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Abstract

As the LNG market continues to grow internationally, Floating Storage and Regasification Units (FSRU’s) have
become an increasingly important component as governments and private companies strive for faster, cheaper
and more flexible means of re-gasifying.

In order to have a FSRU mooring system which is equally fast deliverable, standardization is considered. In this
study standardization of the civil structures is investigated for a jetty-type mooring system on exposed
locations, more specifically standardization of the breasting dolphins. The considered dolphins consist of a
simple steel mono-pile which transfers the mooring loads to the sub-soil and a pile-head which connects the
fender to the mono-pile.

It was concluded that standardization of the mono-piles is only possible to a certain extent, namely in a
conceptual design phase. In this report a standardized work approach is presented regarding the design of the
mono-piles. Additionally, multiple pile designs are conceived for varying conditions. In an early design stage,
when very little information is available, already some insight can be gained regarding the dimensions and the
costs of these piles.

In this thesis, also, the pile-head concept is presented which is most suitable for standardization purposes. This
is achieved by a Fiber Reinforce Polymers (FRP)-composite, floating structure with a slide-bearing sliding
system. The application of composite has some major advantages as it is fatigue resistant, low maintenance,
light weighted and corrosion resistant. The form of the pile-head is also optimized for its application so that the
fender loads are transferred in the most efficient manner to the mono-pile, while the slide-bearing allows
smooth sliding along the pile’s shaft.

Next to standardization of the civil structures, the loading conditions are investigated. Since the FSRU is
permanently moored at exposed locations, this issue cannot be treated with ‘normal’ mooring of traveling ship,
but must be calculated with the aid of numerical software where the relation between the environmental
conditions and the load conditions is critical. The application of such software, however, is considered time-
consuming for early design stages. An assessment tool is therefore conceived that calculates the design fender
loads in a quick and analytical manner. This report shows that this assessment tool can generate rather
accurate results, but that its application is limited.

Keywords

Floating Storage and Regasification Unit, LNG, jetty-type mooring system, dolphins, standardization, permanent
mooring
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1 Introduction

Natural gas is used as a major source of energy. However, many cities and industries that need that energy are
located far from the gas fields. Since transportation of natural gas may not always be feasible through
pipelines, Liquefied Natural Gas (LNG) is created which can then be transported safely and economically by sea.
LNG is thus natural gas, predominantly methane, which has been converted to a liquid state for ease of storage
and transport. The liquefaction process consists of condensing the natural gas into a liquid by cooling it to
approximately -162°C, significantly reducing the volume to 1/600 of its original value making it very efficient
and thus economically valuable.

100 kg Naturalgas = 140.45m?3
100 kg LNG 0.22m3

Table 1 Density of Natural gas and LNG [42]

The global gas demand has known a significant growth the last couple of years and will be expected to grow
even more in the future. The International Energy Agency (IEA) sees natural gas being one of the most
important energy sources in the future as it forecasts that the natural gas growth rate will be more than twice
the expected growth rate of oil. The growth of the global LNG energy demand, however, is expected to be
even stronger. To illustrate this rapid growth the projected growth is given in Table 2 [18].

Growth last 15 years Future growth
(per year) (per year)
Natural gas 2.7% 1.6%
LNG 7.6% 5%

Table 2 Global demand of Natural Gas and LNG

The supply of LNG can be seen as a simplified four step process.

Exploration Storage and Storage and

. Transportation e
and extraction liquefaction P Regasification

Figure 1 The LNG supply chain

Exploration and First deposits of natural gas are detected and pumped to the surface from onshore or
extraction offshore wells through pipelines to the liquefaction plant.
Storage and At the liquefaction plant, all impurities are removed from the gas, prior to cooling.

liquefaction process  Cooling of the natural gas, as mentioned above, will reduce its volume considerable
making transport efficient and economically valuable.

LNG transportation The LNG is loaded onto double-hulled ships specially designed to prevent hull leaks
and ruptures in the event of accidents. Those ships are knows as LNG carriers (LNGC).
Once the ship arrives at the receiving port, the LNG is offloaded and pumped into
storage tanks.
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Storage and LNG is stored in storage tanks at just above atmospheric pressure at a temperature of

regasification -162°C. Regasification is used to convert the LNG back into its natural gaseous state by

process gradually warming the gas back up to a temperature of over 0°C. Finally, the gas
enters the domestic pipeline distribution system and is ultimately delivered to the
end-user.

The scope of this thesis will focus on the final link of the LNG supply chain, the LNG receiving (import) terminals
as highlighted in Figure 1.

Conventional LNG import terminals are land based, situated within ports or as stand-alone facilities. Every
terminal would be constructed in combination with a quay or jetty structure to support the mooring of LNG
carriers, storage tanks for the LNG and special equipment for the regasification process. Due to the hazardous
nature of gas, the construction of such conventional LNG import terminals encountered growing public
resistance to terminals located close to populated areas as an unacceptable high risk to public safety was
perceived. Consequently, this was in direct conflict with the ambitions of Gas enterprises which are preferably
situated close to the market, in proximity of residential areas. New sorts of import terminal were therefore
required. This has led to multiple new solutions for importing gas from which offshore terminals, in particular
Floating Storage and Regasification Units (FSRU’s), would be able to provide a solution capable of meeting the
expectations of both the Gas enterprises and the local communities.

A FSRU is an LNG import terminal located offshore. It is a specially designed floating vessel which provides LNG
receiving, storage and regasification services. As a hull, a FSRU consist of a LNG carrier (LNGC) converted by
attaching a regasification infrastructure. The FSRU is typically 300 meters long and does normally not have a
complete propulsion system. There are applications in which rapid disconnection and relocation is required, in
these cases propulsion will be part of the FSRU. The main advantages of a FSRU compared to conventional land
based terminals are listed below [32], [33]; it must be noted that these are valid for the general case; further
information regarding these topics are not treated within this thesis.

Low initial costs For the construction of the FSRU’s less initial CAPEX is needed due to the fact that the
storage tanks are already "built in" to the converted LNG carrier, which are the most
expensive terminal components. FSRU’s are therefore a more cost-effective way to
meet small scale LNG demand or to access new emerging markets

Speed of delivery A shorter start-up and construction time makes rapid access to high value gas markets
possible. Also there is less risk of delays related to land acquisitions.

Flexibility The FSRU can be relocated, moored offshore or near shore. Due to its flexibility the
FSRU is an obvious choice in areas where economic growth is uncertain or where
there is an element of political or economic instability.

Lower resistance Since a FSRU is situated offshore, there is less resistance of local communities.

As the LNG market continues to grow internationally, FSRUs have become an increasingly important
component, in particular to smaller and growing economies worldwide. FSRU operations are predicted to
double in the next two years as governments and private companies continue to take advantage of a faster,
cheaper and more flexible means of re-gasifying LNG [27]. In order to have a FSRU mooring system which is
equally fast deliverable, standardization is required. The purpose of this study is thus saving costs and schedule
of the civil structures for moorings by investigating the feasibility of standardization. Additionally, the focus
shall lie on standardization of a jetty-type system where the mooring of the FSRU is carried out through a
combination of both breasting and mooring dolphins.
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2 Research description

In this chapter first the scope of the research is described (2.1). Subsequently the problem definition is treated
(2.2) from which the research objectives (2.3) will follow. Lastly, an outline of the report will be given (2.4).

2.1 Scope
In order to prevent the FSRU from floating away and allow safe LNG transfer, an appropriate mooring system is
indispensable. Vessels station keeping can be divided into two functions:

e Heading control
e  Position control

Depending on the operations, one or both functions are required. In this study the focus shall lie on a jetty-type
mooring system which is a combination of the abovementioned functions.

The considered jetty-type mooring system consists of four mooring dolphins and four breasting dolphins
illustrated in Figure 2. The mooring dolphins are required to withstand lateral forces on the moored vessel,
when the vessel is pushed away from the mooring system. From the bow and the stern “breasting lines” are
connected to the mooring dolphins restricting these lateral motions. The breasting dolphins are required to
withstand the longitudinal forces on the moored vessel; “spring lines” are connecting the vessel to the
breasting dolphin in order to achieve this. Additionally, the breasting dolphins are required to withstand the
lean-on forces caused by the vessel being pushed towards the “fenders”. These fenders have as main function
to absorb energy caused by the moving vessels, preventing damage to the structure and vessel. The fenders are
located between FSRU and breasting dolphins and between the FSRU and LNGC.

Fenders
LNGC
e —
e FSRU
“/_n'ﬁ J A L
zl e e L 5 e
) ‘ {Mooring dolphins
i Mooring dolphins
F {
s Breasting dolphins | s
ol B - L e - . T g

T T s O ool 2T T T e
o i o7 Lt T ] -

am Lowm - H - Lom -

Transfer platform

Figure 2 Jetty-type mooring system; side-by-side mooring configuration between FSRU and LNGC

This considered mooring system is meant for exposed locations. The FSRU is permanently fastened to the
mooring system and shall only be relocated under extreme events. “Quick Release Hooks” are therefore
applied which enables quick and easy release of the mooring lines.
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For the transfer of LNG, an incoming LNGC will berth along the FSRU in a side-by-side configuration, offloading
the cargo by means of “hydraulic arms”. Once the LNG is re-gasified, the gas will be transferred to a transfer
platform by means of “jumpers” (flexible hoses). Subsequently, from the platform, the gas will be transferred
via a “riser” to a fixed seafloor-pipeline to the main land. A more detailed explanation regarding the FSRU-
vessel and its operations is included in Appendix I.

This study focusses on dolphins which are constructed from mono-piles. These are large diameter, tubular,
steel elements, generally driven into the soil. The load exerted by the moving vessels on the mooring system
will be transferred by means of bending deflection to the sub-soil.

Even more specifically, the emphasis of this study will be on the breasting dolphins. Two main elements are to
be distinct:

e  The mono-pile itself which transfers the mooring forces to the sub-soil,
e The pile-head which connects the fender to the mono-pile

A schematic representation is illustrated in Figure 3.

Pile-head

Mono-pile

i

Y

Figure 3 Schematic representation of a mono-pile breasting dolphin. * Not scaled.
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2.2 Problem definition

2.2.1 Standardization

As LNG makes great strides in the global energy demand, FSRUs become increasingly applied. Their flexibility,
low CAPEX and fast deliverance makes them, in many cases, the preferred type in comparison to the
conventional land-based terminal. In order to prevent counteracting these advantages, the required FSRU
mooring system shall be equally cheap and fast deliverable. In order to achieve these means, standardization is
considered.

The purpose of this study is therefore to investigate standardization of the civil structures of a mono-pile
mooring facility for permanently moored FSRU’s, in particular standardization of the breasting dolphins. The
focus shall lie on the design of the mono-pile and the pile-head.

2.2.2 Load conditions

The permanent mooring of FSRU’s at exposed locations has implication for extreme loads as well as the
number of load repetitions induced by ship motions. With ‘normal’ mooring of traveling ships these issues can
normally be treated differently and simpler. For the considered mooring system the largest loads do not occur
during berthing operations, but during the operation phase when the FSRU is fastened to the mooring system.

The relation between the environmental conditions and the load conditions is thus one of the critical issues for
the design of the flexible mono-pile dolphins. These design loads are normally determined based on the
outcome of a so-called dynamic mooring analysis (DMA). DMA’s are simulated by means of numerical software
packages and are used to determine the response of a moored ship to its environment. However, the
simulation of DMA’s is a complex and time-consuming procedure. In order to prevent using this type of
software in early design stages, a standardized method is required that quickly estimates the mooring loads.

2.3 Research objective
The main research objective of this study is to:

‘Investigate standardization of a FSRU mooring facility at exposed locations’.
Three main parts are identified:

e  Part 1: Defining the design loads
e  Part 2: Standardization of the mono-piles
e  Part 3: Standardization of the pile-head

The first part concerns the loads acting on the breasting dolphins. As mentioned in the problem definition,
currently numerical software is used to calculate mooring loads. The application of such software in an early
design stage, however, is considered rather inefficient. A standardized assessment tool has therefore to be
designed with which an estimate of the design loads can be obtained in an analytical manner. The relationship
between the environmental conditions and the loads due to ship motion are therefore critical. These shall be
rationalized covering a large range of wind, current and wave conditions.

Part 2 focusses on standardization of the mono-pile dolphins. A feasibility study shall be performed by
analyzing whether standardization is possible without largely over-dimensioning the piles. The effect of the
loads and geotechnical parameters on the pile design shall be investigated. Since the mooring facility is to be
designed for exposed locations, also fatigue loading needs to be taken into account. The fatigue life of the
mono-piles shall therefore be assessed
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In the final part, Part 3, special attention is given to the pile-head; a standardized concept shall be designed. For
this study multiple materials, forms and properties of the pile-head are to be considered. Different variants
shall be conceived and compared by means of an evaluation-study. The variant which will be the best fit for
standardization purposes shall subsequently be elaborated; both a structural analysis as a fatigue assessment
shall be performed.

2.4 Outline of the thesis

After an introduction and description of the problem the thesis Chapter 3 will discuss the methodology,
Chapter 4 through 6 will analyze the different “Parts”, Chapter 7 will include a discussion of the results and
Chapter 8 will cover the conclusions and recommendations.

Chapter 3: Methodology
In the methodology the general work approach of the three different Parts is described.
Chapter 4: Analysis Part 1, design loads

This chapter concerns the analysis of Part 1. The design conditions on which the assessment tool is based are
drafted. Subsequently, a description of the assessment tool including its application is elaborated. Lastly, its
accuracy is tested by comparing the obtained results to actual DMA-results from several reference projects.

Chapter 5: Analysis Part 2, mono-piles

Chapter 5 regards the analysis of Part 2; the design of the mono-piles. As standardization is only possible within
certain limits, first the design conditions and requirements are defined. Thereafter the modeling procedure and
design verifications of the mono-piles are clarified. The influence of the input parameters on the pile design is
included in the results. Based upon these results, conclusions regarding standardization will be drawn.

Chapter 6: Analysis Part 3, pile-head

The analysis of Part 3, the pile-head, is included in Chapter 6. Here again, first design conditions are
established. Afterwards a brief introduction and specific material properties of FRP-composites will be given.
Subsequently, the modelling procedure and performed design verifications are mentioned. The results of the
global structural analysis will follow. It must be noted that the structural optimization process is not very much
discussed; only the final design is presented.

Chapter 7: Discussion of result

“Discussion of results” consists of a quick recapitulation of the obtained results mentioned in the previous
chapters. Additionally, these results will be further enlightened and rationalized.

Chapter 8: Conclusions and recommendations

Based on the obtained results conclusions will be presented. Lastly, some recommendations for further
research are given.
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3 Methodology

In this chapter the methodology of the different parts is briefly described. These will be further elaborated in
Chapters 4, 5 and 6 for respectively Part 1, 2 and 3.

3.1 Part 1: Determination of the design loads

The methodology of Part 1 consists of analyzing large data sets of dynamic mooring analyses and finding the
most promising correlations between environmental conditions (input) and fender loads (output). Since such
an assessment tool can only be designed for a limited range of environmental conditions, numerous
assumptions had to be made restricting the application of this assessment tool to certain locations in the
world. The assessment tool including all assumptions is clarified in Chapter 4 “Analysis Part 1”.

3.2 Part 2: Standardization of the mono-piles
In Part 2 the mono-pile structures are designed in the Ultimate Limit State (ULS) and checked on their fatigue
life in the Fatigue Limit State (FLS).

The laterally loaded pile calculations are performed with “LPile v6.0” software. This software models the pile as
an elastic beam on a foundation of uncoupled non-linear springs, representing the soil, the so-called p-y curves.
The ULS design verifications for the steel mono-piles include yield stresses and local buckling. The fatigue life is
checked based on a cumulative damage factor which is calculated by means of Miner’s Law.

In order to see to what extend standardization of the mono-piles is possible; the influence of the load on the
pile design is investigated. Also the effect of the subsoil is taken into account by considering two “extreme soil
profiles”: a stiff sand profile and a soft clay profile. Since standardization will inevitably lead to some over-
dimensioning, this is also investigated. The analysis of Part 2 is treated in Chapter 5.

3.3 Part 3: Standardization of the pile-head

Part 3 started off by conceiving multiple variants very different one from another. The properties of those
variants were then evaluated and compared by means of a so-called multi criteria analysis (MCA). From this
MCA-evaluation the most favorable concept for standardization is worked out.

The structural analysis of this concept is performed with Finite Element-software package “SCIA Engineer”
which was used to perform a global elastic analysis. The final design is obtained through an optimization
process, constantly adjusting the size and material properties of the different elements. Finally, the design is
checked on its fatigue life based on Miner’s law and the most critical joint connection is analyzed. The complete
analysis including the final design is presented in Chapter 6 “Analysis Part 3”.
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4 Analysis Part 1: Design loads

4.1 Introduction
The main goal of Part 1 is to design an assessment tool that, in a conceptual design phase, gives a quick
estimate of the design loads, thus avoiding having to use DMA software.

With the aid of this assessment tool, for a given set of environmental conditions, the critical loads on the
breasting dolphins can be calculated in an analytical manner. Nevertheless, such tool is only designed within
defined limits and is therefore only valid for a certain range of wind, wave and current conditions. The range of
environmental conditions and additional assumptions are treated in section (4.2) “Design conditions”. The
assessment tool is described in section (4.3) and its calculated accuracy is included in section (4.4). Discussion
of the obtained results is treated in Chapter 7.

4.2 Design conditions

The data used for the conception of the assessment tool was obtained through previous projects of RHDHV:
the Golar-project in the Java Sea and the Agaba-project in the Jordan Sea, both are described in more detail in
Appendix Il. As the environmental conditions applied in the Dynamic Mooring Analyses (DMA’s) are very
location bound, the main restrictions are discussed in this section.

4.2.1 Storm conditions

The assessment tool is designed for storm conditions only. These are winds with a rather large spectrum and
are defined by a 1-hourly mean wind speed. For locations where other wind conditions may occur such as e.g.
cyclones or squalls this method may lead to inaccurate results as different wind-wave correlations will be
present.

4.2.2 Short waves

The response of a ship to a certain wave train is described by the hydrodynamic parameters of a ship and the
so-called Relative Amplitude Operators (RAQ’s). From these parameters follows that lower frequency waves
lead to larger vessel motions.

For this study only relatively short waves are considered (see Figure 4, each dot is represents one DMA run).
For swell environments or near-shore locations where un-bounded long waves may occur, this assessment tool
is not applicable.

This method was conceived for waves with a maximum significant wave height of 2 meters. For larger wave
heights this method still need validation.
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Figure 4 Wave height/wave period correlation used in the DMA's

4.2.3 Beam-on and beam-quartering wave/wind directions
The largest fender forces, which eventually lead to the largest forces in the breasting dolphins, are found for
waves and winds coming from beam-on to beam-quartering directions, pushing the vessel towards the fenders.
The assessment tool is thus conceived for waves and winds coming between 210° and 330° according to the
reference system in Figure 5. This is considered an acceptable assumption since it is desired that the largest
forces are absorbed by the fenders and not the by the mooring lines.

il 270

0 180

Y+
OO OO
B—>X+

Figure 5 Direction according to the Cartesian convention [34]

4.2.4 Fender Loads

As was mentioned previously, the maximum loads on the mooring system are expected to occur during the
operational phase and not during berthing of the FSRU. It is assumed that the berthing of the FSRU will occur
during good weather conditions, with enough assistance and supervision. The probability of an accidental
event is therefore considered small.

Two types of mooring loads are exerted on breasting dolphins: the fender loads and the spring-line loads.
When the fender loads are maximal, however, the spring lines are slack, their load zero and are therefore
neglected.

4.2.5 Foam filled floating fenders

For mooring facilities on exposed locations large loads can be expected. Only a few fender-types have enough
energy absorption capacity to cope with these loads: the Cone/Cell Fenders (Figure 6) and the Foam filled
floating fenders (Figure 7).

Due to their wave-shaped force-deflection curve, however, the Cone/Cell fenders are very sensitive to fatigue
damage and are therefore not applicable for moorings on exposed locations. The Foam filled floating-types,
which have a much flatter force-deflection curve, fatigue is already much less of an issue. These are therefore
the only type of fenders which can be applied for the considered mooring facility.
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Figure 6 Picture of a Cell fender and its corresponding force-deflection curve
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Figure 7 Picture of a Foam filled floating fender and its corresponding force-deflection curve

4.2.6 Ballasted condition
The moored FSRU can be found in ballasted- or loaded condition. From the observed DMA-data was concluded
that the maximum fender loads are always governing for the ballasted condition.

4.2.7 FSRU-only mooring configuration
The mooring facility is required for the mooring and operating of the FSRU and for side-by-side mooring and
LNG transfer between FSRU and LNGC. For this report only the FSRU-only case is considered. It is assumed that
moored LNGC’s will depart when the environmental conditions become too harsh and the side-by-side
configuration will therefore never be governing

10
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4.3 Assessment tool

Two methods are conceived for the estimation of the design fender loads. Both their underlying idea is the
separation of the three environmental components: wind, wave and current. This assumption is made possible
since foam filled floating fenders are applied with a linear force-deflection curve, as described in the previous
section. Additionally, both methods consider winds and currents as quasi-static drag forces as will be explained
in (4.3.2). The determination of the fender loads due to wave-action, however, is different for both methods.

In the following section only the method is described which gives the most accurate results. It consists of
relating wave heights to fender deflections. The other method consists of normalizing a force-displacement
curve. A detailed explanation of the latter is included in Appendix V.

4.3.1 Fenderloads due to wave-action

The fender load due to wave action is obtained through the relationship between the significant wave height
and the fender deflection. As can be seen from Figure 8, rather accurate results are obtained. The main idea
behind this relation is that the FSRU can reach high momentum due to its large mass. This momentum is not
easily stopped, regardless of the applied fender type. The fender deflection is thus not significantly influenced
by the type of fender which is chosen.

2.50

2.00

1.50

Hs[m)

1.00

0.50

0.00 ; T
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 18

Fender deflection [m]

Figure 8 Wave height / fender deflection

Thus for a certain wave height, coming from beam-on to beam-quartering direction as was specified, a certain
fender deflection can be obtained. Subsequently this fender deflection can be translated to a fender force by
means of a chosen force-deflection curve. This results in fender load due to wave-action only (Fyave)-

4.3.2 Fender loads due winds and currents
The loads due to winds and currents are described as quasi-static drag forces and can be divided into three
components:

e Alongitudinal force component (Fy) corresponding to the surge motion of the ship.
e Alateral force component (Fy) corresponding to the sway motion of the ship.
e Ayaw moment component (Myy) corresponding to the yaw motion of the ship.

11
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Figure 9 Drag force components. Blue arrow represents incoming metocean conditions

For the calculation of the fender load, however, only the lateral force and yaw moment are of interest. The
total fender force due to respectively winds and currents can be calculated by means of the following equation:

Fwind = a % Cyw Pw V2 Lgp f /1000 [kN] Fcurrent = a % C. pe V2 Lgp d / 1000 [kN]
Where:

C,,= Wind coefficient [-] C. = Current coefficient [-]

Pw= density in air [kg/m3] pc=density in water [kg/m?3]

v,,= wind velocity [m/s] V.= current velocity [m/s]

f=freeboard [m] d=draught [m]

Lgp = Length between perpendiculars [m] a = Force distribution coefficient [-]

C,w and C,. dependent on: the angle of attack and the type of vessel. These coefficients have been empirically
determined based upon data from physical tests and are illustrated in the OCIMF Guidelines [30].

“Alpha” is a coefficient which takes the distribution of F, and M,, into account for varying incoming directions.
This coefficient is obtained through observed DMA-data and can be extracted from Figure 10. E.g. if the winds
and currents would come from beam-on direction (270°), the yaw moment would be practically zero and the
load will be evenly distributed over the four fenders. Hence a factor of, approximately, 0.25 is found.

For storm conditions, the 1-hourly mean wind velocity is multiplied with a gust factor of 1.37 which is in
accordance to the British standard [4].
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Direction [degrees]

Figure 10 Coefficient Alpha - incoming direction (according to the Cartesian convention [34])
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4.3.3 Design fender loads
The design fender load is then easily obtained by summing up the contribution of waves, winds and currents:

Ffender = Fwave + Fwind + Fcurrent

An example of how the application tool should be applied is included in Appendix IV.

4.4 Results

The accuracy of the conceived assessment tool is checked based on the outcome of DMA runs. The DMA runs
considered have been taken from the reference projects; Golar and Aqgaba.

Fender

The fenders applied within these runs are represented by a maximum fender reaction force (“Freaction”). Their
force-deflection curves are illustrated in Figure 11. A distinction is made between stiff- and soft fender cases:

e The stiff case includes a +15% manufacturing tolerance on the reaction force.

e The soft case includes a -15% manufacturing tolerance and a -15% multiple cycle reduction on the
reaction force.
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Figure 11 Fender curves applied in the reference projects

Environmental conditions

In order to test the accuracy of the assessment tool for somewhat extreme conditions, different types of
combinations are considered. The “storm” conditions represent mild storms. The “wave” conditions represent
runs which have been made with relatively large wave heights and the “wind” conditions with relatively large
wind velocities. The “tsunami” conditions represent runs made with large current velocities.

DMA Results

The outcome of DMA runs consist of a varying fender load over time. The maximum occurring peak load in
these runs is described by “MAX Frenger”- However, since DMA runs in time domain, the maxima are influenced
by the length of the runs. The longer the runs, the more likely a larger maximum is found. The Most Probable
Maximum (MPM)-method is therefore introduced and is a realization obtained through the distribution of

13
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these maxima. This “MPM F.nee,” is applied as a design value and will therefore be used as comparison for the
outcomes of the assessment tool.

Calculated Results

The results were calculated following the procedure discussed in the previous section. The accuracy of these

calculated values, compared to the MPM-values, is represented by an error margin.

A

A

Fender characteristics

Fender Ocean Ocean Ocean Ocean Ocean Ocean Ocean Ocean
type Guard Guard Guard Guard Guard Guard Guard Guard
F(:z:l:r Stiff case Stiff case Stiff case Soft case Stiff case Soft case Stiff case Soft case
F[kl\;] 3693 5967 5967 3749 5967 3749 5967 3749
Environmental conditions
Wave direction 290 270 270 270 270 270 270 270
[deg]
H, 2 1.4 1.8 1.8 1.5 1.5 0.75 0.75
[m]
Te 6.5 5 5.4 5.4 5.1 5.1 2.8 2.8
[sec]
Wind direction 290 270 270 270 270 270 270 270
[deg]
Wind velocity 18 18 20 20 24 24 7.5 7.5
[m/s]
_ Current 170 270 270 270 270 270 270 270
direction [deg]
Current 05 1 1.1 1.1 11 1.1 2 2
velocity [m/s]
DMA Results
MA;:(;f]e"“' 3359.3 3077 4422 3823 3723 3282 2234 2221
Mp?f(;;e"“’ 3281 2706 3794 3139 3307 2972 2218 2206
Calculated Results
Def{‘::]m" 1.52 0.68 1.24 1.24 0.88 0.88 0.2 0.2
F[;“(aN; 2743 1841 3511 2356 2383 1555 542 359
B"(”Ni‘ 2048 1969 2431 2431 3501 3501 342 342
F[kN]‘ -26 906 1096 1096 1096 1096 3624 3624
[“] 0.3 0.27 0.27 0.27 0.27 0.27 0.27 0.27
F[fle(';\“’;' 3350 2618 4463 3308 3624 2796 1612 1429
E"°’[;“]a’g'" +2% -3% +18% +5% +10% 6% - 27% -35%
0

Table 3 Error margins of the calculated results
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5 Analysis Part 2: Mono-pile

5.1 Introduction

Part 2 consists of standardization of the mono-piles. The design of these piles is very much depend on the local
conditions; constitution of the soil, environmental weather conditions and the local water depth. The relations
between these variables are studied in order to see to what extent standardization is possible. Once again, this
can only be achieved within defined limits. These are described in the “Design Conditions” (5.2).

The design procedure of the mono-piles is treated in the section “Design procedure” (5.3). This consists of
determining the dimensions of the mono-pile based on an ULS load case and checking the fatigue damage in
the FLS. For the fatigue calculations a case study is used to see whether it may be a decisive factor in the pile
design. The results of this analysis are mentioned in section (5.4) and will be further discussed in Chapter 7.

5.2 Design conditions

5.2.1 Requirements and assumptions
A number of starting points have been defined for the design of the mono-piles.

e The mono-piles shall be designed for a 20 year service life.

e The mono-piles shall be designed on the 100 year return period.

e  For the design of the mono-piles steel grade X65 will be applied with; yield strength of 448 MPa,
density of 7850 kg/m3 and unit cost of 3430 USD/ton. It must be noted that the application of this
steel grade is not yet common practice. However, due to the fact that high quality steel is increasingly
applied in the offshore industry, it is considered, with a view on the future, an acceptable choice for
standardization.

e The ratio between pile diameter (D) and - thickness (t) is set between 65 and 85 as those ratios are
often used in practice due to constructability issues.

e Regarding corrosion, no sacrificial steel is included in the design. Cathodic protections will be applied
in the form of anodes or impressed-current by means of solar panels.

e Scour is included in the design water depth. If very large scour is to be expected, a bed protection shall
be applied.

e Settlement is assumed negligible as the piles have a relatively small self-weight.

e The weight of the pile-head is set on 150 tons.

e The natural frequency of system can be estimated by schematizing the mono-pile & pile-head as a
cantilever beam with an end mass. The natural frequency is in the order of:

3EI
w= |[— =923Hz
mL

The typical period of an FSRU at berth is obtained from previous RHDHV projects and is equal to 6
second (0.17Hz). The natural frequency of the structure is thus much higher than the excitation
frequency. Extensive calculations regarding the dynamic effects are therefore left out of
consideration.

e Environmental loads acting on the pile are ignored as they are small compared to the mooring loads.

e Torsion due to friction between fender and dolphin is included in the design calculations. The friction
force is assumed to be 50% of the fender load.

15
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5.2.2 Water level

As to reduce the investment costs of pipe-laying, LNG transshipment companies will always locate the FSRU as
close as possible to the shore. The distance between FSRU import terminal and the shore is thus mainly
dictated by the local water depth as a minimum depth is to be maintained for safe maneuvering of the LNGC's.
For standardization a constant water depth of 16m is assumed. This includes a tidal difference, an allowance
for long-term sea level, possible scour and enough keel clearance. The FSRU reaches a maximum draught of
11,8m in loaded condition. Additionally, the sea bottom is assumed to be flat.

5.2.3 Geotechnical aspects

The geotechnical conditions are very much location bound. In order to analyze the influence of the soil on the
design of the mono-pile dolphins, two “extreme cases” are dawn up: a stiff sand profile and a soft clay profile.
The parameters have been chosen such that they are still realistic. Other extremes, such as rock and coral, are
left out of consideration.

Soft case Stiff case

CD -16m until CD -36m y' =6.5kN/m3 CD -16m until -87m y' =8—-10kN/m3
Soft Clay ¢y =5—55kN/m? Sand @' =32,5°

&50 = 0.02 c=0kPa

k = 7500 kN /m3

CD -36m until CD -66m y' =7 kN/m3
Stiff Clay ¢, = 55— 135 kN/m?

50 = 0.007

k = 108000 kN /m3

CD -66m until CD -87m Y =9kN/m3
Very Stiff Clay ¢, = 150 kN /m?

€50 = 0.005

k = 108000 kN /m3

Table 4 Geometrical parameters for the soft- and stiff soil case

5.2.4 Loadings

5.2.4.1 Permanentload
The permanent load consists of the self-weight of the mono-pile and of the pile-head.

5.2.4.2 Variable load
The variable loads are caused by the vessel motions and are described as a fender load. In order to analyze the
influence of this load on the pile design, dummy loads are applied ranging from 2000kN to 9000kN. This
9000kN corresponds to the maximum admissible reaction force of a 3000 x 6500 Foam filled floating Fender
Ocean Guard-type, which is the largest of its category. It is assumed that for larger forces, other FSRU mooring
systems will be more economically attractive. The fender loads are applied at CD +2.25m.

Furthermore, as the structure is loaded cyclically by the fender due to the constantly moving FSRU vessel at the
berth; consequently the mono-piles need to be checked with respect to fatigue. The variable loads which are
used for the fatigue assessment are obtained through the case study, Golar-project. These loads were
calculated with the aid of Dynamic Mooring Analyses and are included in Appendix XI.

5.2.5 Geometrical boundary conditions

The geometry of a certain mono-pile is represented by its diameter (D), wall thickness (t) and length (L). Since
constructing a mono-pile in a single operation is not possible, it will consist of sections. These sections are
tubular elements with a certain length which will be welded on top of each other. Their length, however, is
limited due to constructability issues and is taken as 2.5m.
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Since sustained hard driving may be expected for installation of the piles in the abovementioned soil layer, the
minimum wall thickness is in accordance to the API RP-2A-LRFD and should not be less than:

t = 6.35+D/100

5.2.6 Standards
The main design considerations are according to the DNV standards. However, for some particular calculations
other standards were applied as they were considered more appropriate:

e  Structural design of steel structures according to DNV-0S-C101 [12].

e Local buckling according to EN 1993-1-6 [17].

e Modeling of the soil (p-y curves) according to APl RP-2A-LRFD [1].

e  Fatigue of steel according to DNV-RP-C203 [13] checked with NEN-EN 1993-1-9+C2 [28].
e Geometrical boundary conditions according to APl RP-2A-LRFD [1].

5.2.7 Limit States, load factors and combinations
The breasting dolphin piles will be checked in two Limit States:

e  Ultimate Limit State (ULS)
e  Fatigue Limit State (FLS)

Serviceability Limit State (SLS) and Accidental Limit State (ALS) are left out of consideration as no conditions
have been defined with respect to pile deformation and undesired events.

The load and material factors applied to the considered limit states are included in Table 5 and are in
correspondence to DNV-0S-C101. For ULS two combinations have been considered: one for structural steel
checks (“Steel”) and the other for the geotechnical stability (“Soil”).

Limit LOAD FACTOR MATERIAL FACTOR
State Fender Dead Steel- Soil .
Load (IGET Properties Properties
ULS (Steel) 1.30 1.30 1.15 1.00
ULS (Soil) 1.30 1.30 1.00 1.20/1.30
FLS 1.00 1.00 1.00 1.00

Table 5 Applied load- and material factors for the calculations of the mono-piles

Regarding the geotechnical stability of the piles, a factor 1.20 will be applied for effective stress analysis
(drained conditions') and factor 1.30 will be applied for total stress analysis (undrained conditions®):

Effective stress analysis:

! “Drained conditions” occur when there is no change in pore water pressure due to external loading. In drained
conditions, the pore water can drain out of the soil easily, causing volumetric strains in the soil. [3]

> “Undrained conditions” occur when the pore water is unable to drain out of the soil. In an undrained

condition, the rate of loading is much quicker than the rate at which the pore water is able to drain out of the
soil. [3]
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Total stress analysis:

_ Cu,char

‘wd =730

5.2.8 Applied software

The design calculations of the laterally loaded piles are performed in the computer package LPile v6.0 (by
Ensoft). LPile models the pile as an elastic beam on a foundation of uncoupled non-linear springs (representing
the soil), the so-called p-y curves. The program computes deflection, bending moment, shear force and soil
response over the length of the pile.

18



MSc Thesis

5.3 Design procedure
In this section the modelling and design verifications of mono-piles will be explained. First the geotechnical
aspects will be clarified. Then, respectively the structural analysis and the fatigue analysis are clarified.

5.3.1 Geotechnical modelling

The soil resistance against lateral displacement of the pile is modelled with p-y curves. These curves illustrate
the nonlinear relation between the soil resistance (p) and the deformation (y). The relation between the
resistance and deflection depends on:

e  Static or cyclic loading

e Type of sail

e  Soil above ground water table
e  Depth below surface

lateral PA
load ——»T
& & X= y\.l

| FM—xg >y
X=Xq

p s -, ,
X A=X3
. “Wr"'“!s - y
_ /——— X =y
"‘E"'""‘jll’h"lf"""x_‘] y
nonlinear p-y curves for
; springs single pile

Figure 12 Schematic representation of the p-y method

The operational loads on the dolphins have a cyclic character as they are induced by waves. Due to the cyclic
loading, degradation of the soil occurs which leads to a loss of strength and stiffness. This effect is taken into
account by modified p-y curves. These are described in Appendix VI.

It has to be noted that the determination of the p-y curves are based on results of lateral load tests of piles
with a diameter of 0.15m to 0.60m. The application of these curves on larger diameter piles is found to be a
conservative approach. However, no other method was found in the literature regarding this matter. The p-y
curves are therefore still applied for geotechnical modelling.

5.3.2  Structural analysis

The structural analysis consists of performing laterally loaded pile calculations with LPile and checking the
output results on yield strength and local buckling. Such analysis is performed for the Ultimate Limit State and
thus for peak loads corresponding to a storm with a 100 year return period as specified in the requirements.

5.3.2.1 Nominal steel stresses
With respect to the steel stresses, linear elastic design is applied; no plastic hinges are allowed to develop
under design conditions. When being laterally loaded, four different stresses occur in the piles cross-section:
normal stresses, bending stresses, shear stresses and torsional stresses. All are considered for the structural
steel check of the structure. However the aforementioned stresses are concentrated in different directions.
The equivalent design stress is therefore calculated by means of the Von Mises theory. The steel stresses have
been verified in ULS by applying the load- and material factors included in Table 5.
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Normal stresses

The normal stresses in the structure are due to the self-weight of the pile-shaft and the pile-head. This stress
increases along the pile as the volume of the pile-shaft (and thus the self-weight) becomes larger towards the

mud line.
N,
oN =
oN: normal stress [MPa]
Ng: normal force [kN]
A: cross-sectional area [m?]
Bending stress

The bending stresses occur due to two types of bending moments. The first one is due to the operational loads
acting in lateral direction. The second is due to the displacement of the top pile, whereby the self-weight exerts
a vertical load in an eccentric manner. The general formula for the bending stress reads:

— Md
oM =77
om: bending stress [MPa]
Mg: bending moment [kNm]
W: section modulus [m?3]

It must be noted that the bending stress due to the lateral acting load is much larger than the bending moment
due to self-weight. At the level of the largest occurring bending moments, the self-weight only contributes for
2% of the total moment.

Shear stress

The shear stresses are due to the lateral acting force. The maximum shear stress for a hollow cylinder is
calculated as follows:

_VSZ_ 4Vd (R3—7"3)
T bl, 3m(R-r1)R*—1%

Ty

Ty: shear stress [MPa]

Vy: shear force [kN]

R: outer radius [m]

r: inner radius [m]

l,,: moment of inertia [m?]
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S;: first moment of area [m?3]

Torsional stress

Since a friction coefficient of 0.5 is assumed, a torsional moment within the cross-section needs to be taken
into account. This torsional moment is equal to the friction forces times the outer radius of the pile. The
general formula for torsional stress reads:

TR T; R

Tr=—— =
T I, %(R‘*—T‘*)

T torsional stress [MPa]
T4t torsional moment [kNm]
lp: polar moment of inertia [m?]

Von Mises equivalent design stress

In case of combined membrane stresses and shear stresses the equivalent Von Mises stress shall be used:

— 2 2
Oymd = ’O’d +371;

Where oq4 represents the meridional stresses due to bending moments and normal forces and 14 the shear
stresses due to shear forces and torsional moments.

In the cross-sectional check, bending stresses and shear stresses are not combined, as they are concentrated in
a different location in the cross-section. The equivalent Von Mises stress is therefore calculated for two
locations in the cross-section:

e where bending stresses are maximal and shear stresses are zero:
04 = Oy + oy
Ty =Tp
e where shear stresses are maximal and bending stresses are zero:
04 = Oy

Td=TV+TT
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Load Bending stresses Shear stresses

Figure 13 /llustration of working bending stresses and shear stresses

The design equivalent Von Mises stress will be the governing value of the abovementioned combinations.

5.3.2.2 Yield strength
The calculated Von Mises stresses are directly compared to the design value of the yield strength of steel. The

minimum design yield strength according to DNV-0S-C101 and is calculated as:

b=

5.3.2.3 Local buckling of piles
The local buckling check is according the Euro code (EN 1993-1-6) and is calculated as follows:

fyk *X
Ym

ORa =

Where x is a buckling reduction factor, dependent on the relative slenderness of the shell structure. The
calculation method for local buckling is included in Appendix VII. The partial factor is based on the DNV-OS-
c1o1.
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5.3.3 Fatigue assessment

Cyclic loading of the dolphins may cause fatigue damage. An assessment of the fatigue damage has therefore
been made to verify the fatigue life of the dolphins. The assessment is based on S-N-data (Wéhler Curves) and
is according to DNV-RP-C203.

Fatigue loading may result during the operational phase due to vessel motions and during the installation
phase due to pile-driving. Depending on the soil conditions, pile driving may be of influence on the pile design.
In this report, however, only the fatigue loads during the operational phase are taken into account. The effect
of the environmental loads on the fatigue life of the dolphin piles had been assessed in a previous study of
RHDHYV and proven to be negligible compared to the operational loads.

In contrast to ULS calculations, the design stresses for the fatigue assessment (Onominal) are not based on
maximum occurring loads, but on alternating loads (AF) which are the difference between a maximum- and
minimum value during a certain time segment (t,,) as is depicted in Figure 14. Critical is the number of times a
certain alternating load occurs.

T

Force (kNy
"
A
=

S
T

/ A A R AN WAV AV AW Y AV AVAYAV AN AYVAVIWA A WAL )
YR VAVAVR R ARV YNV VATV Y WA eV
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Figure 14 Example of a time series and time segment needed for fatigue assessment

The fatigue life will be checked based on data from the Golar- case study, which is an FSRU mooring system
located offshore approximately 15km north of Jakarta in the Java Sea. However, since ULS loads and FLS loads
are highly correlated it would be unreasonable to check the fatigue life of a pile which has been designed for
different ULS loading conditions as the one from the case study. For this reason, only a fatigue assessment is
performed on the mono-pile which was designed on the same ULS design load of approximately 5000kN.

5.3.3.1 Processing of DMA-data
The load signals, which are obtained from the DMA runs, have been processed to obtain the required data to
perform the fatigue assessment of the dolphins. The load signals, as illustrated above, are translated into sets
of alternating fatigue loads (AF) and the corresponding number of cycles (n).

For each wave height and incoming direction (16 in total), the number of force fluctuations is described. Below
shows an example of the obtained input for the fatigue assessment. The total input is included in Appendix XI.

Number of cycles Conditions
0-25kN 391 Direction: 112.5°
25-50kN 988 Hs=0.7m
50 - 75 kN 371 Tp=3.5sec
75-100 kN 50 Uy =7.6m/s

Table 6 Distribution of number of cycles for alternating loads

As the DMA models a duration of 6 hours, hence the result is the number of cycles within 6 hours. Based on the
probability of occurrence of the considered environmental conditions the total number of cycles during the
design life time of the structure (20 years) is calculated:

Npma run hT days

Thiife time = g7 ™ 24 days * 365 yr

* 20 yr * oy,
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5.3.3.2 Nominal stresses
The alternating fatigue loads (AF) which are obtained through Dynamic Mooring Analyses are then translated
to fatigue stresses (0,ominat) BY Mmeans of the linear relation between load and stress which is expresses as a load
transfer function (LTF).

5.3.3.3 Hot spot stresses
Local stress concentrations occur at the welds due to geometric irregularities. The hot spot stresses can be
calculated by multiplying the fatigue stresses with the applicable Stress Concentration Factors (SCF):

Ohot spot — SCF * Opominal

The SCF is dependent on the type of weld and pile geometry. Since piles are considered without thickness
transition, the SCF’s are calculated according to the following equation:

Figure 15 Section through weld

In above formula “t” is the plate thickness, “D” the diameter and “§,,” is the maximum allowable misalignment
which is equal to 0.1*t and reaches a maximum value of 4mm.

5.3.3.4 Allowable number of cycles
The allowable number of cycles is calculated with the S-N data depending on the required weld properties. For
the considered dolphin mono-piles the sections will be connected by good quality butt welds, welded from
both sides. These welds correspond to the “C1” S-N-curve [DNV-RP-C203], or to “Class 112” [EN 1993-1-9+C2].
An illustration is showed in the figure below.

Figure 16 Transverse butt weld, welded from both sides.

In general the S-N curves are described by the following formula:

logN =loga —mlog$

¢ k
S = A0< )
tref

In which N is the allowable number of cycles and S the stress range. The values of the parameters for the S-N

curve C1 in seawater with cathodic protection are included in Table 7:
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N <106 cycles N > 106 cycles ‘

m 3 5
loga 12.449 16.081
k 0.15 0.15
Fatigue limit at 107 cycles 65.5 65.5
L 25 25

Table 7 Parameters S-N curve C1 in seawater with cathodic protection

5.3.3.5 Cumulative damage factor
The fatigue life of the structure is checked based on a cumulative damage factor Dy which is calculated by
means of Miner’s Law:

| S

‘<1
c

=

1
D, = DFF * D, = DFF Z
i=1

The actual number of cycles (n.) of a certain alternating stress range is divided by the allowable number of
cycles (N.) for that same range. This is done for all occurring stress ranges. The sum of this is referred to as the
cumulative damage number and shall not be larger than 1. A design fatigue factor (DFF) of 10 is applied to
obtain an overall safety on the calculated fatigue.

A design fatigue factor (DFF) of 10 is normally applied for all the parts of the structure which cannot be
inspected during its service life. For the parts that can be expected a lower DFF is allowed. However it is safe to
apply a DFF to all sections.
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5.4 Results

5.4.1 Structural Analysis

As mentioned previously, the design of the breasting dolphins is very much depended on local conditions;
constitution of the soil, fender loads and water depth. In order to determine whether standardization is
possible, the influence of these local conditions is investigated. The water depth, however, is taken as a
constant for the standardized case and is, as previously stated, set on 16m. The design loads are ranging
between 2000kN and 9000kN. Regarding the constitution of the soil, two profiles are considered: the stiff sand
profile and the soft clay profile.

For each combination of fender load and soil profile a pile design is made characterized by its dimensions:
diameter (D), wall thickness (t) and length (L). For each combination two pile designs are possible; one with an
optimized diameter, the other with an optimized wall thickness. For a few combinations, however, the designs
were outside the chosen D/t range (65 < D/t < 85), those are marked with a “no”.

In the following graphs the influence of the parameters are illustrated. The green dots represent the stiff sand
profile; the blue dots the soft clay profile. The lines represent an approximated upper- and lower bound.

In Figure 20 the design loads are plotted against the material costs. Those material costs only comprise the
costs of steel. Installation costs due to hoisting and pile driving are not taken into account.

Soft clay profile

40 2.5 0.030 83.33 yes 52.5 2.6 0.030 86.67 no

2000 40 23 0.035 65.71 yes 55 2.5 0.035 71.43 yes
40 2.9 0.035 82.86 yes 57.5 31 0.035 88.57 no

3000 40 2.7 0.040 67.50 yes 57.5 2.9 0.040 72.50 yes
42.5 3.1 0.040 77.50 yes 60 33 0.040 82.50 yes

4000 42.5 2.9 0.045 64.44 no 62.5 31 0.045 68.89 yes
42,5 33 0.045 73.33 yes 62.5 3.6 0.045 80.00 yes

>000 425 3.1 0.050 62.00 no 65 34 0.050 68.00 yes
45 3.6 0.045 80.00 yes 67.5 37 0.050 74.00 yes

6000 45 34 0.050 68.00 yes 67.5 3.6 0.055 65.45 yes
45 3.8 0.050 76.00 yes 70 3.9 0.055 70.91 yes

7000 45 3.6 0.055 65.45 yes 72,5 3.8 0.060 63.33 no
45 4.1 0.050 82.00 yes 75 4.2 0.055 76.36 yes

8000 47.5 3.8 0.055 69.09 yes 77.5 4 0.060 66.67 yes
47.5 4.1 0.055 74.55 yes 75 4.4 0.055 80.00 yes

2000 47.5 3.9 0.060 65.00 yes 80 4.3 0.060 71.67 yes

Table 8 Pile designs for varying design loads and soil profiles; “L” is the total length of the pile, “D” is the outer diameter and
“t” the wall thickness
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Figure 17 Design load / Pile diameter; green: stiff soil, blue: soft soil
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Figure 18 Design load / Wall thickness; green: stiff soil, blue: soft soil
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Figure 19 Design load / Pile length; green: stiff soil, blue: soft soil
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Figure 20 Design load / Material costs; green: stiff soil, blue: soft soil

28



MSc Thesis

As can be observed from the graphs, for both soil profiles, the pile diameter and wall thickness increases in a
rather similar fashion. Those dimensions, moreover, do not differ that much between the two soil cases. The
difference in pile length, however, is considerable. For the stiff profile the length increases from 40m to 47.5m,
whereas the length for the soft profile increases from 55m to 80m. Due to this large difference, a generalized
pile design cannot be achieved without large over-dimensioning.

Additional limits are therefore introduced. As well as distinction in soil profiles, also a distinction in
environmental condition is made. Three classes are distinguished; mild, moderate and harsh. The mild
environmental conditions result in design fender loads ranging between 3000kN and 5000kN, moderate
conditions between 5000kN and 7000kN and harsh conditions between 7000kN and 9000kN.

For each combination of environmental condition and soil profile, a standardized pile design has been defined.

These are based on the upper limit.

. . . . Environmental condition
Soil profile Dimensions
Moderate

3 t [mm] 45 50 55

Stiff sand D [mm] 3300 3800 4100
profile

L [m] 425 45 475

o t [mm] 50 55 60

Soft clay D [mm] 3400 3900 4300
profile

L [m] 65 70 80

Table 9 Standardized pile dimensions for different combinations of environmental- and geotechnical conditions
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Over-dimensioning

In order to gain an insight in the significance of over-dimensioning of these standardized piles, the excess of
steel has been calculated. The over-dimensioning costs increase as the difference between the actual load and
the load on which the standardized pile is designed increases. Such is depicted in Figure 21; green for the stiff

soil profile, blue for the soft soil profile. It must be noted that the costs of over-dimensioning only cover the
material costs of steel.

9000
7000

6000

Moderate

Actual Load [kN]

5000 ‘ \

3000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Over-dimensioning costs [million USD]

Figure 21 Over-design in case of standardization [USD]; green: stiff soil profile, blue: soft soil profile

From Figure 21 can be seen that the over-dimensioning costs of the standardized designs are much larger for
the softer soil than for the stiffer soil. These can reach up to 0.38 million USD for the worst case. If compared
with the total costs of an FSRU-project, which amounts roughly 25 million USD (based on the Golar-project),
these may still be considered small (only 1.5% of the total costs). The averaged range of the over-dimensioning
costs per soil profile is listed in Table 10.

Over-dimensioning costs  Ratio over-dimensioning costs/

Soil profile [million USD] total costs [%]

Stiff s?nd 0-0.15 0-0.6
profile

Soft clay 0-0.35 0-14
profile

Table 10 Over-dimensioning costs compared to the total costs per mono-pile

For large scale FSRU-projects, as considered in this thesis, the over-dimensioning costs of the mono-pile
breasting dolphins are relatively small. The standardized design discussed in this section can therefore be

beneficial for early design stages, where, with little information a good insight can be gained in the dimensions
and costs of the dolphins.
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Rescaling

Since the FSRU import terminal will always be located as close as possible to the shore, the variation in water
depth is considered small. If, however, larger water depths are to be expected, the standardized pile designs
presented in Table 9 should be rescaled to an appropriate design. In Appendix IX, the rescaling of the piles has
been investigated for a water depth increased by 10 meters (26m total).

In Table 11 rescaling parameters are presented which should be added to the dimensions of the standardized
piles in order to increase their size and satisfy their structural stability for a water depth of 26 meters. These
rescaling parameters are valid for both soil cases.

Rescaling parameters

Dimensions for 26m water depth
Thickness +5mm
Diameter +400 mm

Length +125m

Table 11 Increased pile dimensions for an a water depth of 26m

5.4.2 Fatigue assessment
The data used within this fatigue assessment was obtained through the case study “Golar-project” which is an
FSRU mooring system located in the Java Sea.

Since ULS-loads and FLS-loads are highly correlated, the fatigue assessment is only performed for the mono-
pile which had been designed on the same ULS conditions as the one from the case study, namely: soft soil
profile and design load of 5000kN. The considered pile dimensions are: 65m x 3.4m x 0.050m (L x D x t).

The results of the assessment are listed below. Respectively: the Stress Concentration Factor, Load Transfer
Function and cumulative damage number are:

1.21 0.086 7.83E-02

Table 12 Results of the fatigue calculations of the mono-pile

The cumulative damage number is far below one (<< 1). Fatigue damage due to the operational loads can
therefore be considered insignificant for the Java Sea. The calculations are included in Appendix XI.
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6 Analysis Part 3: Pile-head

6.1 Introduction

This chapter concerns the third and final part of this study, the design of a standardized pile-head. The design
procedure started off by conceiving multiple variants very different one from another. The properties of those
variants were then evaluated and compared by means of a so-called multi criteria analysis (MCA). From this
MCA-evaluation, the pile-head most favorable for standardization purposes is subsequently elaborated.

The variant study is presented in Section (6.2). The requirements and boundary conditions used for the design
of the pile-head are mentioned in the “Design Conditions” (6.3). Subsequently more information regarding the
applied material and its mechanical properties are described in “Material properties” (6.4), while the design
procedure and verifications are treated in the section “Design procedure” (6.5). The structure was modelled in
Finite Element-software “SCIA Engineer,” where the final design was obtained through an optimization process,
constantly adjusting the size and material properties of the different elements. The fatigue life is assessed
based on the same case study as the mono-piles. The final design is treated in the section (6.6). Discussion of
these results will be included in Chapter 7.

6.2 Variant study

In this Section the MCA is described which led to the designed concept of the pile-head. Primarily the different
materials are shortly described (6.2.1). Subsequently different concepts have been conceived from which the
forms are adapted to the applied material (6.2.2). Successively, the sliding system for the floating pile-head
concepts will be discussed (6.2.3) and the performed Multi Criteria Analysis (MCA) will be clarified (6.2.4).

6.2.1 Material

There are several materials which could be applied for the construction of the pile head. The most common
ones are steel and concrete, but also composites becomes more and more practice in hydraulic structures.
Regarding sustainability, wood may be an interesting choice.

6.2.1.1 Steel
Steel is the most applied material in offshore and hydraulic engineering due to its high strength to weight ratio
and the possibility of welding the connection of different elements for an improved stress distribution. A large
disadvantage of the application of steel in wet environments is corrosion which leads to deterioration of the
materials properties. The most vulnerable part is located in the splash zone which is intermittently exposed to
air and immersed in the sea. Different methods are possible with respect to mitigation and control of corrosion
such as coatings, cathodic protections or even design with a corrosion allowance.

6.2.1.2 Concrete
Concrete is very much applied for its high compressive strength. In combination with reinforcement steel (for
tensile stresses) it has really good overall properties and is therefore also often applied in hydraulic
engineering. However, applying concrete in a wet environment also has its limitation:

e Alarge concrete cover must be applied for the protection of the reinforcement steel in seawater.
e Poring and hardening of concrete at offshore locations may be problematic. This issue can be partially
resolved by applying prefabricated elements.

6.2.1.3 Wood
A wooden pile-head would be a very eco-friendly solution. With respect to durability, only several types of
hardwood would be suitable for a construction in a salty environment. Their composition should also be able to
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withstand fungus and marine borers. However due to the large expected loads, the strength and mechanical
properties are assumed to be insufficient for the design of the pile-head. For this reason wood will not be
further discussed in this study. [29]

6.2.1.4 Composite
The application of composites in marine environments is not yet common practice. However, the use of this
material may offer significant advantages such as corrosion resistance, fatigue resistance, very high structural
damping and low maintenance. Furthermore its low density makes composite an interesting choice for a
floating pile-head concept. The main disadvantages include high initial costs and the disability to deform
plastically (compared to steel). [20] [31]

6.2.2 Concepts

Multiple concepts have been conceived for the pile-head. A distinction is made between fixed and floating
ones. When considering fixed structures, the fender panel may reach very large heights for locations with high
tidal variations. The fender itself must then be loose enough to follow the rising and falling of the tide. For a
floating pile-head, the height of the fender panel can be reduced significantly. Since the pile-head itself is
floating, the fender can be attached in a fixed manner (see Figure 22). The buoyancy can either be achieved by
the fender support structure or the fender panel.

Figure 22 Foam filled floating fender. Left: floating position, Right: fixed position
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6.2.2.1 Concept 1: Fixed steel pile head

Concept 1 consists of a steel pile-head structure where the fender panel is fully fixated to the mono-pile by

means of horizontal plates. The fender loads are transferred in a circumferential manner to the pile.

Steel horizontal support plates

O /J Steel fender panel
%

Floating fender

Mono-pile

=

N~

Figure 23 Steel fender panel connected with steel horizontal support plates to the mono-pile

The whole structure can be prefabricated and welded in a single operation onto the mono-pile.

Ring stiffeners are probably necessary on the locations where the fender support structure is
connected to the mono-pile.

Diagonal trusses required in order to cope with the weight of the fender panel.

All connections can be welded for an improved stress distribution

6.2.2.2 Concept 2: Fixed concrete cap

The second concept consists of a concrete cap on top of the mono-pile. This type of structure is typically

applied for multi-pile dolphins as this method is meant for very stiff structure. The main challenge of this

concept lies in the constructability. Since the mooring facility must be designed for open-sea, prefabrication is

very much desired preventing having to pour large amounts of concretes on offshore locations.

Concrete cap

Floating fender

Figure 24 Fixed concrete cap on top of the mono-pile

Easy access for maintenance vessels and simple connection of “secondary structures” such as bollards,
ladders, mooring pads, etc.

Fatigue resistant.

Good quality concrete is required preventing corrosion of the reinforcement steel.

For locations where large tidal differences must be overcome, very large amounts of concrete
necessary.

Its large top mass results in a low natural frequency of the whole system which can be within range of
environmental loadings.
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6.2.2.3 Concept 3: Floating composite cube
Concept 3 consists of a hollow composite cube which floats around the mono-pile. The support structure and
fender panel are combined as a single unit resulting in a symmetric shaped pile-head which is favorable for
balance issues. The structural stability of the cube is achieved by horizontal plates at various levels inside the
cube itself.

Composite cube

Composite support plates TN

Fixed fender

Figure 25 Floating composite cube

e The whole structure can be prefabricated and slid in one operation onto the mono-pile.
e Easy access for maintenance vessels and simple connection of “secondary structures”

e The whole structure can be prefabricated and slid onto the mono-pile

e Its rectangular shape can reflect waves which could lead to resonance effects.

6.2.2.4 Concept 4: Floating steel tubular structure
Concept 4 consists of an offshore-like structure constructed with tubular steel elements. The buoyancy is
achieved by the bottom-tubes of the support structure. In contrast to concept 3, the fender panel and support
structure cannot be combined into a single unit. For balance issues, counterweight is probably necessary in
order to cope with the weight of the steel fender panel.

Steel fender panel

Steel tubular support system

Fixed fender

Figure 26 Floating steel tubular support structure

e The tubular elements provide improved characteristics against environmental conditions such as drag,
inertia and friction.

e The bottom tubes must be relatively large to provide the pile-head with enough buoyancy.

e The whole structure can be prefabricated and slid onto the mono-pile. Since it is made out of steel,
relatively large hoisting capacity is required.

e All connections can be welded for an improved stress distribution
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6.2.2.5 Concept 5: Floating composite fender panel
Concept 5 consists of a floating composite structure where the buoyancy is performed by the fender panel. The
support structure consists of horizontal plates which transfer the loads in a circumferential manner to the pile.
For sliding of the pile-head along the pile shaft a sleeve-element is required. Since the center of buoyancy is
located eccentrically to the mono-pile a stiff support structure is indispensable.

Floating composite fender panel

Composite sleeve-element j

Fixed fender

Composite horizontal support plates

Figure 27 Floating composite fender panel with horizontal support plates

e The fender panel must be large enough to provide the pile-head with enough buoyancy.
o Due to the eccentricity of the center of buoyancy, additional loads can be expected in the pile-head.
e The whole structure can be prefabricated and slid onto the mono-pile.

e The floating fender panel must be reinforced by inner compartments which’ll acts as vertical stiffeners
increasing its flexural rigidity.

6.2.2.6 Concept 6: Floating concrete fender panel
Concept 6 consists of a floating concrete panel. The support structure comprises vertical steel plates which
transfer the loads as membrane stresses into the sleeve-element. The support structure must be fixed into the
concrete panel during casting operations creating a stiff connection. This can be achieved by e.g. pin dowels.

Floating concrete fender panel

-2

Steel sleeve-element j

Fixed fender

Steel vertical support plates

Figure 28 Floating concrete fender panel with vertical steel support plates

e The size of the floating concrete fender panel must be considerably larger than the one of concept 5.

e  Good quality concrete is required preventing corrosion of the reinforcement steel.

e The support structure will be subjected to lateral flexion due to its non-parallel orientation compared
to the exerted load.

e The whole structure can be prefabricated and slid onto the mono-pile. However, due to its very large
weight, troublesome hoisting operations are inevitable.
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6.2.3 Sliding system

The sliding system is a critical issue for floating pile-head concepts. The only sliding mechanism which allows
sliding along- and around the mono-pile (in vertical- and rotation direction) and also provides good load
distribution, is a slide bearing system.

: ¥
x Rotational Load
direction >, & | | distribution

Vertical \)/
direction

Table 13 Sliding directions and load distribution of a slide bearing

Slide bearings consist of a cylindrical bearing with on the inside a fabric of low friction material. This can for
instance be; glass fiber bonded with PTFE (polytetrafluoroethylene) or UHMWPE (Ultra high Molecular Weight
Polyethylene) [24]. The main features of fiber slide bearings are:

e High load capacity.

e Low friction coefficient.

e Very good corrosion resistance.

e Good resistance to impact.

e  No suffer from “stick-slip” effect (rocking motion which can occur when two objects slide over each
other).

6.2.4 Multi Criteria Analysis

In this chapter a Multi Criteria Analysis (MCA) is performed in order to compare the different concepts. Those
concepts are tested on several criteria listed in Section (6.2.4.1). Since the different criteria have certain
degrees of importance; they will first be granted a weighting factor (Section 6.2.4.2). The results of the MCA
are included in Section (6.2.4.3).

6.2.4.1 Criteria

The robustness of the structure concerns the ability to withstand large impacts and

Robustness . . .
weather it is susceptible for collapse and deformations.

Durability is the capability of withstanding wear and tear, aging and decay over time. This
Durability criterion takes into account whether or not the structure is designed for the full lifespan,
or if some elements must be replaced during the service life.

Maintenance regards the ease of replacing certain elements and if the maintenance

Maintenance . . . .
works can be done in-situ. This criterion also concerns corrosion resistance.

Reparability Reparability is the ease to repair broken components.

This takes into account the extent to which the structure is resistant to fatigue due to
cyclic loading. This criterion mainly concerns the connections since those are the critical
elements.

Constructability regards the fabrication of the elements, the ease of assembly, and the
Constructability | complexity of the connections. This criterion takes into account whether the structure can
be prefabricated or must be constructed in-situ.

Fatigue
resistance
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For the installation the weight of the structure is important. Installation mainly regards
Installation the installation equipment; whether or not cranes with high hoisting capacity are
required.
Transport This criterion regards the equipment required for transportation.
e The costs in this MCA only mentions the initial material costs depending on the applied
material.
- This criterion depends on the accessibility of the pile-head for inspection and
Accessibility .
maintenance works.
. . Sustainability takes into account the environmental impact; such as CO2 emissions, use of
Sustainability .
chemicals, etc.

Table 14 Criteria applied for the MCA

6.2.4.2

Weighing factors

The criteria are not equally important. In the following table the mutual relations are determined. If the criteria

are equally important they both get a score of 1. If a criterion is more important than the other it will be

granted a score of 2 and the other 0.

" 3 > 3 c > 2 B
& > & £ g & & = @ 3
S = s = ] - o 2 e =
3 o = © ) 2 = 2 2 o ® o
° 5 &8 e = s 1] o 3 ] 3 Q
@ a =S o &L o £ = o < & =
Robustness | X 1 2 2 1 2 2 2 2 2 2 18.0 16.4
Durability | 1 X 2 2 1 2 2 2 1 2 2 17.0 15.5
Maintenance | 0 0 X 1 1 1 1 0 1 1 0 6.0 5.5
Reparability | 0 0 1 X 0 1 1 1 1 1 0 6.0 5.5
Fatigue | 1 1 1 2 X 2 2 2 2 2 2 17.0 15.5
Constructability | 0 0 1 1 0 X 2 2 1 2 1 10.0 9.1
Installation | 0 0 1 1 0 0 X 1 1 1 1 6.0 5.5
Transport | 0 0 2 1 0 0 1 X 0 1 0 5.0 45
Costs | 0 1 1 1 0 1 1 2 X 2 1 10.0 9.1
Accessibility | 0 0 1 1 0 0 1 1 0 X 0 4.0 3.6
Sustainability | 0 0 2 2 0 1 1 2 1 2 X 11.0 10.0
Total | 110.0 100.0

Table 15 Weighing factors applied for the MCA
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6.2.4.3 Comparison of concepts

With the weighting factors from above, the concepts will be compared with each other. Per criteria a score can

be granted from 0 to 10. This score is than multiplied with the weighting factor in order to obtain a value. The

sum of the values gives the final result.

Robustness | 16.4 8 1309 9 1473 6 98.2 5 81.8 7 1145 | 7 114.5
Durability | 155 4 61.8 8 1236 9 139.1 4 61.8 9 139.1 | 6 92.7
Maintenance 5.5 7 38.2 8 43.6 7 38.2 4 21.8 6 32.7 6 32.7
Reparability 5.5 5 27.3 2 10.9 8 43.6 8 43.6 7 38.2 4 21.8
Fatigue | 155 4 61.8 8 1236 9 139.1 4 61.8 9 139.1 | 3 46.4
Constructability 9.1 7 63.6 3 27.3 8 72.7 6 54.5 8 72.7 6 54.5
Installation 5.5 7 38.2 2 10.9 7 38.2 6 32.7 9 49.1 2 10.9
Transport 4.5 6 27.3 8 36.4 6 27.3 6 27.3 7 31.8 6 27.3
Costs 9.1 7 63.6 4 36.4 3 27.3 7 63.6 5 45.5 7 63.6
Accessibility 3.6 7 25.5 9 32.7 9 32.7 3 10.9 6 21.8 6 21.8
Sustainability |  10.0 4 40.0 6 60.0 2 20.0 4 40.0 2 20.0 5 50.0
Total | 100.0 538.2 592.7 656.4 460.0 684.5 486.4

Table 16 Results of the MICA

The most favorable pile-head concept is concept 5; floating composite fender panel with horizontal support

plates and a slide-bearing sliding system. The design is further elaborated in the following sections.
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6.3 Design conditions

6.3.1 Requirements & assumptions
A number of starting points have been defined for the design of the pile-head.

e The pile-head shall be designed for a 20 year service life.

e The pile-head shall be design on the 100 year return period.

e Since a floating pile-head is designed, tidal variations do not have to be taken into account.

e The fender applied for the design is a foam filled floating Ocean Guard-type with a diameter (D) of
3.3m and a length (L) of 6.5m. The corresponding maximum fender reaction force is 7101kN [19].

e [tis assumed that the hull of the ship will never be governing. It can be reinforced if necessary.

e The pile-head should be designed for a temperature range of -10C to +30C.

e The fender should be, at all time, located between vessel and fender panel.

e Inspection and maintenance works should be possible.

e  Environmental loads acting on the pile are ignored as they are small compared to the mooring loads.

6.3.2 Material
The pile-head will be designed with FRP-composite as was concluded from the MCA. The main pros and cons
are listed below [15]. More information regarding the applied composite is further elaborated in Section (6.4).

‘ Pro Con
Good in-plane mechanical properties Brittle
High fatigue and environmental resistance High initial costs
Adjustable mechanical properties Low to moderate application temperature (-20/+80 °C)
Lightweight Low fire resistance (sometimes with unhealthy gases)
Low maintenance Lack of design practice
High material damping

Table 17 General pros and cons of FRP composite

6.3.3 Loadings

6.3.4 Permanentload
The permanent load consists of the self-weight of the structure.

6.3.5 Variable load

The variable loads are caused by the wave induced motions pushing the vessel further into the fenders,
transferring a reaction force to the pile. The fender chosen for standardization has a maximum fender reaction
force of 7101kN. Further fender characteristics are listed below.
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Compression  Deflection Reaction Force  Diameter  Flat length Flat height Pressure
[%] [m] [kN] [m] [m] [m] [kN/m?]
0.0% 0.00 0 3.30 4.20 0.00 0
2.0% 0.07 237 3.23 4.23 0.10 560
5.0% 0.17 591 3.14 4.28 0.26 532
10.0% 0.33 1184 2.97 4.35 0.52 523
20.0% 0.66 2367 2.64 4.50 1.04 506
30.0% 0.99 3551 2.31 4.65 1.56 490
36.8% 1.21 4356 2.09 4.75 1.91 480
49.2% 1.62 5823 1.68 4.94 2.55 462
55.0% 1.82 6510 1.49 5.03 2.85 455
60.0% 1.98 7101 1.32 5.10 3.11 448

Table 18 Fender characteristics, Ocean Guard-type 3.3 x 6.5

It is deemed good design practice to ensure that the structure can withstand the full reaction of the fender at
maximum compression. The structures must therefore be able to resist a maximum reaction force of 7101kN
(448kN/m?2). In the reaction force a manufacturing tolerance is taken into account of 15% (stiff fender case).

At the interface between the fender and the composite panel a friction coefficient of 0.4 is adopted. A
horizontal- and vertical friction force is therefore taken into account working parallel to the fender panel’s
surface.

Inside the sleeve-element a low friction material is added such as PTFE (polytetrafluoroethylene) or UHMWPE
(Ultra High Molecular Weight Polyethylene). For the interface between the mono-pile and the sleeve element a
friction coefficient of 0.1 is used which works along the pile-shaft, according the GUR product-catalogue [24].

Furthermore, as the structure is loaded cyclically by the fender due to the constantly moving FSRU vessel at the
berth; consequently the structure needs to be checked with respect to fatigue.

6.3.6 Geometrical boundary conditions

6.3.6.1 Mono pile
The mono-pile which is being considered in this study must resist the full fender reaction load of 7101kN, which
results in a design load of approximately 9200kN based on the load factors from DNV-0S-C101. This
corresponds to a mono-pile with an outer diameter of 4.5m.

6.3.6.2 Fender panel
The fender panel must be large enough in order to cope with the footprint of the fully compressed fender. For
a fender with a diameter of 3.3m and a length of 6.5m the maximum footprint is 5.10m by 3.15m (at 60%
compression) as can be seen in Table 18.

The dimensions of the fender panel are according to Trelleborg Marine Systems [41] and are depicted in Figure
29:
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Figure 29 Mounting area foam filled floating fender [41]

The required height of the fender panel is:
hpanet =09D +0.7D =53m

The length of the panel is taken as the length of the fender including a 1m clearance at each side for fastening
of the chains:

lyanetr =L +2+x1m=85m

The width of the fender panel must be taken large enough in order provide the whole system with sufficient
buoyancy.

6.3.6.3 Support structure
The support structure consists of a sleeve element, which slides around the mono-pile following the rise and
fall of the tide, and of horizontal plates which connect the fender panel to this sleeve element.

The sleeve element must fit tightly around the mono-pile, preventing it from moving and deform which would
lead to undesired secondary forces. The inner diameter must therefore be a little bit larger than the outer
diameter of the mono-pile of 4.5m.

6.3.7 Standards
e Load factors according to DNV-0S-C101 [12].
e  Structural design of composite structures according to CUR 096 [7].
e  Fatigue of composite according to GL — Wind Energy.

6.3.8 Limit States, factors and combinations
The pile-head will be checked in two limit states:

e Ultimate Limit State (ULS)
e  Fatigue Limit State (FLS)

The Serviceability Limit State (SLS) is left out of consideration as no limit is defined regarding deformations of
the structure during daily conditions.

The Accidental Limit State (ALS) mostly concerns undesired accidental events. This Limit State is taken into
consideration by testing the structure on loads which are exerted in an eccentric manner onto the fender
panel. This may occur for example by failing of one of the fender chains. This limit state is included in one of
the ULS load cases as will be clarified later on.
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The loads will be modified applying a load factor in accordance to the DNV standard. The structural design of
the composite and its corresponding material- and conversion factor is in accordance to the CUR 96 [7].
Material and conversion factors will be clarified in section “Material properties”.

Limit Fender load Dead load Material Conversion

State factor factor factor factor
ULS 1.3 1.3 1.62 1.57
FLS 1.0 1.0 1.62 1.43

Table 19 Applied factors for the calculations of the pile-head

6.3.9 Applied software

6.3.9.1 SCIA Engineer
The structural analysis was performed with software package SCIA Engineer. By means of this software a
global elastic analysis of the fender panel and the support structure was made.

6.3.9.2 Kolibri
Kolibri was used to calculate and analyze the mechanical properties of different laminates based on the
laminate theory. With this software stiffness matrices were generated which were necessary in order to define
certain orthotropic material properties within SCIA Engineer. More information regarding the stiffness matrices
will be given in the section (6.4) “Design procedure”.
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6.4 Material properties

In this section the design material properties will be enlightened. First a brief introduction will be given
regarding Fiber Reinforced Polymers and the different types of laminates. Subsequently the choice of the
different materials will be clarified based on which the mechanical properties of the laminates will be
determined. Finally the design values will be mentioned.

6.4.1 General information

In the most basic form a composite material is composed of two elements working together; a bulk material
and a reinforcement to increase the strength and the stiffness of the bulk material. The composite which are
considered in this study is the so-called Fiber Reinforced Polymers (FRP). These materials use a polymer-resin
as bulk material and reinforcement in fiber form.

Resin systems have limited mechanical properties, but it is when combined with reinforcing fibers that
exceptional properties can be obtained. The resin then spreads the load applied to composite between each of
the individual fibers and also protects it from damage. Since FRP’s combine a resin system with reinforcement
fibers, the properties of the resulting composite material will be a combination of both material properties.

'y Fibre

Tensile Stress

FRP Composite

Resin

Strain

Figure 30 Material properties FRP Composite [23]

The properties of a ply are thus very much dependent on the alignment and orientation of the fibers within the
ply. In order to have good mechanical properties in all directions, most laminates are built up by stacking plies
of fibers of different directions onto each other (see Figure 31).

1 Skin

= Compression <€~
Core

Shear Skin

T <~  Tension —~” T

Figure 31 Left: Stacking sequences, Right: Sandwich panel loading [23]

For this study quasi-isotropic laminates will be applied as will be explained further on in this report. This implies
that that the amount and the type of fibers in each direction of the laminate (0/+45/-45/90) is the same.
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For laminates which need extra flexural stiffness, a sandwich structure can be applied. Such a sandwich
structure consists of two skins, which are built op by stacks of plies, and a core material in the middle. By
inserting a core into the laminate is a way of increasing its thickness without drastically increasing its weight. In
effect the core acts like the web in an I-beam.

In this study the two types of laminates will be referred to as:

e  Monolithic laminate; a single skin laminate consisting of stacks of reinforced plies only
e Sandwich laminate; two skins separated by a core in the middle.

6.4.2 Material choice

6.4.2.1 Fibers
Three main fiber types are distinct: glass-, aramid and carbon fibers. The carbon fibers have a very low density
and a greater stiffness compared to glass fiber. Regarding the impact strength, aramid is the advantageous
choice. However, both aramid and carbon are far more expensive than glass fibers (up to a factor 4-8 higher).

Since no “extremely” good mechanical properties are required for the design of the pile head, the costs are the
decisive factor in the fiber choice. Glass fiber will therefore be applied.

6.4.2.2 Resin
For resin, three main types are distinct: polyester, vinyl and epoxy. The density, Young’s modulus and tensile
strength of the different resin do not differ much. Regarding the maximum elongation, epoxy (8.0%) is more
advantageous than polyester (2.5%) and vinyl (6.0%).

But also for the resins choice, the costs outweigh the mechanical properties. Because polyester is the most
economical resin it is also the preferred choice.

6.4.2.3 Core material
Since quasi-isotropic laminates are applied, also an isotropic core material is required in order to reduce the
complexity of the sandwich elements. The core materials choice is therefore the best fulfilled by an isotropic
foam.

From preliminary designs could be concluded that certain elements of the support structure are subjected to
very large shear forces. In order to increase the shear capacity, very high density foam is therefore applied,
type PMI foam 200s. Further design characteristics are listed in Table 20 [5].

6.4.3 Design values
The design values are determined with the following equation:
Ym Ve

Xa

Where; X, is the characteristic value of a certain materials properties; v, is the material factor and y, the
conversion factor.

6.4.3.1 Characteristic values
As mentioned previously two types of laminates are considered; the monolithic laminate constituted of a single
skin structure and a sandwich laminate consisting of two skins and a core.

The skin material is quasi-isotropic and consists of 50% resin and 50% fiber from which 25% is orientated in
each direction: 0/ +45 / -45 / 90.
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The strength of the skin material in each direction (for tension, compression and shear) is based on a single
strain criterion. This strain criterion is according the CUR 96 and amounts 1.2%. The characteristic values of
both skin material and core material are listed below:

‘ Properties Unit Skin Material Core Material

Density [kg/m3] 1850 205
E, compression [MPa] 18600 388
E, tension [MPa] 18600 352
v [MPa] 0.33 -

G [MPa] 6992 138
G, compression [MPa] 223.2 7.66
o, tension [MPa] 223.2 8.48
T [MPa] 168 5.47

Table 20 Mechanical properties skin- and core material

6.4.3.2 Material factor
The material factor consists of the following components

Ym = Vm1 * Vm2

With:
Ymi: takes into account uncertainties in the material properties and is equal to 1.35
Vim2: takes into account uncertainties in the manufacturing process. For vacuum- and pressure injection a

partial factor of 1.2 applied.

6.4.3.3 Conversion factor
The conversion factor consists of the following components:

Ye = Yet *VYev * Vek * Ver

With:

Vet conversion factor for temperature effects and is equal to 1.1

Vo' conversion factor for moisture effects. For a FRP structure which is constantly exposed to humid
conditions, as is the case in this study, a partial factor of 1.3 is applied.

Vek: conversion factor for creep. Since the structure is subjected to short impact loads this partial factor is
setas 1.0.

Ver: conversion factor for fatigue and is equal to 1.1.

Table 21 indicates which partial conversion factors need to be applied for the different Limit States and is in
accordance to the CUR 96. The conversion factor for fatigue and creep only needs to be applied for stiffness
issues which are required for ULS design checks.
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Conversion factors
Temperature
Moisture

Creep

Fatigue

Stability

X

< X

Fatigue

Table 21 Conversion factors for the different Limit States
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6.5 Design procedure

In this section the modelling of different elements within SCIA will be explained. First will be clarified how
different materials are modelled within SCIA and how their design verifications are made. Subsequently the
modelling of the loads will be enlightened, including the different load cases on which the structure has been
tested.

6.5.1 Material

6.5.1.1 Monolithic laminate
The monolithic laminates consist of glass-fiber and polyester-resin only. Those laminates are modelled as an
isotropic material, thus with similar mechanical properties in every direction. The design check of elements
designed as monolithic laminates is therefore very straight forward. By means of SCIA Engineer the Von Mises
equivalent stresses can be modelled, which can directly be compared to the maximum allowable stresses of
that laminate.

6.5.1.2 Sandwich laminate
For sandwich laminates the modelling and design check is less obvious. Since sandwich laminates consist of
both skin- and core material, it must be considered as an orthotropic material. The mechanical behavior of such
a laminate is described by a so-called ABD-matrix, also known as a stiffness matrix. Such ABD matrices are
calculated by means of software package Kolibri and manually inserted in SCIA for each element [11].

[N.] [Aun Az Aws Bu Bi Bi] | €}
N, A Az Az Bz Bz Bag F?
Ney|  |Aie Az Ass Bis B Bes| |10 ’
M| |Bu Bz Bis Du Di Di| |k,
My Bz Bz Bag Diz Daz Das| | Ky g -
[Mxyl [Bis Bas Bes Dis Dos Des| |Kyy Ry g o
A e
Figure 32 ABD-matrix [43] N =y

This laminate stiffness matrix is used to express resultant forces (N) and resultant moments (M) in terms of
mid-plain strains (€°) and mid-plain curvatures (k). The matrix consists of thee sub-matrices: an extensional
stiffness matrix [A], a bending stiffness matrix [D] and an extension-bending coupling matrix [B].

When a composite is built up in an asymmetric manner, coupling may occur between normal forces and
bending moments described by matrix B. However also other coupling effects may arise, all shown in Figure 33.
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Figure 33 Coupling effects [16]

Nevertheless, for this study both the skin material as the core material are chosen isotropic, which means that
the laminate is symmetric and the mechanical properties are similar in x- and y-direction. The coupling effects
can therefore be neglected and the terms showed in Figure 33 are equal to zero.

Regarding the design check of the sandwich plate, those cannot be achieved by modelling the Von Mises
equivalent stresses as is the case for the monolithic laminates. For sandwich panels the unity check must be
performed by comparing the local strain to the maximum strain criterion of 1.2%. The local strain variation in
the laminate can be calculated with the equation showed below, where ‘Z’ i