14 m vessel was displaced within the distance range of between -0.41and
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1.64 m with the STD of 0.35. As can be seen, the 22 m vessel has higher vertical

displacements than the 14 m vessel in all three configurations.

Figure 4.62 (b), Configuration 2, shows the 22 m vessel vertical displacements between
the range of -0.41 and 2.14 m with the STD of 0.45; while the 14 m vessel was displaced
within the distance range of between -0.36 and 1.80 m with the STD of 0.35. The 22 m
vessel displacements, in this case, showed little variation when compared to the two
configurations. This observation was also similar on the 14 m vessel vertical

displacements.

Figure 4.62 (c), Configuration 3, the vertical displacements of the two-point 14 and 22
m moored vessels. The 22 m vessel vertical displacements are shown to be between
the range of -0.34 and 2.39 m with the STD of 0.45; while the 14 m vessel was displaced
within the distance range of between -0.38 and 1.74 m with the STD of 0.34.
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Figure 4.65 shows the time-variation of mooring line laid length on the seabed for the
three configurations. Figure 4.65 (a), Configuration 1, shows a comparison between
the 22 and 14 m vessels laid length from 100 to 1200 s of the simulation time. The 22
m vessel mooring line is shown to have the most frequent contact on the seabed than
the 14 m vessel. This comparison is further shown in Figure 4.63 (a) & (b) below using
frequency distribution plot of the mooring line laid length for both vessels. This figure
shows the most even distribution of the mooring chain on the 22 m vessel and was
observed to have a substantial amount of the mooring chain lifting and dropping back

on the seabed.

The 14 m vessel is shown to have an uneven distribution which implies that a large
portion of the mooring chain is lying dormant on the seabed as also was observed from
the simulation. The frequency distribution of the laid chain on the seabed overtime was
stored in bins of 5 m intervals between the minimum and maximum laid length on the
seabed. The 22 m vessel is shown to have about 75-80 meters frequently interacting
with the seabed.
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Figure 4.63: Frequency distribution of the mooring chain laid length on the seabed for
Configuration 1

Figure 4.65 (b), Configuration 2, shows the comparison between the 22 and 14 m
vessels laid length with a single-point mooring with the anchor at an angle. The
frequency distribution plot of the mooring line laid length is shown in the next Figure
4.64. This figure also shows an even distribution of the mooring chain laid on the
seabed on the 22 m vessel. The 14 m vessel, similar to the previous observation (Figure
4.65 (a)), was seen to have an uneven distribution which indicated that a large portion

of the mooring line is lying dormant on the seabed.
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Figure 4.64: Frequency distribution of the mooring chain laid length on the seabed for
Configuration 2

Figure 4.65 (c) & (d), Configuration 3, shows the laid length of the two-point moored 22
and 14 m vessels respectively; Cable 1 and Cable 2 are shown. The figure shows again
that the 22 m vessel has more seabed footprint than the 14 m vessel (Both vessels
using two-point mooring system). The amount of the laid length on the seabed of the
two-point mooring system is shown to have a slight difference when compared to the

other two configurations when considering the 22 m vessel only.
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Figure 4.66 below specifically compares the amount of the mooring chain laid on the
seabed for the 22 m vessel in the three configurations. As can be seen, there is no
significant difference in the trend for each configuration. This outcome suggest that the
two-point mooring system will double the seabed footprint caused mooring line under
these ocean conditions.
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Figure 4.66: Mooring chain laid length for all three configurations on the 22 m
vessel

Figure 4.67 shows the dynamic tension time-history for Configuration 1 and 2 in the
XYZ directions of the single-point moored vessels with and without considering the
wave angle. The results in Figure 4.67 (a) show the 22 m vessel with the maximum
tension spike of 165.1 kN in the X-direction at the Fairlead. This tension spike
manifested itself as a snap load, maybe as a result of tension discontinuity due to the
vessel's motions under the influence of irregular waves and current loads. When the
wave angle is considered, Figure 4.67 (b), Configuration 2, shows the highest tension
spike at the Fairlead of 258.97 kN in the X-direction on the 22 m moored vessel, this

was observed to be the highest tension spike in all of the three configurations.
The maximum tension in Figure 4.67 (a) satisfies Equation 4.1, where

Fehainmax tension < Fminimum break oada 1-€- 165.1 < 251 kN . This relation indicates no

failure when the mooring line tension was reached.
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The maximum tension in Figure 4.67(b) does not satisfy Equation 4.1, where
Fehainmax tension > Fminimum break toad 1-€- 258.97 > 251 kN. This relation shows that
the mooring line will fail when it reaches its maximum tension. However, in practice,
the anchor chain will not fail but will instead drag on the seabed. This is because
ANSYS AQWA assumes the anchor to be a fixed point whereas, in practice, the squid
fishing industry uses anchors that are always retrieved from the seabed (drag
embedded anchor). During anchor deployment, drag embedded anchors eventually
lock into the seabed sand after dragging on the seabed; anchors locked to the seabed
can be unlocked when the forces exerted upon them are greater than their holding

capacity.

The maximum tension at the vessel’s fairlead point was observed to be taking place
when the vessel moves away from the anchor position due to the action of wave and
current loads. It can be seen from Figure 4.67 that the maximum tension spike in
Configuration 2 took place once-off and has a high discrepancy with other tension plots
of below 100 kN. While on Configuration 1, the 22 m vessel showed low tension plot
discrepancy between the maximum tension and other tension plots. Another
observation is that both configurations showed a similar mean tension force of
approximately 11 kN. Both graphs show tension fluctuation which represents loss and

tension recovery as the vessel moves away and towards the anchor.

When the mooring chain reaches its maximum tension, it is also important to consider
the forces exerted on the anchor, these forces are termed - anchor uplift forces. Figure
4.69 shows that in Configuration 1, when the mooring line on the 22 m vessel reaches
its maximum tension, the anchor experiences the maximum uplift force of 18.58 kN;
while in Configuration 2, Anchor 2 experiences the maximum uplift force of 36.65 kN.
Since Klusman anchor type of between 100-250 kg is mostly used in the squid fishing
industry, the weight that anchor exerts on the seabed is 2.5 kN.

This implies that anchor uplift force on Configuration 1 is 7 times greater than the
anchor weight (with the assumption that the anchor is not embedded into the seabed);
while in Configuration 2, the anchor uplift force is 14 times greater than the anchor
weight. This finding suggests a high possibility of the anchor drag on the seabed in
these wave conditions when the maximum tension is reached and potentially causes

seabed anchor scour.
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The 14 m vessel is shown to have low anchor uplift forces in the three configurations;
the maximum anchor uplift of 6 kN is found in Configuration 2. This shows that a change
in the wave direction influences the entire mooring chain causing it to sweep across

the seabed and ultimately to drag the anchor.
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Figure 4.68, Configuration 3, shows the tension time-history in the XYZ directions of
the two-point moored 14 and 22 m vessels. The 22 m vessel in particular, in this
configuration, is shown to be experiencing high tension forces at the Fairlead,
especially in the X-direction. The mooring chain maximum tension is shown to be
122.91 kN on the 22 m vessel which is experienced by Cable 1. Cable 2 is shown to
have a maximum tension in the Y-direction (lateral direction) of 83.76 kN. This shows
that the two anchor chains are experiencing different tension forces, especially Cable

1. When Cable 1 reaches its maximum tension, the Cable 2 was observed to be slack.

Cable 2 tension clearly shows that this anchor chain is sweeping across the seafloor.
This was also observed in Figure 4.61 (c) where the vessel Y-direction maximum

displacement was 15.56 m.

When the tension forces for 14 and 22 m vessels are compared, the 22 m vessel
experiences high tension forces. This is due to high mooring chain stiffness which
increases because of large forces generated by the 22 m vessel. A notable observation
on these two vessels in the graph is that both show Cable 2 to have high lateral tension
than the horizontal and vertical components, these are shown to be 44.19 kN and
83.76 kN on the 14 and 22 m vessels respectively. Cable 1 is shown to have high
tension forces in the X-direction on both vessels of 32.18 kN and 122.91 kN respectively
on the 14 and 22 m vessels. This confirms that the two-point mooring system causes
better vessel motion restriction on both X and Y directions. However, this doubles

seabed footprint caused by the two mooring chains as discussed before.
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4.4.

Summary of results: ANSYS AQWA and ABAQUS models

This section presents a summary of the result outcomes from the ANSYS AQWA and
ABAQUS models using a single graphic. The graphic contains the ANSYS AQWA
model result output parameters which are the resultant tension at the fairlead, the
mooring chain laid length on the seabed and the anchor uplift forces. The ABAQUS
model result output parameter presented is the chain link impact force on the seabed
at different velocities.

In this analysis, the effect of chain diameters of 14, 16 and 20 mm is investigated; the

wave height of 2.5 m and wave period of 7 s were used.

The purpose of this overview is to give a concise summary of the effect of the single-
point moored vessel versus the two-point moored vessel when the 14 and 22 m vessel
sizes are investigated by varying chain diameters of 14, 16 and 20 mm. The outcome
from this analysis gives a brief comparison of the mooring system which causes the

most footprint on the seabed.

The first graphic in Section 4.4.1 presents combined result outputs of the ANSYS
AQWA and ABAQUS models on the 22 m single-point moored vessel. The second
graphic presents the same outputs when the 14 m vessel is analysed. The last four
graphics in Section 4.4.2 presents the aforementioned results when the two-point

moored vessel are investigated.

The comparison between the single-point and two-point moored 14 and 22 m vessels
using the 14, 16 and 20 mm diameter chain sizes in Section 4.4.1 and Section 4.4.2 is
summarised by the following Table 4.18 and Table 4.19. These tables show maximum

values of each parameter of the investigation.
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Table 4.18: Result summary of the 22 m moored vessel

Parameter 20 mm chain
22 m vessel Single-point mooring system 22 m vessel Two-point mooring system
Cable 1 Cable 1 Cable 2
Resultant tension (kN) 17413 186 123.15
Anchor uplift force (kN) 18.58 16.98 6.09
Laid length (m) 4.02-110.23 5.01-119.05 6.32-109.07
16 mm chain

22 m vessel Single-point mooring system

22 m vessel Two-poi

nt mooring system

Cable 1

Cable 1

Cable 2

Resultant tension (kN) 19592 141.23 191.82
Anchor uplift force (kN) 20.91 10.24 26.62
Laid length (m) 3.87-100.80 4.75-97.58 3.62-87.94
14 mm chain

22 m vessel Single-point mooring system

22 m vessel Two-poi

nt mooring system

Cable 1

Cable 1

Cable 2

Resultant tension (kN) 188.59 173.28 115.2
Anchor uplift force (kN) T 2931 10.25
Laid length (m) 2.78-85.49 3.13-92 91 3.97-85.80

Table 4.18 above shows a summary of the result output of the single-point and the two-
point mooring systems when the 22 m vessel is analysed; the chain diameters of 20,
16 and 14 mm were varied in the analysis. This analysis compares the resultant
tension, anchor uplift forces and the mooring chain laid length on the seabed for both

mooring systems.

The 22 m vessel anchored with the single-point mooring system was observed to fully
stretch when the 20 mm diameter chain was used under ocean loads. This resulted in
mooring chain maximum resultant tension of 174.13 kN. The tension on the two-point
mooring system using the same chain diameter was found to be 186 kN for Cable 1
and 123.15 kN for Cable 2. The corresponding anchor uplift forces were found to be
18.58 kN for the single-point mooring system; the two-point mooring system anchor
uplift forces were 16.98 for Anchor 1 and 6.09 kN for Anchor 2. Although the two
anchors were placed symmetrically to the incoming wave and current loads, one
anchor was observed to have higher anchor uplift forces than the other anchor. This
outcome may be due to the nonlinear effects of the mooring chain and irregular sea

waves which causes a nonlinear response of the vessel movements.

The corresponding mooring chain laid length on the seabed of the single-point mooring
system was found to be in the of range 4.02 to 110.23 m as shown in Figure 4.70 (b);
while the two-point mooring system range was 5.01 to 119.05 m for Cable 1 and 6.32
to 109.07 m for Cable 2 as shown in Figure 4.72 (c). These values show a slight
difference of the amount of the mooring chain laid on the seabed. This implies that the
two-point mooring system doubles the mooring chain laid length on the seabed in this

instance.
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Similarly, when observing the 16 mm diameter chain, mooring chain laid length on the
seabed on the single-point mooring system range was 3.87 to 100.80 m; while the two-
point mooring system was 4.75 to 97.58 m for Cable 1 and 3.62 to 87.94 m for Cable
2. In both mooring systems, the mooring chain laid on the seabed is shown to be
fluctuating between the minimum and maximum range values. The maximum range
occurs when the mooring is almost fully stretching, while the minimum range occurs

when the mooring chain is slack.

When observing the 14 mm diameter chain, mooring chain laid length on the seabed
on the single-point mooring system range was 2.78 to 85.49 m; while the two-point
mooring system range was 3.13 to 92.91 m for Cable 1 and 3.97 to 85.80 m for Cable
2.

The resultant tension increased from 174.13 to 195.92 kN when the chain diameter
was changed from 20 mm to 16 mm; and decreased from 195.92 kN to 188.59 kN when
the 14 mm chain diameter was used on the single-point mooring system. As can be
seen, the tension only varied slightly with the change in chain diameter in these wave

conditions.

The corresponding anchor uplift forces on the 16 mm chain were found to be 20.91 kN
for the single-point mooring system; while the two-point mooring system anchor uplift
forces were 10.24 for Anchor 1 and 26.62 kN for Anchor 2. The 14 mm anchor uplift
forces on the single-point mooring system were found to be 31.7 kN; the two-point
mooring system anchor uplift forces were 29.31 for Anchor 1 and 10.25 kN for Anchor
2.

Table 4.19: Result summary of the 14 m moored vessel

Parameter 20 mm chain
14 m vessel Single-point mooring system 14 m vessel Two-point mooring system
Cable 1 Cable 1 Cable 2
Resultant tension (kN) 111.08 62.8 65.89
Anchor uplift force (kN) 1.192 0.141 0.339
Laid length (m) 24.96-119.04 44.93-112.69 33.85-109.55

16 mm chain

14 m vessel Single-point mooring system

14 m vessel Two-point mooring system

Cable 1 Cable 1 Cable 2
Resultant tension (kN) 105.25 60.06 81.29
Anchor uplift force (kN) 2.54 0.343 1.31
Laid length (m) 13.73-111.74 31.29-106.30 17.73-106.51

14 mm chain

14 m vessel Single-point mooring system

14 m vessel Two-point mooring system

Cable 1 Cable 1 Cable 2
Resultant tension (kN) 103.48 59.39 86.25
Anchor uplift force (kN) 4.04 0.558 2.66
Laid length (m) 9.41-108.71 22-122 67 10.25-106.77

118




The following analysis compares the resultant tension, anchor uplift forces and the

mooring line laid length on the seabed for both mooring systems using the 14 m vessel.

Table 4.19 above shows a summary of the single and two-point mooring systems when
the chain diameters of 20, 16 and 14 mm were varied. When looking at the single-point
mooring system moored with the 20 mm chain, the mooring chain is shown to
experience the highest tension of 111.08 kN with the corresponding maximum anchor
uplift force of 1.19 kN. The two-point mooring system is shown to experience less
tension and maximum anchor uplift forces compared to the single-point mooring system
(using the 20 mm chain); Cable 1 experienced the maximum tension of 62.8 kN with
the maximum anchor uplift force of 0.14 kN, while Cable 2 experienced the maximum

tension of 65.89 kN with corresponding maximum anchor uplift force of 0.34 kN.

The corresponding mooring chain laid length on the seabed on the two-point mooring
system of each cable was found to have the lowest minimum and maximum range
compared to the single-point mooring system. However, when both Cable 1 and 2 are
taken into account; the two-point mooring system increases the mooring chain laid
length on the seabed by 41.57% (using the 20 mm chain) compared to the single-point
mooring system. The range for Cable 1 was found to be from 44.93 to 112.69 m; while
Cable 2 was observed to have a range of 33.85 to 109.55 m. The single-point mooring
system mooring line laid length on the seabed range was found to be 24.96 to 119.04
m.

The two-point mooring system increased the mooring chain laid length on the seabed
by 50.25% when the 16 mm chain was used; while the 14 mm chain increase was
2.73%. The small increase of the 14 mm chain was due to its light weight compared to
the 16 and 20 mm mooring chains; the light weight of the 14 mm mooring chain resulted
in a large portion mooring chain length to lift-off and drop back down on the seabed

since it had less capability to resist vessel movements.

A closer look in Figure 4.71 (b) and Figure 4.75 (b), shows the single-point and the two-
point mooring systems (on the 14 m vessel) moored with the 14 mm diameter mooring
chain with the highest mooring chain laid length on the seabed. This outcome
demonstrates that smaller chain sizes frequently lifts off and drops back down on the
seabed. Figure 4.71 (c) show the 14 mm diameter chain with the least contact forces
compared to the 16 and 20 mm diameter chain contact forces. The contact forces are

shown to be increasing with an increase of the impact velocity and diameter of a chain.
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The corresponding anchor uplift forces of the three chain sizes are shown in Figure
4.71 (d) of the 14 m single-point moored vessel. The 14 mm diameter chain is shown
to be experiencing the highest anchor uplift force of 4.48 kN while the 16 and 20 mm
diameter chains experienced 2.54 and 1.19 kN anchor uplift forces respectively.

Figure 4.75 (b) and (c) shows the corresponding anchor uplift forces of the three chain
sizes on the 14 m two-point moored vessel. The 14 mm chain showed the highest
anchor uplift force of 2.66 kN compared to the 16 and 20 mm chain sizes. The 20 mm
chain on the two-point moored 14 m vessel showed the least anchor uplift forces on
both Anchor 1 and Anchor 2.

In summary, the 14 m vessel analysis shows the single-point mooring system with
higher anchor uplift forces than the two-point mooring system when the three chain
sizes were evaluated. This observation was also found be the same when observing
the resultant tension. The two-point mooring Cable 1 and 2 each experienced almost
half the tension experienced by the single-point mooring system. Lastly, Cable 1 and
2, individually showed less mooring chain laid length on the seabed compared to the
single-point mooring laid length. However, since the two-point mooring system uses
two mooring chains, this increased the amount of mooring chain laid length interacting
with the seabed.

The 14 m vessel showed less mooring chain length of approximately 80 m interacting
with the seabed; most of the mooring line length laid inactive on the seabed. The 22
m vessel showed approximately 110 m of the mooring chain length constantly lifting off
and dropping down on the seabed. This outcome was observed on both the single-

point and two-point mooring systems.
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4.4.1. Single-point mooring system result overview
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Figure 4.70: Single-point moored 22 m vessel overview (Tension (a), Laid chain length on
the seabed (b), Mooring chain-seabed contact forces (c) & Anchor uplift forces (d))
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Figure 4.71: Single-point moored 14 m vessel overview (Tension (a), Laid chain length on
the seabed (b), Mooring chain-seabed contact forces (¢) & Anchor uplift forces (d))
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4.4.2. Two-point mooring system result overview
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Figure 4.72: Two-point moored 22 m vessel overview (Tension on Cable 1 (a) & 2(b), Laid
chain length on the seabed on Cable 1 (c) & 2(d)
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Figure 4.73: Two-point moored 22 m vessel overview (Mooring chain-seabed contact
forces (a) and Anchor uplift forces on Cable 1 (b) & 2(c))
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Figure 4.74: Two-point moored 14 m vessel overview (Tension on Cable 1 (a) & 2(b), Laid

chain length on the seabed on Cable 1 (¢) & 2(d)
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Figure 4.75: Two-point moored 14 m vessel overview (Mooring chain-seabed contact
forces (a) and Anchor uplift forces on Cable 1 (b) & 2(c))
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CHAPTER FIVE

5. Conclusion

The objective of this work has been to numerically analyse the effect of the single-point
versus the two-point mooring systems on the seabed which are used for anchoring
squid fishing vessels. This analysis is as result of an observation made by divers from
the South African Department of Environmental Affairs who noticed an interaction
between the mooring line and benthic squid egg beds. The mooring line which is made
of steel chain was observed to impact the seabed with a noticeable velocity from the
video footage obtained. This mooring line impact is suspected to possibly destroy
benthic squid egg beds, which in consequence can be one of the causes of a decline

in squid catches in South Africa.

In this study, two numerical models were developed for investigating the effects of the
single-point and two-point mooring systems on the seabed. The primary model was
developed using ANSYS AQWA which investigated the response of the two types of
squid fishing vessels subjected to ocean loads. The secondary model was developed
using ABAQUS finite element model, this model was used for simulating the mooring
chain impact pressure and force on the seabed which is not available in ANSYS AQWA.

The mooring chain effect on the seabed due to varying the wave height and period was
investigated using the 22 m vessel. Three mooring system configurations were also
used on both the single-point and two-point mooring systems for analysing their effect
on the seabed. The effect of the three chain sizes used in the squid fishing industry
was also investigated using the 14 and 22 m fishing vessels by varying anchor chain

diameters of 14, 16 and 20 mm.

The underwater video footage captured by marine divers was analysed using Tracker
video analysis software to determine the actual impact velocity of the mooring chain on
the seabed. The impact pressure on the seabed due to the obtained velocity was
presented. The velocity from the video analysis was also used to calibrate the ANSYS
AQWA model so that it correlates to realistic ocean conditions. From the results

obtained in this study, the following conclusions are drawn:

1. The measured mooring chain impact velocity from Tracker was estimated

to be 8 m/s with an average velocity of about 5 m/s.
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2. The ABAQUS model developed by varying velocities of 1, 3, 5, 6, 8 and 10
m/s showed a linear relationship between the mooring chain impact velocity
and pressure on the seabed. The mooring chain impact pressure on the
seabed increased as the impact velocity of the chain increased. An increase
in the diameter of the mooring chain also resulted in an increase in the

impact pressure and forces on the seabed.

3. When looking at the obtained velocity of 8 m/s of the underwater chain
impacting the seabed. The 20 mm diameter chain was found to cause the
greatest seabed impact pressure and force of 191 MPa and 191.82 N
respectively. The 16 mm diameter chain impact pressure and force on the
seabed was found to be 133 MPa and 133.69 N respectively. The 14 mm
diameter cause the least seabed impact pressure and force of 112 MPa and
112.58 N.

4. The effect of varying the wave height and period showed that a decrease in
the wave height and an increase in the wave period increased the tension
on the mooring line. This consequently resulted in a large portion of the
mooring line lifting off and dropping back down on the seabed. The mooring
line was observed to have both slack and taut profiles over the simulation

duration.

This effect was clearly observed when the wave height was increased from
1 to 2 m while keeping the wave period of 7 s constant. The corresponding
seabed impact pressure due to this effect showed a difference of 94.14%
(from 42.48 to 118.03 MPa); while a difference in tension of 126.87% (from
23.93 to 106.96 kN) was obtained. However, when the wave height was
increased from 1 to 2 m while keeping the wave period of 10 s constant; the
mooring line resulted in more slack profile. This, in consequence, led to a
significant amount of the mooring line lying dormant on the seabed. The
corresponding seabed impact pressure difference of 89.29% (from 36.96 to
96.59 MPa) was obtained; while the difference in tension of 94.93% (from
22.08 to 61.98 kN) was obtained. It can then be said that the when the wave
height doubles, the impact pressure on the seabed also doubles. This effect

was more apparent when the wave period of 7 s was present.

5. The outcomes of investigating the three mooring line configurations on both

vessel sizes showed that the two-point mooring system doubles the mooring
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line footprint on the seabed compared to the single-point mooring system.
Each of the two mooring lines was observed to sweep across the seabed
as the ocean waves passed across the moored vessel. However, the two-
point mooring also showed less seabed footprint than the single-point
mooring system when the wave direction changes.

The 14 m moored vessel was found to have less seabed footprint on the
seabed, this was noticeable by a large portion of the mooring line which laid
dormant on the seabed. On the contrary, the 22 m vessel mooring line was
found to have a large portion which frequently interacted with the seabed.
This outcome was observed when both vessels used the same mooring

system configuration.

High tension values were found to be associated with frequent mooring line
interaction with the seabed. The anchor uplift forces were also presented
which can give more insight for further investigation such as the effect of

anchor drag on the seabed.

The outcomes of investigating the effect of the three mooring chain sizes
showed that the two-point mooring system increased the mooring line laid
length on the seabed by 41.57% compared to the single-point mooring
system when the 20 mm diameter was used. This increase was found to be
50.25% when the 16 mm diameter chain was used and 2.73% when the 14

mm diameter chain was used.

The 14 m vessel anchored with the 14 mm diameter chain using the single-
point mooring system was found to have the most mooring line laid length
on the seabed which frequently lifted up and down. The 22 m vessel in this
case showed the 20 mm chain with the most frequent interaction on the

seabed.

In summary, ANSYS AQWA can simulate the single-point and two-point mooring

systems. However, the software is still limited as it does not include the seabed

frictional effects and the contact force of the mooring line. ABAQUS finite element was

used to account for the seabed contact forces, these forces were simulated based on

the measured impact velocity of various points of contact along the mooring line.

Results obtained in this study indicate that the two-point mooring doubles the mooring

chain seabed contact length on the seabed. The 20 mm diameter chain was found to
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cause up to 40% more damage than the 16 mm diameter chain in terms of impact
pressure on the seabed. If the wave direction does not change, the two-point mooring
system could cause more damage if one considers the greater footprint on the seabed
as was shown in Figure 4.66 where one of the cables alone has 8% more laid length
and there are two cables in contact so the damage will be slightly more than double the
single point mooring. We can therefore, conclude, that the two point mooring system
will cause more damage than a single point mooring system as the contact for each
cable would have to have been halved for it to have caused the same damage and this

is clearly not the case.
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6. Recommendations and future work

Future improvements
e The quality of underwater video footage needs to be improved for more accurate
analysis of the marked points along the mooring line.
e The video footage data can be improved through the following methods

o The use of high-resolution camera, up 1000 frames per second and lighting is
advised for more visibility. Use of underwater lights of about 9000 lumens
without excessive glare.

o Error tracking: inconsistency in detecting the centre point of the reflective
marker (can use traffic reflective colour or reflective tape) in a recorded image,
any given marker is composed of several pixels.

o Design related recommendations
o Clump weights/buoys can be installed on the section of mooring line that

interacts with the seabed in order reduce contact.

Software Limitations

For this application of ANSYS AQWA, some software limitations still exist. The main
one is that the software does not consider the seabed impact or contact force with the
associated seabed friction effects on the seabed.

Another limitation associated with the latter is that the software only outputs the time-
history of the vessel nodes and elements; only two output nodes for the mooring line
which are the anchor point (defined as fixed point) and the fairlead point where the
mooring tension is calculated. The discretised mooring line nodes and elements are

internally converted by the software to a two-dimensional load/extension database.

Lastly, another limitation is with regard to the fixed anchor assumption on the seabed
for mooring the floating structure. In the squid industry, temporary anchors are used
during fishing and retrieved from the seabed after fishing. These anchors have a high
possibility of dragging on the seabed when the mooring line tension are high. The fixed

anchor is more relevant for a permanent anchor on the seabed.
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Future work

e Anchor drag impact on the seabed with the emphasis on anchor trajectory needs to
be investigated.

e The use of improved high definition cameras is required for measurements with
scientific accuracy.

e The chain motion should be also be studied 3-D for eliminating the assumptions from

the 2-D video analysis.
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APPENDIX A: Chain specification data

Dimensions Forces Approx
COMMODITY Diameter (dn) Pitch (P) W1 w2 Waw dw G BF MPF WLL mass
nom tol & nom min max min max max max max kN kN tonne kg/m
CSL040 4.0 0.16 12.0 11.6 12.4 5.2 14.6 14.8 4.4 5.4 10.1 4.0 0.20 0.36
CSL056 5.6 0.22 16.8 16.3 17.3 7.3 20.4 20.7 6.2 7.6 19.7 7.9 0.40 0.70
CSL060 6.0 0.24 18.0 17.5 18.5 7.8 21.9 22.2 6.6 8.1 22,6 9.0 0.46 0.80
CSL063 6.3 0.25 18.9 18.3 19.5 8.2 23.0 23.3 6.9 8.5 24.9 10.0 0.51 0.88
CSL070 7.0 0.28 21.0 20.4 21.6 9.1 25.6 25.9 YT 9.5 30.8 12.3 0.63 1.09
CSL080 8.0 0.32 24.0 23.3 24.7 10.4 29.2 29.6 8.8 10.8 40.2 16.1 0.82 1.43
CSL09%0 9.0 0.36 27.0 26.2 27.8 11.7 32.9 33.3 9.9 12.2 50.9 20.4 1.04 1.80
CSL100 10.0 0.40 30.0 29.1 30.9 13.0 36.5 37.0 11.0 13.5 62.8 25.1 1.28 2.23
CSL112 11.2 0.45 33.6 32.6 34.6 14.6 40.9 41.4 12.3 15.1 78.8 31.5 1.61 2.79
CSL130 13.0 0.52 39.0 37.8 40.2 16.9 47.5 48.1 14.3 17.6 106 42,5 2.16 3.77
CSL140 14.0 0.56 42.0 40.7 43.3 18.2 51.1 51.8 15.4 18.9 123 49.3 2.51 4.36
CSL160 16.0 | 064 48.0 46.6 49.4 20.8 58.4 59.2 17.6 21.6 161 64 3.28 5.71
CSL200 20.0 1.00 60.0 58.2 61.8 26.0 73.0 74.0 22.0 27.0 251 101 5.12 8.92
CSL220 22.0 1.10 66.0 64.0 68.0 28.6 80.3 814 24.2 29.7 304 122 6.20 10.8
CSL260 26.0 1.30 78.0 75.7 80.3 33.8 94.9 96.2 28.6 36.1 425 170 8.7 15.1
CSL280 28.0 1.40 84.0 81.5 86.5 36.4 102 104 30.8 N/A 493 197 10.0 17.4
CSL320 32.0 1.60 96.0 93.1 98.9 41.6 117 118 35.2 N/A 643 257 13.1 22.8
CSL360 36.0 1.80 108 105 111 46.8 131 133 39.6 N/A 814 326 16.6 28.9
CSL400 40.0 2.00 120 116 124 52.0 146 148 44.0 N/A 1005 402 20.5 35.7
CSL450 45.0 2.25 135 131 139 58.5 164 167 49.5 N/A 1272 509 25.9 45.1
CSL500 50.0 2.50 150 146 155 65.0 183 185 55.0 N/A 1571 628 32.0 55.6
NOTES
1- Dimensions in mm.
2- Forces: BF= Breaking Force (min)
MPF= Manufacturing Proof Force (min)
WLL= Working Load Limit (F.O.S. = 5:1)(max)
3- Mean stress at forces:
BF= 400 MPa
MPF= 160 MPa
WLL= 80 MPa
4- Dimensionally to SABS 189; 1993
5- Calibration to P(max) available on request
8- Chain Heat Treatment : not a specific requirement
7- Chain sizes greater than 26 mm with smooth weld only.
8- Larger chain sizes up to 70mm available on request
9- Chain markings = none
10- Elongation =17% (min.)
11- When ordering describe item as follows:
©.9. 6.0mm Grade 4 Short Link Inswell chain.
McKINNON CHAIN (PTY) LTD
2 uncon SPECIAL SHORT LINK CHAIN
snas  UNCON
LS 0060 / /
Approved: % /WA; ; IDale: 30-Oct-98 Revision 1 DWG No: CAT 4901 -C
(4 25 T

McKinnon Special Short Link Chain - SSL Chain

McKinnon special Short Link Chain is a high quality carbon-steel Short Link Chain for general

purpose use.

Special short link chain

Dimensions (mm) - < ;lcircefvI S WL T Avpron

Commaodity I?jiameter Pitch (P) W1l | W2 | w2w | dw APPre
n
I(’IOI% tol nom | min | max | min | max | max | max | max | kN | kN tonne | kg/m
+/-

CSL130 13 39 |378(40.2|169 |475|48.1 |14.3|17.6 | 106|425 |2.16 3;;
CSL140 14 42 | 40.7 | 43.3|18.2|51.1|51.8|154 189|123 493 |251 4.71
CSL160 16 48 |46.6 |49.4|20.8|58.8|59.2|17.6|21.6|161 |64 3.28 2.92
CSL200 20 60 [58.2|618|26 |73 |74 |22 |27 |251|101 |5.12 .
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APPENDIX B: Steel and sand properties

Sand properties

Elastic Properties of Soils Download PDF @
@ Renier Cloete  2003-01-14 < 2Comments  inReference Data

Can you suggest values for elastic soil properties?

Many sources list elastic properties of various soil types. The data below is taken from Foundation Analysis and Design (5th Edition), by 1.E. Bowles, 1996 McGraw-Hill.

Poisson's ratio:

Clay, saturated: 0.4 to 0.5

Clay, unsaturated: 0.1 t0 0.3

Sandyclay: 0.2t0 0.3

Silt:0.3to 0.35

Sand, gravelly sand: 0.1 to 1.0 (not elastic but 0.3 to 0.4 commonly used)
Rock:0.1t0 0.3

Loess: 0.1t0 0.3

Poisson's ratio:

Most clay soils: 0.4t 0.5

Saturated clay soils: 0.45t0 0.5
Cohesionless, medium and dense: 0.3 to 0.4
Cohesionless, loose to medium: 0.2 10 0.35

Young's modulus (MPa):
Clay:
Verysoft: 2to 15
Soft: 5to 25
Medium: 15 to 50
Hard: 50 to 100
Sandy: 25t0 250
Glacial till:
Loose: 10 to 150
Dense: 150t0 720
Very dense: 500 to 1440
Loess: 15 to 60
Sand:
Silty: 5to 20
Loose: 10to 25
Dense: 50t0 81
Sand and gravel:
Loose: 50to 150
Dense:100 to 200
Shale: 150 to 5,000
Silt: 2t0 20

(https://support.prokon.com/portal/kb/articles/elastic-properties-of-soils )
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Steel properties

Tensile Modulus Ultimate Tensile
(Young's Modulus, Modulus of Strength Yield Strength

Material Elasticity) e -5y-
-E- Su 6 pysm2
(105 N/m2, mpa) (10" N/m*, MPa)

(10% psi) (10° N/'m2, GPa)
Steel. High Strength Alloy ASTM A-514 760 690
Steel, stainless AlSI 302 180 860 502
/ Steel, Structural ASTM-A36 200 400 250
Tantalum 27
Polytetrafluoroethylene (FTFE) 0.5
Thorium 3.5
Tin 47
Titanium 16
Titanium Alloy 105 -120 Q00 730
Tooth enamel 83
Tungsten (W) 400 - 410
Tungsten Carbide (WC) 450 - 650
Uranium 24 170
Vanadium 19
Wrought Iron 190 - 210
Zine 12

(http://www.engineeringtoolbox.com/young-modulus-d_417.html)
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APPENDIX C: Vessel drawings

14 m vessel drawing
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22 m vessel drawing
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APPENDIX D: Vessel hydrostatic results

22 m vessel hydrostatic results

Structure

Hydrostatic Stiffness
Centre of Gravity (CoG) Position:

Heave (£}
Roll (RX):
Pitch (RY):

Hydrostatic Displacement Properties
Actual Volmmetric Displacement:
Equivalent Vohmetric Displacement:

Centre of Buoyancy (CoB) Position:
Out of Balance Forces/Weight:
Qut of Balance Moments/Weight:

Cut Water Plane Properties

Cut Water Plane Area:

Centre of Floatation:

Principal 2nd Moment of Area:

Angle Principal Axis makes with X(FRA):

Small Angle Stability Parameters

CoG to CoB (BG):

Metacentric Heights (GMZE/GMY )

CoB to Metacentre (BMZUBMY):

Eestoring Moments about Principal Axes (WDUMY):

p.G

.G
FX:
MX:

X
X

Hydrostatic Results

22 m vessel

-13.247833 m

Z
1471743.1 N/m
41.400837 N.m/m
532439 N.m/m

360.44568 m*
120. m*

-12.126331 m
-4.9949e-8
1.1593e4 m

146 41563 m*
-12.886059 m
728.24292 m*4
9.4489e-5°

0.3764658 m
1.64393 m

2.0203958 m

103954.91 N.m/®
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Y- -3.588e-5m

RX
0.7225809 N/°
103954.92 N.m/®
0.7534904 N.m/®

Y: 2.7484e-6 m

FY:-2.1793e-7
MY: -3.3686802 m

Yo -7.7495e-6 m
Y: 4236.1152 mn4

11.375972 m
11.752438 m
719366.56 N.m/®

Z: 0. m

RY
-9292.8135 N/°
0.7534904 N.m/®

722728.5 N.m/®

Z:-0.3764658 m
FZ: 2.0037119
MZ: 5.5022e-T m



14 m vessel hydrostatic results

Structure

Hydrostatic Stiffness
Centre of Gravity (CoG) Position:

Heave (Z):
Roll (RX):
Pitch (RY):

Hydrostatic Displacement Properties
Actual Volumetric Displacement:
Equivalent Volumetric Displacement:

Centre of Buoyancy (CoB) Position:
Out of Balance Forces/Weight:
Out of Balance Moments/Weight:

Cut Water Plane Properties

Cut Water Plane Area:

Centre of Floatation:

Principal 2nd Moment of Area:

Angle Principal Axis makes with X(FRA):

Small Angle Stability Parameters

CoG to CoB (BG):

Metacentric Heights (GMZ/GMY )

CoB to Metacentre (BMUBMY )

Restoring Moments about Principal Axes (WCUMY):

e

i

Hydrostatic Results

14 mvessel

:-8.6118422 m

z
545283.25 Nim
54154811 N.m/m

-128650.36 M.m/m

66.770294 m®
33430294 m®

--8.1765099 m
--1.0395e-8
NEL

1.4494e-5 m

54.247238 m*

- -8.3759089 m
: 87.661018 m*4

9.9141e-5°

0.1883904 m
11244842 m
1.3128746 m
13172.207 N.m/*

146

T:-1.4372e-5 m

BX
9.4518e-2 N°
13172.207 N.m/®
0.1523895 N.m/®

Y:-6.9849%e-6 m

FY:-1.2263e-7
MY: -0.8694879 m

¥: -4.4405¢e-6 m
T: 663.12146 m"4

9.7429934 m
9.9313841 m
11412941 N.m/*

Z: 0.m

EY
-2245 3723 MNF~°
0.1523896 N.m/®
114659.2 N.m/°

Z:-0.1883904 m
FZ: 0.9973009
MZ: 1.7081e-T m



APPENDIX E: Studless chain drawings

Dimensions in mm
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E3: 20 mm studless chain link drawing
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APPENDIX F: Calculations

22 m vessel calculations
Mass inertia calculations of the 22 m vessel, (see Appendix C for the vessel
dimensions). The inertia values were defined via the Radius of Gyration.
K, = 0.34 = width of the vessel
Ky =034%8=272m

Ky

Kyy =0.25%22=55m

y = 0.25 % length of the vessel

K,, = 2.6 * length of the vessel
K,, =2.6%22=572m

14 m vessel calculations
Mass inertia calculations of the 14 m vessel. The inertia values were defined via the
Radius of Gyration.
K., = 0.34 * width of the vessel
Kyy =034%5=17m
Ky, = 0.25 x length of the vessel

K,, =025%14=35m

K,, = 2.6 * length of the vessel
K,, =2.6%14=3.64m

Chain properties calculation

Equivalent Area, axial stiffness, mass/unit length and equivalent diameter

The 20 mm steel chain

Equivalent cross-sectional area

The equivalent cross-sectional area of a chain link is obtained by combining the
cross-sectional area of two chain link as:
A=2X 7TDZ

T4

Area, A = 2 X %DZ = % x 0.022 = 6.28E — 04 m?
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This leads to: EA = 0.854 x 108D? kN (for studless chain)
= 0.854 x 1080.022 x 1000
=342E+ 07N

Mass/unit length is given by:

19.9D% = 19.9 x 0.022 = 7.96 kg/m
Equivalent Diameter for the studless chain is given by:

Drquivatent = 1.8D = 1.8 x 0.02 = 0.036 m

The 16 mm steel chain

Equivalent cross-sectional area

Area, A = 2 X %DZ = % X 0.0162 = 4.02E — 04 m?

EA = 0.854 x 108D? kN (for studless chain)
= 0.854 x 1080.0162 x 1000
=219E 4+ 07N

Mass/unit length is given by:

19.9D% = 19.9 x 0.016% = 5.09 kg/m
Equivalent Diameter for the studless chain is given by:

Dgquivatent = 1.8D = 1.8 X 0.016 = 0.029 m

The 14 mm steel chain

Equivalent cross-sectional area

Area, A = gnz =2x % x 0.0142 = 3.08E — 04 m?

EA = 0.854 x 108D? kN (For studless chain)
= 0.854 x 1080.022 x 1000
=1.67E+ 07N

Mass/unit length is given by:

19.9D%? = 19.9 x 0.014%2 = 3.9 kg/m
Equivalent Diameter for the studless chain is given by:

DEquivalent = 18D = 18 X 0014 = 0025 m
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