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Abstract

For the installation of a topside onto jacket, lift method with crane barge has been a common
concept. However the increasing weight and offshore exposure hours has led designers to
consider the float-over method as an alternative. Float-over installation exceeds the maximum
capacity of crane vessels and allows platform topsides be installed as a single integrated
package without heavy lift crane vessel. This allows topsides to be completed onshore
eliminating the substantial costs associated with offshore hook-up and commissioning, reducing
the offshore exposure hours according to ref. [25].

This thesis investigate the float-over technology Versatruss which uses two floating barges
equipped with lifting booms to install a topside. Today it a trend in the offshore business to
pursue low CAPEX. Therefor a cheap Standard Viking barge (day rates 40-50 000 NOK/per
day), which is relative cheap compared SAIPEM S7000 and THIALF where the day rates is
(6 000 000 NOK/per day). The barges are maneuvered around the legs of the jacket and the
topside is lowered down to mate the topside onto the jacket. During the mating operation the
topside and jacket experience impacts through the contact points.

The effect of impact is converted into a limiting acceleration and velocity, and the accelerations
and velocities are evaluated with non-linear time domain analysis in SIMA. The purpose of this
report is to find the limiting wave height for the Versatruss system based on the limiting
acceleration and velocity. The structural limitations has not been investigated.

In order to do time domain analysis a conceptual model of the Standard Viking barge is made
in GeniE and a hydrodynamic analysis is done to get the correct input (added mass, stiffness
etc.) in SIMA. In addition hand calculations are done to verify the results from the
hydrodynamic analysis. In SIMA the system is coupled in a Versatruss configuration and non-
linear time domain analysis of the system is done with different wave heights, periods and
directions.

In SIMA the model is coupled with fenders and wires to satisfy the assumption that the barges
are free to move relative to each other. Since the Versatruss lifting system is allocated along the
centreline of the barge individual roll motion of the barges does not influence the motion of the
topside.

To assure that the results are correct a small time integration interval of 2,5e-3s is chosen. The
most probable maximum (MPM) is taken from several analysis and the value with 10 %
probability of exceedance (P90) is taken as the maximum value. This led to the limiting
significant wave height (Hs) and peak period (Tp). In addition bootstrapping (ref. Section 3.5)
is done to illustrate the confidence behind the numbers.



CDF

Ca' ﬁl

GM

GM,

GMy

GZ

H(w)
H;
I

144' 146' 155' 166
Ij
Ixx: Iyy' Izz

Ixy; Iyz iy

Jo
KB

KG

L
Lq

P90
PDF

Nomenclature

Description
Areal

Added mass matrix elements
Coefficients Fourier transformation
Waterline area

Normalizing factor

Breadth

Buoyancy to metacentre

Cumulative distribution function
Block coefficient

Added mass coefficients
Directional function

Dynamic amplification factor

Effective length of superstructure in m
Elasticity module

Force

Static force

Froude-Krylov force

Added mass force

Green function

Metacentric height
Metacentric height transverse
Metacentric height longitudinal
Up righting arm

RAO function

Significant wave height
Moments of inertia

Moments of inertia and location in matrix

Mass matrix moments of inertia
Moments of inertia
Products of inertia

Bessel function of the first kind (zero order)

Keel to buoyancy
Keel to centre of gravity
Length

Length design (96 % of the total length on a waterline at 85% of
the least moulded depth measured from the top of the keel

Length of wire

Mass

Mass barge

Mass matrix elements
Number of time steps
Operational limit

Operational limit based on weather forecast

90 % probability
Probability distribution function

Total flux or the source strength (flow rate) on the wetted body

surface

Radial distance from the source and field point

Velocity

[m3/s]

[m]
[m/s]
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BM Buoyancy to metacentre
CAPEX Capital expenditures

COB Centre of buoyancy

COG Centre of gravity

DAF dynamic amplification factor
DNV “Det Norske Veritas”

DOF Degrees of freedom

DP Dynamic positioning

DSF Deck support frame

FE Finite Element

GBS Gravity Base Structure

GM Metacentric height

Hs Significant wave height
JONSWAP Joint North Sea Wave Project
KB Keel to buoyancy

KG Keel to gravity

LMU Leg mating unit

MIT Massachusetts Institute of Technology
MPM Most probable maximum

PM Pierson-Moskowitz

RAO Response amplitude operator
SIMA Simulation of marine operations
Tc Contingency time

Tp Peak period

Teop Planned operation time

Tr Reference period

Wow Waiting on weather

Wit Static hook load
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1 Introduction

There are several installation approaches for topside installation offshore and they can be
grouped differently, for example according to methodology as following heavy lift, external
and internal float-over. The installation approach for topside installations heavily depends on
weight and type. For heavy lift the topside is equipped with trunnions and lifted off the
transportation vessel by one or several crane vessel and lowered onto the substructure (jacket
or GBS).

The basic concept in float-over is to transport the topsides on one or two vessels in one piece.
Additional steel trusses are therefore required to transfer the weight of the topside into these
temporary supports. The vessel is maneuvered between the legs of a fixed platform jacket and
positioned, and ballasted downwards until the load is transferred completely from the barge to
the jacket. The jacket have to be made stronger to compensate for the missing diagonal bracing
in the area of the docking slot. For external float-over a transport vessel is optional, the basic
concept is a catamaran u-shaped vessel or two vessels (barges) that support the topside. In this
type of installation the area under the middle section of the topside is kept free to avoid clashing
with substructure and catamaran or vessels are positioned around the substructure and lower
the topsides onto the substructure (illustrated in Figure 1). The float-over method involves a
transfer of a topside from a free-floating transport vessel under wave motion to a substructure.
Traditionally the float-over method is particularly suited to conditions found in the benign
shallow water area according to ref. [26].

I

T

J

Figure 1 Illustration of the Versatruss lifting system



The report is divided into several chapters where the first chapter is informative, the purpose of
the first chapter is to give an overview of different topside installation concepts and how the
Versatruss concepts differs from other installation concepts. The second chapter explains the
theory behind the hydrodynamic analysis and how it is possible to compute RAO curves by
hand calculations. The third chapter explains the procedure and the fourth chapter explains how
the waves system is introduced in SIMA.



1.1 Historical overview

1.1.1 Heavy lift

Heavy lift is the most common for installation of topsides. The main constraint associated with
heavy lift installation is the lifting capacity of crane vessels. The lifting capacities of the floating
crane vessels have increased over the years in parallel with the increase in platform sizes.
Lifting topsides in larger modules reduces the cost of offshore hook-up and commissioning.
The current offshore lifting record stands at 12,000 Te ref. [1], therefore the large topsides have
to be installed as prefabricated topside modules and assembled in the field, while the smaller
topsides can be install in one piece by cranes.

The availability of heavy lift vessels are limited, the global market contains a finite number of
lift equipment capable of making very heavy lifts. The vessels are expensive. Waiting for one
suitable crane vessel can cause significant project delays, which may lead to excessive rental
and standby cost ref. [6]

Since the majority of heavy lift vessels are typically home-based in European waters, the costs
can be costly for projects in Asian-Pacific waters according to ref. [26]. Therefore float-over
techniques are applied to smaller topsides even in regions where suitable crane vessels are
available. This opens the market to contractors without access to crane vessels, thereby
providing a degree of additional competition during project tendering.



1.1.2 Float-over technology

For the past three decades various float-over technologies have been developed and successfully
applied for offshore installations of topsides onto different fixed and floating platform
substructures in challenging environments. In the 80s only about 5 float-overs had been
executed, while nowadays about 5 float-overs are executed each year according to ref. [38].

A wide variety of load transfer systems and different configuration of float-over barge(s) has
been developed, providing an installation solution that can accommodate a wide range of
topsides sizes and environmental conditions.

The float-over installation exceeds the maximum capacity of crane vessels and allows platform
topsides be installed as a single integrated package without heavy lift crane vessel. This allows
the integrated topsides to be completed onshore eliminating the substantial costs associated with
offshore hook-up and commissioning, reducing the offshore exposure hours according to ref.
[25].

Float-over installations have seen an increase in demand as larger installation projects are on
the horizon, exceed the lifting capacity of cranes. This installation method is well suited for
platforms in remote locations with very heavy topsides according to ref. [25]. There are a
number of reasons why the float-over method is becoming the preferred installation method for
integrated topsides, rather than using heavy lift vessels. Some advantages are listed below:

e Flexibility due to increased capacity

e Reduces the time required to execute offshore hook-up and commissioning.

e Auvailability in the commercial market.

e Cost saving due to reduced operation time and very high day rates for crane vessels.

e Reduced risk due to minimized offshore exposure hours. Work done offshore is
considered to pose a higher risk, less efficiency and higher rates as opposed to work
done onshore.

However, a combination of deep water, rough open sea, or swell conditions still pose a
challenge to provide a cost effective solution in offshore installations.



1.1.3 External float-over

External float-overs are less common than internal ones. These systems can have moving parts
and complex dynamic properties and are more vulnerable to environmental loading than
internal float-overs. The advantages are that it eliminates the need for the open substructure slot
during docking and less requirement of water depth. In addition reducing the float-over support
truss height and therefore improving transport barge stability.

The advantages of the different float-over methods is compared and the results is given in Table

1.
Summary, advantages of different float-over methods.
Installation | Lift capacity Availability Mobility and Economics
method productivity
The offshore record Only a few Depends on the type Rental rates can
Heavy lift stands on 12 000 Te available, home- and size of the lift vary, depends on
(SAIPEM S7000 and based in Europe. vessel, DP or extensive | the required work
THIALF) mooring is required. window.
Over 25 000 Te lift Several float-over Most suitable for Simple equipment
Internal capacities can be systems are making only a few and cost effective
float-over achieved. available in the heavy lifts. under special
offshore industry. circumstances.
Catamaran: Up to Depends on external float-over method.
External 40 000 Te (Pioneering (catamaran/Versatruss)
float-over Spirit “EX Pieter
Schelte™).

Table 1 Summary advantages of different float-over method




1.1.4 Versatruss

Versatruss is one of the external float-over technologies. With this method heavy prefabricated
modules can be installed by relatively simple equipment in one single lift. The lift system
consists of two barges each installed with three to four A-frame steel booms that are able to
rotate and be raised and lowered (illustrated in Figure 2), winches and several wires (illustrated
in Figure 3) assembled into a single lifting unit.

The A frame booms are manufactured from structural pipe and are mounted on frames attached
to the centreline of the barge to eliminate vertical boom tip motion caused by individual roll
motion of the barge during operation ref. [24]. The tip of each boom will be connected to a
specially designed pin installed at the lower edge of the topside ref. [24].
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Figure 2 lllustration of the A-frame steel booms, ref. [24]

The topsides are lifted combining de-ballasting and tensioning of several wires. Tensioning of
the wires introduce a vertical force component to the topside which effectively increase the
inclination of the booms and vertical lift is achieved (illustrated in Figure 1). Boom angles are
generally greater than 25 degrees at start of the lift and not more than 75 degrees at the end of
the lift ref. [6]. There are practically no limitations on its lift capacities, however there are some
installation limitations that will be discussed later in this document. Once the topside is in
position, it is lowered by releasing the tension in the cables and increasing the spacing between
the barges, ref. [24].



Figure 3 Illustration of the winches and wires, ref. [24]

The most critical type of loads are the loads that could result from relative motions (illustrated
in Table 2), particularly the asymmetric pitch motions, of the two barges. Such loads have
historically limited the application of this method to inshore sheltered locations, lakes and fjords
according to ref. [1].



1.1.5 Critical loads

The responses illustrated in Figure 4 and Table 2 will normally be governing for global strength
of the platform. The responses are normally calculated with respect to a point located on the
centreline at still water plane and above the centre of gravity. These responses may be used to
establish design wave data and limiting environmental criteria.

@::-9

Figure 4 lllustrates the global responses and the forces acting on the Versatruss system. And the directions L (longitudinal),
V (vertical) and T (transverse).

To account for the critical loads (forces and moments) a realistic and high stiffness is introduced
into the wires and fenders (A-booms), in addition the A-booms and wires are placed far away
from each other to introduce a large moment stiffness (M, in Figure 4). The critical loads are
given in the Table 2 below.



barges (174,7 m which
corresponds to a period of
10,58 s).

Critical load Heading | Length [ustration Cause

Split force 90° Wave length of This response will
(asymmetric approximately twice the introduce axial
sway) outer breadth between the force in the simple

wires

(asymmetric
surge)

the distance of the
diagonal between the
barges (127 m which
corresponds to a period of
9,03 s).

i

TL,—/'/.I{

Torsion moment | 45°to 60° | Wave length of Without these
(asymmetric approximately the bracing the topside
pitch) distance of the diagonal has to be design
between the barges (84,9 for this moment.
m which corresponds to a
period of 7,37 s). ﬁ
Shear force 45%t0 60° | Wavelength is 1.5 times A bending moment

is introduced by
longitudinal
displacement for
each barge-

This table is made on the basis of the documentation given in ref. [36]

Table 2 Critical loads




1.2 Scope of work

The Versatruss method looks promising because it is less expensive, available, requires only
two barges and requires no modifications to the substructure. This method will be studied
during this master thesis study.

In order to get an overview over the hydrodynamics and the dynamics the literature is looked
into. The literature that has been looked into are the books from Chakrabarti (ref. [1]), Faltinsen
(ref. [2]), J.M.J. Journée and W.W. Massie (ref. [3]), Newman (ref. [4]) and Singiriresu S. Rao
(ref. [5]). The literature form the basis for some hand calculated response amplitude operators
(RAOs) that will be compared with the output from the computer software HydroD, in order to
validate that the model is correct.

The feasibility of the Versatruss lifting system will be considered. From a pre-study in the
course in marine operations different float-over technologies and limitations of the float-over
technology has been investigated. The limitations of the float-over technology can be sorted
into three groups: handling difficulties, structural and installation limitations. In this report the
installation limitations are investigated. The installation limitations are due to insufficient
clearance and impact force. In order to investigate the installation limitations this report covers
the response analysis of the Versatruss system. Different wave headings, wave heights and
periods. The purpose of this report is to find the limiting wave height for the Versatruss system
based on the installation limitations given in (Table 21 and Table 23).

For this purpose a model of the Standard Viking barge made in Genie (ref. Section 3.3.1) is
made with correct dimensions in addition the compartments, plate thickness and the framework
are included according to drawings to get the correct ballast condition, centre of gravity (COG)
and moments of inertia. The panel model is discretized into a large number of discrete panels
and a hydrodynamic analysis is performed in HydroD (ref. Section 3.3.2). The hydrodynamic
analysis is compared with hand calculations to verify that the model and results are correct. The
hydrodynamic results (added mass, mass, stiffness etc. ref. Section 5.2) is imported into SIMA
where it is possible to do a time domain analysis, for the time domain analysis a small time
integration of 2,5e-3 sec. is chosen. The motion, velocity and accelerations from the time
domain analysis is compared with the limiting motion, velocity and acceleration. Since the same
wave spectrum can be visualized with different wave heights and periods a random seed is
included and it is done 10 realisations of the same wave spectrum to find the characteristic
response with 10 % probability of exceedance. In addition a bootstrapping with Monte Carlo
simulation is done to illustrate the confidence of the results.

All the assumptions that are used are documented, with the purpose to be able to look at the
models limitations and verifications. The Versatruss set-up will be simulated in SIMA with
different wave spectrums (wind induced waves and swells), and the critical response is
considered.
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1.3 Stages

1.3.1 Loadout

The topsides will be jacked up and placed on a deck support frame (DSF), which is normally a
truss frame for its journey to the offshore site. This frame can be inserted under the topsides
prior to loadout operation.

1.3.2 Transportation

Once completing the seafastening and float-over preparations and meeting the sail away
criteria, the barge with the topsides departure fabrication yard bound for offshore installation
site. The seafastening will be removed prior to mating according to ref. [26].

1.3.3 Standby

Upon arrival at installation site, the barge is kept a safe distance from the substructure and the
cutting of sea fastening can start. The cutting of sea fastenings shall not start until the decision
to proceed with the installation operation is made. In cases where the transportation sea
fastening system is designed for transportation environmental conditions significantly more
onerous than those prevailing at the installation location, partial removal of the sea fastenings
may be considered upon arrival of the transport at location ref. [19].

The outrigger barges are brought along the centre barge (illustrated in Figure 5) one at a time
for connecting boom tips with the topside and winch riggings. At this instant 100% topside load
acts on centre cargo barge. Then tension up to transfer the topside load on the outrigger barges
for preparing removal of the centre barge. Further tensioning up for a total lift and then ballast
down the centre barge and avoid any potential impact ref. [28].
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Figure 5 Trimaran configurations, the outrigger barges along the centre barge, ref. [28].
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1.3.4 Docking

The twin barges are equipped with a guidance system to ensure precise positioning, within
specified tolerances, of the topsides when set-down on the substructure and to protect against
damage during the installation operation. The twin barges will be positioned and aligned with
the substructure in middle.

Such systems can consist of:

- Passive guidance systems: bumpers and guides, pins and buckets, stabbing cones,
stopper plates and fenders, designed to support the topside.

- Active guidance systems: jacking/winching systems that are connected to the
topsides/transportation vessel to guide the topsides into position and to effect a load
transfer from the transport barge to the structure.

- A combination of both passive and active guidance systems.

Ref. [19].

With the help of the soft-line rigging arrangement. The soft line positioning winching active
guidance system is mainly used to suppress surge and sway motions within the slot. This is
done in order to restrict the relative motions between the topside and the substructures such that
the stabbing cone can be aligned with leg mating unit (LMU) (illustrated in Figure 6). The
function of the LMU is to capture a stabbing cone placed at the bottom of the topside leg during
initial mating.

. Receptor

~ Housing

_ - Elastomer Stack
Stabbing Cone Gen. ArT. I . - Guide Plates
-~ [_Z_/Z"— | - Guide Sleeve
] _ - Piston Sleeve
\\\ / 1
N // | — - Stool
—Tip Diameter_—}.‘ |- - - Base Plate

Capture Fladius—’f
Figure 6 Stabbing cone to the left and a LMU to the right, ref. [27]

During the docking stage the barge motions should allow sufficient clearance between the
topside and the top of the substructure in order to avoid unintended impacts and damage. When
setting these clearances, consideration shall be given to the influence of factors such as relative
motions, tide, current effects, water density, wind heel, bathymetry and draught measurement
tolerances, as well as to deflections of structures. If the float-over is over a floating substructure
the platform motions has to be accounted for and for a fixed substructure the tidal effects has
to be accounted for according to [14]. The required clearances is given in Table 3.
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The following minimum clearance are recommended:

Sideways clearance 0.5 meters during positioning.

Vertical clearance 0.25 meters between the underside of the object and
the top of the substructure during positioning.

Under-keel clearance 0.5 meters if the substructure has underwater elements
limiting the water depth.®

(1) As a guide the minimum vertical clearance between any part of the topsides and the structures legs or
columns should not be less than 0,5 m for sheltered inshore locations, with due consideration of the
local environmental conditions. For offshore locations, the minimum vertical clearances should take
account of the operability requirements and of the relative motions between the topsides and structure
under the design environmental conditions. [19].

(2) Sufficient under-keel clearance for the substructure should be ensured at the maximum mating draught
considering minimum tide and any possible heel, trim and/or motions.

Note: Adequate clearances shall be ensured between object or vessel(s) and the substructure should be ensured
throughout positioning, load transfer and removal of vessel(s).
Table 3 Minimum clearance recommended in, ref. [14].

In addition the platform has to have sufficient stability (static and dynamic) and the structure
has to be able to support the motions during operation

1.3.5 Initial mating

The stabbing cones are lowered to match the LMU by reducing the tension, it is critical that the
motions are limited to suit the chosen LMU geometry. The mating process is facilitated by a
LMU system that consist of a steel structure incorporating elastomer elements to achieve a
specified spring rate. The spring rate depends on the expected loads and movements. The
elastomer elements are designed to take up the static load, reducing the impact during initial
mating and normalize dynamic loads during load transfer due to the wave conditions. In
addition it may reduce impact during separation at the end of the process. Many different kinds
of mechanical devices have been invented to facilitate the load transfer system, in order to
minimizing the impact load during mating. This system typically consist of an LMU shock
absorber between the topsides and substructures. It shall be documented that the selected LMUs
will adequately dampen the maximum expected vertical and horizontal motions according to
[14]. The minimum boom angle shall be determined for the initial contact while maintaining
100% topside loads on the outrigger barges.
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1.3.6 Mating Operation (Load transfer)

The stabbing cones will be lowered further to active hydraulic devices which will transfer the
topsides load from the barges onto the substructure. The requirement to maintain clearance does
not arise here as the objective of this stage is to reduce that clearance to start load transfer. The
load transfer systems are basically same for fixed or floating substructures, the difference is that
floating substructures the substructure can be de-ballasted instead of lowering the topside.

An appropriate load transfer system should be provided to handle repeated impacts, taking into
account the relative motions between the topsides, structure and transportation vessel, and the
speed with which load transfer can take place. Where impacts are likely to occur, the topsides
and the structure shall be designed for impact effects ref. [19]. The load transfer operation shall
be designed to ensure completion without serious consequences, even in case of failure of any
one system or component. Hydraulic jacks help shorten the installation period, the reliability of
such devices shall be appropriately confirmed ref. [19].

The position of the topsides shall be verified when either sufficient weight of the topsides has
been transferred to the structure to prevent any further movement or the topsides is engaged in
the final guidance system, such that its accuracy of position is guaranteed upon set-down.

Where multiple barges support the topsides, the final load transfer sequences should be planned
to maintain contact between each barge and the topsides until the removal stage.

1.3.7 Post mating
After having transferred the full topsides load all the rigging is disconnected and the outriggers
with the booms are removed.
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2 Hydro Mechanics

2.1 Motion of vessel

When planning a marine operation it is important to understand how the floating structures are
affected by the environmental loads at sea. The floating structure respond to the environmental
forces with translatory motions and angular motions. The motions of floating structures can be
divided into wave-frequency motion, high-frequency motion and slow-drift motion.

The motions:

e The wave-frequency motion is mainly linearly-excited motion in the wave-frequency
range of significant wave energy.

e High-frequency motion is often referred to as “ringing” and “springing”. “Ringing” is
associated with transient effects (e.g. damped motion) and “springing” is steady state
oscillation (e.g. harmonic motion).

e Slow drift and mean drift are mainly non-linear effects caused by wind, waves and
current. Slow drift motions arises from resonance oscillations. Slow drift can be
illustrated by using two sinus or cosines functions with slightly different frequencies
(illustrated in Figure 7).

The oscillating translatory motions are referred to as surge, sway and heave. The oscillating
angular motions are referred to as roll, pitch and yaw (described in Table 4). Any vessel motion
is built up from these basis 6 degrees of freedom (DOF). Ref. [2]
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Fig. 5.23. Identical simulations of slow-drift motions of a moored two-
dimensional body. The differences in the results are due to random
selection of phase angles and wave amplitudes.

Figure 7 Slow drift motion, ref. [2]
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Motion | Description Formula

Surge Longitudinal translation in x-direction, positive forwards. X, = Xsin(wet + 6,)
(forward/astern)

Sway Lateral translation in y-direction, positive to port side. yp = Ysin(wet + ey)
(starboard/port)

Heave Vertical translation in z- direction, positive upwards. (up/down) zp, = Zsin(w,t + 6,)

Roll Angular motion about the x-axis, positive right turning. (rotation 0 = Osin(w,t + By)
about surge axis)

Pitch Angular motion about the y-axis, positive right turning. (rotation ¢ = ¢gin(wet + 9¢)
about sway axis)

Yaw Angular motion about the z-axis, positive right turning. (rotation Y = zpsin(wet + 01/))

about heave axis)

The coordinate system is given in Figure 8 below.

Figure 8 Vessel Motions in Six Degrees of Freedom (Figure 1.1, ref. [3])

Comment: Heave and pitch are the most important responses during crane installation or float-over. Usually
marine lift operations are not performed if large pitch motions can occur.

Table 4 Motion of vessel
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2.2 Stability

Stability is the ability of a body to resist the overturning moment and return to its undisturbed
position after the disturbing forces are removed. These forces may arise from weather
environment, tow lines, shifting of mass (cargo or passengers) or flooding due to damage.

When a floating vessel is at rest in static equilibrium, it is under the influence of two forces
gravitational forces and buoyant forces. The gravitational forces are simply due to the weight
of the vessel applied at the centre of gravity. This gravitational force is the product of mass and
gravitational acceleration, while buoyancy is given by the weight of the displaced volume of
water (V) due to the presence of the body.

MB = pr = Ldew (Eq 21)
From (Eqg. 2.1), it is possible to calculate the draft (d).

Y M (Eq. 2.2)
~L*Bxp,

Sufficient freeboard is necessary in order to prevent sinking or green water (water on deck).
The freeboard is the minimum vertical distance from the water surface to any opening illustrated
in Figure 9. The minimum freeboard (1,27 m) is calculated for the Standard Viking barge and
given in Table 5.

[ Freeboard

Draft

Figure 9 A cross section of a barge showing the relation between freeboard and draft
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Freeboard correction Formula/table Value
Freeboard for Type “B” vessels (*) (f;) Table B Freeboard table for Type «B» 1,03 m
vessels ref. [22]®
Correc_tlon to freeboard for vessels under £, =7,5(100 — L) (0’35 _ Li) @ 0,03m
100m in length (f)) d
Correction for Block Coefficient (fp) \ 0,22 m
Cg =
BL,d
Cy + 0,68

P71,36

Correction for Depth (fq) _ La\ ( Lq 0,04 m
fo= (4-35) (545)

Sheer (fs) Standard sheer profile ref. [22] 0,37 m
Reduction Unmanned barges which have on the freeboard deck only small

access openings closed by watertight gasketed covers of steel or
equivalent material may be assigned a freeboard 25 percent less than
those calculated in accordance with these regulations

Sum f=Uetfitfo+fa+tf)075 [127m

(1) The Standard Viking barge is a Type B vessel.
(2) The length (Lg) shall be taken as 96% of the total length on a waterline at 85% of the least moulded depth
measured from the top of the keel.
This table is made to illustrate the required freeboard for the Standard Viking barge. The table is made with
respect to DNV ref. [22] Therefore a the freeboard has been selected as 2,0 meters.

Table 5 Minimum freeboard for the Standard Viking barge, ref. [22]

The buoyancy is a static restoring force, from the buoyancy (Eq. 2.3) it is possible to find the
vertical stiffness of the waterline area.

F=Yp,g= Aydpyg = kssd (Eq. 2.3)

k33 = Aypwg (Eq. 2.4)
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2.2.1 Metacentre
The metacentric height is defined as following GM.

GM = KB + BM — KG (Eq. 2.5)

Where KB (Eq. 2.6) and KG (Eqg. 2.7) are the distances from the keel of the vessel to the centre
of buoyancy and gravity. BM is the distance between the centre of buoyancy and the metacentre.

d Eq. 2.6
KB = 5 for a rectangular barge (Eq )

The centre of buoyancy depends on the shape/geometry of the bottom part and draft.

b I LB® 1 B2 (Eq. 2.7)
= -_—= * =
T7v™ 12 LBd 12d

The keel to centre of gravity (KG) depends on the mass distribution illustrated in (Eq. 2.8).

_m, (Eq. 2.8)

KG =
xm;

B and G must be located along the same vertical line and B=G. If not these two forces will
create a moment that will tilt the vessel (illustrated in Figure 10).

"\

1
v-l%ln [}

* gm\

Figure 10 Illustration of the stability for a rectangular barge, ref. [3]

The axis of rotation should be perpendicular to the long axis of the vessel. All free-floating
structures should have adequate stability to preclude capsizing. The vessel should also have a
damaged stability such that it can sustain a moderate environment in a damaged condition, e.g.
when one of its compartments is flooded. According to the equation for the metacentric height
it is possible to achieve better stability by adding additional weight (ballasting). The description
of different GM values are given in Table 6.
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GM

Description

GM > 0 (initial stability)

The up-righting moment is larger than zero and will bring the vessel back
to initial position. The up-righting moment is given in (Eq. 2.9).

GM = 0 (indifferent equilibrium)

There will be no up-righting moment bringing the vessel back to initial
position.

GM < 0 (unstable)

The vessel will usually take a “recovery position” or continue to incline
until capsizing.

Table 6 Description of different GM values

The up-righting moment is given by the buoyancy force (Eg. 2.3) and the arm for small angles
the up-righting moment is given by (Eq. 2.9).

M, = GZ = Vp,,g = GMsin8 * Vp,g = Vp,,g * GM8 (Eg. 2.9)
The stability for a rectangular flat bottom barge is given in Table 7.
Term Assumption General formulas Barge formulas
Mpg Constant water density. Rectangular, Vou LBdp,,
ks flat bottom barge A,pwg LBpy g
KB Rectangular, flat bottom barge Y V.x, E
XV, 2
BM; Ly B?
\Y 12d
GMy KB + BM — KG §+B_2_Zmix_i
2 12d Ym
BM, by L
v 12d
GM, KB + BM — KG d L _¥m
2 12d ym;

Table 7 Summary stability
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2.3 Hydrodynamic

Hydrodynamics are a collective term of fluid in motion, in contrast to hydrostatics. Marine
hydrodynamics relates to the effects of the wave environment on floating structures and the
oscillatory motions of floating structures to respond to the waves. Ref. [4]

2.4 Equation of motion

There is no structure that is infinite stiff, therefore all structures are dynamic which means they
can be set into motion. If a structure is exposed to dynamic (time variable) loads, for example,
a vessel exposed to wave loads. There will arise inertia forces, hydrostatic restoring forces from
the waterline (Aw) and there will be energy lost due to damping in the water. This will lead to
dynamic effects that have to be accounted for according to ref. [12]. In order to determine the
response the equation of motion is introduced.

mX + cx + kx = F(t) = Fy sin(wt) (Eg. 2.10)

The equation of motion (Eq. 2.10) is a product of Newton's second law of motion which states
that the force acting on an object equals the product of the mass and the acceleration. Harmonic
loading is relevant for waves because all periodic motion can be given as a sum of harmonic
functions through Fourier expansion.

Since the equation of motion is nonhomogeneous, its general solution u(t) is given by the sum
of the homogeneous solution, un(t) and the particular solution up(t). The homogenous solution
un(t) is the solution to the homogeneous equation (Eq. 2.11):

mi+cx+kx=0 (Eq. 2.11)

The equation (Eg. 2.11) represents the free vibration of the system and dies out with time under
all conditions of damping and all possible initial conditions. The general solution of the
equation of motion reduces to the particular solution up(t), which represent the steady-state
vibration. The steady-state motion is present as long as the forcing function is present as shown
in (Eqg. 2.10). Since the force is harmonic the particular solution is also expected to be harmonic
with an amplitude (X) and a small delay (6):

x,(t) = Xsin(wt — ) (Eq. 2.12)

Where X (amplitude) and 6 (phase angle) are constants to be determined from the homogenous
and particular conditions.

X[(k — mw?)cosh + cwsinb]sin(wt) = Fysin(wt) (Eg. 2.13)
X[(k — mw?)sind + cwcosB]cos(wt) = 0

From these two equations the amplitude X and the phase angle 6 are obtained.
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- cw 2) (Eq. 2.14)
— mw

_ Qo (Eq. 2.15)
B \/(k —mw?)? + c?w?

0 =tan~?! (

In order to simplify the equation, the numerator and the denominator in equation can be divided
by the stiffness coefficient (k) and making the following substitutions (Eq. 2.16).

c c w Fy (Eqg. 2.16)
k - 2 /1 = — = , — _Y
M@ 17 ¢, 2mw, wy, k

The following relation is obtained (Eq. 2.17).

ko (Eq. 2.17)
k Ost _
= DAF * 6

J( w2>2 22 VA =TD2+ (22412
w5 maws

This function is often referred to as the transfer function, because it transfer the load function
into a displacement function.

X =
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2.5 Dynamic amplification factor

To understand which frequencies that gives the largest response of the vessel, the dynamic
amplification factor (DAF) is introduced (Eq. 2.18). The amplification factor, DAF, states how
much the dynamic response is compared to the static response (J,;) caused by the load (Q,) as
shown in (Eq. 2.17).

. 1 (Eg. 2.18)
V(A =122 + (24r)2

This equation shows that DAF is a function of the damping ratio (1,) and the frequency ratio
(r). At resonance the exciting frequency coincides with the systems natural frequencies
(resonant frequency). At resonance the vibration amplitude is only limited by the systems
damping ratio (4,), because the frequency ratio (r) becomes equal to one (Eg. 2.19).

1 (Eg. 2.19)

1
J@1)? 24

The damping ratio decides how high the peak of the DAF curve will become in the damping
controlled region (illustrated in Figure 11). If there is no damping the DAF will go towards
infinity in this region.

DAF =

W=Whn
. : W>W,
Damping
-controlled Mass —M04
Dynamic control!ed r=0,2
Analysis Dynamic A0
Analysis A=0,05

DAF (Dynamic amplificatiopn factor)

Frequency (w, rad/s)

Figure 11 DAF the natural frequency (wn) for this diagram is 5 rad/s.

Every system with a mass and a stiffness have a natural frequency, if the driving wave force
have the same frequency as the natural frequency resonance is obtained (w = w,,). The damping
controlled region where the driving wave force frequencies are close to the natural frequency
is in general undesirable.

The Figure 11 shows how much the force will influence the response of a system related to the
frequency. If there is no motion DAF is equal to the static displacement (&;). In the damping
controlled region a high damping ratio is desirable. For the stiffness controlled and mass
controlled region the damping coefficient and the damping ratio is not that important as
illustrated in Figure 11.
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2.5.1 Added mass and mass

For unsteady flow around objects an additional force resulting from the fluid acting on the
structure must be taken into account in the equation of motion. The added mass is actually a
hydrodynamic force. A good way to think of the added mass components is to think of each
term as mass associated with a force in a given direction on the body that gives a unit
acceleration in the direction. Since the added mass force is in phase with the acceleration of the
vessel, the force is taken into account by finding the equivalent mass.

The added mass depends on the ability to move additional fluid, this depends on the shape of
the vessel. As a simplification some two dimensional added mass coefficients that depends on
the shape has been developed. The two-dimensional added mass coefficients are independent
of the wave frequency, in reality and in computer programs the added mass is dependent of the
frequency.

Table A-1 Analytical added mass coefficient for two-dimensional bodies, i.e. long cylinders in infinite fluid (far
from boundaries). Added mass (per unit length) is 4,; = oC ;4 p [kg/m] where 4p [m?] is the reference area
Section through body Direction Cy Ap Added mass moment of
of motion inerfia [(kg/m)*m-]
Bpm’* or p,prb’
a/b=w 1.0 a/bl B - 5
a/b=10 1.14 1 E
I a/b=5 1.21 0.1 - 0.147
2b la/b=2 _— 1.36 , 0.2 0.15
a/b=1 Vertical |75 xa 0.5 0.15
a/b=0.5 1.70 1.0 0234 | 0.234
|..2_°_‘ a/b=02 1.98 20 015 | -
a/b=0.1 2.23 5.0 0.15
o 0.125

Figure 12 Analytical added mass coefficients for two dimensional bodies, ref. [15]

The coefficients of proportionality is the added mass or the effective mass of the fluid that
surrounds the body and must be accelerated with it. For a barge which is floating (not
submerged) the added mass is half the value given in Figure 12. The added mass is given as the
following for surge, sway, heave and roll motion (Eg. 2.20).

L

_ 2

Ajk=1.4 —j a;
0

]

D
k=1.40%

(Eg. 2.20)

For the roll and yaw motion the added mass is given by (Eq. 2.21).

(Eq. 2.21)

L
_ 2,,2D
Ajk=5.6 —f X A=, 64X
0

For vessels with lateral symmetry it follows that the added mass (or damping) coefficients are.

A;;, 0 A3 0 Ajs 07 (Eq. 2.22)
_ A31 0 A33 0 A35 0
A (o Bye) = 0 Agp 0 Ay 0 Ay
[ 0 Ag, 0 Ay 0 A
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Since the vessel motion is built up by 6 degrees of freedom the added mass matrix (Eq. 2.23)
and the mass matrix (Eq. 2.24) have the same form.

[alexe = [ajk] (Eq. 2.23)
M 0 0 0 mzg —myy) (Eq. 2.24)
0 M 0 —mz, 0 mxg
0 0 M my, -mx 0
ml=t"o  _mz, m Iy 0
g Vg 44 46
mz, 0 —mx, 0 Iss 0
__myg mxg 0 _146 0 166 |

Where Xq is the vector position of the centre of gravity. With the following assumptions;
motions are linear and small with no transient effects, the vessel has port/starboard symmetry
and the origin of the coordinate system coincides with the centre of gravity of the vessel. The
inertia matrix reduce to the following (Eg. 2.25) for motions around the centre of gravity
according to ref. [29].

M 0 O 0 0 0 Eq. 2.25
|[0 M 0 0 0 0]| (Eq )
_|0 0o M 0 0 0
ml=lo o0 0o 1, 0 -
lo o 0 0 Ix 0|
lo 0 0 —Lg 0 I
Here the body mass is given by
(Eq. 2.26)
M = fff pdV = pV
14
And the moments of inertia can be defined by
(Eq. 2.27)

Iy = jﬂ. p[x' * X6 — x]'-x;c]dV
v

Where 6y, is the Kronecker delta function. The roll-yaw product (l4s), is the only product of

inertia that remains with the origin at the centre of gravity. The roll-yaw product vanishes if

the vessel has fore-and-aft symmetry and is small otherwise and is often neglected according
to ref. [29].
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The added mass and mass for heave, roll and pitch are given in given in Table 8.

Term Assumption General formulas Barge formulas
Asg Strip theory (L/B>3). Added mass is L nB?L
azP (x)dx PwCa—%—
unaffected by wave frequency. Deep 0 8
A water L B\*
. | a2 eodx 05800 (5)
0
A I
. 058,007 (5)
M;; | Rectangular, flat bottom barge f f f oo, dV pwdLB
I~
x dv
Pw B
Iss f f f 2 pwdBL?
x dv weeE
Pw B

Table 8 Summary added mass and mass

The topside moments and products of inertia are based on a weight list where the weights and
points are given. It is assumed that the mass centrums can be treated as a system of n particle
Pi, i=1,2,...,n (illustrated in Figure 13)

< | @ (my) ¥
&P (mg 7

Figure 13 Illustrates the mass centrum O and the different particle points (pi) with mass (mi), ref. [34]

Where the position of the particle (Pi) is given in (Eq. 2.28).

= xii + yl] + Zik (Eq 228)

The moments of inertia is given in (Eq. 2.29).
Ly = Zimi(yiz + Ziz)’ Iyy = Zimi(ziz + xiz)a I = Zimi(xiz + YLZ) (Eq 229)

The products of inertia of the system is given in (Eg. 2.30).
Ly = Ximixyi, Ly, = Ximiyizi, Ly, = Ximix;z; (Eq. 2.30)

The following equations ((Eq. 2.28), (Eq. 2.29) and (Eqg. 2.30)) have been used to calculate the
moments and products of inertia, and the results can be found in Appendix B, (Table 38).
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2.5.2 Damping

There are several ways to estimate the damping coefficients. The damping coefficient’s are
dependent on the frequency (w), the damping is zero when (w — 0 or o) and indifferent in
between.

From energy conversation it can be shown that the damping coefficient of a two-dimensional
body symmetric about x=0 is related to the amplitude of the far field waves generated by its
motion by Newman’s energy relation (Eq. 2.31) ref. [4]. The energy relation is based on how
much water a vessel will displace ref. [2]. The formula is related to the radiation wave amplitude
(&,), vessel movement (§;), and frequency (w) of the waves as shown below.

o =P i (231

|2 (1)3 Ei
Where the radiation amplitude has to be found from a forced motion test related to each force
frequency. The equation takes the energy from each wave into consideration making this close
to truth relation for calculating the damping of the system. The total damping is obtained by
integrating over the length. For the heave motion the result of this equation (Eq. 2.31) is given
in Table 10.

As mentioned earlier the damping coefficient is only important in the damping controlled region
where the frequency is close to the natural frequency (w = w,,). The natural roll frequency often
lies within the most energetic part of the wave spectrum. The roll motion therefore tend to be
dominated by resonant motions at the natural period, and are sensitive to changes in the amount
of damping present. For the other DOF the damping is not that important because the natural
frequency lies outside the energetic part. Figure 14 shows various estimates of the roll damping
of a “standard barge” with rectangular cross section. The calculations are based on a vessel with
the following details (illustrated in Table 9).

Model tested vessel Viking barge
Overall length (L) 915m 91,4 m
Breadth (B) 27,4 m 27,4 m
Draught (d) 2,74m 4,10 m
Displacement (Vp,,) 6581 Te 9636 Te
With a raked bow. 30° 27,40
Rounded corners R450 (B/60) R400

Table 9 Comparison between the Viking barge and the barge used in the model test.

As illustrated in Table 9 the vessels are quite equal and it is therefore reasonable to believe that
the same non dimensional roll damping coefficient is valid for the Standard Viking barge as
well. The non-dimensional roll damping is given in Figure 14.
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Figure 14 Non dimensional roll damping coefficients for a standard rectangular barge; theoretical predictions compared
with measurements from free-decay and forced-roll model test. (Figure to the left sharp corners, right rounded corners), ref.

[7]

Figure 14 shows that a small amount of rounding of the bilge corners substantially reduced the

measured damping, particularly at small roll angles. The corner radius was only 1/60 of the
vessels beam.

B\*/? (Eq. 2.32)
(Un‘44 <_) = 0,4‘4‘

Since the corners on the Viking barge is rounded (R400) the figure to the right (illustrated in
Figure 14) will be used. From this table a roll damping of 10 % is chosen as a conservative
value (illustrated in Table 10).

The damping for heave and roll are given in given in Table 10.

Term Assumption General formulas Barge formulas
C33 Only dampir?g b_ecaus_e of radiation. L Ea 2 pe (E_a>2 . g_ZL
Energy relfamon in fluid from f Pw E_ * de Pw 2| w3
Newman linear theory 0 l
Cas Non dimensional roll damping Ay = ¢ ¢ 0.2mw,

coefficients from T 2mw,
free-decay and forced-roll model test

ref. [7].

Table 10 Summary damping.
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2.5.3 Stiffness

The hydrostatic restoring force coefficients give the net hydrostatic force acting on the vessel
in the direction due to a unit displacement. The stiffness is found by comparing the force with
the respective motion, therefore the stiffness comes from the following relation:

(Eq. 2.33)

The water have a vertical stiffness but the horizontal stiffness is practically zero, if the vessel
moves in the horizontal direction it will not arise any forces trying to push the vessel back into
position.

kj. = 0, except for the values (Eq. 2.34)
L/2
k33 = pgf B(x)dx = pgA,
—L/2
L/2
kss = —pgf xB(x)dx =0
—L/2
B/2
Kas = pgf y?L(y)dx = pgvGM;
-B/2

L/2
kss = pgf x*B(x)dx = pgVGM,
-L/2

The stiffness for heave, roll and pitch are given in Table 11. The other stiffness are equal to
zero.

Term | Assumption General Barge formulas
formulas
ks Only wave force. I = F pgA,,
The vertical difference T x
kis | between the COB COG is P pgVGMy
kss | very small relative to the S pgvGM,

length of the vessel.
COG in centre of vessel.

Table 11 Summary stiffness.

29



25.4 Force

The hydrostatic and hydrodynamic forces acting on the vessel are obtained by integrating the
fluid pressure over the underwater portion of the hull. The components of the fluid forces acting
in each of the six degrees of freedom are given by the Froude-Krylov force (Eq. 2.35) by
introducing a normal n; ref. [8]

(Eqg. 2.35)
Fpp = jf poynds j=12...,6
S

This force relates to the outer pressure on the exposed wetted surface area. To achieve the total
force, the pressure function has to be integrated over the vessel wetted surface area. Where n;
is the normal to the hull surface into the hull, P is the fluid pressure and S is the underwater hull
surface area. The components of the generalized normal are equal to the usual hull surface
normals for the translation modes (j = 1, 2, 3) and equal to the moments of the unit normals for
the rotational modes {j = 4,5,6) according to ref. [8] Consequently, it may be written that:

(ny,nz,n3) =n (Eg. 2.36)
(ng,ns,ng) =rxn

Where n is the unit normal to the hull surface out of the fluid and r is the vector from origin to
a point on the hull (xi+yj+zk).
(Eq. 2.37)

Fi; = jf p,nds,i =1,2,3
S

M;; = jf p,(r x n)ds,i = 4,5,6
S

The pressure on the body can be found using Bernoulli’s equation. Assuming an inviscid and
irrotational flow (V2® = 0), the equation for the pressure is

1 o0 1 (Eg. 2.38)

pP= EPWUO —Pwgp —EPW(VZ‘D) — Pwgz

In (Eq. 2.38), the first three terms represent the hydrodynamic contributions to the pressure and
the last term represents the hydrostatic contribution. By assuming that the draft (z) and the
forward speed (Uo) is small and neglect able, the hydrostatic contribution can be neglected. The
limitation of this assumption is large draft and forward speed. The equation for the pressure
then reduce to (Eq. 2.39) for deep water.

o0 ¢

Po=-por= p%ge"kdsin(wt — kx) (Eq. 2.39)
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The dynamic pressure is parallel with the wave and reaches its maximum under the wave crest
and its minimum at wave troughs.

For the heave motion the added mass force (from Newton’s second law) has to be included
which is a product of the vertical particle acceleration (a3) and the added mass (4s3).

L/2 (Eq. 2.40)
Fy33(t) = fL a3z * g

The forces and moments are given in Table 12 the other forces and moments are equal to zero.

Term | Assumption General formulas | Barge formulas

Strip theory. _ L2 (kL
£5(0) Linear wave J- Ppnsds +az * a3 [pgf Pet? —a,0e T ] Sm( 2 )Cos(wt)

M, (t) | theory (Not ﬂ ponads (&)(z( — bicos (2K ) (w-7)
1.

applicable for k? 2

M, (t) | steep waves). %pngaB [e—kD —k ”8 kD/Z] (L cos ("7) ~ sin ("_L))
Only wave force

and added mass

force. Deep water.

Table 12 Summary force
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2.6 The natural frequency and period

A natural frequency is a frequency at which a system vibrates when it is removed from the rest
position and is left to vibrate without any external forces. The requirement for natural vibration
iIs that the system possess both mass and stiffness. The natural frequency is given by (Eq. 2.41).

(Eq. 2.41)

Wy jk =

For continuous mass and stiffness distributions, the system possesses an infinite number of
natural frequencies, even though only a relatively small numbers are usually of practical
significance. When the system is removed from rest position it will vibrate at all of its natural
frequencies, the degree of vibration will depend on the characteristics of the impulsive stimulus.
Each different natural frequency of a system defines a mode of system vibration. The modes
are ordered numerically upward from the natural frequency with the lowest frequency according
to ref. [9].

The natural period is given by (Eq. 2.42).

21
Tn,jk = a)—k =
n,j

(Eq. 2.42)

The natural periods for heave, roll and pitch are given in Table 13. The natural periods for surge
sway and yaw are equal to “infinity”.

Term | Assumption General formulas | Barge formulas

T.33 | Rectangular, flat bottom barge. Small 2n \/B

angels. Added mass neglected. Wy, 2w |—

Thaa 2nB
J1Z5aH;

Toss 2nL
J1Z9GH,

Table 13 Summary natural period
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2.7 Rao

The responses as a function of wave period for a unity load are called the transfer function or
the response amplitude operator (RAQ). The transfer function of a linear, time-invariant
differential equation is defined as the ratio of the Laplace transform of the output or response
function to the Laplace transform of the input or forcing function, assuming zero initial
conditions. Ref. [5]. Since the linear differential equation consist of the variable and its
derivates, the Laplace transform converts the differential equation into a polynomial equation
in the Laplace variable. The transfer function can be represented as a block diagram as shown
in Figure 15.

input C(t), waves output z(t), motions
Floating %%Qv
Structure
t (time) ——— t (time) —>

wavespectrum ——» frequency characteristics —— motionspectrum

Figure 15 Relation between motion and waves, ref. [3]

Motions of floating objects shall be determined for the relevant environmental conditions and
loads. A vessels motion in waves can be defined by displacement RAOs. The RAOs amplitude
and phase vary for different types of vessel, and for a given vessel it vary with the draught,
wave direction, forward speed and wave period. Vessel RAOs for seas approaching 45° off the
bow (135° case) typically give the largest heave and lateral motions according to ref. [1]. The
spacing between the analysed wave headings should not exceed 45°. If short crested waves are
considered the spacing between the analysed wave heading should normally not exceed 22,5°
according to ref. [16]. The wave heading and name of the different directions are given below
in Figure 16.

B=s® g=11p°
QUARTERING
R 3u-n g=1a0°
FIJ'LLDNING HEAD
ﬂ e =

Fig. 2 Definition of incident-wave directions

Figure 16 Definition of wave directions, ref. [2]

Each displacement RAO consists of a pair of numbers that define the vessel response, for one
particular DOF, to one particular wave direction and period. The two numbers are an amplitude,
which relates the amplitude of the vessel motion to the amplitude of the wave, and a phase,
which defines the timing of the vessel motion relative to the wave motion. As mentioned above
the vessel have 6 DOF, therefore the RAO data consists of 6 amplitudes and their phase pairs
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for each wave period and direction. It is important to obtain accurate values for the RAO
amplitude and phase if the dynamics of the system should be correctly modelled. Vessel RAOs
are used during the design process and defines the limitations for the design, therefore it is
important that they are well-defined.

6 (Eq. 2.43)
Z[—wz(Mjk + Ajp) + iwCiy + Ky |x = Fjj, j=12..6
k=1

For a single degree of freedom system the frequency response function would be:
1
. _ (Fa. 244
B [~w?(My + Aj) + iwCye + K]
X =H(w) * &, * cos(wt — 6)

RAO:s are usually obtained from models of vessels designs, tested in a model basin or using
computer programs such as Wadam. Analysis are often carried out in two phases. In the first
phase, the motion response to regular waves. This is done in accordance with hand calculation
in order to confirm that the model is correct. In the second phase, the response to irregular
waves where the wave spectrum is derived using the significant wave height and wave period.
Then the data may be presented in tabular or graphical form. Ref. [1]. These RAOs may be used
for calculation of significant maximum responses. Testing of models or full scale structure may
be carried out where the relevance of theoretical approaches is uncertain, or where the design
is particularly sensitive for motion. Ref. [16].
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2.8 Boundary conditions for linear wave theory

Some boundary conditions are introduced in order to ensure that the fluid behave in the correct
manner. By introducing a boundary condition a constraint is introduced, it is therefore important
that the appropriate boundary conditions are introduced. In addition it is important to be sure
that the boundary conditions doesn’t constrain or limit the natural behaviour of the fluid. The
following boundary conditions Table 14 are introduced to determine the velocity potential ®:

Boundary
condition

Description

Formulation

No forward speed

Zero mean forward speed

Laplace equation

Three-dimensional Laplace equation for the
velocity potential. It means that the flow is

incompressible and irrotational in the fluid domain.

VO =0

Free surface

Linear free-surface condition for steady-state
harmonic oscillatory motion of circular frequency

()

0P

—w?® —=0, F =0
1) +gaZ orz

Kinematic Ensures no flow through the body surface (vessel). a0 n dns _ o

boundary The unit normal vector is defined to be positive on~ Cdt =

condition when pointing into the fluid domain.

Sea bed No fluid flows through the sea bed. Where h is the 90 _ 0 — _h  Finite wd
distance from the surface to the sea bead. 9z omAT T Mew

[V®| - 0 when z — oo, Infinite wd
wd= water depth

Symmetric or
anti-symmetric

Surge, heave and pitch motion are symmetrical
since the motion response will be the same on

condition (3D)

vessel in all directions. The body motion and
diffraction potentials have to satisfy a radiation
condition which states that great distance from the
body these potentials disappear.

condition either side of the vessel and sway, roll and yaw are
the anti-symmetric motions.
Radiation Ensure that the waves propagate away from the ® -0, whenr- o

An example of an outgoing wave

potential in deep water is:

sz
a

*="F

sin(kr — wt + 0)

Table 14 Boundary conditions, ref. [12].
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2.9 Two dimensional sea

Regular waves (illustrated in Figure 17) is an important asset and a useful tool to make
approximations. However, such waves do not occur in the real ocean environment. In reality
the sea have a combination of different waves with different amplitude and periods. Fourier
analysis can combine these waves as a sum of sinusoidal waves as a good approximation.

h ‘smap shot' /" "time history'
Y (t= fixed) k5 / (x = fixed)
" b

Figure 17 Harmonic wave, ref. [3]

Wave potential theory is the basis for calculating wave loads and motion for fixed and floating
structures. Realistic fluid behaviour is very hard to calculate exactly, thus by idealising the fluid
it is possible to perform calculations that are very useful in the design of an offshore structures.
The formulas that contribute for a regular sinusoidal wave are given in Table 15.

Table 2.1. Velocity potential, dispersion relation, wave profile, pressure, velocity and acceleration for regular sinusoidal
propagating waves on finite and infinite water depth according to linear theory

Finite water depth Infinite water depth
Velocity potential ¢ 8L cosh k(z + ) (wt — kx) ¢= gt e cos(wt — kx)
elociy po T @ coshkh S o @
- 2 2
Connec.non between wave number o _ & tanh kk o _ 5
k and circular frequency w g g
Connection between wavelength _& . in _ &
4 and wave period T A—ZITtanh)_h l—znT
Wave profile £ =E, sin(wt — kx) £ =L, sin(wt — kx)
hk(z+h
Dynamic pressure o= pgt. cosh k(z + h) sin{wt — kx) o= pgt.e* sin(wr — kx)
cosh kh
h k(z + h
x-component of velocity u= wC,Mr—)sin( Wt — kx) u = wl,e" sin(wt — kx)
sinh kh
inh k(z + h
z-component of velocity w=wl, wcos(wt — kx) w = wk,e* cos(wt — kx)
sinh kh
. hk(z+h
x-component of acceleration a,= w‘.;,ﬂ_—h(%!—-) cos(wt — kx) a, = w'L,e* cos(wt — kx)
sinl
z-component of acceleration a;= —w’{;,ﬂ—ntl%;—k)sin(wt — kx) as=—o*C,e* sin(wr — kx)
sin

w=2x|T, k=2x/A, T =Wave period, A= Wavelength, {,=Wave amplitude, g = Acceleration of gravity,
t="Time variable, x = direction of wave propagation, z = vertical coordinate, z positive upwards, z =0 mean
waterlevel, h = average waterdepth. Total pressure in the fluid: pp — pgz + po (po = atmospheric pressure).

Table 15 Velocity potential, dispersion relation, wave profile, pressure, velocity and acceleration for regular sinusoidal
waves of finite water depth and infinite water depth according to linear theory, ref. [2].
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2.10 Strip theory

In order to calculate the response and forces for a vessel, a numerical approach is used. The
strip theory is a numerical theory considering the vessel is modelled as a finite number of
transverse two-dimensional strips that are rigidly connected to each other. Each strip is treated
hydrodynamically as if it is a segment of an infinitely long floating cylinder. The strips have a
distance xp from the Centre of gravity (COG) and thickness of dx, and an infinite width
(illustrated in Figure 18). A vessel is divided into as many strips as necessary, in order to get
an accurate result. Ref. [3]

The strip theory can be used to predict the heave and pitch motion by adding the body-mass
and hydrostatic forces. The result is a pair of coupled linear equations for the complex
amplitudes of heave and pitch. In solving these equations of motion the principal task is the
computation of the two-dimensional added mass and damping coefficients for each section of
the vessel. Ref. [4]. Three-dimensional added-mass coefficients can be approximated by
integrating the assumed locally two dimensional added-mass coefficients over the length of the
barge.

Figure 18 Two-dimensional strip theory, ref. [3]

Strip theory is limited to long and slender bodies, where the length-dimension is exceeding the
others (beam and the depth) by an order of magnitude ref. [4]. Experiments have shown that
strip theory can be applied successfully for floating bodies with a length to breadth ratio
(L/B>3). In addition the rigid body motions have to be small ref. [29].
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2.11 Panel method

For three-dimensional analysis a panel method is commonly used. The panel method is a
numerical method which uses a numerical model based on a distribution of sources to calculate
the source-potential around the submerged body surface. The source-potential, or Green
function, is the fundamental element in the analysis of wave-induced motions and forces acting
on floating or submerged vessels ref. [35]

The procedure can be justified by Green's theorem, which requires the solution of an integral
equation of the body surface, either for the source strength or for the velocity potential ref. [35].
In practice the body surface is discretized into a large number of discrete “panel” elements
(illustrated in Figure 19), typically between 100 and 1000 ref. [35]. The corresponding integral
equation is replaced by a finite linear equations characterized by a square matrix of complex
coefficients with the same dimension as the number of panel elements. This is an acceptable
simplification for the majority of the fixed or floating structures in use today in the offshore
industry according to ref. [3].

The required accuracy is an important factor in any numerical computation, the panels has to
be small enough to justify that the source density is constant and that the quality of the results
is within a reasonable degree of precession. A degree of precession can be attained by
systematically increasing the number of panels, and the accuracy of the final hydrodynamic
parameters can then be judged with some confidence ref. [35].

Figure 19 Surface divided in a number of panels
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2.11.1 Potential theory

A streaming flow will be disturbed by the presence of a body, from a mathematical viewpoint
such a disturbance requires the introduction of singularities; simplest source and sink potential.
A source is a point from which fluid is imagined to flow outward uniformly in all directions,
and a sink is simply a negative source (Q) (illustrated in Figure 20). The singularity violate the
Laplace equation, therefore source and sinks should be located on the body boundary surfaces
and is not allowed within the interior of the fluid. Ref. [4]. A "thin" vessel can be simulated by
a distribution of sources on the centreline plane of the forebody and of sinks in the afterbody,
the sum of their total strength being zero. The restriction to a "thin™ vessel can be removed if
the sources and sinks are distributed over the hull surface itself according to ref. [8].

e

P

STAGNATION
INT DIVIDING STREAMLINE

©
o
%

Figure 20 Source and sink, ref. [4]

The flow is called source flow because the amount of fluid passing through a circle at radius r
is always Q, and the fluid is irrotational, because Q is constant in the fluid. Ref. [3]. The velocity
potential of a source, situated at the origin is given by (Eq. 2.45):

Q (Eq. 2.45)
47mR

R=[(G—82+ @ -2+ @-0T

Where R is the radial distance from the source and field point and Q is the total flux, or the
source strength (flow rate) on the wetted body surface. The equation gives radial flow from a
point. When R goes towards zero the velocities go to infinity at this point, therefore these points
has to be excluded when carrying out the integration in the fluid.
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2.11.2 Green’s function
The Green’s function G (x; Q) which is referred to as the velocity potential of a source at the
field point x due to a source strength at the point (). The vertical position of the source is
assumed to be negative or zero. The fluid depth is assumed to be either infinite, or of constant
depth h. The Green function satisfies the set of appropriate boundary conditions, and in infinite
water depth it is defined by ((Eq. 2.46), Welhausen and Laitone (1960))

1 1 2v[®  ek#=+D (Eq. 2.46)

G(X;O =E+ﬁ+7 . dkm}o(kR)

R =[-8+ -0+ @+
(1)2

k=—
g

Where Jo(KR) is the Bessel function of the first kind, order zero (Eq. 2.47), the function is a
oscillating function that decays with the ratio \/%_R meaning that the Green function satisfies the
radiation condition for large R values.

2 \? m (Eq. 2.47)
Jovr) = (m) cos (kR — Z)
In finite water depth the green function is defined by (Eq. 2.48).
_ _l i ® (k+wv)coshk(z+ h)coshk(T+h) _ . (Eq. 2.48)
6&:0) _R+R”+2f0 dk J sinh kh — v cosh kh e o(kR)

R" =[G = )2+ (y — )2 + (z + L+ 20)*2

According to (Lamb,1932), the potential ®@; (Eq. 2.49) at a point (X,y,z) on the mean wetted
body surface Sg due to the motion in the mode j ( j=1,...6) and the diffraction potential ®7 can
be represented by a continuous distribution of single sources on the body surface according to
ref. [3].

1 (Eq. 2.49)
32 = || eEnO6wymEm s
SB

The integral equation represent a distribution of sources or sinks on the wet surface. Where the
source strength function Q is found by satisfying the boundary condition. In order to solve the
integral the mathematical model must be discretized into a finite number of panels. By solving
the integral equation it is possible to find the added mass, damping coefficients and the wave
forces. Finally the motions & are determined from the solution coupled equations of motion
with six degrees of freedom (Eq. 2.43) and (Eq. 2.44).
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3 Methodology for analysis and hand calculation

3.1 Setup

The Versatruss system consist of two Standard Viking barges (illustrated in Figure 53) that will
be installed with a lifting system that consist of A-frame booms and tensioned wires to lift a
topside with the same characteristics as the Huldra topside (illustrated in Figure 54). The details
are given below in Table 37 Table 38 and Table 39 in Appendix B. Connected together the
system looks like illustrated in Figure 21.

Figure 21 Huldra topside placed on the two barges in a Versatruss formation
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3.2 Hand calculations

Strip theory has been used for some hand calculations to make an estimate of the expected
transfer functions for the Standard Viking barge (illustrated in Figure 22). As mentioned the
strip theory is limited to small motions, in addition the added mass is assumed to be constant.
Therefore it is possible to see that the hand calculations differ from the results from HydroD
around the natural period. This is done in order to verify that the model made in Genie is a
correct representation of the Viking barge (the results are given in Appendix A).

For slender bodies (L>3B), the motion of the fluid can be formulated as a 2D problem. An
accurate estimate of the hydrodynamic forces can be obtained by applying strip theory ref. [4].
Strip theory has the advantage that it is a simple and efficient tool for calculating the
hydrodynamic forces and motions of a vessel. The figures shown in Appendix A illustrates that
the strip theory is a very good and accurate estimate and verify that the model is a good
representation of the Viking barge. There is some deviation for the roll motion, it is assumed
that the reason for this appearance is because in this direction the barge is not slender.

Strip

Vessel

H (Height)

H (Height)

L (Lenght)

| B (Breadth)

Ta

Ail
D (Draught)

B (Breadth)

Figure 22 Illustrates the principle behind the strip theory for the heave motion.
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3.3 Software calculations

The software used for these calculations is the Sesam package, which is a complete package for
simulation of marine operations from modelling to final results. The panel model which is the
“physical model” is first made in Genie, then the panel model is imported to HydroD where it
IS possible to run hydrodynamic analysis. Then the added mass, damping coefficients, motion
transfer functions etc. are imported into SIMA (Sesam marine). SIMA is then used for
feasibility evaluation (illustrated in Figure 23)

i

Panel and other models to - | Added mass, damping

run hydrodynamic P i l coefficents, 1* and 2=

analysis order wave loads, etc
DA

N

Ml =R

Graphic files for animation

Figure 23 Shows the relation between Sesam Genie, HydroD and Marine (SIMA), ref. [30]
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3.3.1 Genie

Sesam GeniE is a tool for design and analysis of offshore and maritime structures made up of
beams and plates ref. [31]. The Sesam GeniE software facilitates efficient modelling and
features 3D visualization of the conceptual model (illustrated in Figure 24). In addition it is
possible to compute the mass, COG and the moment of inertia. The computed mass is compared
with the lightweight of the vessel (1850 Te), the lightweight tonnage is the weight of the vessel
when it was built including all framing, machinery etc. according to ref. [32]. This is done in
order to verify that the conceptual model is consistent with the given model of the Standard
Viking barge. There is some deviation, it is reasonable to believe that the deviation is because
there is some reinforcement that are missing in the bow and stern as well as the machinery.

Pl Pepdiec
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Do 03407200 By Ty
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in 1070 -=00 Bl BREMA N

Figure 24 Conceptual model of a Standard Viking barge

GeniE may also be used to create panel models of fixed or floating structures for subsequent stability or
hydrodynamic analysis in HydroD. The outer surface has been assigned wetted surface (illustrated in
Figure 25) such that hydrodynamic loads and accelerations may be computed in HydroD (Wadam)
according to ref. [40]. These loads may be transferred back to the finite element model (illustrated in
Figure 26).

Figure 25 The wet surface

For the hydrodynamic analysis a FE-model is required, a finite element mesh generated for the panel
model. In addition Genie provides finite element visualization (illustrated in Figure 26), which enables
mesh control.
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Figure 26 FE model Viking barge; mesh characteristic value of 2 m.

The FE-panel model is exported as T1.FEM. The panel model describes the surface of the barge
and contributes to for example the added mass coefficients and displaced volume. Then the
structural model has to be defined (T2.FEM) in the structural model the weight and
compartments are specified. The weight is specified by defining the same properties (sections,
thickness and material) on the model as specified on drawings.
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3.3.2 HydroD

The FE-model from Genie is then imported into HydroD as a FEM file. HydroD is a software
for hydrostatic (Wasim) and hydrodynamic (Wadam) analysis. This software uses the panel
method to describe large-volume structures. The software fulfil the condition of no fluid
penetration of the wet surface (illustrated in Figure 25), this makes the method suitable for
arbitrary body shapes. The method is based on potential theory to compute wave loads and
motion response, meaning oscillations are assumed small relative to the cross-sectional
dimensions of the body.

The actual implementation is based on Wamit which uses a 3D panel method to evaluate
velocity potentials and hydrodynamic coefficients ref. [41]. Wamit was developed by Professor
Newman and co-workers at MIT in 1987, and it has the ability to analyse the complex structures
with a high degree of accuracy and efficiency according to ref. [33].

In HydroD a set of parameter can be defined like the directions (beam/head sea), periods (which
periods shall be included), location (water depth, density), draft, compartment content, mass
model (weight and COG), off body points (contributes to the stiffness matrix) and critical
damping matrix (damping ratio) etc. (illustrated in Figure 27) The periods are selected with a
small interval close to the natural periods, and the water depth is assumed to be 120 m to
represent a typical value for the North Sea. In addition the compartments are filled to get the
correct centre of gravity (COG) and metacentric height (GM).

. [CDampingtatinl

Addto © Ovenwits (Wadam orly] @2

Panel model

Figure 27 Illustration of the parameters in HydroD

The result file is saved as a Wamit file which contains the added mass, damping coefficients,
motion transfer functions etc. and can be imported into SIMA. The result file is saved and can
be found in Appendix C.
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333 SIMA

The Wamit file from HydroD and the graphical file from Genie is then imported to SIMA.
SIMA is a software carries several features like INPMOD, STAMOD, DYNMOD, OUTMOD
and SimVis which makes it possible to do complete dynamic analysis with 3D visualization.
The description of the different modulus is described in Table 16.

Software | Modules Communication Description
SIMA INPMOD | File system for | Input generation and presentation, interface to external
communication between | sources of data. (for example results from diffraction
modules. analysis)
STAMOD Read input data, static analysis, define initial condition for

dynamic simulation. A static equilibrium position may be
calculated with or without environmental forces applied.
(which is a good alternative to check that the model
behave in an appropriate manner)

DYNMOD Dynamic analysis, calculate responses in the time domain.
Which involves time integration of the equation of
motion.

OUTMOD Read time series files generated in DYNMOD, generate

print and plot of time series and statistical parameters.
(Post-processing)

SimVis 3D visualization tool

Table 16 General descriptions of the features in SIMA, ref. [43]

In SIMA it is possible to define the location (gravity, water density, water depth etc.),
environmental parameters (wave, swell, wind and current), metocean (wave statics, direction
and spreading), mass and moment of inertia etc. SIMA is used for managing risk and feasibility
evaluation of marine operations with visual simulation of calculations.

The wave-induced motion is based on some simplifying assumptions, in particular linearization
of the hydrostatic, diffraction and radiation forces about the still water plane and the body's
hydrostatic equilibrium. The assumption of linearity for vessel response allows us to use many
powerful analysis techniques. To partly overcome this deficiency SIMO offers a way to account
for the nonlinearity in the restoring force and the wave force in a quasi-static manner during the
simulation (illustrated in Figure 28). The local nonlinear corrections are integrated over the
panel area to give the total nonlinear correction in the 6 DOF generalized rigid body forces and
moments in the body-fixed coordinate system according to ref. [42].
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Figure 28 Nonlinear correction of wave force and restoring force on body. (product of panel area and pressure applied on
panel cell (M x g x vertical distance between the wave surface and cell centroid), ref [42].
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3.3.3.1 Coupling

In SIMA it is possible to couple the model together (illustrated in Figure 29). The coupling
contributes to boundary conditions, it is important that the boundary conditions reflect the
natural behaviour and doesn’t introduce some constraints or introduce some unnatural motions.
Therefore it is important that the coupling corresponds with the coupling that is intended for
the Versatruss system.

TCPEIDE

Coupling point
GuideZ_st_Topside Coupling line "fender point"”,
constant compression

Forces represent
de-ballasting to get even [ .

draft Coupling point:

Coupling line "Simple wire", Point_on_WESSEL_B
constant tension

WESSEL_A WVESSEL B

Figure 29 Coupling in SIMA

A fender point, which is a coupling element between two bodies, represents the A-booms, the
fender point is attached to the topside and the fender plane is located at the vessel. The fender
plane gives contact force (compressive) between a fender point and a plane at a given position.
The contact force is zero for a distance larger than a specified value, and the compression force
normal to the plane calculated from a specified deformation-force relation. The fender points
act as a pinned connection satisfies the concept that the barges can have individual roll motion
(illustrated in Figure 30). Thereby giving a correct representation of the A-booms.
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Figure 30 Illustrates the individual roll of the barges (red and green line). The topsides roll motion (blue line) is a function of
the difference in the heave motion for the two barges.
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The compressive force in the fender is given by (Eq. 3.1).

e R Eqg. 3.1
F=—<f(R)+c|R| *W>ﬁ (B30

Since the damping (c) is proportional with the velocity (R) the exponent (e) is specified as one.
The damping value is found from Table 17.

System Damping ratio
Metals <1%
Continuous metal structures 2-4%
Metal structures with joints 3-7%
Small diameter piping systems 1-2%
Large diameter piping systems 2-3%
Ref. [11] (Table 18.2 Representative damping ratios as percent of critical damping.)

Table 17 Representative damping ratios as percent of critical damping

A simple wire coupling, which is a coupling between two bodies in constant tension represent
the constant tension winch and wire. The wire cross section stiffness is given in (Eqg. 3.2).

I = EA (Eq. 3.2)
Ly
For the wire the damping can normally be set to 1-2% of EA, where E is the modulus of
elasticity and A is the cross-sectional area ref. [42]. The damping value used for the fender and

wire is given in Table 18.

Name Stiffness Mass (Topside) Eigen frequency (wn) Critical damping (cc)
Fender 2,24e+09 N/m 4,87e+06 kg 21,4 rad/s 2,09e+08 Ns/m

2 % of critical

damping 4,18e+06 Ns/m

3 % of critical

damping 6,26e+06 Ns/m

The damping value in the software is specified as 5,0 e+06 Ns/m for the fenders.

Name E-modulus Area EA

Wire 210 GPa 6,02e+05 mm? (multiple wires) 1,26e+11 N
1,5 % of EA 1,26e+09 Ns/m

2 % of EA 2,53e+09 Ns/m

The damping value in the software is specified as 1,90e+09 Ns/m for the wires.
Table 18 Damping values specified for fenders and wires

The vessels and topside are modelled as a large volume bodies in order to get 6 degrees of
freedom where the total motion is simulated in time domain. By transformation of an input
signal (motion of the topside) the motion in four different points (representing the stabbing
cones) can be found. The velocities and accelerations are found by derivation and double
derivation of the motion in the given point.
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_dx(t) d2x(t) (Eg. 3.3)
a0 YT Tar

s = x(t), v

3.3.3.2 DP system

The horizontal stiffness is practically zero, if the vessel moves in the horizontal direction (surge,
sway and yaw) it will not arise any forces trying to push the vessel back into position. In order
to restrain this motion tug boats (with DP) are used to maintain the position and guide it at seas
(Mlustrated in Figure 31).

Figure 31 Illustrates the Versatruss system and the tug boats, ref. [37] (owner: Versatruss Americas; lift capacity 20,000 Te)

In SIMA the tug boats are modelled as a DP system, which is introduced as a hydrodynamic
stiffness and critical damping in the horizontal directions (surge, sway and yaw). The stiffness
(Table 19) is calculated from following equation (Eq. 3.4) by assuming a natural period of 300s
in surge, sway and yaw.

Eq. 3.4

T —om mjk + a]-k 5 k . 47‘[2mjk ( q )
n — k jk — T2
n

The tug boats are directly connected to the barges therefore a high damping value from the
thruster equal to 70% of critical damping (illustrated in Table 20) is assumed.

Symbol Stiffness Formula
K11 4,38e+03 N/m (Eqg. 2.16)
K22 4,71e+03 N/m

K6 3,06e+06 N/m

Table 19 Stiffness in surge, sway and yaw
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Symbol Stiffness Formula
C11 2,93e+05 Ns/m (Eq. 2.16)
C22 3,15e+05 Ns/m

Ce6 2,04e+08 Ns/m

Table 20 Damping in surge, sway and yaw

To verify that the natural period is 300 seconds the system is removed from equilibrium position
because then the system will oscillate around the equilibrium position by the natural period

(illustrated in Figure 32).
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Figure 32 Illustrate that the system oscillate with a natural period of 300 s
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3.3.4 Criteria

Float-over installations are weather restricted marine operations. The design situation includes
several types of actions according to ref. [19], it will be very time consuming to look at all the
situations. For that reason the thesis will be limited to the environmental actions and the
dynamic response.

As a guiding principle, the minimum clearance should be sufficient to allow unimpeded
operation of the installation system and should be based on motion analysis of the two bodies
being positioned. Where there is a risk of contact between structures, a suitable fendering
system should be installed. Fender dimensions should be taken into account when determining
minimum clearances.

The maximum object movements during installation should be defined (illustrated in Table 21);
they depend on the vessel and the local weather conditions. Typical values for maximum object
motion amplitudes are:

Typical values for maximum object motion amplitudes

Vertical movements +1,00m
Horizontal movements +1,50m
Longitudinal tilt +20
Transverse tilt +2°
Plan rotation +30°

Note: The plan rotation limit is applicable only when the object is close to its final position or adjacent to
another structure on a cargo barge.

Table 21 Typical values for maximum object motion amplitudes, ref. [19].

The substructure and the topside needs to be designed for the potential impact loads from self-
weight, motions, direct hydrodynamic loads as well as barge deflections. An assessment of
impact loads on bumpers and guides should be based on considerations of impact conditions
and deformation energy, which should, in turn, be based on realistic assumptions of velocities,
impact positions and deformation patterns. In the absence of more detailed calculations, typical
loadings for the design of bumpers and guides during offshore lifts are given in Table 22 ref.
[19].

The values are given as a percentage of the static hook load (Wst), equal to the sum of the gross
weight and the rigging weight according to ref. [19].
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Vertical sliding bumpers

Horizontally directed force in plane of bumper, Fy, 0,10 W,

Haorizontally directed (friction) force out-of-plane of bumper, F, 0,05 W,

Vertically directed (fnction) force, F, 0,01 W,
Pinbucket guides

Horizontally directed force on conefend of pin, F, 0,05 7,

Vertically directed (or stabbing) force on inclined conelend of pin, Fy 0,10 W
Horizontal “cow-horn™ type bumpers with vertical guide

Horizontally directed force in any direcfion, F, orfand F| 0,10 W,

Vertically directed (friction) force, F_ 0,01 W,
Vertical “cow-hom® type guide with horizontal bumper

Horizontally directed force in any other direction, F, orfand F| 0,05 W,

‘Vertically directed (stabbing) force on inclined face of guide 0,10 W,

? Seefigures in Clauses A6

Table 22 Bumper and guide loading, ref. [19].

The configurations for a pin/bucket is illustrated in Figure 33. The configurations of bumpers

and guides given in Table 22 are explained in ref. [19].
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Figure 33 Pin bucket configurations, ref. [19].

For each of the configurations in Table 22, the loads in all relevant directions shall be combined
to establish the most onerous loading condition. For inshore lifts under controlled conditions,
bumpers and guides may be designed to 70 % of the forces shown in Table 22 according to ref.

[19].
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The criteria given in Table 22 leads to a limiting acceleration and velocity (given in Table 23)

because both the velocity (Eg. 3.5) and acceleration (Eq. 3.6) term introduce impact loads.

1 (Eg. 3.5)
E = —kx? = —mv? o
2 2
F? F
km Vkm
F =ma (Eg. 3.6)
Pin bucket guides Weight static Motion
Horizontal acceleration 0,05 Wy t 0,4905 m/s?
Horizontal velocity (*) 0,5 m/s
Vertical acceleration 0,1 Wy 0,981 m/s?
Vertical velocity (*) 0,4 m/s

(*) Recommendations from specialist in Statoil.

velocity will limit the operation.

Since the acceleration is a function of the natural frequency and the natural frequency is less than one, the

Table 23 Pin bucket loading; acceleration and velocities
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3.4 Time domain

A time domain analysis is usually used to predict extreme load effects, which involves
numerical integration of the equation of motion. The advantages of a time domain analysis is
that it can capture non-linear-force-displacement relationships and give the response without
making assumptions regarding response distribution according to ref. [15].

The duration of the time simulation should be sufficient to provide adequate statistics. It is
recommended to perform 3 hour time domain simulations in irregular sea states. The time
domain simulation includes 3 hours + build up time. Build up time is included because the time
domain requires a proper simulation length to have a steady result particularly in surge, sway
and yaw motion. It is important to be sure that the time series generated don’t repeat themselves
with a period that is less than the intended simulation time. Because then the actual simulation
time will be less than intended. In SIMA the time series will repeat themselves with a period:

2m (Eq.3.7)
T,, =
A(‘)kmin
Where:
_om (Eq. 3.8)
Awye = N At

To prevent repetition the duration of the time series is limited to:

2
T N,At (Eg. 3.9)

T, =
pr Awkmin
A heading controlled vessel will not be able to keep the exact same direction continuously. It
is therefore important that the analysis are performed for the intended direction £15 degrees

according to ref. [15]
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3.5 Statics

In reality the wave condition is random, for the irregular sea one has to specify a seed for
generation of random phase angles for the wave components. For the time domain analysis an
alternative to one long simulation, is to simulate several (10-20) realisations of duration 3 hours.
Where the extremes values from each simulation is estimated as the most probable maximum
(MPM) of the extreme value distribution. The extreme value distribution will for increasing
number of maxima approach a Gumbel distribution ref. [13] illustrated in Figure 34.

Diwtribution of hirgest 3 hoor manimmms

Prohability

MPM| [Expected

Figure 34 Statistical distribution, ref. [13].

In addition boot strapping and Monte Carlo simulation are done to give an estimate of the
confidence. The Monte Carlo simulation is done by assuming that the MPM follows a
calculated Gumbel distribution. Then random numbers from 0-1 are generated, because the
probability cannot be negative or exceed one. Then new MPM values are calculated from the
cumulative distribution function. If the random generated numbers and the numbers from the
simulation coincides confidence is achieved.

The extreme value is taken as the P90 value, which represents the extreme value which have a
10% probability of exceedance. The formulas that are used to obtain the P90 value is given in
Table 24.

57



of maxima

Term Assumption General formulas Gumbel

Probability distribution The extreme value PDF = f(y) 1 _y’%a O

function distribution will for g e " re

Cumulative distribution | increasing number -
CDF = ff(y)dx CDF=e° *

function

90 % percentile

approach a Gumbel
distribution ref.
[13]

P90 =10,9 = fxf(x)dx
0

x=y-— ﬁLn(—Ln(0,9))

Average

Standard deviation

N
1
y :NZYi
i=1
N

i —¥)?
1

Scale parameter

Location parameter

The parameters is
estimated using the
moment principle.
(Prediction of
characteristic
response Statoil)

B =0,7797s

a=y—0577228

Table 24 Formulas statics

58




4 Metocean

4.1 Description of ocean waves

Regular waves are often used for hand calculations. However, such waves do not occur in the
real ocean environment. In reality the sea have a combination of different waves with different
amplitude and periods. Therefore the irregular sea can be illustrated as a sum of sinusoidal
waves (illustrated in Figure 35).

Time Domain

Measured Wave Record

Figure 35 Illustration of the sum of sinusoidal waves, ref. [3]

Fourier analysis can combine these waves as a sum of sinusoidal waves as a good
approximation. In order to get a mathematical model that is much easier to understand and
operate for a given time history (Th).

2 (Eq. 4.1)
() =&+ Z A, cos(wy,t) + Bysin(wyt)
n=1
Where the equally spaced frequencies are given by
2
W, = ﬂ, withn =1,2 ... (Eq. 4.2)
Ty
The coefficients are given by
2 (TH (Eq. 4.3)
A, =— &(t) cos(wyt) dt
Ty J,
2 (T
B, = — E(t) sin(w,t) dt
Ty J,

(Eg. 4.1) may be written as
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o Eq. 4.4
£(D) =§‘0+2§cos(wnt+9) (B 449

n=1

§ = VAL + Bf (Eq. 4.5)

Where the coefficients are

And the phase angles are given by

B.
tanh = — = (Eg. 4.6)
n

(Eq. 4.4) represents the irregular record by the sum of an infinite number of sine waves of
amplitude (£¢) and frequency (w,,). These frequencies correspond to (Eq. 4.2).

4.2 Spectrum model

Waves are usually generated from wind, called wind induced waves (illustrated in Figure 36).
The wave formation are dependent on water depth, wind duration, width of area affected, the
fetch length and the wind speed. There are at least two physical processes involved, these being
the friction between air and water and the local pressure fields associated with the wind blowing
over the wave surface. A great deal of work has been done on the theory of wave generation by
wind, but no completely satisfactory mechanism has yet been devised to explain the transfer of
energy from wind to sea according to ref. [8].

Since the wind is fluctuating the waves will also be fluctuating, but it is common to assume that
the sea state is stationary for a duration of 20 minutes to 3-6 hours. A stationary sea state can
be characterised by a set of environmental parameters such as significant wave height Hs and
spectral peak period Tp. Ref. [15].

Wind
. e T —
a} Calm surface b) Ripples c) Small waves
“""\.\_,.,‘x\__,..-r"\-""-/‘f J\'_-...n\_\_ .d-._,-'---"'""r_
d) Ripples develop on growing waves

Figure 36 How waves develop, ref. [10]

Short term stationary irregular sea states may be described by a wave spectrum. A wave
spectrum is the power spectral density function of the vertical sea surface displacement. The
wave spectrum is often defined in terms of Hs and T,. When the time increase the sea spectrum
changes to a fully developed sea the wave spectrum grow wider, increasing the standard
deviation ().

There are several spectrum formulas that are used in the design of offshore structures. These
formulas are derived from the observed properties of ocean waves. The most appropriate wave
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spectrum depends on the geographical area with local bathymetry and the severity of the sea
state. The Pierson-Moskowitz (PM) spectrum and JONSWAP (Joint North Sea Wave Project)
spectrum are frequently applied for wind seas.

Swells are generally of long period and comparatively regular. Locally generated wave systems
may therefore be contaminated by swells generated by distant storms. Moderate and low sea
states in open seas areas are often composed of both wind-sea and swell. Any local
environmental effects, e.g. the possibility of swell/waves at the lift-off site, should be identified
and considered according to ref. [14]. A two peak spectrum may be used to account for both
wind sea and swell. The Ochi-Hubble spectrum and the Torsethaugen spectrum are two-peak
spectra which account for the swell waves according to ref. [15]

Different spectrum models for the same energy content distributes the energy differently across
the frequency band. Thus the response of the structure will be different if a different spectrum
models are used according to ref. [1]

4.2.1 Spectral moments

If the time history has a zero mean and the number of observations is very large. A time history
represented by (Eq. 4.4) therefore has a variance (m,). The variance of the irregular wave time
history is equal to the area under the wave energy spectrum.

0

Where w is the angular wave frequency, and n =0,1,2.. according to ref. [21].

4.2.2 Significant wave height

The significant wave height is a commonly used measure of the height of the ocean waves. The
significant wave height (Hs) is traditionally defined as the average of the highest one third of
all the waves (Hu3) in the indicated time period from the trough to crest (Eq. 4.8). Nowadays it
is usually defined as four times the square root of the standard deviation of the surface elevation
(EQ. 4.9). The different definitions is given bellow:

Deterministic definition:

nyy
3 H, (Eq. 4.8)
Hy=) —
= s
Statistically definition:
H, = 4./m, (Eq. 4.9)

The significant wave height is an important parameter during planning of marine operations.
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4.2.3 Spectral peak period and crossing period

The spectral peak period Tp is the wave period determined by the inverse of the frequency at
which a wave spectrum has its maximum value. The zero-up-crossing period Tz is the average
time interval between two successive up crossings of the mean sea level (illustrated in Figure
37).

e (Eq. 4.10)
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Figure 37 Typical wave record at a fixed point with definition of terms, ref. [8]
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424 JONSWAP

The JONSWAP spectrum extends Pierson-Moskowitz (PM) to include fetch limited seas. Both
spectra describe wind sea conditions that often occur for the most severe seastates according to
ref. [21] . The PM-spectrum was originally proposed for fully-developed sea according to ref.
[15]. The PM is given below in (Eq. 4.11).

5 5(w\ " (Eq. 4.11)
Spu(w) = EHszw;,*w_sekSp (_Z(a)_> )
P

The JONSWAP spectrum (Eq. 4.12) is formulates as a modification of the PM spectrum for a
developing sea state in a fetch limited situation.

oxof —0.5(2=2P)? (Eq. 4.12)
5 ) = Aysputany L))

Where y is a non-dimensional peak shape parameter, o is the spectral width parameter (Eq.
4.13) and A, is a normalizing factor (Eq. 4.17). Average values for the JONSWAP experiment
dataare y = 3.3, g, = 0.07 and o3, = 0.09 according to ref. [1] and [42]. The shape parameter
(y) typically varies between 1 and 7, and for y = 1 the JONSWAP spectrum reduces to the PM
spectrum (illustrated in Figure 38) according to ref. [15]

0= 04 forw=<w, (Eq. 4.13)
o= 0pforw>w,
A, =1-0.287In(y) (Eq. 4.14)

If no particular values are given for the peak shape parameter y, the following value may be
applied:
Tp <3.6/H; >y =5 (Eq. 4.15)
Tp 25 /Hs >y =1
JHs3.6 < Tp <5,/H; >y = exp(5.75 — 1.15T, /\/Hy)
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Figure 38 JONSWAP spectrum for Hs=4.0 m, TP=8.0s for shape parameter 1, 2 and 5, ref. [15]
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4.25 Wave spreading

In ideal conditions in the open ocean all the waves travel in the same direction. However
changes in wind direction, the influence of coastlines and bottom topography and the presence
of waves generated elsewhere ensure that the true long crested one directional wave systems is
rarity. It is much more likely that the real waves in the ocean travel in many different directions,
although an easily recognized “primary” direction more or less aligned with the local wind may
be discernible according to ref. [10].

The presence of more than one wave system results in enhancement and cancelation of wave
crest and troughs, and this phenomenon gives rise to the term short crested to describe the
appearance of a wave system with a spread of wave directions (illustrated in Figure 39)
according to ref. [10].

S() = S(w)D(H) (Eqg. 4.16)

The wave energy spectrum derived from a record of surface elevations obtained at a particular
point in the ocean will invariably contain contributions from several different wave directions.
The wave spreading have a profound influence on some vessel motions particularly roll.

fD(") 4 (Eq. 4.17)
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Figure 39 Illustrates the principle behind wave spreading, ref. [10] and [3]

A common directional function often used for wind sea is
I(s+1) (Eq. 4.18)

D(0) = cos™(6 — 6,)
1 p

var (3+3)

Where T is the Gamma function and |9 — 9p| < %

Short crested sea with spreading n = 2 used in the directional function, should be applied for
operations that are independent of vessel heading according to ref. [20].
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4.3 Operational criteria

For each specific phase of a marine operation the design and operational metocean criteria shall
be defined. A marine operation with operational reference period (Tr) less than 96 hours and
planned operation time (Trop) less than 72 hours may be defined as weather restricted according
to ref. [17]. For a weather-restricted operation the operational metocean criteria are that set of
values for the metocean parameter (wind, wave, current) which are not exceeded at the start of
the operation and which a forecast not to be exceeded for the duration of the operation, allowing
for contingencies.

These operations may be planned with weather conditions selected independent of statistical
data, i.e. set by an owner, an operator, etc. according to ref. [15]. Usually low environmental
limits are set for operations that can be completed within a short period of time because they
can be carried out under a controlled condition. The downside is then that the operation is not
that flexible and may lead to excessive waiting time on a good weather forecast a so called
weather window. Expected waiting on weather (WOW) should be determined to establish
realistic assumptions/restrictions.

4.3.1 Reference periods

Metocean criteria for marine operations depends on the planned duration of the marine
operation including contingency. The contingency time (Tc) is added to cover the uncertainty
in the planned operation time (Trop) and cover possible contingency situations, for example
equipment failure that will require additional time. The reference period should be less than the
horizon of a reliable weather forecast if operation cannot be aborted without large
consequences.

WF Operation staris W (Weather forecast 1ssued) WF WF

Estimated time for the operation . E

Tp.:}p (Basis for selecting a-factor) TC :

ﬂ h*lllllllllllllllllllllﬁ;
TR i

"
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.
\

~

Required weather window with OPwr = a x OPum

Figure 40 Operational periods, ref. [17]
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If Trop uncertainties and required time for contingency situations is not assessed in detail the
reference period should normally at least be taken as twice the planned operation period, i.e.
TR > 2 x Tpop. An applied contingency time less than 6 hours is normally not acceptable
according to ref. [17].

Tr = Tpop + Tc (Eq. 4.19)

The operation reference period (Tr, illustrated in Figure 40) should be established at an early
stage. The start and stop points for the lift-off should be clearly defined according to ref. [14].
Strict environmental limitations normally apply for a float-over. Such conditions could be
difficult to obtain offshore and this should be considered in the planning. The system should
have sufficient capacity to complete the mating operation within the planned operational time
Trop according to ref. [14]. The Tpop should be as short as practical possible, and if relevant the
point of no return should be clearly defined according to [14].

4.4 Weather forecast
For weather restricted operation the time of reliable weather and the uncertainties in the weather
forecast shall be considered. In order to deal with the uncertainty in the weather forecast a shape
factor (a, given in Appendix E) is introduced to reduce the operational limit of the
environmental parameter (e.g. Hs). The characteristic significant wave height (Hsc) is then
reduced as shown below:

OPyr = a* OPpy

4.5 Condition

Marine operations are of a limited defined duration carried out for overall handling of an object
at sea offshore, subsea, inshore and to/from shore. The mating operation consist of several
temporary sub operations, for example turning of barge, de-ballasting of barge, mooring of
barge and ballasting of barge. And each of these can be divided into an infinite number of load
cases, structural integrity has to be demonstrated for the governing ones.
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4.6 Uncertainty

The weather criteria and availability analysis shall be based on reliable data and accuracy of the
data shall be indicated. The data applied shall be given for a location or an ocean area where an
operation takes place. It is recommended to use reliable instrumental data, if available or data
generated by recognized weather prediction models. Further, it is recommended that the data
are sampled at least each 3" hour and interpolated between the sampling intervals. Ref. [15].

4.6.1 Instrumental data

Accuracy of environmental data may vary widely and is very much related to the observation
method and type of instrument used. Because of data inaccuracy it is recommended to use
several data sources in analysis (if available) specifying weather criteria for comparison
according to ref. [15]. Procedures shall be established to ensure that collected data are processed
and standard analysis carried out in such a way that the quality of the data may be verified. The
analysis should be sufficiently extensive to allow all significant errors to be discovered. Ref.
[18]. Particular attention shall be given to ocean areas where data covering is poor according to
ref. [15].

4.6.2 Climate

Historical data used for specification of operational weather criteria may be affected by climatic
uncertainty. Climatic uncertainty appears when the data are obtained from a time interval that
is not fully representative for the long-term variation of the environmental condition. This may
result in over/under —estimation of the operational weather criteria. The database needs to cover
at least 20 years or preferably 30 years or more in order to account for climatic variability
according to ref. [15].

4.6.3 Human errors

The vast majority of incidents are a direct result of human error. The human errors can be
divided into slips and mistakes. A slip is typically something that should have been accounted
for but is overseen, while a mistake can refer to some input which is specified incorrect. To
reduce the probability of human errors it is important to understand the cause and result of
human errors. The cause is related to the fact that every human being does a certain amount of
errors, to reduce the probability of human errors the model has been reviewed. In addition the
results can be compared with the expected result (e.g. hand calculations), this reduce the
probability of severe errors.
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5 Analysis and results

5.1 Stability

The results from the stability calculations is given in Table 25 and Table 26.

Stability hand calculations

Component Hand calculations Formula

draft 4,10 m (Eq. 2.1) and (Eq. 2.2)
L(*® 89,8 m -

B 27,4 m -

Buoyancy 9.64e+06 kg (Eq. 2.1)

KB 2,11m (Eq. 2.6)

Ixx 154e+03 m* (Eq. 2.7)

lyy 165e+04 m* (Eq. 2.7)

BMr 16,6 m (Eq. 2.7)

BML 178 m (Eq. 2.7)

KG 3,09m (Eq. 2.8)

GM+ 15,6 m (Eq. 2.5)

GML 177 m (Eq. 2.5)

(*) The length of the barge in the waterline, in addition the bow and stern geometry is taken into account.

Table 25 Stability hand calculations

Stability computer calculations

Component HydroD calculations
draft 4,10 m

Buoyancy 9.64e+06 kg

KB 2,11m

KG 3,09m

GM+ 154 m

GM, 178 m

Table 26 Stability computer calculations

In addition a stability analysis (illustrated in Figure 41) was performed for the Standard Viking
barge, with the following ballast condition (illustrated in Figure 42)
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Figure 41 Transversal stability analysis (Standard Viking barge, draft 4,10 m)
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Figure 42 Ballast condition
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5.2 Dynamics

The equations given in chapter 2 has been used to compare the output from HydroD with hand
calculations done in Excel the results are given in Table 27.

Dynamic calculations Standard Viking barge

Component Hand calculations HydroD calculations Formula

M 9,64e+06 kg 9,64e+06 kg (Eqg. 2.1)

lag 6,48e+08 kgm? 6,43e+08 kgm? (Eq. 2.27)

lss 6,94e+08 kgm? 5,79e+08 kgm? Table 8

Az? 2,72e+07 kg - Figure 12

AV 1,68e+08 kg*m? (Eg. 2.20) and (Eq. 2.21)

Ass D 1,92e+10 kg*mz Table 8

Kss 247e+02 KN/m 250e+02 kN/m (Eq. 2.34)

Kas 159e+04 kN 146e+04 kN Table 11

Kss 179e+05 kN 168e+05 kN

Kss -138e+02 kN -116e+02 kN

®n,33 0,82 rad/s - (Eq. 2.41)

On,44 1,39 rad/s

On,55 0,83 rad/s

Thas 7,66s 7,6352 (Eq. 2.42)

Thaa 451s 59552

Thss 7,585 6,45s2

Comment: The force and moments are calculated based on (Eq. 2.37)(Eq. 2.34) which led to the results

represented in Table 12. The response, force and moments from the hand calculations and HydroD can be

found in Appendix A.

1) The two-dimensional added mass coefficients are independent of the wave frequency, in reality and in
computer programs the added mass depend of the frequency. Therefore the added mass from HydroD is
not included in this table.

2) The deviation in natural periods is related to variable added mass. (as illustrated in Figure 43)

Table 27 Dynamic calculations Standard Viking barge

Natural period

Natural period in heave

10s
9s

8s

s 6,80s;6,97s
7,0s;6,99s

6

5s

7,20s;7,01s

Os 2s 4s 65 8s 10s 12s 14s 16s 18s 20s 22s 24s 26s 28s 30s

Figure 43 Natural period in heave with different wave periods.

Wave period
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The topsides moments and products of inertia has been calculated using a finely distributed
weight database for the Huldra topside the results are given in Table 28.

Dynamic hand calculations topside

Component Calculated value Formula

M 4,87e+06 kg -

lx 6,14e+08 kgm? The moments and products
lyy 1,48e+09 kgm? of inertia are calculated by

I, 1,72e+09 kgm? using (Eq. 2.28), (Eq_. 2.29),
by 1,516+07 kgm? (Eg. 2.30) and a detailed

5,38e+07 kgm?

Iyz

-9,21e+07 kgm?

weight list.

Table 28 Dynamic hand calculations topside

The equation of motion and HydroD has been used to calculate the RAO curves for the barge,
for all the 6 DOF and headings from O to 180 deg since the barge is symmetric about the
centreline but have different fore and aft geometry. The RAO curves for heave is illustrated in
Figure 44, the rest of the RAO curves can be found in Appendix C(C3 and C4).
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Figure 44 RAO curve heave motion
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5.3 SIMA analysis

5.3.1 Static analysis

Static calculations are done in Excel to calculate the forces which are introduced into the wires
(takes tension) and fenders (takes compression) to achieve the equilibrium position the results

are given in Table 29.

Fenders STAMOD Hand calculations
Fender Z B11 1 2,73e+04 kN 2,72e+04 kN
Fender Z B11 2 2,73e+04 kN 2,72e+04 kN
Fender Z B12 1 3,44e+04 kN 3,44e+04 kN
Fender Z B12 2 3,44e+04 kN 3,44e+04 kN
Fender Z B21 1 4,06e+04 kN 4,06e+04 kN
Fender Z B21 2 4,06e+04 kN 4,06e+04 kN
Fender Z B22 1 5,14e+04 kN 5,14e+04 kN
Fender Z B22 2 5,14e+04 kN 5,14e+04 kN
Wires STAMOD Hand calculations
wW_B11 4,79e+04 kN 4,79e+04 kN
W_B12 6,06e+04 kN 6,06e+04 kN
wW_B21 7,15e+04 kN 7,15e+04 kN
wW_B22 9,04e+04 kN 9,04e+04 kN

Table 29 Forces in wires and fenders

In addition the de-ballasting is calculated to get even draft and no trim of the two barges.
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5.3.2 Dynamic analysis (time domain)

For the time domain analysis several (10) realisations of 3 hours is done where the extremes
values from each simulations is estimated as the most probable maximum (MPM) of the
extreme value distribution. The MPM value is found on 4 different points representing the 4
stabbing cone, and the maximum value for these 4 points is kept to calculate the extreme value
(P90). If the P90 extreme value is equal or less than the criteria given in Table 32 it is a safe to
do the marine operation for the given sea state. By using this approach the limiting Hs for a
given Tp is found. The result is illustrated in Figure 45 and Table 33.

Two different load conditions (illustrated Table 30 and Table 31) have been analysed, where
the maximum velocity and acceleration for the four points representing the stabbing cones have
been evaluated with respect to the limiting criteria (illustrated in Table 32). In addition the
motion of the topside have been evaluated with respect to the limiting criteria (illustrated in
Table 32) for the docking stage.

Load condition 1 (docking stage)

Barges centre to centre 60 m

Topside elevation 27 m

Boom angle 51,3°

Stabbing cone elevation 22'm

Results Figure 45, Table 33 and Appendix D (D3)

Table 30 Details load condition 1 (docking stage)

Load condition 2 (initial mating stage)

Barges centre to centre 62,4 m

Topside elevation 26

Boom angle 48,5°

Stabbing cone elevation 21m

Results Figure 46, Figure 47, Table 34 and Appendix D (D4)

Table 31 Details load condition 2 (initial mating stage)

Acceleration Velocity Displacement
Horizontal |Vertical Horizontal Vertical X Y z RX (Transver|RY (Longitud|RZ (Plan rotation)
Req 0,4905 0,981 0,5 0,4 1,5 1,5 1 2 2 3

Table 32 Limiting criteria according to Table 21, Table 22 and 