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ABSTRACT

This thesis describes an investigation principally to explore the displacements due
to static loading of floating structures, which consist of several similar modules
connected together. The study includes theoretical development and experimental

work of both in-line and mat arrays of modules.

To establish module displacements it is necessary to find the stiffness matrix. For
the in-line array two methods have been employed. First, by the use of constraint
equations which are inserted in the global stiffness matrix. In this case each
~module is considered as a rigid body and the displacements result from hydrostatic
stiffness represented by elastic foundation. The second method is by the use of the
finite element method, and potential energy, in which the structural stiffness
matrix is due to the elasticity of the structure, and the hydrostatic stiffness matrix
represented as an elastic foundation. The effects of connections play an important
role and these are considered in the study. For the mat array constraint equations
are employed. Different connections, such as hinged, elastic, rigid, and hinged-
rigid are evaluated. The main emphasis is concentrated on hinged-rigid
connections. For these the system behaves as a hinged connection between
consecutive modules up to threshold value and after that the system will act

rigidly.

The experimental work for in-line arrays is reported for hinged-rigid connections
with different arrangements, different locking angles between consecutive
modules, and also for several loading conditions. The hinged and hinged-rigid
connections were used in experimental work for the mat array with several

loading conditions.

Based on the developed theory computer code has been generated to model the
stiffness matrices for different types of connections to calculate the displacements.
The theoretical and experimental results for displacements in in-line arrays are

shown to be very similar. However the mat array exhibits some differences.
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GLOSSARY OF KEY SYMBOLS AND ABBREVIATIONS

A Coefficient for the interpolation function
b Breadth of the pontoon

B Coefficient for the interpolation function
BEM Boundary Element Method

Coefficient for the interpolation function

d Draft of pontoon in still water
Coefficient for the interpolation function

E Young’s modulus

EI Bending rigidity

FEM Finite Element Method

; Force acting at centre of gravity of i™ pontoon
i Force acting at centre of gravity of i pontoon in the j® row

J4 Acceleration due to gravity

[G] The coefficients of the constraint equation

GM, Longitudinal metacentric height

GM, Transversal metacentric height

I 2" moment of area

K Stiffness due to gravity

L Length of pontoon

M, Hydrostatic moment acting on centre of gravity of /™ pontoon

M, Moment acting at centre of gravity of i pontoon in the 7™ row
about the y-axis

M, Moment acting at centre of gravity of " pontoon in the jth row
about the x-axis

P; Pontoon number i

P; i™ pontoon in the j® row

P, Resultant force

P (x) Distributed load applied on beam

r Typical row of the matrix K

{S} Vector of known constraint



Symbols

(0]
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Very Large Floating Structure
Vertical displacement

Vertical displacement of i pontoon in the /™ row

Coefficient for constraint equations

Coefficient for constraint equations

Coefficient for constraint equations

Coefficient for constraint equations

Coefficient for constraint equations

Coefficient for constraint equations

Locking angle between two pontoon

Transformation matrix contains r degrees of freedom
Transformation matrix contains (n-r) degrees of freedom
Pitch angle of i pontoon

Pitch angle of i™ pontoon in the j™ row

Density of water

Roll angle of i™ pontoon

Roll angle of i pontoon in the j™ row

Coefficient for constraint equations

Coefficient for constraint equations
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CHAPTER 1 INTRODUCTION

1.0 Principal aims

The aims of this work are to consider the behaviour of multipli-connected floating
structures, with hinged-rigid connections, due to static and quasi-static loading.
The floating structures considered are in the shape of an in-line or a mat array

configuration.

There are two main differences between this work and those previously carried
out by others in this area. Firstly the type of connection is different from those
used in previous studies. In this work the hinged-rigid connection will be
considered, whereas in previous works only hinged, elastic or rigid connections
have been studied. The second main difference is in the arrangement of the
structure, which may consist of multipli-connected floating units in a mat array. In
previous works multipli-connected floating structures have been generally

considered only in an in-line array.

1.1 Overview

From early times floating platforms such as pontoon bridges have been used for
crossing rivers. In their most primitive form these platforms mainly consisted of
several sections of wood joined by a piece of rope. The use of these systems has
developed, and nowadays primarily due to land shortage, a number of countries
have plans to make VLFS for different purposes. For example the inherent interest
in ocean space, especially space above the sea surface, has historically been keen
in Japan. Therefore, ocean space utilisation has been considered as one of the
most important subjects in the governmental policies concerning ocean
development. Although reclamation has been so far used in most cases of practice,
creation of space above the sea surface by use of very large floating structure is

being considered as another alternative method.
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The advent of the next millennium will trigger a wide variety of visionary projects
throughout the world. One or more of these could well involve applications of
very large floating structures. While research must and will continue to develop
better materials, more efficient systems, and economically attractive end products,
there are strong reasons to believe that funds can be brought together for major
investments in the open ocean. In the past, military interests had the potential to
develop such platforms. The end of the Cold War has largely removed this option.
Development of VLES have wide range of motivations such as, national pride,
profit, environmental benefits, scientific merit, public works (floating airport,

industrial plants and off shore waste disposal) and floating cities.

Other uses of such structures include construction of wave breakers, piers, liquid
storage tanks, as well as floating bridges. Although construction of these systems
require much more elaborate and sophisticated engineering work, the ideas are
similar to those used in building early floating platforms such as bridges, namely,

connecting several similar modules in an array consisting of one or several rows.

1.1.1 Connection types

The connection between the constituent units plays a significant role in
determining the behaviour of multipli-connected system. The simple connection
which had been used in early days has been replaced by more advanced links,

which are summarised below:

a) Hinged connections. They are also known as revolute joints for 1-D and a ball
joint for 2-D arrays, each model is being joined to the adjacent model. The
translational displacement of two consecutive modules at the point of connection

is identical, but the angle of rotation (pitch angle) can be different, fig 1.1.

b) Rotationally elastic connections. The translational displacements of two
adjacent modules at the point of connection are the same but the angle of rotation

may be different, dependent on the elasticity of joints, fig 1.2.
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c) Rigid connections. Both the translational displacements at the point of

connection and angle of rotation of two adjacent components are the same, fig 1.3.

¢) Hinged-rigid connections. The system behaves as a hinged connection, until the
angle between two consecutive modules reaches a design threshold value, at

which point the system acts rigidly, fig 1.4.

1.2 Applications of multipli-connected floating structures

1.2.1 Wave energy devices

As a result of oil price rises in the mid 1970s, together with environmental
concern over the use of fossil fuels serious consideration has been given to the
exploitation of alternative energy resources. Wave energy, which is both
relatively abundant and benign, has received much attention in industrial countries
with appropriate coastlines. The extent, to which this resource is exploited, is
currently dependent on the provision of future government and commercial
funding. Over the period 1974-79 numerous studies were carried out concerning
the utilisation of wave energy. These studies have centred on a number of
prototype devices, many of which use some kind of muiltipli-connected floating

structure [1-3]. Some examples are shown in figures 1.5 to 1.7.

1.2.2 Wave breakers

World-wide there are many large areas of protected water with abundant
recreational boating opportunities. These areas also support commercial fishing
operations. As a result, there is a large demand for sheltered moorage for these
vessels. Traditionally, rubble-mound breakwaters for marina protection have
accommodated this demand. At present in most of the sites where rubble-mound
breakwater construction is economically feasible, they have been used.
Conditions at many of the remaining areas for marina development are unsuitable

for traditional construction techniques. In general, the cost is excessive because
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the water is too deep, change of the elevation of the water is too great, or the
environmental degradation resulting from marina development is unacceptable.
To satisfy the demand for moorage, while at the same time overcoming other
restrictions, floating breakwaters have been employed at many new marina

facilities.

In the 1970s keen interest was shown in the development of floating breakwaters.
Several new concepts were studied and more traditional approaches to floating
breakwater construction found interesting applications. In many areas of the
Pacific Northwest, there were many applications for the floating breakwater and a
large number have been installed [4-7]. Some examples are shown in fig 1.8 to
1.15.

1.2.3 Floating marine terminals

Major improvements in port engineering have occurred in the past three decades.
Achievement in the fields of port planning, design, construction and operation
have been extensively discussed in many technical papers (see for example [8]).
During this time there has been a need to resolve port construction and operation
problems by using floating wharves. Experiences gained in constructing floating
wharves in Peru, Brazil, USA, Saudi Arabia and USSR, clearly shows that under
specific conditions (e.g. deep water, strong current, short periods suitable for
construction, high change in water level, and construction in remote areas),
floating marine terminals can be a competitive solution compared to the fixed

waterfront concept. Some floating terminals are shown in figures 1.16 to 1.19.

1.2.4 Other uses

It is anticipated that there will be further growth in the size of large industrial
complexes, civil constructions and research facilities in the oceans due to
increasing demand for space resource utilisation. Some of these developments

may require very large floating structure (VLFS) as compared with existing
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offshore structures. Floating industrial complexes consisting of, for example,
manganese processing plants, airports, and runways each of which is likely to be
very large. Description of some of these structures can be seen in [11], for
example, runways (Takarada, 1982), entire floating cities (Takarada, 1989), and
oil storage (Uki, 1988).

The Times newspaper, October 29, 1995, described a runway, which is planned to

be built in the US for future use.

1.3 Objectives of present work

In the work presented herein, the behaviour of multipli-connected floating
structures is considered. In particular, the response of the loading is examined.
The work advances research in two areas associated with connected floating

structures, namely the connection type and the structural arrangement.

1.3.1 Connection type

Previous studies have concentrated either on hinged connections between
structures [4-7], [11], elastic, or rigid connections [11]. The present work
investigates the hinged-rigid connection. The system behaves as a hinged
connection until the angle between two consecutive modules, reaches a design
threshold limit, at which point the system acts as a rigid body figure 1.4. This has
the advantages of lower displacement in comparison with hinged connections and
less moment in the connections in comparison with rigid connections. Further

reasons for the selection of this type of connection is given in detail later.

1.3.2 Structural arrangement

Other works on multipli-connected floating structures have concentrated on

studies of a single row [4-11] of several modules through hinged, rigid, or elastic
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connections. The present work has intended to extend the study to the behaviour
of systems consisting of arrays of components in single and several rows (i.e.

mats).

1.3.3 Hinged-rigid connection as the focus of this study

There were mainly two reasons why this study was focused on the hinged-rigid

type connection.

Of the main two types of connections, namely the hinged and the rigid, the rigid
connection is widely preferred to the hinged for the basic reason that a structure
with such connections has much higher load capacity than the same structure with
hinged connection. However to obtain a perfect rigid connection between
pontoons is very difficult. This is because of many factors such as manufacturing
tolerances and the allowances that are in the connections such that they can be
easily assembled on the site in very little time. This gives rise to hinged-rigid
connections, which when manufactured were intended as rigid connection, but due
to the factors mentioned, slack in introduced in the joint which allows for some
hinge action. The fact that this happens more often than not and that previously
this effect had not been studied in detail, was the first reason why this type of
connection was concentrated on in this study. The objective was that one could
predict the effect of the hinged action has on the structure before it is made and
thus not only could predict its performance more accurately, but if necessary make
modifications to the design in the very early stages of the design process. This is
of course preferred to having to make the structure and then experimentally
observe the effect of the hinged action on the whole structure. This work from this

perspective has a lot of time and money saving potential.

However the second and the main reason for this choice is of a more practical and
performance related nature. A hinged-rigid connection allows the designer to
make use of the benefits that are offered by the two standard types of connections,
the hinged and the rigid. The designer, by increasing or decreasing the amount of

locking angle can make the hinged-rigid connection behave more like a hinged or
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rigid connection respectively. This aims to solve the problem with the two types
of connections that are used frequently. A structure with hinged connections is
very responsive to loads and reacts by large amounts of displacements in an effort
to reduce the moment on the connections. On the other hand the structure with the
rigid connection is not so responsive because the load is distributed to the whole
structure via the joints. Thus while the displacement of the structure is much less,
the moment on the joints can reach the critical limit and damage the structure. In a
rigidly connected structure, if one could reduce the amount of the load that the
joints had to transfer to the rest of the structure, the moment on the joints would
be reduced, thus increasing the structure’s load capacity. A hinged-rigid
connection aim to do just that. In such a structure, a portion of the load works
against the force of buoyancy to drive the connections into a locking position, by
which time the structure acts as a rigid one. However now, a lesser part of the load
is left for the joints to distribute to the rest of the structure. The amount of locking
angle will ultimately determine how much of the load is shed and how much is

transferred. This ability makes this type of joint very practical and beneficial.
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CHAPTER 2 LITERATURE REVIEW

2.1 General

In recent years, multipli-connected structures have gained a noticeable interest
among researchers and a lot of work has been carried out in this area. However
those dealing with connection types and specially the ones discussed in this work
are rare. Given below is a review of the literature from both closely related works

and the works that have a more remote relation to this work.

2.2 Review of closely related literature

The work that comes under this heading can itself be further sub-divided into two

areas, theoretical studies and experimental work.

2.2.1 Theoretical studies

Adee [4-7] in early work on floating breakwater design considered the wave
following impact effect. These studies concentrated on measuring the transmission
coefficient of the incident wave, which was found by dividing the transmitted
wave height by the incident wave height. In the work it was assumed that both

incident wave and the body motions were small.

The work separated the computation of the performance of a floating breakwater

into three parts as follows:

1. Formulate equation of motion

— Calculate hydrostatic forces and moments.

— Evaluate hydrodynamic coefficients in equations of motion.

— Compute exciting forces on breakwater.
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— Solve for the motions and motion-generated waves.
— Compute static mooring-line response and calculate forces in the mooring

lines.

2. Solve for the waves diffracted by a rigidly restrained breakwater.

3. Sum component to obtain total reflected and total transmitted waves.

In his work, Adee, was less concerned with the actual forms of the floating
structures and the method of connecting them and his main objective, as
mentioned, was to formulate the transmission coefficient of the wave energy

through the structure.

Tsinker [8] described the specifics of multipli-connected floating structures

including the following:

1. Chain of pontoons with individual deck sections (Fig 2.1).
2. Linked pontoon system (Fig 2.2), which the forces are shown in
connections (Fig 2.3).

3. Redundant pair system (Fig 2.4).

In addition, he also performed some analysis for different models of multipli-
connected structures such as a double-cantilever system with suspended

intermediate span and continuous beam over pontoons.

He investigated two different methods of connecting the structure together. In one
method, the pontoons were connected to each other via hinged connections, and in
the second method, a deck was installed on the pontoons, such that the pontoons
were connected to each other via the deck, which consisted of sheets connected to

each other by a hinged connection.

The chain of pontoons with individual deck sections (Fig 2.1) and redundant pair
system (Fig 2.4) are not related to this work. The linked pontoon system is a set of

pontoons with hinged connections (Fig 2.2) is relevant.
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Piskorski [9] considered a floating pontoon bridge with limited free rotation
between the pontoons in one direction. The work divided the pontoon bridge into
two separated zones. The contact zone, characterised by the lack of voids between
the pontoons (which was considered as a rigid body) and open zones on both sides
of the contact zone. The work treated the open zone region as a super element
with linear elastic characteristics and considered the vibration in the open zone
excited by the concentrated force at its edge. The work utilised Lagrange’s

formula but did not consider damping forces.

In his work, Piskorski was more interested in the open zone, whereas the subject
of this thesis however is primarily interested in the contact zone and its analysis.
He does however suggest some modifications to his formulations if they were to

be used to analyse the contact zone.

Although there are some similarities, the formulation that he carried out for the
open zone can not to extended for hinged-rigid connections which is the main aim

of this work.

Che et al. [10] presented a method for predicting the loading and response of a
very large floating structure (VLFES) in regular waves. The motion of a system of
integrated modules acted upon by waves was solved. Two-dimensional hydro-
elastic theory was applied to a VLFS with multiple modules and extended in the
longitudinal direction. A modified strip theory was employed to analyse the
hydrodynamic coefficients. The mooring system was not considered with the
structure, but assumed to remain stationary on location. The system was modelled
in two ways. In the first model, the longitudinal sequence of modules was
considered to form a single beam having varying shear and flexural rigidities. In
the second model, the module was considered to be rigid, that is undeformable as
a result of the wave loading. The boundary-element method and Greens function

methods were used to obtain a connected system of semi-submersibles.

Their conclusion is that one can reduce an array of VLFS modules to a simple
model of rigid bodies with hinged connections and the numerical results will be

still valid and accurate. They state that the simplified method employed in the case
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of the rigid modules with hinged connections also appears to be useful for the

engineering design of VLFSs.

Their work is good enough for hinged and elastic connections however one can

not apply this formulation for hinged-rigid connections.

Takaki and Tango [11] studied both theoretically and experimentally wave drift
forces acting on a very large floating structure consisting of multiple barge type
modules. The wave drift forces were estimated on the multiple floating structure,
linked with rotationally rigid connectors. The effects of wave drift forces on the
connector condition and the numbers of bodies were discussed. Three
dimensional panel methods were used to determine the hydrodynamic forces with
hydrodynamic interaction effects included, and the coupled equations of motion
were solved directly. The number of modules was shown to effect the amplitude
of motion in head sea conditions. Furthermore the effect of the connecting

condition was discussed on the wave drifting forces.

They show that the way the modules are connected together in VLFS (i.e. rigid or
hinged) can greatly affect its performance in terms of wave drifting forces. It was
shown that for long wavelengths (i.e. when the wavelength to VLFS length ratio,
A/l Lexceeds 4) the hinged structure is considerably more resistant to drifting
forces. For smaller wavelengths (A/ L <1) both types of structures showed similar
behaviours, however for mid-range wavelengths (1<A/L<3) the hinged
connection was considerably more effected by the drifting forces than the rigid

structure.

Huang [12] presents the motion characteristics of a pair of coupled International
Organisation for Standardisation (ISO)-configured pontoons as observed in a
hydraulic model test, and addresses the significance of these tests to the design of
rigid connections. This work is part of a program run by the US navy to develop
the connecting technology required for assembling floating platforms under
conditions of elevated sea states, using ISO-configured pontoons suitable for rapid

transport aboard commercial containerships.
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He concluded that it is feasible to assemble large floating platform on the open sea
using prefabricated modules configured for rapid ocean transport abroad
commercial ships. Further it was pointed out the greatest difficulty in doing this
was the relative wave induced motions of the two to-be-connected modules, and
that effective control of relative motion and especially relative surge is very
important to the entire assembly procedure. To safely and easily assemble the
structure, he stated that there needs to be a large separation force maintained

within the pontoon array to offset surge forces generated by wave action.

Hatch, Huang and Barthelemy [13] conducted and surveyed the results of a series
of sea trails to assess the credibility of a new connection system for joining
multiple pontoon barges in elevated seaways. These new connectors and
supporting methods of rigging and joining were designed to reduce and relieve the

dynamic loads that occur as a result of relative motion and tug-induced forces.

After pointing out that currently the only commercially used flexible connecting
systems are limited almost exclusively to inland waters, they conclude that there is
great potential for the new NFESC (Naval Facilities Engineering Service Centre)

developed connector system for both commercial and military uses.

Takaki, Lin and Higo [14] studied the motion of a very large floating structure
consisting of multiple barge type modules. They used a three-dimensional panel
method to determine the hydrodynamic forces taking into account accurately the
effect of hydrodynamic interactions among the modules. They also estimated the
wave drifting forces on the multiple floating structure with several kinds of

connectors (hinged, rigid and elastic).

The results of this work are very similar to those of Takaki and Tango [11],
namely that the connecting condition makes a contribution to the wave drifting
forces, especially in long wave length range. The wave drifting forces on the
structure with hinge connectors and elastic connectors (the elastic connector was
not analysed in [11]) become smaller than those of the structure with rigid
connectors. On the other hand, there is little effect of connecting conditions in the

short wave length range. Further, the structure with rigid connectors doesn’t have a
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peak value of the wave drifting forces around the natural period of the first mode,
whereas in the structure with hinged and elastic connectors, the wave drifting

force coefficient exceeds the value of 2 around the natural period.

Ohmatsu [15] uses the principle of linear superposition to perform time domain
analysis on the hydroelastic response of VLFS in irregular waves. For this he uses
the response amplitude operator from the numerical analysis code developed for
pontoon-type VLES with the capability to analyse hydroelastic responses in
regular waves of relatively short wavelength. By the same manner he estimates
the response to the impact due to dropping objects or landing of aircraft on the
VLFS.

He continues to validate the linear superposition theory by use of experimental
and theoretical results, and he shows that the theory can also be applied for an
elastic response to the short wavelength to a A/ L=0.06, at least. It is also stated
that for structures of size less than 5000m, the computation time of this method is
smaller than the direct solving method of the equation of the motion in the time

domain.

Haeda et al. [16] developed the estimating method of the hydroelastic response of
a very large pontoon type floating structure. In this method, the pressure
distribution method with shallow draft assumption was used to obtain the
hydrodynamic forces considering the elastic motion of a floating body. The elastic
responses of very large floating structure were estimated by using 1-D beam
modelling. On the other hand, to observe the elastic response of a large pontoon
type structure they carried out experiments in head sea and head-beam sea
conditions. The experimental model was an elastic model of pontoon type large

floating body.

It is a conclusion of their work that the responses of the vertical displacement and
the bending moment show fairly significant differences because the frequency
characteristic of the wvertical displacement is relatively simple, but the
characteristic of the bending moment is rather complicated. Namely that in the

wave frequency range of A/L>0.067, the vertical displacement is small, hence
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the effect of the bending stiffness can be neglected. In the wave frequency range
of A/L>0.067, considering the difference of the vertical displacement related to
the bending stiffness, it may be concluded, they state, that smaller bending

stiffness is rather advantageous.

Sannasiraj et al. [17] wused finite-element techniques to study the
diffraction/radiation boundary value problem arising from the interaction of
oblique waves with a freely floating structure. Further, the hydrodynamic
behaviour of two-dimensional horizontal floating structures under the action of
multi-directional waves has been studied. They use the linear transfer function to
determine the wave exciting forces and motion responses of a structure of finite

length in short-crested seas.

Lee and Newman [18] present a computational analysis for the effect of waves on
very large hinged vessels consisting of several modules, connected by simple
hinges. They consider two generic types of modules, rectangular barges and semi-
submersible. The results presented include computation of the vertical motions,
structural deflections, and hinge shear forces in head and oblique waves, for a
configuration with 5 modules each of length 300 metres. To permit a quantitative
assessment of the importance of hydroelasticity, a range of structural stiffness

parameters were considered.

The results demonstrate that it is feasible to analyse linearized wave interactions
for several interacting semi-subs. They also characterised the hydroelastic effect
with the non-dimensional stiffness parameter S. Based on Length L=300m for

each module, they find that hydroelastic effects are important in the range

10~ < S <10~ however for larger values of S the structure is effectively rigid.

For smaller values of S the structure behaves like a completely flexible monohull.

Their results also indicate that relatively small draft of the barges can be
significant in this context. It is thus dangerous to idealise a large floating structure
by a mat, unless the stiffness in sufficiently large to diminish the importance of

the higher modes where the body inertia is significant.
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Wang et al. [19] describe a simplified analysis procedure based on 3-D
hydroelasticity, which can be used to determine the motions and intermodule
forces of a multi-module VLFS. Their method is applicable to an arbitrary
geometric layout of the modules, but to simplify the work, the modules considered
were all rigid and thus meaning that all deformations occur in the module
connectors. The procedure was used to analyse the response of a 5-module VLFS

in both regular and irregular waves.

Their results indicate that for VLES, the fluid coupling of the modules is relatively
weak. However, the mechanical coupling through connectors can have a
significant impact on the motions. If the connectors provide substantial resistance
to the relative rotations of adjacent modules, then the vertical and rotational
(pitch) motions are substantially reduced compared to the motions for a single
module. However, if the connectors do not provide sufficient rotational stiffness,
the module pitching can be dramatically increased compared to the motions of a

single module.

Concerning practical issues the Murdoch and Bretz [20] paper is a report on the
task given to the Naval Facilities Engineering Services Centre (NFESC) to
develop a conceptual design package for an expeditionary port facility capable of
rapid installation. Simultaneous offloads of two deep draft cargo ships are
intended during operation, and located up to 3km offshore. The so called Rapidly
Developed Pier (RDP) would include a floating multi-deck pierhead moored by a
single point mooring at the bow and a compliant mooring system aft, allowing the

pierhead to be rotated about the SPM pivot point.
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2.2.2 Experimental work

Endo et al. [21] carried out analysis on experimental models to estimate the modal
properties such as natural frequencies, damping ratios, and mode shapes for a unit-
linked large floating structure model. Fluid-structure coupled vibration tests were
carried out. The experiment was performed by hitting the force transducers
arranged on each unit with an impact hammer made of soft rubber. A number of
models, namely one, two, and eight unit linked models, were used in the study.
Each unit consisted of a rectangular prism connected to each other by steel plates.
A floating model was anchored by two spring-wires on the base edges of each

unit, Fig 2.5.

The vertical acceleration responses were measured on the upper surfaces of the
model by arranging acceleration sensors on each unit. The transfer functions
defined by normalised input and output data were established. The modal
properties such as natural frequencies, damping ratios, and mode shapes were
estimated by carrying out curve fitting of the transfer function obtained in the

vibration tests

Furthermore, the two-dimensional formulation of fluid-coupled free vibration
analysis with the aid of the BEM (Boundary element method) was used to take
into account fluid-structure interaction. The coupled natural frequencies and the

corresponding mode shapes were obtained and compared to the experimental data.

Their results show that the natural frequencies and mode shapes obtained by
experimental modal analysis and two-dimensional theoretical calculations almost
agree on every mode. Thus to obtain the modal parameter of the structure with

lower stiffness, the experimental modal analysis is an effective tool.
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2.3  Relevant issues from ''International Workshop on VLFS"

These papers discuss issues, which are more distantly related to this work, and

only the most relevant are considered here.

2.3.1 Design philosophy of VLFS

Suzuki and Yoshida [22] write about how a large floating structure is
characterised by its significant elastic response. They present discussion on the
elastic response and design of the structure. General dynamic response
characteristics are shown, and according to the understanding of the elastic
behaviour a new type of the structure whose perimeter structure is modified to
suppress excessive response is proposed. Secondly the authors propose a
structural type whose redundancy and safety are augmented. They introduced
mechanical connectors to the structure and the whole structure was constructed
from independent element floating structures, which were connected, to each other
by the mechanical connectors. They also state that the safety of the structure in the

construction stage can also be improved by this method.

Takarada [23] discusses the fact that much progress has been made over the last
20 years on construction technologies for very large floating structures, and that
we have reached the stage where we are now able to safely and economically
build such structures. Here, in the interests of making the structures even better,
the author presents a few very short comments relating to the control of
environmental conditions and to the combination of structural types and human

factors.

Gustavsen et al. [24] briefly outlines current design philosophies for floating
bridges, with an eye on aspects that are deemed to be of interest in the context of
Very Large Floating Structures (VLFES). Since design of submerged floating
tunnels (SFT) rests with people in the same milieu and is dealing with many of the
same problems as in the design of floating bridges, while being in some respect

more critical, some of the design philosophy on that subject has also been included
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by the authors. The authors also point out that the design philosophy and
methodology for floating and submerged tunnel bridges draws heavily on
Norwegian experiences in two large fields. Namely: (1) offshore structures, and

(2) conventional bridges.

He concludes very briefly that the long life of most VLES will depend on no more

than 7 factors, namely, careful attention to areas such as

e  Met-ocean data

e Loads

e  Materials

e  Proper application of well formulated design rules
e  Design analysis and verification

e  Careful construction and quality assurance

. Planned maintenance and instrumented verification of behaviour.

Arita [25] discusses the maintenance philosophy of VLFS from viewpoint of its
total safety. Purposes of maintenance, consideration at each stage of lifetime,
maintenance strategies, new technologies and databases to be developed in order
to realise VLFS were studied. The author reasons that VLFS are quite different
from floating structures constructed up to now in scale and service period. VLFS
maintenance should start at its initial stage of preliminary plan of a project and
precisely discussed at every stage its project. VLFS maintenance proposed is
based on an estimation of structural deterioration over the whole life period of the
VLES. They state that if the structure reaches its given life time or the gap
between estimated and measured deterioration exceeds a given criterion, it is the
end of its service period. VLFS maintenance from the author’s point of view is a
system consisted of maintenance strategy, estimation technologies, databases and
evaluation committee. The author deduces that new technology necessary to be
developed includes an estimation method of structural deterioration, modification
method of a gap between estimated and measured values and the definition of end
of service period. Databases necessary to be developed includes those of

deterioration of materials used for the structure and its protection, accident data of
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offshore structures and other databases necessary to support the maintenance

system.

He draws his work to a close by categorising the VLFS maintenance into three
purposes of structural, social, and functional. To satisfy the three purposes
mentioned he states the maintenance system is to be consisted of three parts,
which are the main part, databases and evaluation committee. The function of an
evaluating committee would be to evaluate all the maintenance activities, initial
deterioration estimation, modification method of gap between evaluated and
observed deterioration and decision on the end of service period based on the

condition of the end of service defined in advance.

Yutaka [26] discusses two main proposals that were given in the two phases of the
completion of the Kansai International Airport (KIA). The first proposal was for a
semi-submergible type of floating structure, however this was later overshadowed
by a proposal for box-shaped pontoon with breakwaters around it to compete
economically with land reclamation. He also conducts surveys from expected

future users of these structures.

2.3.2 Example of conceptual design

Maeda et al. [27] aim to tackle the problem of adopting a VLES for use as a base
for power generation. Two main structures are put forward, the semi-submergible
and the pontoon boxes. The idea will be mainly developed for renewable energies
such as solar heat and light, wave, wind and OTEC (Ocean Thermal Energy
Conversion). The authors further go on to make suggestions as to how make these

plants more economically competitive with non-renewable power sources.

Murdoch and Bretz [28] discuss and analyse a conceptual design of a moored
floating system. The structure conceived consists of a pierhead that is a custom
designed and fabricated barge structure with an overall length of 950 feet, 106
foot width, and 71 foot depth. The pierhead mooring system consists of a single

point mooring (SPM) located at the bow (shoreward end) of the pierhead and four
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anchor legs at the stern. This mooring configuration ensures minimal movement
of the pierhead at the bow where it must interface with the fixed approachway, but
allows the pierhead to be rotated over an arc of ninety degrees, forty-five degrees
to either side of the initial orientation, with the SPM defining the rotation point.
The final link in the system is the approachway system, built of individual pile
supported spans each nominally 60 feet long, 24 feet wide and 7 feet deep, which

provides a fixed, elevated roadway connecting the pierhead to the shore.

Young Chung and Hoon Chung [29] develop key technologies for the design and
fabrication of floating barge systems for various kinds of plants such as
desalination plants, waste-treatment plants, etc. The work also includes research
on the floating breakwater systems for mitigation of wave and current loads on

floating plants.

Blood [30] puts together a report on the modelling and testing of a Pneumatically
Stabilised Platform. A 1:22.85 scale model of a proposed 100 x 300 foot prototype
Pneumatically Stabilised Platform (PSP) was constructed and tested to gather data
to confirm the accuracy of the hydrodynamic and structural design tools under
development. Because it was impractical to scale atmospheric pressure, the tests
were limited to confirmation of the "air pocket factor," a parameter relating
hydrostatic stiffness to the compressibility of air, and the gathering of rudimentary
data on air movement, stability, and wave attenuation. After conducting a series of

tests he concludes that the modelling was successful.

After showing the many benefits of the PSP, he points out that there are many
uses for such a system in commercial areas such as, airports, shipping port,
conversion plants, and other on-sea applications. Also the PSP has some
advantages that makes it attractive for defence purposes. One such advantage is
that unlike a barge platform, which must respond directly to different heave
forces, a PSP absorbs these forces in compressed air, which can be distributed
throughout the platform. Further, unlike the semi-sub platform, the PSP provides
relatively calm water on its down wave sides due to its natural wave attenuation
which enables it to be used to create harbour-like conditions in an open seaway.

Ohmatsu [31] in his work deals with a brief outline of the Ship Research Institute
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(SRI) type VLEFS that is composed by pontoon type main body and semi-sub type
wave breaking structure around that main body. He proposes a wave breaking
structure, which can reduce wave effect and elastic deformation of the main body.
The SRI VLEFS has the claimed advantage of less construction and maintenance
cost of pontoon type structures and also the advantage of better wave damping

capability, associated with semi-submersible structures.

2.3.3 Strength and reliability

Okada et al. [32] provide a structured reliability assessment method for fatigue
strength of large-scale marine space structures under non-linear and irregular
wave induced loads by using a varying load simulation technique. The
applicability of the method is investigated through numerical examples
successively applied to hybrid type structures with floating bodies and supporting
foundations under some irregular sea state conditions. After conducting some tests
they deduced that the effect of the number of supporting foundations on the

reliability level is remarkable for large significant wave height.

Endo and Yago [33] in their work, perform a case study in order to try and
determine the statistical maximum wave-induced load that a given pontoon will be
subjected to. They produce their results based on short-term and long-term
predictions and their method takes into account the modelling error and the
uncertainty of the load. They come to the conclusion that the given pontoon

(300x60m) has no problem when subjected to a 100-year-return wave load.

Yao and Fujikubo [34] in their work show that incorporating a simple
modification in the standard method for structural analysis of VLES can be of
benefit. In this modification, on top of considering the 2D-grillage model, stiffness
evaluation for grillage-beam elements and load applications, the torsional stiffness
of grillage-beam elements is also employed. Later on they also compare and
contrast three methods of converting fluid pressure to nodal forces, which are
LAM-1, LAM-2 and LAM-3. The three different methods differ in the location
and the node that the fluid pressure is modelled to apply to.
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The main conclusions of this work were that, the influence of a Poisson’s effect of
deck and bottom plating on the calculated results is small and that the coarser

mesh model gives the smaller deformation.

2.3.4 At-sea construction and maintenance technologies

Nakano, Kinoshita and Kozai [35] produce a report on the modelling of an ultra
large floating structure. The model was constructed by joining 9 massive floating
module blocks in open-sea conditions. During the completion of the 300 Maniar
60x2m model, several experimental procedures were attempted. These included
water sealing, the application of a work vessel to access the bottom of the model
in water and welding of the bottom plates on one side and both sides. At the end
the authors consider these new procedures to be effective and useful in the

fabrication of real ultra large floating structures.

Okubo et al. [36] describe a method of estimating the forces acting on joints
between floating units when they are connected at sea. An important process in
the construction of pontoon-type floating units now being proposed for use in off-
shore floating airports. Since the height-to-length ratio of prefabricated floating
units is smaller than that of conventional small-scale floating structures, the
enhanced effect that elastic deformation has on these forces is a matter of concern.
They investigated this issue through experiments on a model subjected to wave
motion in a water tank. The forces acting on inter-unit joints, the vertical
displacement of the units, and the strains in the units were measured. The
response characteristics of the forces were studied while the units were subjected
to wave motion and the relationship between the forces and elastic deformation in

higher-order modes was clarified from these measurements.

Messier and Thompson [37] compiled a non-linear, three dimensional finite
element modelling technique, developed for computing the dynamic response of a

large floating structure to wave and current excitation. Airy wave theory was used
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to characterise the ocean model. After the credibility of the program
(computational) was confirmed by comparison of some results with experimental
data, a series of computational studies were conducted to examine the effects of
varying inter module connector location and structural stiffness on the predicted
forces of constraint between floating structural modules. Several sea states were

considered. Relative displacements and forces of constraint were computed.

2.3.5 External loads and response analysis

Faltinsen [38] in this work has derived an estimate of local stresses due to bottom
slamming on a floating airport. This is related to wet deck slamming on multihull
vessels and theoretical and experimental results from drop tests of horizontal
elastic plates of steel and aluminium on regular waves. He remarks that the results
from the experiments agree well with the numerical computations and that this
study reveals, both numerically and experimentally, that the slamming induced
local stresses are highly influenced by dynamic hydroelastic effects. The
maximum bending stresses are not sensitive to where the waves hit, or to
maximum pressures. He further adds that measured maximum pressures are very
sensitive to external conditions and cannot be used as a measure of maximum

local bending stresses.

The work concludes that the maximum stress is proportional to the impact
velocity and is not sensitive to where the waves hit the plate. It is also shown that
the maximum stresses decrease with increasing the values of L/R, where L is the
plate length and R is the curvature radius of the wave crest. Also the linear
dependence between the maximum stresses and the impact velocity makes it
possible to use the statistical properties of the impact velocity in a sea state to
express the extreme values for the maximum local slamming induced stresses in

the wetdeck of a multihull vessel.

Yoshimoto et al. [39] in this work investigated the occurrence and the prediction
of impact pressure due to the slamming, which acts on a very large floating

structure (VLFS). The main conclusions were as follows:
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e The occurrence of slamming of the VLFS depends on the extent of the
bottom emergence and the rising speed of the relative wave height at the
bow. The peak values of the impact pressure components depend on the

rising speed of the relative wave height at the bow.

e In the case of the model with low rigidity, its extent of the bottom
emergence is smaller than the high rigidity. However, the rising speed of
relative wave height at the bow of the model with low rigidity becomes
larger due to its large elastic response, so that the large impact pressure

occurs.

Takagi [40] in this work, theoretically and experimentally, discusses elastic
deformations and the mooring force of 8 very large floating bodies with tsunami
waves. The theory was based on a shallow water wave theory and the matched
asymptotic expansion method and the modified Boussinesq equations were
employed for the representation of long waves beneath a floating elastic plate
which was a simplified model of the very large floating body in tsunami waves.
Measurements of the elastic deformation and the mooring force of floating elastic

plate with the solitary wave were also carried out.

It was concluded that the experimental results of the elastic deformation and the
mooring force are in very good agreement with those of the theoretical simulation.
Hence it was confirmed that the theoretical simulation is accurate enough as a
design tool of the very large floating body against the excitation due to tsunami

waves.

Newman, Maniar and Lee [41] here present computations based on three-
dimensional radiation/diffraction theory for several examples of VLES
configurations, to show the feasibility of using existing panel methods for the
analysis of wave effects. They focus their attention on structures, which are very
large relative to the wavelength. The examples considered include large

rectangular arrays of vertical cylinders, a floating ship with a long cylindrical hull,
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a long submerged body, a rectangular barge, and a floating mat.

Ohkusu and Nanba [42] in this work present a new method to analyse the response
of a thin elastic plate of large horizontal size floating in waves. Huge horizontal
size and small thickness are typical of the recent designs of floating airport. A
benefit of this new method is that one does need not the modal analysis of the
body motion. Furthermore, the solution of a hydrodynamic boundary value
problem and the solution for the body motion including the elastic deflection are

simultaneously obtained.

They present an efficient method to predict the elastic deflection of a very large
platform of thin plate configuration in waves. A thin elastic plate floating on the
free surface is interpreted as a part of the free surface and this free surface motion
is itself the deflection of the plate. The problem is considered as a boundary value
problem in hydrodynamics rather than the determination of the elastic response of
the body to hydrodynamic action. It was demonstrated that correct understanding
of the hydroelasticity of the platform is attainable with this approach. Simpler
numerical implementation of the phenomena will be a benefit of this approach.
This has applications such as predicting the complicated hydroelastic behaviour of

very large platforms like floating airports in waves.

Kashiwagi [43] work revolves around two new ideas. First a new calculation
scheme is described for the pressure distribution method, giving directly the
pressure on the bottom of a VLFS with shallow draft. This method also utilises bi-
cubic B-spline functions for representing the unknown pressure and a Galerkin
method for converting the integral equation into algebraic simultaneous equations.
Secondly he proposes a mode-expansion method for solving the vertical vibration
equation of a rectangular plate. He backs up his methods with confirmation of the

results matching known experimental cases

Takaki and Gu [44] in this work deal with three-dimensional responses of huge
floating structure in head and quartering seas. A huge mat-like floating structure is
considered as an elastic plate. First the authors estimate dry-eigenmodes of the

completely free plate by employing the finite element method. Then,
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hydrodynamic pressures exerted on it are evaluated by combining the pressure
distribution method and the dry-eigenmodes. Wave-induced motions of the plate
are expressed as a superposition of the dry-eigenmodes, and the principal co-
ordinates are finally determined by solving a set of equations of motion. They
verify the modal analysis through comparisons of calculated amplitudes of vertical
motions and instantaneous shapes of a plate model in head seas with available
measured data. They show reasonable agreements. Then they applied this method
to a large floating module of 300mx60m, and investigated its motions and
disturbance waves around it in head and quartering seas. Finally, response
amplitude operators of its first 10 modes in all heading waves with various

wavelengths are shown in their work.

Kagemoto et al. [45] in this work propose a method whereby one can predict
hydroelastic behaviours of a very large floating structure. By dividing the
structure into a number of small structures and the continuous deformation of the
structure is represented by the succession of the discrete displacement of each
small structure. Each structure is treated as if it were an independent floating
body while the structural constraints are taken into account as additional restoring
forces on its motions. The hydrodynamic interactions among the divided
structures are accounted for in the evaluation of hydrodynamic forces once their
complex motion amplitudes are known. The motion amplitudes are, in turn,
determined from the equation of motions, which are excited by the hydrodynamic
forces. Therefore by solving the equations of hydrodynamic interactions and those
of motions simultaneously, the hydroelastic interactions are properly accounted
for and the motions of each small structure, which represent the local behaviours

of the total VLFS, are determined in one computation.

In this work a new method that enables us to carry out the hydroelastic analysis of
a VLFS is presented. The present method does not restrict the type of structures
and can be applied to a box-shaped VLFS, to a leg-supported VLFS, both of
which are now being studied in Japan, as well as a semi-submersible type

VLFS(MOB), which is being studied in the US.
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Price, Salas Inzunza, and Temarel [46] apply hydroelasticity theory to investigate
the dynamic behaviour of stationary and neutrally buoyant barge type (i.e.
rectangular box) structures in waves. Beam and plate finite element (FE) models
are used to describe the dynamic characteristic of the barge in vacuo. A potential
flow model, whereby the wet surface of the barge is discretised by rectangular
panels containing a source at their centre, is used for the wet analysis. The effects
of barge size and flexibility on the use of different FE idealisations and the wave-

induced loads are discussed

Inoue, Zhang and Tabeta [47] put forward a linearized analysis of the
hydrodynamic forces on the very large floating structure in waves. The
hydrodynamic interactions of the elastic deformations and the hydrodynamic
external forces are also discussed. The motion responses and wave drift forces of a
floating airport is investigated. They also carry out numerical simulations by
means of a multilevel model to discuss the interaction of ocean currents and a

large floating structure in a bay.

Quanming et al. [48] present the time simulation of motion responses of a moored
VLES in waves. The equations based on Cummins’ concept of impulse responses
are employed, and solved in the time domain by using Adams prediction-
correction method. They obtain hydrodynamic coefficients and first order wave-
exciting forces involved in the equations from a three-dimensional potential
theory in the frequency domain. The second order wave drift forces and the non-
linear mooring forces are also taken into account. The numerical results of a
multi-module large floating structure consisting of five identical semi-
submersibles responding to waves with three incident wave angles and two sea

states are illustrated

Yasuzawa et al. [49] in this work point out that when we estimate dynamic
responses of VLFS structures, fluid-structure interaction cannot be ignored
because elastic defamation as well as rigid motion of the structure produces
hydrodynamic forces. In the present study, the authors have developed a
numerical code for dynamic response analysis of a flexible floating structure of

mat-type in regular waves and examined dynamic characteristics of the flexible
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floating structure. The floating structure is treated as a rectangular flat plate by use
of finite elements, and boundary elements are used in the formulation of the sea

region.

Riggs [50] in this work derives the hydrostatic stiffness coefficients for flexible
floating structures. The formulation includes the hydrostatic pressure term as well
as the effect of the structural (i.e., gravity) loads. Riggs finds that the hydrostatic
term agrees with a formulation presented previously by Newman. The advantage
of the present formulation is that it also includes the structural loads, as well as
providing an alternative equivalent expression for the hydrostatic terms. The
results are useful both in hydroelastic analyses as well in finding the deformations
in the static equilibrium position. Riggs presents several examples to investigate
the magnitude of errors that result from certain simplifications, which are
sometimes used, in the determination of the hydrostatic stiffness, such as ignoring

the gravity loads.

The result of this work was the derivation of formulation for the hydrostatic
stiffness coefficients of flexible structures, which includes the effect of both the
hydrostatic pressure as well as the structural gravity loads. The formulation was
used to investigate the impact on the stiffness coefficients of common
simplifications often used in hydroelastic analyses. In particular, it was found that
ignoring the volumetric strain could result in significant errors in the stiffness
coefficients. The errors, introduced by ignoring Poisson’s ratio are directly
proportional to the ratio. Depending on the value of an effective Poisson’s ratio for
practical, built-up structures, it was shown that the errors may be of the same

order as the correct coefficients.

Watanabe and Utsunomiya [51] show a numerical method for analysing transient
response of a Very Large Floating Structure as an aircraft lands. The method
employed is the Finite Element Method (F.E.M.) for both structure and fluid
domain. The effect of the dynamic coupling between the fluid and structure has
been considered together with the effect of free surface of the fluid. The authors
model the structure as an elastic floating plate having circular shape, and the

impulsive loading has been applied at the centre of the circular plate. The
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numerical examples show that the effect of the added-mass of the fluid is very
large; the dynamic responses with the effect of the added-mass are reduced

compared with those without considering the effect of the added-mass.

Ueda et al. [52] in their work establish a computational analysis method to
calculate motions, mooring forces, deformations and working stresses of floating

bridges subjected to wind and waves.

Shiraishi et al. [53] in their work evaluate the effect of the incident wave direction,
wave height, wave period and rigidity of the floating body on the characteristics of
the motion and the deformation of long flexible floating structures. Hydraulic

model tests were also carried out and the results were analysed.

2.3.6 Mooring technology

Sekita et al. [54] deal with the motion response analyses of fluctuating winds and
seismicity including the deformability of mooring dolphin structures required for
rare intense loads. This work also discusses the functions required of shock
absorbing mechanisms indispensable to mooring facilities such as mooring

dolphin.

2.4 Standard package

There are a number of commercial software packages for structure analysis
purposes. Many of these were considered with their relevance to this work in
mind. Of those, SAP, ANSYS, NASTRAN and ABAQUS are the most widely
used and powerful ones. In particular ABAQUS was considered to be the one
most suited to this work. Having said that, due to difficulties that will be discussed
in section 6.3, ABAQUS was found to be of limited use. It was not suitable for the

hinged-rigid type of connector.
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2.5 Review Summary

As has been shown in this chapter, many associated studies have been conducted
in this field previously. While all of these were considered on multi-connected
structures and VLFS, only one paper [9] was related to work on hinged-rigid type
connections. However even in this work, Piskorski [9] considered the floating
pontoon bridge with limited free rotation between the pontoons in only one
direction. He divided the pontoon bridge into two separated zones. The contact
zone, characterised by the lack of voids between the pontoons (which was
considered as a rigid body) and open zones on both sides of the contact zone. The
work presented in this thesis differs from his in that here it is primarily interested
in the contact zone and its analysis, while Piskorski was more interested in the
open zone. Hence as can be seen there is a real absence of work and studies done

in this particular field which highlights the need for such studies.

Related to the last point, one also had difficulty in finding suitable codes that
could be used for this study. The most powerful ones such as ABAQUS had their
strengths in areas not used by this work and were otherwise weak so far as
meeting the demands of this study were concerned (see section 6.3). This issue

made it necessary for customised codes to be written which are detailed later.
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CHAPTER 3 DEVELOPMENT OF HYDROSTATIC STIFFNESS
FORMULATION

3.1 Introduction

To determine the displacements of joints, in order to be able to calculate the
stresses occurring in the members, the stiffness of the structure must be evaluated.
The stiffness of a multipli-connected floating structure can be divided in two
components, the structural stiffness and the hydrostatic stiffness. This chapter
discusses theoretical work carried out to find the hydrostatic stiffness matrix of a
multipli-connected floating structure based on the hydrostatic stiffness matrices of

individual pontoons.

3.2 Constraint equations

Constraint equations provide relationships between degrees of freedom that are
supplemental to the relationship represented by the basic stiffness equations.
Constraints arise in many cases, including the multipli-connected floating
structure, in particular analysis methods of incompressible materials, treatment of
special boundary conditions and in attempts to impose specified patterns of
displacement over certain portions of the structure. A number of these situations

will be discussed later in this text.

Each constraint equation represents an opportunity to eliminate one of the degrees
of freedom in favour of the remaining ones. To take advantage of this point it is
possible to form a transformation matrix that can be used to condense as many
degrees of freedom as there are constraint equations from the stiffness equation.
The matrix enables one to find the various displacement values, using much less

algebra.
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3.3 In-line array

3.3.1 Basic hydrostatics

In order to be able to find the displacement of the joints, one first has to evaluate

the modified stiffness matrix. To do this, the constraint equations are inserted into

the basic equations of equilibrium. The following is the mathematical

representation of the above statement.

The equilibrium equation for the quasi-static response of a multipli-connected

structure with several pontoons connected in an in-line configuration can be

written as:

[K(0)]-{x}={F(x)}

3.1

The static equation for any individual pontoon (considered as wall sided and with

symmetry in the y, z plane Fig 3.1) can be written as:

o Sl

A= pglLb
B = pgLbdGM,
_4,. L' D
‘2 12d 2
Where, is density of water

is acceleration due to gravity
is length of pontoon

is breadth of the pontoon

H & N~ ®

is height of the pontoon

(3.2)

(3.3)

3.4)

(3.5)
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d is draft of pontoon in still water
is vertical displacement
0 is pitch angle

GM, is longitudinal metacentric height

F is force acting at centre of gravity of each pontoon
M is hydrostatic moment acting on centre of gravity of each
pontoon

The static equation for two identical pontoons besides each other without any

connection may be written as:

A 0 0 O0ffg K
0 B 0 06| _|M 36)
0 0 A O0f|lz,| |F
0 0 0 Bj|6 M,

3.3.2 Extension of the models for an in-line array

The expanded equation for n pontoons without any connection becomes as

follows:
A 0 0 0 0 0 0 0]([z) [F)
0 B 0 O 0 0 0 06§, M,
0 0 A O 0 0 0 0|z F,
0 0 0 B 0 0 0 0f}0, M,
e f e A=< eee B (37)
0 0 0 O A 0 0 0]z, F
0 0 0 O 0 B 0 0[l6, M,
0 0 0 O 0 0 A 0]z, F,
_0 0 0 0 0 0 0 B_l \n L M" /
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3.3.3 Constraint relationship

In general and in rather complicated form the constraints equation can be written

as follows:
x; = o+ fe; +px, +yx, (3.8)
Where, j=i+1L k=j+1, {=k+1

The constraint equation (3.8) is inserted into equation (3.7). For simplification

equation (3.7) may be rewritten as [55]:

ZM,M’[ K.x +K,x+Kx +K,x, +K,x,=p, (3.9)

Where, ris any row of the matrix K

pr is the resultant force
Substituting equation (3.8) for x; in equation (3.9) gives:
K. x, + K (@+ P, + P, W) + K X + Ko X, + K px, = p, (3.10)
Factorising (eqn. 3.10) we have:

K, x, + (ﬁKn + K, )x, 0K, + K )%, + (WK, + K 5)x,,=p, —0K, =4,
(3.11)

Due to its nature the above operation has removed the symmetry in the coefficient

matrix K. This can be reinstated by:

a) multiplying the i™ row (3.12) by B and adding to the jLh row,
b) multiplying the i row (3.12) by y and adding to the k™ row,
c) multiplying the i row (3.12) by y and adding to the I™ row,
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Eventually we obtain:

™ row

(BK, +K;)x, + (B°K, + BK,; +BK ; + K )x; +(ByK, + PK, +¥K ; + K ;)x,
+(ByK,; + BK, +yK +Kj8)xZ = By, +q;

(3.12)
K row
(0K, + K )x, + (&, +7K.'j + BK,; +Kkj)xj +(72Kﬁ + Ky + K+ K )X,
+(WWK, +1K, +¥K, + K, )x, =1, +q,

(3.13)

"™ row

WK, + K, )x, + (WpK, +1K; +BK,, +Klj)xj + (K, +yK, +7K, + K, )x,
+('//2Kﬁ +yK, +yK, +K,)x, =yq, +q,
(3.14)

Thus the matrix regains its symmetry.

In the above matrix there is no i™ column. It is possible then to insert the
constraint equation (3.8) in place of the i™ row. After multiplication by K; we

have:

- K;x; +:BKiixj + K, x, +yK,x, = 0K, (3.15)
Recalling that the stiffness matrix K is symmetric, the i™ column must be

completed with BK,x, in the j row:

0=pK,x, - BK;x,
0=BK,x, — PK, (@ + fix; + px, +yx,) (3.16)
0=pK,x, _ﬂzKii’xj - BK  x, — BYK ,;x, — oK ;
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Finally the corrected rows have the following form:

.th
j row

(,BK,.S+K )x, + OK ;x ,+(,[)’Kij+,8Kﬁ+Kj.j)xj+(,b’Kik+ij,.+Kjk)xk

+(BK, +vK; + K ,)x, = g, +q, + ofK, G.17)
K™ row

(K + K )x, + AKx, + (K + BK, + K )x; + (K, + K + Ky )X, (3.18)
+(K, +vK,, + K, )x, =1, +q, + oK,

I"™ row

WK, + K, )x, + WK, x, + (WK, + K, + K,)x, + (WK, + 1K, + K, )x, (3.19)

+(WK, +yK, +K,)x, =yg;, +q, +ayK,

Now we have obtained an expression for the modified stiffness matrix. This is the
theoretical model for n pontoons. In the following section the above method is

employed in the different cases.

3.3.4 Connections

3.3.4.1 Hinged

Using Fig 3.2, small angle identity and basic geometric relationships, the

constraint equation for hinged-connections for the above system becomes:

Z (“L‘j (L”“)H = 2, (3.20)

Rearranging (3.20) gives:
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ziz{L+l1}9i+zi+l_(L+IJlJHi+l (3.21)
2 2

This can be written as:

z, =0+ 0, + ., +yo,, (3.22)
Where
a=0
L+
h==
y=1
v = L+L
2
L is distance between two pontoons
L is length of pontoon

Combining equations (3.15), (3.17), (3.18) and (3.19) with equation (3.6) will

result in the modified matrix for the two pontoons:

Please note the following substitutions;

Il
[
L
1l
[\
-
Il
w
~
1l
N

From equation (3.15) the i™ row becomes

- Az + A6, + YAz, + YAD, =—0A (3.23)

From equation (3.17) the /™ row becomes

PAz, +BO, +0+0=M, + fF, +afA (3.24)
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From equation (3.18) the k™ row becomes

Mz, +0+ Az, +0=F, + yF, + 0)A (3.25)

™ row becomes

From equation (3.19) the
YyAz, +0+0+ 0, =M, +yF, + ayA (3.26)

Equations (3.23 to 3.26) can be written as (3.27). This is the modified matrix for a

system comprising two pontoons.

-A A A yA||g —0A

A B 0 0 ||6 M, + BF, +afA (3.27)
B 0 A 0|z, | F+1F +aa

vA 0 0 B |6, M, +yF, + ayA

Adding a third pontoon to the two pontoons configuration will result in (3.28).

N

—A A A A 0 0](z) | —0A
PA B 0 0 0 0||6| |M+pBF+aofA
F, +yF, + ayA
M0 0 0 0lfel_) Bryrand | (3.28)
y A 0 O B 0 0]|6, M, +yF, +ayA
0 0 0 0 A Oz F,
0 0 0 0 0 BjJ|6] | M, J
Please note the following substitutions;
x, =2,,6, X, =g xj=91 Xy =2, x, =0,
s=12 i=3 j=4 k=5 £=6
From equation (3.15) the i™ row becomes
- Az, + fAG, + YAz, +YAO, =—CA (3.29)

From equation (3.17) the jth row becomes
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(PA+yA)z, +0+ PAz, + BO, +0+0 = (M, +yF, + ayA) + f(F, + ¥F, + ajA)

(3.30)
From equation (3.18) the k™ row becomes
y*Az, +0+ Az, +0+ Az, + 0= F, + y(F, + F, + ayA) (3.31)
From equation (3.19) the I" row becomes
WAz, +0+yAz, +0+0+ B0, = M, +y(F, +yF, + )A) (3.32)

Bearing in mind equations (3.29) to (3.32), and matrix symmetry, the equation for

a system with three pontoons can be written as follows:

[ —A A 0 yBA+yA pA wAl(z)
pA B 0 0 0o o0 |6
0 0 -A PA A YA |2,
WA+yA O PA B o o [le|
y:A 0 M 0 A 0 ||z
| A 0 pA 0 0 B [|6;]
(3.33)
—0A ]
M, + fF, +ofA
-0A

(M, +yF, + oayA) + B(F, + yF, + ayA)
F, +y(F, +yF + 0A)
M, +y(F, +yF +ojA) )

The operation is also applicable for n pontoons with hinged connections, however
the algebra gets tedious for more than 3 pontoons. Hence subroutine COND in

programme HINGE was written to calculate this.

If there are additional different constraints the above operation must be repeated

for each new constraint with appropriate coefficients.
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3.3.4.2 Rigid

For rigid connections, the additional constraint equation is:

0, =0, (3.34)
or
0, =a,+ Pz, +v,0,, (3.35)

where, o;=0, $;=0 and y,=1

Combining equations (3.15), (3.17), (3.18) and (3.19) with equation (3.27) will

result in the modified matrix for the two pontoons:

Please note the following substitutions;

From equation (3.15) the i row becomes

- PAG, +0+ BAO, = -, A (3.36)

From equation (3.17) the jth row becomes

Mz, +0+ Az, =F, +yF, + oA (3.37)

From equation (3.18) the k™ row becomes

(fA+yA)z, + BO, +0+ BO, = (M, + fF, + offA) + (M, + yF, + ayA) (3.38)

Equations (3.36 to 3.38) can be written as (3.39). This is the modified matrix for a

system comprising two pontoons with rigid connection.
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~A 0 A BA+yAl(z — oA
o B o B |l6]_ —o,B
A 0 A 0 [lz| F, +F, + A

PA+yA B 0 B 0, (M, + BF, +affA) + (M, +yF, + ayA)
(3.39)

The operation is also applicable for n pontoon with rigid connections, however the
algebra gets tedious for more than 2 pontoons. Hence subroutine COND in

programme RIGID was written to calculate this.

3.3.4.3 Hinged-rigid

In the case of the hinged-rigid configuration the constraint equation is:
-£20,,-0,2¢ (3.35)
The above constraint inequality can be separated into two;

6

i+l

ARG (3.36)

6., -6|>¢ (3.37)
611 -6

When (3.36) holds true, the system is in a hinged connection mode in which case
we follow the formulation outlined in 3.3.4.1. However when (3.37) holds true,
the system is in a rigid connection mode and we follow the formulation outlined in
3.3.4.2. The subroutine DEF in programmes Hinge-Rididl and Hinge-Ridid2,
indentifies which inequality holds true.
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3.3.5 Results for in-line array

The calculations for an in-line array (section 3.3) were coded in software and are

included in the following appendices:

Appendix A, Program Hinged, for hinge connection

Appendix B, Program Elastic, for elastic connection

Appendix C, Program Rigid, for rigid connection

Appendix D, Program Hinge-Rigid1, for hinged-rigid connection in one
direction

Appendix E, Program Hinge-Rigid2, for hinged-rigid connection in two

directions

The following table gives the values of the individual pontoon parameters used in
the experimental studies. The same parameter values were also used in the above
programmes so that a comparison could be made between the theoretical and

experimental results. The details of the experiments are given in Chapter 5.

Parameter value

Length 0.6 m

Width 0.28 m

Height 0.2m

Draft 0.03m

Mass 5.04 kg

Hinged-Rigid angle | 0.011765 rads
0.674 degrees

Table 1

The results of the program "Hinge-Rigid1" are shown in Fig 3.4. Fig 3.4a shows
the general displacement of pontoons with different loads applied to the central

module. The displacement and pitch angle of any individual pontoon against load
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increment can be seen in Fig 3.4b and Fig 3.4c respectively. Fig 3.4d contains the
difference between any two adjacent pitch angles, in which it is clearly shown that
when this difference reaches the design threshold the angle remains constant (in

one direction).

The results of program "Hinged-Rigid2" are shown in Fig 3.5. The description of
figure 3.5 is the same as Fig 3.4 but in this case when the difference between two
adjacent pitch angles reaches the design threshold angle, it stays there constant in

both directions, as is shown in Fig 3.5d.

Based upon this theory the simulation works very well for hinged, elastic, and
rigid connections but there is some difficulty with the hinged-rigid connection.
Programs "Hinged-Rigid1" and "Hinged-Rigid2" indicate that when the difference
of pitch angles of two adjacent pontoons reaches the design threshold angle, the
program will transform this joint from hinged to a rigid connection, but it is
unable to transform the rigid connections to hinge connections when necessary.
For example in Fig 3.5 when joints 2 and 9 become locked (that is in opposite
direction of joints 4, 5, 6 and 7) joints 3 and 8 must change from being rigid to
hinged. However in the simulation these joints (3 and 8) remain locked. As a
result pontoons 1 and 9 displace upwards. Since the load and buoyancy must be in
equilibrium at all times, the resultant effect is that there will be more displacement

in pontoons 3, 4, 5, 6, and 7 the effect is clearly shown in Fig 3.5a and 3.5b.

The more successful energy approach method was subsequently developed in
Chapter 4, before this, attempts to use the method presented so far are extended to

the mat array in the next section.
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3.4 Mat array

3.4.1 Basic hydrostatics

The equilibrium equation for the quasi-static response of a multipli-connected

structure with several pontoons connected in a mat array can be written as:

[K(x)).{x}={F(x)} (3.38)

The quasi-static equation for any individual pontoon, considered as wall sided and

with symmetry in the y, z plane can be written as:

A 0 0][g, F,
0 B 0]:6,:=M, (3.39)
0 0 CJlo, M,;
A= pglb (3.40)
B = pgLBdAGM , (3.41)
C = pgLBdGM, (3.42)
2
GM, -4, L D (3.43)
2 12d 2
2
GM, _4,r D (3.44)
2 124 2

Where, p is density of water.

is acceleration due to gravity

is length of pontoon

is distance between two pontoons
is breadth of the pontoon

is draft of pontoon in still water

U & & M~ I~ 0@

is height of the pontoon
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is vertical displacement of /™ pontoon in the j™ row
0. is pitch angle of i pontoon in the j™ row

@, isroll angle of " pontoon in the /" row

GM, s longitudinal metacentric height

GM, is transverse metacentric height

F; is force acting at centre of gravity of " pontoon in the j™ row

M,;, is moment acting at centre of gravity of " pontoon in the jth Tow
about the y-axes

M ,j 1S moment acting at centre of gravity of i pontoon in the jth row

about the x-axes

The quasi-static equation for four individual pontoons (two columns i=2, and two

row j=2) without any connection may be written as:

A0 000000 O00O0O0O0][z,] [ F
0O B OOOUOU OUOTUO0O0O0 Off 6 M,
00 CO0O0OUOUOO0O0O0O0 0| o M,
00 0AO0O OO OO O0 0 0|z, F.;
00 00 BOOO OO0 0 Off8,, M.,
00OOOCOO0000.<¢i+1j>=<M2i+1j> (3.45)
000000 AO0OUO OO0 Of] 2z, F,,
00000 OO B OO O Off6, M.,
0000O0O0UO0OTCU OO0 0|0 M.,
000000 00 0 A 0 0|z Fij
00 0000 O0O0 0 0 B 06| |Muyn
00 0000000 0 0 Cl(@ujm] My
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3.4.2 Extension of the models for mat array configurations

The expanded equation for nxm pontoons without any connection becomes as

follows:

(A 0 O - v -es 0 0 0]z, E,
0 B O - oo - 0 0 0]l6, M,
0 0 C - - - 0 0 0l|g, M,

SN R Q) BT (3.46)

0 0 0 v - - A0 0|z, F
0 0 0 -+ - - 0 B 0|6, |M,,
00 0 - - - 0 0 Cligm] M)

3.4.3 Constraint equations for hinged connection

Using Fig 3.2 we can deduce the constraint relationship for hinged-connections to
be:

L+ L+

Z; + = eij + _Ll i+1j = Zixlj (3.47)
2 2
B+ L B+

Z; +[ ) l )(oz] +(—2£j¢zj+l = Zjn (348)

which can be rewritten as:

L+ L+
z; = 0—( 2L1 j@ij + 2,4, —(TLIJHHU (3.49)
B+L,

B+
Z; = —(_Z_Ll]q’g *+ Zijn _(TJ@;'H (3.50)

z, =+ B0, +1,,; tvo,,; (3.51)

ij
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;=00 + ﬂ1¢y + Y12 TV P

where;

i=1->n
a=0

_L+L
'3'2

y=1

j=l->m
o, =0
B+
ﬂlzTLl
n=1
B+
v, =-— 2Ll

(3.52)

The constraint equations (3.51 and 3.52) must be inserted into the system equation

(3.46). There are several methods at our disposal for inserting constraint equations

into the system equation, which are briefly described below. However it is

important to realise, as we shall see later these methods will provide us with

different results when applied to the same system.

a)

b)

One method is to insert the constraint equation (3.51) into the system

equation (3.46) for all rows first (i=1—n, j =constant), and then insert the

constraint equation (3.52) between different rows.

This method is similar to the previous one, with the difference being that

here the constraint equation (3.52) for all columns are calculated first (i

=constant j =1—m), then the constraint equation is inserted (3.51) between

different columns.

It is possible to insert constraints (3.51) and (3.52) for all pontoons module

at once (i=1—n j =1—m).

The operation for inserting constraint equation in the system equation is rather

long and therefore it is not included here.
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3.4.4 Alternative method of using constraint equation for mat array

Consider the case where r constraint equations are present in a system composed
on n degrees of freedom. A general representation of linear constraint equations

for this case would be of the form [57].

[G],.. {8} =18} (3.53)

Where the terms of [G] are the coefficients of the constraint equation and {S} is a
vector of known constraint and A is a transformation matrix. To avoid tedious

algebra only the case with {S}=0 will be dealt with here.

In order to develop the transformation matrix the n degrees of freedom will be

divided into two groups, {A,}and{A_}, where{A,} contains r degrees of freedom

and {A,} contains (n-r) degrees of freedom. So,

[Ge,,‘, G, ]{Ae } =0 (3.54)

Thus, the degrees of freedom have been segregated so that {A,}degrees of

freedom are selected corresponding to r number of constraint equations. The
intent as explained previously is to remove these degrees of freedom from the
potential energy functional by use of a condensation scheme. Although the choice
of which degrees of freedom are to be removed is arbitrary, occasions do arise
when great care must be exercised in their selection, otherwise, while the result

will be the same, the mathematical operations would run into pages.

Solving equation (3.54) for {A,} gives,

a}=-c.I'lc.fa }=[c.. KA.} (3.55)
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In accordance with the procedures developed, this can be used to form the

transformation of degrees of freedom.

{2} = [%}{AC}: [r.Ka. } (3.56)

c

Applying this now to the global equations via [FC]T [k][l"c] gives a reduced

stiffness matrix referred to {A_} alone and also a reduced load vector

Bl=IT {I;} (3.57)
(A ]=[k.]"[p.] (3.58)
(A ]=[G..][A.] (3.59)

Solution of the reduced stiffness equation yieids{A_}, which may then be

substituted into equation (3.55) for calculation of {A,}.

3.4.5 Results for mat array

The reasons the methods mentioned in 3.4.3 fail to produce satisfactory results for

individual methods a, b and c are given below.

a) The constraint equation is applied to all the pontoons for all individual
rows and then between different rows. The result is that the symmetry of
displacement in x-axes (rows) is lost, although the symmetry in
displacement in y-axes remains. This is unacceptable since we require to

have symmetry in displacement when a symmetrical load is applied.

b) The results produced here are replicas of the previous case with the main

difference being that whereas before the symmetry in the x-axes was lost,
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here it is the y-axes that loses symmetry. This is a direct result of the way

the operation is carried out.

c) The last and final case does not produce encouraging results either. Here
the symmetry of the displacement is lost in both the y and the x-axis,

which is totally undesirable.

3.5 Discussion

Having studied the results of the methods mentioned in this chapter, it must be
said that in some cases they have failed. For example while in the in-line array it
managed to produce acceptable outputs in the cases of the hinged, elastic and rigid
connections, it failed in the hinged-rigid connection set-up. Also in the mat array
none of the results were acceptable. Two options were open, firstly to continue
developing these in the hope of achieving the required results or secondly to
develop a new theory. It was decided that even should the effort be made to
develop the current theories, it will be very unlikely that it will produce the
desired results. Hence from now, the effort was subsequently focused on

developing a new theory, which as we shall see later does work extremely well.
In the new theory an energy approach to the situation is adopted, in which the
equations for the beams on elastic foundation are found using the minimisation of

the potential energy method.

Chapter 4 contains the development and formulation of this new theory.
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CHAPTER 4 GENERAL SOLUTION USING AN ENERGY
APPROACH

4.1 In-line array

4.1.1 Introduction

Minimisation of potential energy is used here to develop the necessary equations
for a beam on an elastic foundation by successive application of incremental
loading. The total length of the structure is divided into numerous elements in
which any element represents a pontoon module. At first a deformation function
for each element is defined. Based on this function the stiffness matrix and nodal
forces can then be defined. By use of the connection matrix the global stiffness
matrix for the complete structure is obtained. Then solving the resultant equations
the displacements and rotations of the joints can be calculated. Hence using
element equilibrium, all the pontoon element end stresses can be calculated in
successive loading passes. The element end stresses are the internal stresses of the

structure.

In any incremental loading step the stiffness matrix will generally vary and must
be defined for each step. In this method for the first loading pass the connections
of all elements are pinned, and hence the global stiffness matrix comprises only of
the stiffness matrices of beam elements with both ends pinned on an elastic
foundation with elasticity K. In the first pass the load which is sufficient to cause
a connection to become locked can be determined and the stresses caused by this
load may be calculated and stored. In the next pass only the stiffness matrix of
those elements either side of a locked joint will be changed. In this case the
difference between the stiffness matrix of a single end built-in element may be
added to that of an element with both ends pinned. The next step is to solve the
problem with the new stiffness matrix. Once again the load which causes change
from one form of connection to the other (either pinned to rigid, or rigid to pin)
can be calculated and again the element end stresses also may be found and

stored.
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This operation is repeated until the total stored load becomes equal to the external
loading. The sum of stored internal stress in different loading steps is the internal

stress of the system.

The method is developed here for an in-line array of pontoons.

4.1.2 Definition of the problem

Consider a beam on an elastic foundation of elasticity K/ unit length, with length
L (length of one module) and rigidity EI (which is constant along one pontoon).
Such a beam is illustrated in Fig 4.1. Point loads F,F,,...,F, and moments
M,,M,,...,M, are applied on the joints, and also distributed load P(x) is applied to
the beam. The connection between elements can be hinged or rigid. The aim is to

find the displacement and rotation of each joint together with the internal stress.

4.1.3 Potential energy

The deformations, which satisfy boundary conditions and minimisation of the
potential energy, enable a solution. The potential energy is equal to the stored

elastic energy minus the work of external forces. The total potential energy is:

1¢ . 1% L
W =2 [ EIly ()P d+ [ Ky @Ry = 3 Ey, = 3 My, = [ P()y(x)d
0 0 0

4.1)

where the first term is potential energy due to the elasticity of the beam. The
second term represents the potential energy due to the elastic foundation. The
third and fourth terms are work done by external forces and moments, and the last

term represents distributed external forces.
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4.1.4 Interpolation function for an element in the context of the primary

assumptions

For each element EI, K and P (x) are constant along its length. If there are any
point loads along the element, these point loads will be transferred to the end of

element.

The continuity of displacement and rotation of both element ends must be
considered. The element connections are either pinned or rigid. Therefore to

define the interpolation function of an element four combinations have to be

considered:
Both ends pinned element O O
One end pinned and other end rigid O E
One end rigid and other end pinned a O
Both ends rigid 2 E

4.1.4.1 Interpolation function for element with both ends pinned

In this case there is continuity of displacement on both ends of the element,
therefore there are two degrees of freedom for each element. It is possible to

choose a first order interpolation function as follows:

y=Au+B 4.2)

Consideration of the boundary conditions allows the constants A and B to be

found.



u=0 —=>y=Yy, -y, =B 4.3)

p=L o y=y, oy =Al+ty —A=22 @44

4.5)

By substitution of equation (4.3), (4.4), (4.5) in equation (4.2) and rearranging of

y based on displacement and rotations this may be written as [56]:

Yi
y =[1—g 0 % 0] : , 4.6)
Y
Or in simpler form
y=ly ¥ ys ¥ {6 }=1YLs} 4.7)
Where:
y1=1—%; ¥, =03 y3=%; ¥, =0 4.8)
(6, 1=y y,-’ y; y;] (4.9)
(6,16} (4.10)

Differentiating y with respect to the x and substituting x = x, + ¢ gives:
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. dy dy
=== 4.11
y = di (4.11)
Vi
-1 1 Vi
=[— 0 — 0 4.12
y [L 2 ] 3, (4.12)
Y,
We can further simplify eqn 4.12 to get:
y =ln v, ¥ vX6 1=l K6} 4.13)

Hence we have found the interpolation function for the beam pinned at both ends.

4.1.4.2 Interpolation function for element with both ends built-in

In this case each element has four degrees of freedom, (y,, y;, ¥ i y;) . Therefore

a third order polynomial can be chosen for the interpolation function:
y=AW’ +Bu’ +Cu+D (4.14)

Considering boundary conditions, the constants A, B, C and D in terms of degrees

of freedom for both ends of the beam can be found.

Y= y=Y;
=0 =L . s
M { M {}’:}’j

u=0 Y=Y ;=D (4.15)
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ﬂ = O y' = yi' yi’ = C (416)
u=1L y=y, y; = AL +BL +CL+D 4.17)
u=1L y =y, y; =3AC +2BL+C 4.18)

Solving the linear equations (4.15) to (4.18) the constants A, B, C, D are found to
be:

-2 |
A:?(yj _yi)+F(y.' +y,')
-2 1.
= z;(y,- —y,-)—z(Zyi +y;)
C=y,
D=y, 4.19)

Substitution of equation (4.19) in equation (4.14) and rearranging y based on

displacement and rotations yields:

1 1 1
y=[F(2/z3 -3Lu* + ') ?(M —2Lu’* + L) Z;(—2,U3 +3Lu*)

N

1
F(#3 —Lu*)K "t

(4.20)

Which can be simplified to,

y=[y, ¥, ¥ )’4]{5i} y:[Y]{5i} 4.21)
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Where:
1 3 2 3
» = E(Z” -3Lu"+ L)

_ 1o 2, 72
Y2 = I (W =2Lp" + L'p)

i (4.22)
y; = E(—ZM +3Lu")
1
Vs = 25'(,“3 - L/uz)
[61=ly, y. v, »,] (4.23)
(6,16, 1 (4.24)
Again differentiating y with respect to the x and substituting x = x, + i
. dy d
y === (4.25)
dx du
1L (64 -6L Lt —aru+ 12 L c6u? 6L
y =I5 6p" 6L 7 Gu —ALp+ L) -5 (F6u7 +6Lu)

’ (4.26)
1w —anpy) |
r y;

Y

Or in simpler form
y=ly ¥ v »X6l=r'Ks} (4.27)

And we obtain a similar expression as before,
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; 1 1 1
y =[F(12,u—6L) ?(6/1—4L) F(—1.2ﬂ+6L)

Y
\ (4.28)
1 Y
—(6u-2L
L2( U —2L)] Y,
Y,
Y'=ly, ¥, ¥ yiH{o.}=1¥"16,} (4.29)

4.1.4.3 Interpolation function for element with one end pinned, other end

built-in

In this case there is continuity of displacement at both ends of the element and

also continuity of rotation at the built-in end. Therefore each element has three

degrees of freedom (y,,y;, yj’.). The interpolation function can be shown to be as

follows:
y=AW +Bu+C (4.30)

Again the boundary conditions enable the constants A, B, C, to be found, as:

u=0 Y=Y y,=C (4.31)

u=1L y=1y, y; =AL'+BL+C (4.32)

u=1L y =y y; =3ALC +B (4.33)
yielding:

1 | .
IE R YR
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_2L Yi—Y; 2yj

C=y, (434)

Substituting equation (4.34) in equation (4.30) and rearranging of y based on
displacement and rotation give:

1 -1

,u3—iﬂ+1 0

= —_— 4+ —
Y [213 2L 2r s
Yi
1 5, 1 |»
— -z 4.35
21* # 2,u] y; ( )
Y
Or in simpler form
y=n y. v vX6}  y=0Ks} (4.36)

Once again differentiation of y with respect to the x and substituting x = x; + u

gives:

_Yy_ b
Y T T du
Yi
3, 3 3, 3 3, |w
=[—-= 0 g+ — 4.37
T L) 22 oL 2L2”2] ¥; (*37)
Y
Or in simpler form
y=ly v, ¥ v }t=1r'Ks} (4.38)

Again we obtain a similar expression,
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Ya
e 439)
Y r rh y; '
)
Or in simpler form
Y'=lyi v, y; v o, }=1Y"{5} (4.40)

4.1.4.4 Interpolation function for element with one end built-in other end

pinned

In this case the interpolation function is the same as the previous case (4.1.4.3) but

the location of joint j and i will be reversed.

4.1.5 Potential energy for an element

The total potential energy is calculated by integrating the potential energy of each

element of the structure, i.e.
1f . 1§ @
W, = EI ED" du+ EI Ky*du - [ Pydu (4.41)
0 0 0

The first term takes account of the potential energy, which arises due to the beam’s
elasticity. The second term represent the potential energy created because of the
elastic foundation while the last term is the potential energy resulting from

external forces.

The first component of potential energy of an element may be written as (Wp);,

and:
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L L L
W), =%E1jy"’dﬂ =—;—Eljy"ry"d,u =%EII[5, iy Iy 1.}
0 0 0

L (4.42)
1 R
=218, EI B 1y s, }
0
The element rigidity stiffness matrix, is given by:
L | "
(4, 1=EI[{y [ ldu (4.43)
0
Expanding the second component of equation (4.41).
1§ 1 ¢ 1 ¢
_1 2 _1 T _1 T
W,), = 2£Ky du =K { y" ydu =18, 1K j yyawi{s,} @444

So the elastic foundation stiffness matrix is B;, which is mathematically defined

as:

l
[B,1= K| y"ydu (4.43)
0
Finally the third component of equation (4.41) may be written:
L L L
(W,); = | Pydp =P ydu=(P[[yldu){s, } (4.46)
0 0 0
The force matrix will be:

L
[P,]=P|[[yldu (4.47)
0

4.1.5.1 Potential energy for element with both ends pinned

In this case the element rigidity stiffness matrix is equal to zero.
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Y =0 - [a]=0

The elastic foundation stiffness matrix of the element will be:
1
[B,)= K[ y"ydu
0

Substituting definition of y, from equation (4.8) into equation (4.45) yields:

L L

KL

B, :KJ‘yly‘ldlu =KI(1_%)dﬂ =T
0 0

L Ly
B, =By = KJ. N Y,du = KJT(I_Z)dﬂ =?
0 0

1 3 2, g3
y =75 3L+ 1)
LI 2, 2
2= Lz(ﬂ =2Lp" + L'p)
1 3 2
Y3 = B (=24 +3Lu")

o = (4 - L)
4 L2

Hence the elastic foundation stiffness matrix for elements pinned on both ends, is

given by:
2010
B KL|0O 0 0 O 448
0 00O

we have the forces matrix:
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[P,1=P[[yldu
0

i . mu, _PL
| R= Pl.yld,u =P_([(1——Z)dy ==
P, =0
P,= szsdu - PI(I—%)dy =f;£
P,=0
Hence the forces matrix is:

4.1.5.2 Potential energy for element with both ends built-in

In this case element rigidity stiffness matrix is as follows:
L " "
(4,1=E1{{y Iy 1ap.
0

Substitution <y > from equation (4.28) into above equation yields:

12EI
L3

L
A, = EII y;}’;d/‘ =
0
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f ..  GEl
A, =Ay = EIJ.Y1Y2d/‘ = N2
0
L
. 12EI
Ay = Ay = Eljyl)ﬁdﬂ == I
0
f .. 6El
A, =Ay = EIIY1Y4d/" Bz
0

4EI

L
Ay = EIJ. V2,4l = I3
0

L
A= A, = 1] i
0

i,j=1234

Finally the bending stiffness matrix [A;] the bending stiffness matrix will be:

[ 12 6 12 6 |
r @ I I
4 _6 2
2 3 2
[A,1=EI L 115 L ¢ (4.50)
r
Symmetric iz
i L

Performing the same operation and by using equation (4.22) the stiffness matrix
due to elastic foundation will be:

L
[B,1= K[y ydu
0

L
B,=B, = K.{ y,du i,j=1234
0

156  22I7 54L -130

K 4r 131} -30
[B,]=— 4.51
/] 420 1561 —22I* @0

Symmetric 4r
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The force vector is given by:

[P,1=P|[yldu
0

¢ PL
B = Pfyldﬂ =
0

L
P = P[ydu

0

PL P[> PL PI?
P1=[— = - 4.52
(7] [2 D 5 12] (4.52)

4.1.5.3 Potential energy for element with one end pinned and one end built-in

The element rigidity stiffness matrix is:
L " "
(4,1=E1[{y [y 1du.
0

Using equation (4.39) into above equation yields:

3E1
I

L L
A= EIJ. NWdu= EII(E)Zdﬂ =
0 0

A,=4,=0

-3E1
L3

L L
. 3 -3
Ay =A, = El { Y1 Y;dp = EI{ (—L3u)(—L3 )au =

The complete bending stiffness matrix is given by:



3EI -3ElI 3EI
T r L
0 0 0
[A]1= 3EI -3EI (4.53)
D
. 3EI
Symmetric 7

For the elastic foundation stiffness matrix
L
[B,1= K[ yydu
4]

Which by using equation (4.35) can be written as:

33KL

B =K d K +— +1d,
1 J.ylyl Mn = J( .u M+1Ddu = 140

B,=8,=0
§ 39KL
B,=B; = K_(l).yxya M %‘
L 2
—11KL
B,=B, =K d
14 41 J.y]yA M 280

The complete element rigidity stiffness matrix will be as follows:



~
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33KL 0 39KL  —11KI*
140 280 280
0 0 0
B 1=
[B:] 17KL  —-3KI*
35 35
) 2K
symmemc
L 35 |
The forces vector in this case will be as follows:
L
[P,)=P[[yldu
0
< 3PL
A= PI nap = g
0
L
F= Pf yiau
0
3PL 5PL - PL?
P1=[—= 0 ==
[P ]=[ 2 2 . ]

(4.54)

(4.55)

4.1.5.4 Potential energy for element with one end built-in and the other end

pinned

This case is similar to the previous one (4.1.5.3), the only difference is that the

position of the nodes at both ends will be interchanged (j and i will interchange).

The element rigidity stiffness matrix



[3EI 3EI -3EI
r I r 0
3El  -3El 0
[A]= L I
3EI
T
| Sym
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The elastic foundation stiffness matrix is:

[17KL  3KI* 39KL
35 35 280
2KI® 11KI?
[B/]1= 105 280
33KL
140
| Sym
The .forces vector is:
5PL. PL* 3PL
Pl=
[P ]=I 2 S 2

Therefore the potential energy of an element can be written as:

W, =218, 14,8, 1+ 318,108, 15, }- (2,15,

Hence the displacement matrix is:

0]

(4.56)

(4.57)

(4.58)

(4.59)
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-
Y
Y2
Y2

Vi

Y
Y

CIA N
Y

oS O O O
o O O O
S O O O
S O O =
S O = O
S = O O
- O o O
S © O O

Y,
Y

(4.60)

V. )

where the right hand side vector contains the displacements and rotations of all the
nodes in the beam which is denoted as{u} given n is the total number of nodes of

the beam.

Hence we have:
{a}=[c]iu (4.61)

The matrix [C,] in which all components are 0 or 1 as shown in equation (4.60) is

called the connection matrix. By using equation (4.61) it is possible rewrite

equation (4.59) as follows:

W, = %[u][Cz I (a 1+ (8, Dlc, Yu} 1P, Tc, Yu} 4.62)

[®]=[c] (a]+[8][c] 4.63)
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where matrix[R,] is the stiffness matrix of one element which equates to:

0 0 0 0 0 0
A11 +Bn A12+BIZ A13+B13 A14+Bl4 - 0
A22+Bzz A23+Bz3 A2A+BZ4 - 0
[R,]= : : : Pl @64)
A33 + Bsa A34 + 334 SR
Sym A,+B, - 0
L O_J

Matrix [R,] is a 2n X 2n symmetric matrix where again n is the number of nodes

in the structure.

The vector of external forces is:
[S,1=[P,1[c,]

[S,1=[0 PP By Py 0] (4.65)

Therefore it is possible to simplify the potential energy of an element as:

W, = %[u][R, Hu}—16, Hu} (4.66)

4.1.6 Potential energy for complete structure

By using equation (4.1) the total energy of the complete structure can be written

as:
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2
(
—
=
3

-~
L
—
~
]
—_
-~
U
—_

By substituting (4.66) into (4.67) we have:

W= (TR~ SV, Dl L5, B 1o

Since

n-1
7)= 3]
=1
And
n-1
[T1=YS,1+[F, M, F, M,
I=1
Hence equation (4.68) becomes:

W= %[u][R]{u}— [T}u}

M,]

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

Now it is necessary to minimise W by considering the boundary conditions. If i is

a node which is simply supported (y, = 0) and j is a node with zero rotation then

minimisation of W with respect to {u} results in (,), (2i—1)™, and (¥, ( 2i)™

components of {u} to be zero. Therefore the Lagrange function for this problem

will be:

W' =W+ %[u][Am‘—l ]{u}+ %[u][AZj ]{u}

(4.72)

In equation (4.72) all components of the matrix [Aﬁ_l] are zero with the exception

of a,_,,_,, which is large, while in matrix [A2 j] all values, except the a,;,;

component (which has a large value) are zero.
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Considering equation (4.71), equation (4.72) becomes:

W =GR ]+ (A ]+ 4, D) - 173} “.73)
Where:

[R] =R +[4,.]+[4,]

Matrix [R’] is matrix [R]to which a large number is added to the diagonal terms

(2 i1, 2 i11) and (2}, 2;). Matrix [R*] is the corrected global stiffness matrix.

W = tlR - )} 4.74)

Equation (4.74) must be minimised; therefore for this reason the derivative in

terms of u for all components is set to zero.
grad W' = [R']{ u—{T}=0 4.75)
or
[R*[{u} = {1} (4.76)

Therefore the linear equations (4.76) may be solved, and the terms of vector u,

which are the displacements and rotations, may be found.
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4.1.7 Finding reaction and stress of both ends of elements
After finding the displacements and rotations of all nodes (Eq. 4.76), an element
such as that in (fig 4.3) is studied to find the reactions and stresses of both its

ends.

The potential energy for any element will be:
L L L
1 ..2 1 5 : .
W, = —2—EI_[ v du +5ij du-T,y, +Tyy, - Moy, + Mpy, - [ Pydu  @4.77)
0 0 0

To achieve the objective we must go about minimising equation (4.77).

Considering equations (4.42), (4.44) and (4.46), equation (4.77) may be written
as: |

1 1
WI 2'2'[51 ][AI ]{51 }+ 5[51 ][BI ]{51 }_ [PI ]{51 }_ [TL ML_ TR_ MR]{(SI} (4.78)
Equation (4.78) may be simplified to:

W, =%[5,]([A,]+[B, Mo, }-1p X6, }-11, M~ T~ M K5, } (4.79)

From minimisation of equation (4.79), the stresses of both ends of the element

may be found.

TL

an_ _ _ ML —

%, = (4, ]+(B,D{5,}-{P.} _r, [=° (4.80)
_MR

or
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=((4,]+[B, Mo, }-{R} (4.81)

which can be expanded into:

T, A, +B, A,+B, A;+B; A,+B,||y
M, _ Ay +B, A,+B, Ay+B,; A,+B, y;
~Tp | |Ay+By Ay, +B, Ay+By, A,+B,||y,

- M, A +By, A,+B, As+B,; A,+B,]y,

(4.82)

AU JU JY 2o

4.1.8 Discussion

Software has been developed in order to calculate the global stiffness matrix and
the vector of forces of beam elements on elastic foundations and solve the
resultant equations for various end conditions; both ends built-in, both ends

pinned, one end built-in one end pinned and vice versa.

In the developed code the structure consists of several similar modules of the
same length and the same locking hinge angle limit. The second moment of area
and elasticity of the elastic foundation are assumed identical for each module.
The structure can receive different loading. Distributed loads along its length and
concentrated loads, which can be applied at the nodes only. The moments are also
applied only at the nodes.

In this method for the first loading step all connections are taken to be hinged. The
stiffness matrix and forces vector for a both ends pinned element on elastic
foundation with elasticity K, equations (4.48) & (4.49), are used is this case. It is
then possible to establish the stiffness matrix for the complete structure. After
completing the stiffness matrix and considering the loading applied on the
structure and solving the equations, the displacement and rotation of all nodes
may be found. Having displacements and rotations and comparing the rotations of

nodes with the locking hinged angle limit it is possible to find the load which the
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first connection will be changed from hinged to rigid. Consequently the load
displacements and rotations, bending moments and shear forces on nodes may be

found, and this loading step is complete.

The next loading step is started with modifications to the stiffness matrix. In this
step only the stiffness matrix and forces vector of elements either side of the
locked joint are changed and the difference in the stiffness of the elements is
added to the stiffness matrix of the complete structure. The problem is solved
with a new stiffness matrix from which the new load that can cause joint status
change, is calculated (i.e. locked to unlocked or vice versa). The internal stresses
due to this load are calculated and stored. This procedure must be repeated until
the sum of stored loads from each repeat equates to the external load. Then the

sums of stored stresses give the final stresses of the system.

In changing the connection form at the nodes it must be considered that if any
node becomes locked then this node will be considered as a built-in node. Should
the node to the right hand side of the locked node be hinged, then the stiffness
matrix of the element (between the locked node and the node on the right hand
side of locked node) becomes that of an element with one end built-in and the
other end pinned. If the node to the left-hand side of the locked node is hinged,
the stiffness matrix of the element (between the node left-hand side of locked
node and locked node) becomes that of an element with one end pinned and the
other end built-in. In the case any neighbouring node to the locked node becomes
locked, then the stiffness matrix of the element (between the two locked nodes)

becomes that of an element with both ends built-in.

It is important that in addition to consideration of the locking of joints in the
positive and negative directions, the unlocking of the joints must also be
remembered. Should a previously locked node become unlocked, then based on
the status of the nodes either side of it, different approaches are taken. If a node
either side of the unlocked node is hinged or locked, the stiffness matrix of a both
ends pinned element, or a one end pinned with the other end built-in element is

used respectively.
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4.1.9 Explanation of the software

The software provided for analysis of multipli-connected floating structures
consists of two parts. The first part is a coded program for preparing the inputs
for the main program. The second part is the main program. Both programs are

provided in appendices F and G respectively.

The main coded software consists of twenty-two subroutines and is able to analyse

the following structures:

— Symmetric multipli-connected floating structures with symmetric loading
— Any multipli-connected floating structure with arbitrary loading

— Continuous beam on elastic foundation

With the first two types of structure the analysis is based on the assumption that
there is some freedom in the connections (hinged-rigid). In the first option
because of the symmetrical property, only half of structure needs to be analysed,
and is therefore faster than the second option. In computing multipli-connected
floating structures with limited freedom of joints, first all connections are taken as
hinged and on this basis the stiffness matrix and the force vector are determined
(subroutine number 5). Only in the first type (symmetric structure) are the axes of
symmetry in the position of the last joint, which can carry bending moment but

can not carry shear forces (subroutine number 14).

In the third type where there is not any freedom in the connections (rigid), the

problem is analysed using a single step (subroutine number 22) procedure.

After determination of the stiffness matrix and forces vector the system of
equations is solved using Cholesky’s method (subroutine number 2) and according
to the conditions of both ends of elements, the displacement and rotations of all
joints by use of subroutine numbers 6, 7, 8 and 9 are calculated. The moment and
shear force acting on the joints are calculated using subroutine numbers 10, 11,

12, and 13.
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Subroutine 2 calculates and stores the minimum load by which the status of a
connection is changed, and the stress caused by this load. Then according to the
change of condition of this joint the stiffness matrix is modified. If the joint
changes from hinged to rigid, by considering the status of the joints at the right-
hand and left-hand sides of the changed joint, the stiffness matrix is increased
(subroutine 14, 15, 16, and 17). Whereas should the joint change from rigid to

hinged the stiffness matrix is decreased (subroutine 18, 19, 20, and 21).

Then after modification of the stiffness matrix and the forces vector again the
system of equations is solved with Cholesky’s method and the above procedure is
repeated. When the sum of loads applied over consecutive steps matches the
external loading then the stress is the sum of resultant stresses in the different

steps. These steps are summarised in the figure 4.4.

4.1.10 Worked Examples

Two worked examples will be outlined here. First we use pontoon dimensions as
of those used in the practical experiment. This will give a basis for comparison of
the theoretical and experimental results. Later we also use pontoon dimensions
likely to be used in real life applications. This will give us a picture of the theory’s
performance and the calculations involved, when used to design and diagnose full-

scale structures.

4.1.10.1 Example for experimental dimensions

For this simulation a multipli-connected structure consisting of nine pontoons in-
line is considered. A 15 kg load is applied on the centre of pontoon number five,

which is situated at the middle of the system.
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The dimensions of each pontoon are as follows;

Parameter value

Length 0.6 m

Width 0.28 m

Height 0.2m

Draft 0.03m

Mass 5.04 kg

Hinged-Rigid angle | 0.011765 rads
0.674 degrees

Table 2

Refer to fig 4.5 for schematic of the system where, the upper numbers represent
joints and the lower numbers represent elements. In the program, R is defined, as
a step dependent scalar coefficient, such that if multiplied by the forces vector,
will result in the required load value that causes a change in the status of one or

more joints at that particular loading step.

All the following steps are shown in Fig 4.12.

In the first loading step all elements are connected together with hinged joints. In
the simulation it is calculated that the first change in joint status will happen when
R is 0.0775. Therefore with 1.1625 kg load (which is RXF or 0.0775x15 kg),
joints 4 and 7 become locked in the negative direction (Fig 4.6). This stage

completes the first loading step.

The second loading step starts with modifications to the stiffness matrices of
elements in both sides of the changed joints. The stiffness matrices of elements 3,
4, 6, and 7 are changed from both ends hinged to hinged-rigid, rigid-hinged,
hinged-rigid and rigid-hinged respectively. R in this step is 0.1298, which means
that further changes in joint status will happen. With this value of R (1.947-kg
load) joints 5 and 6 become locked in the positive direction (Fig 4.7). This

completes the second loading step.
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The next loading step starts with modifications to the stiffness matrices of
elements ending to joints number 5 and 6, which became locked in the previous
loading step. Therefore the stiffness matrices of elements 4, 5, and 6 will change
respectively from rigid-hinged, both ends hinged and hinged-rigid to both ends
rigid. R in this step is found to be 0.1512, and such value corresponds to a load of
2.268 kg that will unlock joints 4 and 7 (Fig 4.8) hence ending the third loading
step.

The subsequent loading step starts with modifications to the stiffness matrices of
elements ending at joint numbers 4 and 7 that became open in the previous
loading step. Therefore the stiffness matrix of elements 3, 4, 6, and 7 change from
hinged-rigid, both ends rigid, both ends rigid, and rigid-hinged to both ends
hinged, hinged-rigid, rigid-hinged, and both ends hinged respectively. R in this
step is found to be 0.3296, and such value corresponds to a load of 4.944 kg that
will lock joints 3 and 8 in the negative direction (Fig 4.9), hence ending the fourth
loading step.

The fifth loading step similarly modifies stiffness matrices for elements ending at

joint numbers 3 and 8 which became locked in the previous loading step. The
stiffness matrices of elements 2, 3, 7 and 8 change from both ends hinged to
hinged-rigid, rigid-hinged, hinged-rigid, and rigid-hinged respectively. R in this
step is found to be 0.6915, and such value corresponds to a load of 10.3725 kg
that will lock joints 2 and 9 in the negative direction (Fig 4.10), hence ending the
fifth loading step.

The next loading step requires a start with modification of stiffness matrices of
elements ending at joint numbers 2 and 9 (locked in the previous loading step).
Hence the stiffness matrices of elements 1, 2, 8, and 9 will change from both ends
hinged, hinged-rigid, rigid-hinged, and both ends hinged to hinged-rigid, both
ends rigid, both ends rigid, and rigid-hinged respectively. R in this step is found to
be 1, and such value corresponds to a load of 15 kg that will lock joints 4 and 7 in

the positive direction (Fig 4.9), hence ending the sixth loading step.
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The next loading step starts with modifications to the stiffness matrix of elements
ending at joint numbers 4 and 7 (locked in previous loading step). Therefore the
stiffness matrix of elements 3, 4, 6 and 7 will be changed from rigid-hinged,
hinged-rigid, rigid-hinged and hinged-rigid to both ends rigid. However since R
has reached unity in the previous loading step no further changes will occur in the

form of connections for this load (15 kg) and that will be the final step (Fig 4.11).

4.1.10.2 Example for full size dimensions

For this simulation a multipli-connected structure of total size 180m by 12m is
considered, consisting of 60 pontoons, which are arranged in a mat array of 4
rows, 15 columns. The connection between each pontoon in the longitudinal
direction is of a hinged-rigid type, and each pontoons is connected rigidly to the
transverse direction. Thus the whole structure can be considered as 15 pontoon
units in an in-line array, where each pontoon unit is made up of 4 single pontoons
rigidly connected together. Hence the dimension of a pontoon unit is 12m by 12m.
Two 72000 kg loads (12000 kg/m) typical of an army tank are first applied on the

pontoon unit number 1 and then this load is moved to pontoon unit 15.

The dimensions of each single pontoon are as follows;

Parameter value

Length 12.00 m

Width 3.00 m

Height 2.00 m

Draft 0.50 m

Mass 18000 kg

Hinged-Rigid angle | 0.005 rads

0.286 degrees

Table 3

The displacements due to this loading is shown in figure 4.13 to 4.17 respectively.

The displacements of all pontoons resulting from successive loading on different
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pontoons are shown in figure 4.17. Also the calculation of different load steps
when the load is applied on unit pontoon eight is given as an example in appendix

H. The result of this calculation is plotted in figure 4.18.

The draft of this structure is 0.5m with own weight and due to this loading the
draft will increase up to 0.85m. Therefore the freeboard of the structure will be
1.15m which is enough for this particular structure (floating bridge or floating
quay). The maximum displacement, which is under the moving load, is the same
for each section along the structure except pontoon units 1 and 15, which are at
the end of the structure. In order to decrease the displacement in both ends of the
structure it would be practical to increase the hydrostatic stiffness of the structure
by increasing the width of the structure. This might take the form of attaching

some more pontoons in the beginning and end of structure.

4.2 Mat array

The above operation (section 4.1.10) can be changed such that it could be used for
mat array systems as well. To enable this, elements in the mat array should be
considered as shell or solid elements (each pontoon will be a shell or solid element
on an elastic foundation). The connections between two neighbouring elements
are thought of as two beam elements, where one end of each beam element is
connected to the shell or solid element, and the other ends are connected together
in a hinged or rigid connection. As a result if suitable shape functions are found
for a shell or solid element on elastic foundation, it enables us to follow

procedures that were outlined in the case of in-line array configuration.
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CHAPTER 5 EXPERIMENTS

5.1 Experimental apparatus

5.1.1 Pontoon model

To further improve understanding of the behaviour of the system, and to provide a
basis for validation of the theoretical models developed, it was deemed necessary
to conduct a series of practical experiments. For this purpose many tests have been
carried out which mainly can be divided into two groups, those concerning the in-
line array configuration and those of the mat array system. The former series of
tests were conducted in a towing tank (with dimensions 15x2x1m) and the later
series of tests were carried out in a wave tank (with dimensions 10x2.5x1.5m),
both of which are located in the hydrodynamics laboratory of the Department of
Mechanical Engineering, UCL.

The pontoon models used in this project were constructed in the workshop of the
Department of Mechanical Engineering, UCL. The design was at 1:100 scale.

The models were made of plywood, with the following dimensions:

Parameter value

Length 0.6 m

Width 0.28 m

Height 02m

Draft 0.03m

Mass 5.04 kg

Hinged-Rigid angle | 0.011765 rads
0.674 degrees

Table 4

Different connection designs were adopted in the conduct of the tests. For hinged-

rigid connection of the in-line array floating structure, joints were designed to
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allow any pontoon module rotations up to a specified value without contact to the
adjacent module. Should the specified rotation limit be exceeded between any two
pontoons, the joint will lock the two pontoons together, and any further movement
in any of the pontoons will be accompanied by the other pontoon, i.e. they act as
one body. For hinged connections in the mat array floating structure universal
joints were used, which allow any pontoon module to freely rotate about the x and
y axes. Finally, for hinged-rigid connections of the mat array, the joints operate on
a similar principle to the hinged-rigid connections used in the in-line array, but

here the action is in both axes (x and y).

The general arrangements for tests are illustrated in fig 5.1. Single pontoon

modules used in different test series are shown in fig 5.2 to 5.4.

The pontoon module with hinged-rigid connections for in-line array is shown in
fig 5.2. The pontoon module for hinged connection used in mat array is shown in

fig 5.3, and the pontoon module for hinged-rigid connection is shown in fig 5.4.

The assembly of pontoons for hinged-rigid connections as used for the in-line
array is shown in fig 5.5. The arrangements of mat array for hinged and hinged-

rigid connection are shown in figures 5.6 and 5.7 respectively.

Although many tests with different load condition were carried out for the in-line
array, only some of them are show in figures 5.8 to 5.10. Figure 5.11 shows an in-

line array in waves.

Fig 5.12 shows load applied on pontoons number two and four located in the
middle row of the mat array (3x5) with hinged connections, whilst fig 5.13 shows
load applied to the middle pontoon of the mat array with hinged-rigid connections.

A mat array system in waves is shown in fig 5.14.

Fig 5.15 to 5.17 show the potentiometers connection to the pontoons and fig 5.18

shows the potentiometers connection to the computer.
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5.1.2 Potentiometers — data logger

Potentiometers were used to measure the change in pitch angle and heave of each
pontoon. The potentiometers were secured on a wooden board in such way that

each was attached to one end of the model by a fine nylon line.

The potentiometers were connected to a computer with an Amplicon PC — 126
analogue to digital conversion data acquisition card installed. The proprietary
Waveview software supplied with the card was used to view the data stored before
exporting for further analysis using the spreadsheet calculator, Excel 7. The output
values, taken from the computer, were calibrated to give degrees of pulley rotation

and thereby vertical displacement knowing the pulley diameter.

5.2 Experimental procedure

The procedure used for each test is briefly described here. The five volts DC
coming from the power-unit was connected to each potentiometer (the input and
null of potentiometer). Then each potentiometer was connected to the data logger
(from output and null of potentiometer). The data logger was subsequently
connected to the computer for recording the data. For any load condition the
measurement of voltage took place twice, once before loading and once after

loading. The difference of the two voltage readings is due to this loading.

During one full rotation, the potentiometer will go from having very little
resistance to having an extremely large resistance, hence after one full rotation the
voltage across the device is five volts and since the input is set at five volts, the
output must be 0 volts. Knowing this, we can formulate a relationship connecting
the rotation of the wheel in radians to the voltage offset across the input and
output, i.e. in this case a © radians rotation of the potentiometer, will result in 2.5
volts difference between input and output. Since the wheel connected to the
potentiometer has a diameter of 43mm, a full rotation of such wheel will

correspond to a 135mm vertical displacement of the nylon line, which is
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connected to the pontoon module and runs over this wheel. Hence in other words

each volt represents 27mm vertical displacement of a pontoon module.

The heave displacement is the sum of displacement at both ends of the pontoon
module divided by two. The pitch displacement of any pontoon module is the
difference of vertical displacement of both ends of pontoon module divided by the

length of that pontoon module.

As mentioned the experiments were divided into two sets. The first was for an in-
line array floating structure, which consisted of three test series. The second was
for a mat array floating structure, and consisted of two test series. The following is

a description of the procedures and tests carried out.

5.2.1 Test series for in-line array

5.2.1.1 Test series 1

The first test consisted of five pontoon modules with specific free rotation

between any two adjacent pontoons under different load conditions given below:

— Load applied to pontoon 1, fig (5.19)
— Load applied to pontoon 2, fig (5.20)
— Load applied to pontoons 2 & 4, fig (5.21)
— Load applied to pontoon 3, fig (5.22)

Figures (5.19 to 5.22) constitute of four separate sections (a, b, ¢, and d). The
displacements of joints in different load conditions are shown in (a). The heave
and pitch displacements with increasing load of any individual pontoon are
illustrated in (b) and (c) and the difference of pitch angle of any two adjacent

modules can be seen in (d).

The first case where the load is applied to pontoon 1 is explained here as an

example. Figure 5.19a shows the displacement of the joints along the length of the
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multipli-connected structure. As it can be observed from figures (5.19a to 5.22a)
the displacements of the joint nearest to the loading point always have greater
magnitude than the displacement of the other joints. Figure 5.19b and 5.19c show
that the heave and pitch displacement of the loaded pontoon and the adjacent
pontoons increases with increasing load, however heave and pitch displacement of
the other pontoons does not necessarily follow the same pattern. The same
conclusions about the heave and the pitch displacement in different loading
conditions, can be drawn from figures 5.19b to 5.22b. Figure 5.19d shows the
difference in rotations between adjacent pontoons. Due to manufacturing
imperfections the expected results could not be observed perfectly, but a clear
pattern does exist where the difference in rotations increases with load increments
up to a certain threshold value, beyond which there is no further increase in the
difference of rotations. This threshold value is the maximum allowable free

rotation at any joint. For other cases (load conditions) see corresponding figures.

5.2.1.2 Test series 2

The second test series consisted of five pontoon modules with specific free
rotations between adjacent modules (the free rotation in this test was grater than in
the first test series) with the same load condition and load increments as part (iv)
of the first test series. The configuration of displacements is similar to part (iv) of
that series. The results can be seen in Figs 5.23a 5.23b, 5.23c and 5.23d. The
difference of displacement between two tests with similar load conditions and
load increments, but different free rotation limits is illustrated in figure 5.24.
According to this figure there is greater displacement resulting from a higher

locking angle at the joints.
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5.2.1.3 Test series 3

The third test series consisted of nine pontoon modules with free rotation, which
was the same as for the first test series, and various load conditions. The results

are illustrated in figures 5.25 to 5.32.

— Load applied to pontoon 2, Figure 5.25

— Load applied to pontoon 3, Figure 5.26

— Load applied to pontoon 4, Figure 5.27

— Load applied to pontoon 5, Figure 5.28

— Load applied to pontoon 3 and 7, Figure 5.29

— Load applied to pontoon 3 (12 kg) and 7 (1 to 12 kg), Figure 5.30
— Load applied to pontoon 4 and §, Figure 5.31

— Load applied to pontoon 4 (12 kg) and 8 (1 to 12 kg), Figure 5.32

The individual sections within figures 5.25 to 5.32 have the same plots as those
described in 5.2.1.1 for figures 5.19 to 5.22.
5.2.2 Mat array

The mat array test, which was carried out, consisted of a fifteen-pontoon
arrangement in three rows and five columns, this system can be seen in figure

5.33.

5.2.2.1 Test series 1

This test series consisted of fifteen pontoons with hinged connection, and also

with different load conditions. The results are illustrated in figures 5.34 to 5.41.

— Load applied to pontoon 6, figures 5.34 & 5.35
— Load applied to pontoon 7, figures 5.36 & 5.37
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— Load applied to pontoon 8, figures 5.38 & 5.39
— Load applied to pontoon 3, figures 5.40 & 5.41

The result of each loading is illustrated in two separate figures. The first figure is
to show the displacement of each pontoon in different rows, while the second
figure serves the same purpose but this time the displacement of each pontoon in

different columns is plotted.

Here the result of the first case where the load is applied to pontoon 6, will be
explained as an example. Figure 5.34 section (1) shows the displacement of the
joints along the first row of the multipli-connected structure, where it can be seen
that the displacement of the joints nearest to the loading point has greater
magnitude than the displacement of the other joints. Sections 2 and 3 show
respectively the displacement of joints in rows 2 and 3 where the same principle
can be observed. Figure 5.35 is also made up of five sections where each section
from 1 to 5 shows respectively the joint displacement of columns 1 to 5 in the mat

array structure. For other cases see corresponding figures 5.36 to 5.41.

5.2.2.2 Test series 2

The second test series for mat-floating structure consisted of fifteen pontoons with
some free rotation, and also with different load conditions. The results are

illustrated in figures 5.42 to 5.49.

Load applied to pontoon 6, figures 5.42 & 5.43

Load applied to pontoon 7, figures 5.44 & 5.45

Load applied to pontoon 8, figures 5.46 & 5.47

Load applied to pontoon 3, figures 5.48 & 5.49

The format of each figure given here, follows the same pattern as that of which

was explained in the last section.
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CHAPTER 6 DISCUSSION

Two different theoretical approaches have been assessed in this work. In the first
method the constraint equations were inserted in the global stiffness matrix of the
system of multipli-connected floating structure (Chapter 3). In the second method
finite element and potential energy of beam on elastic foundation (Chapter 4) were
used to reach a solution. In both cases after developing the equations, the method

was coded into software.

6.1 Theoretical work by use of constraint equations

In this method, as explained in Chapter 3 each pontoon is assumed to be a rigid
body. Therefore the displacement will be that of a rigid body in water. The
formulas deriving in Chapter 3 are very satisfactory for calculation of
displacements. Most of the results from this method are a good match to the ones
obtained from experimental work. The results for the case where 15-kg load was
applied on pontoon number five in an array of nine pontoons is shown in figure
6.1, in which a comparison between the theoretical and experimental results can

also be observed.

The coded software developed based on this theoretical work produces
satisfactory output for hinged, elastic and rigid connections. However, there are

some inconsistencies with its use for hinged-rigid connection.

It has been verified theoretically and experimentally that with increasing the value
of the locking angle in connection of multipli-connected floating structure, the

displacement will also be increased. This statement is illustrated in fig 5.24.

Although this method was satisfactory, but because of some weaknesses which
were mentioned, the second method, which was satisfactory for all cases,

especially for hinged-rigid connection types, was developed.
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6.2 Use of finite element method and potential energy

In this method which is developed in Chapter 4, each pontoon is to be assumed as
a beam on elastic foundation. For this software was developed to calculate the
global stiffness matrix and the vector of forces of the beam elements on elastic

foundations and solve the resultant equations for various end conditions.

In the mentioned software, the structure is described to have been built from
several similar modules of the same length and the same locking angle limit. Also
the second moment of area and elasticity of the elastic foundation are assumed
identical for each module. The length of the modules is subject to distributed

loading while the nodes are subject to concentrated loading and the moments.

While the detailed operation of this method was given in the previous chapter, a
brief outline is given here again. The objective is to calculate the joints
displacement from which bending moments, shear forces and the stresses can be
found. The method proceeds to calculate the displacement of the joints via a series
of loading steps. The software initially assumes the load to be 0 kg and in each
step it is incremented by a certain value until it reaches the value of the actual
load. The value of each increment is decided by the smallest additional load which
will cause a change in the status of any joint, by which we mean a joint becoming
locked or unlocked. The increment of each step is added to the total load, which
was already applied to the structure from the previous loading steps. Example

4.1.10 serves to illustrate these points more clearly.

After each loading step according to the angle locking/unlocking that have taken
place, the stiffness matrix of the concerned pontoons is altered. The alterations to
the matrix are a direct result of the changing of the joint’s status. In changing the
connection form at the nodes it must be remembered that if any node becomes
locked then this node will be considered as a built-in node. Should the node to the
right hand side of the locked node be hinged, then the stiffness matrix of the
element (between the locked node and the node on the right hand side of locked
node) becomes that of an element with one end built-in and the other end pinned.

If the node to the left-hand side of the locked node is hinged, the stiffness matrix



102

of the element (between the node on the left-hand side of the locked node and the
locked node) becomes that of an element with one end pinned and the other end
built-in. In the case of any neighbouring node to the locked node becomes locked,
then the stiffness matrix of the element (between the two locked nodes) becomes

that of an element with both ends built-in.

It is important that in addition of considering the locking of joints in the positive
and negative directions, the unlocking of the joints must not be forgotten either.
Should a previously locked node become unlocked, then based on the status of the
nodes either side of it, different approaches are taken. If a node either side of the
unlocked node is hinged or locked, the stiffness matrix of a both ends pinned
element, or a one end pinned with the other end built-in element is used

respectively.

The reader can refer to figure 6.2 in which the theoretical results using this
method and the experimental results when 15kg load is exerted on pontoon 5 are
compared. To gain a broader picture of the situation, figure 6.3 is more suitable in
which the predictions from both theories are compared with the experimental
results. Here a comparison between the performance of the theories can be made
not only to each other, but also with the experimental results at the same time.

To compare the theoretical results for each different loading conditions with its
experimental counterpart would be an unnecessary and not to mention
cumbersome operation. While all of the loading conditions were tested both in the
theoretical and the experimental aspects, in his work only some of them are given.

Below is a brief outline of the figures containing these results.

Figure No: load applied to pontoon No:  Value of the load (kg)
6.4 2 12
6.5 3 12
6.6 3&7 12 (each)
6.7 3&7 12&6
6.8 4&8 12 (each)
6.9 4&8 12&6

Table 5
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6.3 Use of a standard FEA package

As mentioned before, of all the analytical software packages available, ABAQUS
was considered as powerful and flexible. However it was still not suitable for the
main thrust of this work for the following reasons. ABAQUS offers two facilities
that could potentially be used for this work, the use of a non-linear spring as the
connection, and the use of constraint equations. Here it will be explained why

these two facilities are not very successful for study of hinged-rigid connections.

If one wanted to simulate the hinged-rigid connection by a non-linear spring, the

spring would have to have the following form of non-linearity:

6., —6|<e k=0

6

i1 91"25 k =oo
where:
€ =locking angle of the joint

6 = pitch angle of the pontoon

Unfortunately the non-linear spring as defined in ABAQUS does not cover this
range, thus making it unsuitable to simulate the hinged-rigid connection. This

leaves us the option of using the constraint equation to model the connection.

In modelling the connection by constraint equations, the constraint itself will be in
the form of a inequality (equation 3.35), however ABAQUS can only deal with
constraints which are of an equality form, and thus we can not use the constraint

equation facility of ABAQUS for the hinged-rigid connection.

However for hinged connections in a mat array where the constraint has a equality
form, the connection was modelled in ABAQUS using the constraint equation
facility and the result is given in figure 6.10 for an increasing central load. These
can be compared with the experimental results which are given in figure 5.38-39,

where it can be seen that the modelling is to some extent successful. The subtle
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differences between the experimental and the ABAQUS results are due to the
boundary conditions especially the low stiffnesses of the mooring lines which
were given to ABAQUS. Whilst it was intended that these should be as close as

possible to their real values, some of these are evidently inaccurate estimates.
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CHAPTER 7 CONCLUSIONS

This chapter presents the primary conclusion from the thesis and suggests

recommendation for further development of the work.

It is shown in this work that any changes in the status of the joints in an articulated
floating structure can be occur either by varying the amount of load in a specific
point or moving the position of load along the floating structure. The joints could
adopt two extreme positional cases, when change is from hinged to rigid (locked)
or vice-versa (unlocked). In this work I have investigated this problem by use of
new mathematical modelling implemented in software. Some points specifically

relating to different sections of the work are given here in sections one to seven.

Section one emphasises the existing design software. Section two discusses new
theories, which is used in this work. Section three mentions the unlocking problem
and section four explains the extension of the structure to full scale. Section five
gives the experiences gained during the experimental work. Section six discusses
the mat array, dynamic loading and advantage of hinged-rigid connections. Finally

section seven suggests further development in the articulated floating structure.

7.1 Existing design Software

As stated in Chapter 2 and discussed in detail in Chapter 6, the existing design
software has been shown to predict successfully in some cases for which the
constraint equations are an equality, for example hinged connection. However the
software has been shown not to work in cases where the constraint equations
possess an inequality which is the main subject of this work. In the case of hinged-
rigid connections the constraint equation contains an inequality. ABAQUS, a
finite element analysis package with non-linear capabilities, was recognised to be
the most powerful software for analysis of this type of structure. Having said that,
owing to certain difficulties which is discussed in Chapter 6, ABAQUS was not

used for the work for hinged rigid connections.
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ABAQUS has been shown to be suitable for hinged connections. However
experimental tests were not carried out for the in-line array with hinged
connections, therefore ABAQUS also was not used for in line array with hinged
connection. However ABAQUS used with the constraint equation facility for
hinged connections for mat arrays result shows reasonable agreement with

experimental data in Chapter 5.

7.2 Theoretical work

7.2.1 Theoretical work by use of constraint equations

The use of constraint equation method, as shown in Chapter 3, has satisfactory
results for certain cases, namely ones where the constraint relationship can be
written as an equality (e. g. eqn. 3.7). In other cases, such as the hinged-rigid type
connection where the constraint relationship takes the form of an inequality, this
method fails to produce satisfactory results. Furthermore, to analyse the system
using this method, it was assumed that each pontoon is a rigid body and hence its
elastic properties were ignored. Bearing in mind the two shortcomings of the

method just mentioned, future work based on this method is not advised.

7.2.2 Use of finite element method and potential energy

This method, as shown in Chapter 4, is suitable in that it able to handle all cases
including the case of the hinged-rigid connection type where the constraint
relationship is an inequality. In analysing a system using this method, a pontoon
(or relevant unit of the structure) is assumed to be an elastic beam on an elastic
foundation. The rigidity of this beam (EI) will, by necessity, have to be large. The
performance of the method depends on how close this assumption is to reality. In
general so long as the length of the pontoon is comparable to its width, it is

appropriate to resemble it as a beam. This assumption is not new to structural



107

analysis and is in fact widely used in assessment of the structural analysis of ship

structures.

In this work the high rigidity and low forces on the beams results is low
deflections, which can generally be considered as negligible. However
improvements can be made with this method for cases in which significant
deflections of the beam will occur. For example rather than assuming each
pontoon to be a single beam, we can divide each pontoon into a number of super-
elements, namely shell elements which represent the outer skin of the pontoon and
beam elements the inner structure of the pontoon. This will increase the number of
calculations, however the assumption would be closer to reality, and better results

would be obtained.

7.3 Unlocking solved

In the case of rigid bodies for pontoons (Chapter 3) when the angle between two
consecutive modules reaches a design threshold limit, at which point the system
acts as a rigid body, there is no further increase or decrease in angle between two
adjacent pontoon. In other words the difference of pitch angle of two consecutive
pontoons remains constant. In the case of elastic beams for pontoons (Chapter 4)
after the angle between two consecutive modules reaches a design threshold limit,
this angle may vary because of elasticity in the beam. This variation is however
quantitatively small. The software generated for arranging and solving the
equations in Chapters 3 and 4 from the result of angles between adjacent pontoons
will recognise the locking/unlocking status of the joints. For a rigid body after
reaching the locking angle, because this angle remains constant further action will
not happen. Therefore the problem of unlocking appears. In the case of elastic
beams after reaching the locking angle, the body remains elastic. Since this angle
is still subject to variations owing to elasticity this angle is subjected to variation,
although this variation is very small. If the angle started to increase the status of
joint remains locked. However if the angle starts to decrease it is apparent that the
phenomenon of unlocking has happened and the software will recognise that.

Consequently the major problem of unlocking has been solved.
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7.4 Extension to full scale

A full-scale example has been presented in Chapter 4. Although this example is
presented in order to have a real feeling of displacement, some interesting points
arise from this example. The maximum displacement, which is under the moving
load, is the same for each section along the structure except pontoon units 1 and
15, which are at the end of the structure. In order to decrease the displacement in
both ends of the structure it would be practical to increase the hydrostatic stiffness
of the structure by increasing the width of the structure. This might take the form
of attaching some more pontoons in the beginning and end of structure. The load
influences a limited number of pontoons and the rest of the structure remains free
of influence of the load. The numbers of pontoons, which are influenced by load,

depend on the amount of load and value of locking angle.

7.5 Physical models

From the comparison of experimental and theoretical results it is concluded that
the models built in this work for the purpose of obtaining experimental data were
sufficiently accurate. However should even higher accuracy be needed in follow

up work, the following modifications are suggested:

e A more refined manufacturing process giving less structure variations from
pontoon to pontoon. Chapter 5 indicates that there are slight variations in the

locking angle of the pontoons because there were manufacturing inaccuracies.

e Using different materials such as metal alloys, as opposed to plywood to make
the pontoons, and hence making the model more similar to the form it would

have, should it be employed in real life.

e Reducing the scale (i.e. increasing model size) would give results even closer

to real life situations.
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e A move to a purely opto-electronic movement detection system would give
more accurate results because in such a system very little disturbance would
be introduced to the movement of the pontoons. This would also avoid
problems such as the nylon line slipping on the wheels. This problem
especially effects the pontoons that are at the edges of the array since their
change in displacement is greater. In Chapter 6 it can be seen that for pontoons
at the end of the array, the difference between the theoretical and experimental

results is larger than any other pontoon, and is caused by this.

7.6 Mat array

7.6.1 Mat array

For the mat array configuration with hinged connections two approaches were
taken. The methods involved using constraint equations as explained in Chapter 3.
As described neither of these methods were entirely satisfactory for mat array
configurations. This, coupled with the fact that pursuing the situation using the in-
line array analysis would be very cumbersome and time consuming, meant that
the development of theory for the mat array configuration with hinged-rigid

connections was stopped owing to time constraints.

However experience obtained from the theoretical work in Chapter 4 indicated
that with some modifications, the theory from the in-line array analysis could be
used for the mat array configuration. As an example, the elements in the mat array
could be considered as shell or solid elements. That is each pontoon being
represented as a shell or a solid element on an elastic foundation. Also the
connections between two neighbouring elements must be thought of as two beam
elements, where one end of each beam element is connected to the shell or solid

element, and the other end is connected together in a hinged or rigid connection.

Thus if suitable shape functions were to be found for a shell or solid element on
elastic foundation, it would enable one to follow the procedures outlined in the

case of in-line array configuration for the mat array system. Chapter 5 contains
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respectively the results for the hinged connection and the hinged-rigid connection.
Further work could use these experimental results if the extension to the in-line

analysis method is progressed with mat arrays.

The reasons the methods discussed in Chapter 3 fail to produce satisfactory results
for different methods for mat arrays are now discussed. When the constraint
equation is applied to all the pontoons for all individual rows and then between
different columns, the result is that the symmetry of displacement in x-axis (rows)
is lost, although the symmetry in displacement in y-axis remains. This is
unacceptable since we require having symmetry in displacement when a
symmetrical load is applied. If the constraint equation is applied to all the
pontoons for all individual columns and then between different rows, the result is
that the symmetry of displacement in y-axis is lost, although the symmetry in
displacement in x-axis remains. The remaining case is to insert constraints for all
pontoon modules at once. This method also does not produce encouraging results
either. Here the symmetry of the displacement is lost in both the y and the x-axis,
which is totally undesirable. Because of these inappropriate responses the use of

constraint equations is not suitable for mat arrays.

7.6.2 Dynamic loading

Initially it was planned to develop the dynamic loading for in-line and mat arrays
as well as considering static and quasi-static loading. However as the project
progressed the considerations of dynamic and associated experiments were
removed from the work. In respect of the theoretical development this was
because the theory for the static and quasi-static aspects proved to be a more
difficult than anticipated problem. This was because the unlocking after locking
behaviour had not been expected. For the experimental work, although some basic
tests were carried out practical difficulties and the lack of suitable equipment
meant that the experiments investigating dynamics could not be taken any further.
In particular the small width of the tank meant that wall effects influenced the

dynamic results for both in-line and mat arrays when subjected to waves.
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7.6.3 Advantage of hinged- rigid connections

Previous studies have concentrated either on hinged, elastic, or rigid connections
between adjacent structures. The present work investigates the hinged-rigid
connection. As it was described before, the system behaves as a hinged connection
until the angle between two consecutive modules reaches a design threshold limit,
at which point the system acts as a rigid body. This has the advantages of lower
pontoon displacement in comparison with hinged connections and less moment in
the connections in comparison with rigid connections. In addition a designer can
refine the structure by changing the locking angle. It is clear that if the locking
angle increases the structure will be a closer representation of hinged connection

and these displacements will be increase. This phenomenon is shown in Chapter 5.

7.7 Future work

Success in experimental and theoretical modelling for predicting the unexpected
behaviour of an in-line array of pontoons with hinged-rigid connection has been
shown in this work. Further work could consider an extension to the theoretical
development to consider the dynamic behaviour of in-line arrays. Also the
completed work on the quasi-static behaviour of mat arrays provides a suitable
database for validation proposes for extension to realistically articulated floating

mat arrays.
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FIGURES

Figure 1.1 Hinged connection (side view)

Elastic plate

Figure 1.2 Elastic connection (side view)

-

Figure 1.3 Rigid connection (side view)
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Figure 1.4 Hinged-Rigid connection (side view)
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Figure 2.1 Chain of pontoons with individual deck section [8]
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Figure 2.4 Redundant pair system [8]
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Figure 2.5 Set-up condition of experimental floating model [12]
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Fig 3.1 Pontoon module
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Fig 3.2 Single array connections
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Plan view

Section A-A
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Section B-B

Fig 3.3 Mat array connections
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Figure 4.14 Displacement when load moving from unit pontoon 5 to 8
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Figure 4.15 Displacement when load moving from unit pontoon 9 to 12
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Figure 4.16 Displacement when load moving from unit pontoon 13 to 15
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Figure 5.1 Arrangement for tests
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