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Abstract: Ocean energy is an underutilized renewable energy source compared with hydropower
and wind power. Therefore, the development of economical and efficient wave energy converters
(WECs) is important and crucial for offshore power generation. The mooring tensioner is a critical
device that can be used in point-absorber-type WECs, semisubmersible floats for oil and gas drilling,
and floating wind turbines. A mooring tensioner is a system used to create, reduce, or maintain
tension within the mooring lines by applying a force to the mooring line. Composite springs as
mooring tensioners have several advantages compared to metal springs, such as corrosion resistance,
high specific strain energy, appropriate fatigue performance, and the ability to flexibly adjust the
spring constant without changing the overall dimensions. This paper reviews in detail the fatigue
performance, seawater durability, and manufacturing methods of different composite materials as
well as the current and potential applications of composites springs. In addition, recommendations
for future research and opportunities for composite mooring tensioners are presented.

Keywords: wave energy converter; mooring tensioner; fatigue strength of composite material;
seawater durability of composite material

1. Introduction

Recently, the replacement of conventional steel springs with polymer matrix composite
springs has gained momentum due to their beneficial engineering attributes, such as high
corrosion resistance, high strength-to-weight ratio, long fatigue life, and larger design space.
Many of these attributes are particularly beneficial when targeting springs as mooring
tensioners in offshore applications, such as offshore platforms, wave energy converters,
wind farms, and even for securing large vessels. Due to the abovementioned benefits of
fiber-reinforced polymer (FRP) composites, the offshore oil and gas industry has started
to use FRP composite risers to replace steel drilling risers that require depths exceeding
3000 m [1]. According to an estimation [2], a one-pound increase in platform payload costs
USD 4-7. Therefore, by using composite materials, the total system weight, top-tension,
and mooring pretentions can be reduced, and therefore FRP composite risers are more cost-
effective [1]. This highlights the willingness of the offshore industry to adopt composites
solutions where there is a clear performance or cost benefit. With respect to mooring
tensioners, it is important to point out that currently, wave energy converter companies are
investigating composite springs as mooring tensioners, and the oil and gas industries have
not yet considered the applications of composite mooring tensioners.

In contrast to the automotive industry, where composite springs have already been
commercialized, the potential of composite springs in mooring tensioner applications
remains largely untapped. Future generations of composite helical springs are likely to
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be lighter and have a higher energy storage capacity. According to Jun Ke et al. [3], in
automotive applications, suspension springs made of composite materials can provide the
same spring constant and are at least 50% lighter than a traditional steel spring. For instance,
the Audi A6 and R8 models have used composite helical springs in their suspension
systems to achieve the desired spring rate and reduce the weight to achieve better driving
performance [3].

An elastic spring can store energy and release the stored energy while recovering
its original position. There are different types of springs, namely compression springs,
extension springs, torsion springs, and flat springs. Typically, springs are classified as
constant-rate (linear), variable-rate, and constant-force. Based on the loading nature and
the spring performance, these springs are used in different applications. Composite springs
have outstanding properties compared with metal springs, and therefore metals can poten-
tially be replaced by composites in some applications.

Composite springs can provide a larger design space, which enables engineers to
tune the spring stiffness across a wide range so that it is specific to the application. For
example, the spring constant of a composite spring can be modified without changing
its geometry by altering the fiber type, laminate sequence, and fiber volume fraction [4].
Compared to steel springs, composite springs are typically less stiff and therefore generally
offer a lower spring stiffness than an equivalently sized steel spring. However, since the
reduced material stiffness of a composite spring is typically accompanied by a high strain
capacity, composite springs offer unique features that make them very useful in a range of
applications. For example, composite springs are the ideal choice for mooring tensioners
of WECs because they enable designs that offer a low but tunable spring stiffness, large
displacement, high strain energy storage efficiency, excellent fatigue performance, and
scalability (including very large springs).

Furthermore, composite springs as mooring tensioners can avoid the issue of corrosion
that is commonly encountered in metals. The weight of mooring tensioners can also be
reduced by using composite materials, due to their high strength-to-weight ratio. As a result,
the payload of offshore platforms or vessels can be increased to optimize their efficiency.

Due to the above-highlighted advantages of composite springs, this paper provides
an overview of the key aspects relevant to the realization of composite springs for mooring
tensioners. The paper first introduces different mooring systems and their applications and
discusses in detail the opportunities created by using composite springs. Subsequently,
information is provided on the properties and performance of different FRP composites,
and a comparison is drawn with conventional spring materials. The paper then discusses
the design and performance attributes of composite springs, such as their mechanical
properties, fatigue strength, and environmental durability. Next, the different manufactur-
ing methods of composite springs and their advantages and disadvantages are presented.
Finally, recommendations for future research and opportunities are provided.

2. Mooring Systems and Mechanical Mooring Tensioners

A mooring system is a device that secures a float, such as a ship or a platform, at a
certain position in changing wave and weather conditions. A common mooring system
consists of mooring lines, catenary chains, and a mooring anchor. Mooring systems are
widely used in different marine industries, such as WECs, offshore wind turbines, offshore
oil rigs, boats, and offshore fish cages [5,6]. Section 2.1 introduces the current configurations
of mooring tensioners in the offshore oil gas industry, and their drawbacks are discussed
in Section 2.2. Then, Section 2.3 explains potential innovations for mooring tensioners in
wave energy converters, and the potential applications of taut-leg mooring systems are
discussed in Section 2.4.

2.1. Current Configuration of Mooring Tensioners

Figure 1 [7] shows the different types of fixed platforms and offshore semisubmersible
floats for oil and gas drilling, storage, and offloading. (Please refer to the operating range
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of sea depths provided in the caption). Ma et al. [8] recommended that a compliant tower
should be used for production in water depths ranging from 1200 ft to 1800 ft. Floating
production systems are required for deeper water applications (e.g., tension-leg platforms
(TLPs); semisubmersible platforms (semis); and floating production, storage, and offloading
(FPSO) units) [8]. A floating production system requires a mooring tensioner system to
secure it in position while it floats above sea level [8]. Mooring tensioner systems for
offshore floats have been upgraded over time. The first generation of mooring tensioners
comprised rotary windlasses on ships. Nowadays, different types of mooring tensioner
systems have been developed, including fixed, linear, or rotary movable chain jacks that
are driven by hydraulic and electric systems [9].

Figure 1. Examples of deep-water offshore production facilities. (1, 2) conventional fixed platforms
(150-412 m); (3) compliant tower (457-914 m); (4, 5) tension-leg platform (TLP) (457-2134 m); (6) truss
SPAR (610-3048 m); (7, 8) semisubmersibles platforms (semis) (457-1920 m); (9) floating production,
storage, and offloading (FPSO) unit (1345-1500 m); (10) jacket platform (150-412 m); (11) subsea
completion and tieback to a host facility; (12) subsea manifold [7]. Reproduced with permission from
Chiemela et al., Journal of Marine Science and Engineering, published by MDPI, 2022.

As Figures 1 and 2 show, the floating platform is anchored to the seabed using steel
chains, which act as the current station-keeping mooring tensioner. As Figure 2B shows,
steel chains are pulled in or let out by one or more hydraulic cylinders attached to the
platform. Tension forces are applied to the chain using a chain jack to keep the floating
platform stable [8].

2.2. Failures of Current Mooring Systems

According to Majihi et al. [10], floating production systems (FPSs) are used for offshore
oil and gas production. There were 23 FPS mooring failure accidents documented between
2000 and 2012 around the world [10]. Each failure was caused by the failure of one or more
mooring lines. At least 150 mooring lines were replaced or repaired within the same period,
but they were not counted as failure accidents [10]. The total number of floating production
and storage systems in service was 365 in 2012 [11].
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Figure 2. (A) Conventional chain jack tensioning system installed on a floating platform. (B) Schematic
of a chain jack. (C) Schematic of fairleads [8]. Reproduced with permission from Ma et al., Mooring
system engineering for offshore structures, published by Gulf Professional Publishing, 2019.

Integrity issues of mooring systems are responsible for shortening the designed lifes-
pan of mooring systems. Permanent mooring systems are designed for 15 to 25 years of
service [10]. However, many mooring systems have failed within the first 2 years. The
premature mooring failures of spar platforms; floating production, storage, and offloading
(FPSO) units; submerged turret loading (STL) buoys; and catenary anchor leg mooring
(CALM) buoys were reported by Majihi et al. [10]. Ma et al. [11] recorded that polyester
ropes, wire ropes, yokes, connectors, steel chain failures, and column collapses were the
causes of the 42 mooring line breaks from 2001 to 2011 globally. Forty-two mooring breaks
were caused by steel chain failures, wire rope breaks, connector failures, polyester rope
breaks, and yoke column failures, which accounted for 52%, 33%, 10%, 3%, and 2% of the
breaks, respectively [11]. The main reasons for mooring failures are listed below:

e  Manufacturing defects: the strength of the manufactured component is lower than the
designed value, which can cause failures.

e  Wear and corrosion: steel catenary chains experience wear and corrosion at different
rates in different water conditions. Corrosion caused by sulfate-reducing bacteria
(SRB) and the interlink wear of steel chains can accelerate the corrosion and wear rate
by up to 10 times [12].

e  Fatigue loading: interlink rotation is inhibited by the friction and yielding between
the links of chains because the frictional forces are proportional to the applied tension
force. As a result of this friction, out-of-plane bending fatigue has caused failures such
as the taut-moored CALM buoy in West Africa [13].

e Installation damage: the designed installation procedures have not been strictly fol-
lowed, which causes twists and the wear of mooring lines during installation.

2.3. Mooring System of Wave Energy Converters

Ocean wave energy is an underutilised renewable energy source. As shown in
Figure 3 [14], it was estimated that in 2019, only 27.3% of global electricity produced
was generated from renewable energy. In 2019, less than 0.4% of electricity produced was
estimated to be generated from ocean wave energy, which was significantly smaller than
the estimated proportion of 15.9% for hydropower and 5.9% for wind [14]. Therefore, the
development of an economical and efficient WEC is important and critical for offshore
power generation.
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Figure 3. Estimated renewable energy share, adapted from [14].

WECs are devices that convert the energy of moving ocean waves into mechanical
or electrical energy. There are different types of WECs, such as point absorbers, oscil-
lating water columns, and attenuators [15]. This paper focuses on point-absorber-type
WECs. According to the literature review of patents, as shown in Table 1, the oil and
gas industries have developed mooring tensioners for the tensioning/re-tensioning of
mooring lines. However, there currently appears to be no patent literature describing a
mooring tensioner that can be used in point-absorber-type WECs to convert wave energy
into mechanical energy.

Therefore, new designs and technologies need to be developed for the mooring ten-
sioners of WECs. As shown in Figure 4A, Carnegie Clean Energy is developing a point-
absorber-type WEC that consists of a power take-off (PTO) system and other devices. The
wave energy can be extracted using the PTO device. The relative motion between the
buoyant actuator and the seabed can be stored as mechanical energy using a mechanical
mooring tensioner and then converted to electricity by the PTO system [6].
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Table 1. Existing patents for mooring tensioners.

Applicable to
Inventors Title of Patent Pub. No. Functions Point-Absorber
WECs
Improvement of mooring
Steven John Leverette, In-line mooring systems for offshore vessels,
Richmond; Jack Pollack, connector and US 2014/0026796 Al enabling the adjustment of the No
Camarillo [16] tensioner length and tension of the

mooring lines.

Richard Taylor [17]

Mooring tensioner
and methods thereof

Improvement of mooring
systems for offshore structures
WO2018025018A1 to avoid costly and No
time-intensive installation of a
winch on each structure.

Lisland Torkjell [18]

The aim of this patent
application was to provide
arrangements and methods

with little or no requirement

Mooring pulley for equipment on the deck of

EP3251942B1

tensioning system the vessel that are still be able

to perform installation,
tensioning, re-tensioning,
repositioning, and
replacement operations.

Thomas C. Bauer [19]

Systems and methods

Systems and methods are

disclosed for deploying one or
more anchor piles on the

seafloor using submersible line

US9487272B2 tensioning systems and No

techniques to achieve the

tensioning of mooring lines at

the seafloor rather than at the

conventional vessel deck level.

for tensioning
mooring lines
at the seafloor

In Figure 4A, the mooring system is anchored from the seabed to the drum of the PTO
device. The buoyant actuator is buoyed and pulled by tight mooring lines. Different sea
waves generate a buoyancy force on the buoyant actuator, which is transferred through
mooring lines to the PTO device to generate electricity.

In this operation, the continuous changes in the direction and magnitude of the
buoyancy force under different wave conditions result in differential lift forces for the
PTO device to generate electricity. The mooring tensioner in the PTO system (Figure 4B)
generates torque from the differential lift forces to turn the generator and produce electricity
while maintaining pre-tension and ensuring that the mooring lines are taut.

Other mooring tensioner systems in WECs are being used by different developers. For
example, as shown in Figure 5A [20], Ocean Harvesting Technologies (OHT) uses a pre-
tension gas spring system as a mooring tensioner, which consists of a standard gas piston
with a double-sided piston rod to provide a constant pre-tension force on the mooring line.
As shown in Figure 5B, the differential lift force drives the ball nuts to move vertically and
then causes the ball screws in the PTO hull to rotate, which drives the frameless torque
generators that are directly connected to the ball screws.
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Figure 4. (A) Schematic of WEC designed by Carnegie Clean Energy [6]. Reproduced with permission
from Sam Neilson, CETO Technology; published by Carnegie Clean Energy, 2022. (B) Schematic of
PTO system: (D) electric generator; 2) mooring tensioner; 3 drive shaft; @ drum.

As shown in Figure 6 [21], Corpower uses a hydraulic system to provide pre-tension
loading on mooring lines. Compared with the gas spring and hydraulic mooring tensioner,
a mechanical mooring tensioner might provide good reliability and cost effectiveness due
to the simplicity of the spring mechanism. However, gas and hydraulic mooring tensioner
systems can be remotely controlled to adjust the pre-tension spring forces by changing the
pressure, which can be an advantage that mechanical tensioners do not have. In conclusion,
for better commercial value, the cost effectiveness and energy loss of different systems
should be analyzed quantitatively by researchers in the future.

If a mechanical mooring tensioner is used in a WEC to increase its efficiency, materials
with a lower modulus of elasticity need to be considered. This is necessary to ensure that
the tensioning system provides a sufficient range of motion to cope with the sea state. The
finetuning of the spring rate is required for a cost-effective WEC mooring tensioner. Using
traditional metal springs for these applications is hindered by the high inherent material
stiffness, requiring higher stress levels to achieve the same strain value, which can cause
buckling instability. The details will be explained in Sections 3.1 and 3.3.

2.4. Potential Innovation of Mooring Systems

According to Tension Technology International (TTI) [22], a synthetic rope has been
analyzed as a mooring line that could outperform steel mooring systems in terms of
corrosion resistance, weight, and cost. Moreover, TTI analyzed the differences between
catenary and taut mooring systems and the potential application of the synthetic rope in the
taut mooring systems of offshore oil platforms. The differences and potential applications
are discussed in the following section.

The traditional steel catenary mooring system is a common mooring method used in
the offshore oil and gas industry [22]. Figure 7A shows the float connected to the seabed
through catenaries, with part of them hanging horizontally across the seabed. Therefore,
the length of the catenary is greater than the depth of the sea, and the anchor point of
this system is subjected to horizontal forces. This system provides restoring forces for the
motion of ships or floats through the weight of the catenaries.

Compared with steel catenary mooring systems, taut-leg mooring systems have advan-
tages in terms of their linear load-excursion characteristic and cost-effectiveness. Taut-leg
mooring systems provide a linear restoring force to control the motion of a float instead of
non-linear control through the weight of the catenary.
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honeycomb HPC structure

+—__ PTO with ball screw actuators

/ and hydraulic pre-tension spring

*~_ Tidal adjustment hydraulic
cylinder with end-stop spring

Anchor cage with high
density ballast

Figure 5. Infinity WEC. (A) Schematic of WEC designed by OHT. Explanation of abbreviations:
high-strength concrete (HPC) and power take-off (PTO). (B) Schematic of ball nuts, ball screws, and a
frameless torque generator, adapted from [20]. Reproduced with permission from Mikael Sidenmark
and Markus Wallentin, InfinityWEC—at the forefront of wave power technology; published by Ocean
Harvesting Technologies, 2022.

I

Figure 6. Corpower’s wave energy concept. (D WEC system, (2) mooring system, 3 foundation,
@ offshore grid connection, adapted from [21].
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Moreover, the cost of the mooring system can be reduced dramatically because the
length of the taut leg used is about 60% shorter than a typical catenary system. In com-
parison, the total length of one steel catenary line needs to be 4-8 times the depth of the
water [8]. The weight of the steel catenary is large in deep-water applications, and therefore
the payload of the vessel is reduced. TTI has performed experiments using a synthetic rope
as a taut leg to achieve a more effective mooring system. However, there are a few obstacles
with respect to the durability of such systems that must be addressed. The obstacles are
summarized below [22]:

e  The taut-leg mooring system requires adequate elasticity to absorb energy generated
by the motion of the float caused by waves.

e  The current taut-leg mooring systems can only be implemented at locations with low
wave energy.

polyester rope

inzert
-\-\-\-\-\""-\-\_\_‘

Synthetic Rope use in Moorings Taut & Catenary Mooring Scopes

Catenary

: polyester rope
""---\"’ftam leg

N,
™,

uplit anch:ur\

s

(A)

Figure 7. (A) Synthetic rope use in mooring. (B) Taut and catenary mooring [22]. Reproduced with
permission from Stephen Banfield, TensionTech; published by Tension Technology International, 2022.

As discussed in Section 2.3, composite springs could be considered as a potential novel
component that could be connected to synthetic or wire ropes to overcome the shortfalls of
the taut-leg mooring system. Composite springs considered for a wave energy harvesting
system would have the ability to provide high fatigue strength and suitable elasticity,
achieving highly efficient power production. In terms of other applications, composite
springs could be modified to achieve a desired spring constant and attached to a synthetic
rope to act as a taut-leg mooring system for offshore floats. The system could be designed
to either dissipate energy or recover the stored energy.

Such an improved taut-leg mooring system could be employed in a variety of applica-
tions, including taut-leg mooring systems in offshore wind turbines and marine vessels.
These applications will be discussed in Sections 2.4 and 2.4.2. However, detailed investiga-
tions are needed to confirm the feasibility and efficiency of the proposed system.

2.4.1. Potential Taut-Leg Mooring System for Offshore Wind Turbines

The promising example of the application of mooring tensioners in offshore wind
farms is discussed in this subsection. As shown in Figure 8 [8], spar buoys, semisub-
mersibles, and tension-leg platforms are three common types of floats that are used. All
types of floats require a mooring system to make them stable in seawater under different
weather conditions.

The spar-buoy system consists of a floating foundation, a tower, a rotor nacelle assem-
bly, and a mooring system. The floating foundation consists of a concrete cylinder filled
with gravel at the bottom of the float to ensure that the center of gravity is below the center
of buoyancy, which allows the wind turbine tower to float and stay upright [8].

Semisubmersible wind turbine floats consist of large column floats fitted with a tubular
truss structure, which provides stability to the float in different weather conditions. The
wind turbine sits on one of the columns or the geometric center of the columns [8].
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The tension leg is a mooring system that can be used to secure the turbine tower by
applying a linear restoring force. Vertical steel tethers are used to hold the tension-leg
platform stable, and they are anchored by driven piles or suction piles at the seabed [8].

Taut-leg moorings with mechanical tensioner mooring systems can potentially be used
in all spar-buoy and semisubmersible float systems. As shown in Figure 9, the length of
the catenary mooring lines needs to be 4-8 times the water depth. This contributes to the
high cost of such systems. Taut-leg mooring is more cost-effective for offshore wind turbine
floats, especially in water deeper than 200 m [8].

Furthermore, the length of the vertical steel tethers in tension-leg platforms is dramati-
cally shorter than the catenary mooring line. However, the low elasticity of the steel tethers
can cause failure, and the platform may lose its stability in a harsh environment, such as
high sea states. Therefore, using a mechanical tensioner, such as a composite spring that
can be attached to the tethers, could be an option to buffer the energy caused by the high
sea states and increase the reliability of tension-leg platforms [8].

Figure 8. Three types of wind turbine floaters: spar buoy, semisubmersible, tension-leg platform [8].
Reproduced with permission from Ma et al., Mooring system engineering for offshore structures;
published by Gulf Professional Publishing, 2019.

Water depth: Chain (or fiber rope) ————
Typical 50-150 m \

Drag anchor + Ground chain Clump weights

',( Anchor radius : Typical 4-8 tmes water dapth

< ¥

Figure 9. Catenary lines spread-mooring design [8]. Reproduced with permission from Ma et al.,
Mooring system engineering for offshore structures; published by Gulf Professional Publishing, 2019.

2.4.2. Potential Taut-Leg Mooring System for Marine Vessels

Figure 10 shows the traditional mooring system of a boat that relies on a heavy chain
of at least twice the water depth to anchor it to the seabed. The heavy chain touches the
seabed and is dragged across it, and this can result in significant damage to the seabed and
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the marine ecosystem. A composite spring fitted with a synthetic rope could be considered
as a potential mooring system that could be installed on a boat to avoid contact between
the mooring and the seabed and reduce the damage caused by the mooring system [23].
Such a mooring system may also position the ship more accurately relative to other marine
installations or other vessels. For example, this is advantageous for supply barges in
aquaculture or offshore oil and gas.

Pick-up stick or tall boy

Mooring bouy / i
Top chain -——»fi’

Bridle ring

Mooring ball shackle

Bottom chain

Mushroom

anchor \

Figure 10. Traditional steel-chain mooring system, adapted from [23]. Reproduced with permission
from Larry Berger, Moorings; published by Twocs Marine, 2022.

This section has provided a general overview of the benefits that a composite mooring
tensioner can provide. To conclude, composite mooring tensioners represent a promising
novel solution, particularly for a taut-leg mooring system. In the next section, the material
selection is discussed with a particular focus on mooring tensioners for WECs.

3. Material Selection

Offshore applications such as mooring tensioners for WECs, offshore wind farms, and
platforms have varying design requirements. As Table 2 shows, a mooring tensioner for a
WEC requires a relatively higher specific strain energy to maximize the efficiency of the
electricity generation. In contrast, mooring tensioners for other applications such as wind
farms, fish pens, and boats are required to dissipate the energy to increase the durability
of the mooring system. Material selection is critical for an adequate design. This section
will first review the research relating to key design aspects such as the spring constant and
specific strain energy and then review the mechanical properties such as the static strength,
fatigue performance, and property reduction due to aging in seawater.
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Table 2. Design requirements of mooring tensioner in different industries.

Applications of Mooring Tensioner

Design Criteria of

Mooring Tensioner Offshore WEC Offshore Wind Offshore Oil Rig Boat Fish Cage
Farm and Platform
Ir.n}.)or.ta.nce of Moderate Moderate Moderate Very important Very important
minimizing cost
High specific strain
Specific strain energy to maximize Suitable specific strain energy to dissipate wave energy and increase the
energy efficiency of durability of the mooring system.

electricity generation.

Cost effectiveness is prioritized
Good durability is required due to relatively large loads and because of relatively lighter loads and
difficult access to mooring system for maintenance. easy access to mooring system
for maintenance.

Durability

3.1. Loading Conditions of Mooring Tensioner

In the design of WECs, the mooring tensioner is connected to the mooring lines and
the buoy. The wave energy drives the mooring tensioner to extend and rotate the shaft,
which is connected to the PTO device to generate electricity. As shown in Figure 11, one end
of the helical spring is fixed, and the other end is loaded. The spring wire in a helical torsion
spring is loaded in bending and experiences a compression load on the inner surface and a
tension load on the outer surface while it is subjected to cyclical external forces generated
from the wave. The applied loads vary from minimum to maximum loading conditions,
including a pre-tension load to keep the mooring line taut. Generally, the static mechanical
properties, fatigue strength, and environmental durability of the composite in seawater
conditions should satisfy the design requirements. The factors that are mentioned above
are critical material selection criteria.

= ALy
o‘o‘o‘o‘o‘o‘o( .“‘,‘.‘.“HLE

(B)

Figure 11. Example of helical torsion spring: (A) unloaded conditions, (B) loaded with torque.

3.2. Adjustment of Spring Constant

In the application of a WEC, the geometric size of the mooring tensioner is constrained
due to the limited space in the buoyant actuator. Typically, peak efficiencies of electric
generators close to 99% can be achieved at a high rotating speed [24]. The efficiency
decreases significantly (down to 60-70% depending on the generator) when the speed is
low and the torque is high [24].

Therefore, a mooring tensioner with a relatively low stiffness and a constant geometric
size is required to maximize the rotating speed of the shaft. The stiffness and strength
properties of candidate spring materials are presented in Table 3. The tensile modulus
of composite materials such as S-2 glass/epoxy and E glass/epoxy are much lower than
copper or spring steel. In this regard, composite materials seem to be more suitable than
steel springs with the same size and geometry.
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In other applications, such as the automotive industry, springs with a higher stiffness
are required to achieve the desired ride and handling performance. Composite springs
made of a carbon-fiber-reinforced polymer can provide a similar modulus of elasticity
and strength but at a lighter weight than the steel spring; therefore, they have started to
replace steel springs. For example, as shown in Table 3, carbon fiber/epoxy has a tensile
modulus of 140 GPa, which is similar to the stiffness of metal materials such as copper and
stainless steel.

To sum up, the spring constants of composite springs can be flexibly adjusted to be
similar to or lower than those of metal springs by selecting different types of fibers and
matrices and different fiber volume fractions [4]. This will help engineers select different
composite springs to achieve different spring constants for different applications with
sizing and flexibility constraints.

Table 3. Tensile modulus and strength of different spring materials.

Fatigue Strength

. Fiber Volume Tensile Ultimate Tensile . 3 6
Type of Material Fraction Modulus (GPa) Strength (MPa) Density (gfem”) at 1(0M§Z)C les
Copper wire (Phosphor
Bronze Grade A ASTM B N/A 128 724 8.86 241 [26]
159) [25]
Stainless-steel wire (17-7 PH 1
ASTM A 313 (631)) [25] N/A 203 1620 7.92 842.4
High-carbon spring steel
(Hard Drawn ASTM N/A 207 1014 7.85 920 [27]
A 227) [25]
Gurit SparPreg
unidirectional E 68% 44 935 2,142 420.8 3
glass/epoxy [28]
Gurit SparPreg
unidirectional carbon 66% 140 2234 1.55 720.6 4
fiber/epoxy [28]
AGY unidirectional 5-2 57-63% 53-59 1590-2000 1.96-2.02 552.0
glass/epoxy [29]

1 No data available in the datasheet. The reduction factor of stainless-steel wire is assumed to be the same as that
of Si-Cr spring steel (JIS G3561, SWOSC-V) [30]. 2 No data available in the datasheet. Calculation of the value is
based on the rule of mixture and the assumption that the epoxy density is 1.2 g/cm?. 3 No data available in the
datasheet. The reduction factor of E glass/epoxy is assumed to be —55% [31]. * No data available in the datasheet.
The reduction factor of carbon fiber/epoxy is assumed to be —70% [32].

3.3. Specific Strain Energy

One of the important factors for a spring is its specific strain energy. The specific strain
energy of a spring can be calculated using Equation (1):

U =0?/pE 1)

where 0 is the static strength or fatigue strength when the formula used to calculate static
specific strain energy or dynamic specific strain energy, respectively; E is the Young's
modulus; and p is the density [3,33]. As discussed in Section 3.1, tension and compression
loads are the critical loading conditions of helical torsion springs that are used in WECs,
and therefore, for the purpose of comparison, the static and fatigue tensile strengths are
analyzed in this section as material selection criteria. According to Equation (1), a composite
material with a higher strength-to-weight ratio, lower modulus, and lower density provides
a higher specific strain energy compared to a metal spring. This allows composite springs
to absorb more energy when they are loaded under the same stress conditions within the
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allowable stress range [34]. Hence, a composite spring, as a mooring tensioner, can provide
higher specific strain energy than a metal spring.

Figure 12 compares the static and dynamic specific strain energy of the spring materials
that were discussed in Table 3. The static ultimate strength was used to calculate the static
specific strain energy, which is represented by the orange bars in the chart. They show
that a stainless-steel spring only has 6.7% of the static specific strain energy compared
with S-2 glass/epoxy. The blue bars represent dynamic specific strain energy based on
fatigue strengths at 10° cycles. They show that the S-2 glass/epoxy has the highest dynamic
specific strain energy of all the materials.

Static and dynamic specific strain energy of different materials

Copper Wire (Phosphor Bronze Grade A ASTM B 159) 88%
Stainless Steel Wire (17-7 PH H.Olg = Dvnaj;mct .
ASTM A 313 (631)) 0.067 Zr;zcr:g;c strain

High carbon spring steel (Hard Drawn ASTM A 227) 0.021

0.026

Gurit SparPreg Unidirectional E glass/epoxy % 0.381 m Static specific
Gurit SparPreg Unidirectional Carbon fiber/epoxy - | i —— 0 9.5
AGY Unidirectional -2 glass/epoxy | e —— 1,000

strain energy

0.000 0.200 0.400 0.600 0.800 1.000

Specific strain energy of each material is normalized to the value of S-2 glass/epoxy

Figure 12. The specific strain energy (unidirectional properties under static and fatigue loads) of
spring materials. The orange and blue bars represent the static specific strain energy and the dynamic
specific strain energy of the materials, respectively, which were normalized to the static specific strain
energy value of the S-2 glass/epoxy.

In summary, S-2 glass/epoxy can absorb more energy under static and dynamic load
conditions compared with copper wire, stainless steel, carbon steel, and E glass/epoxy.
Therefore, S-2 glass/epoxy can be a more efficient material for constructing a mooring
tensioner to convert kinetic energy to electricity.

Table 3 shows the density of typical composite and metal materials. Carbon-fiber
epoxy can provide an 80% and S-2 glass a 75% weight reduction compared to the same
volume of mechanical tensioner made from stainless-steel wire. This weight reduction
reduces the buoyancy required. For instance, a smaller volume of buoy is required to
generate enough buoyancy to balance the weight of a composite spring compared with a
metal spring.

3.4. Static Strength

In Table 3, the ultimate tensile strengths of common thermoset FRPs are compared
with common metal spring materials. The table shows that unidirectional carbon/epoxy
and unidirectional 5-2 glass/epoxy have a higher static strength, lower density, and lower
tensile modulus than the common metal spring materials, which explains why they have a
higher static specific strain energy.

Therefore, material selection of FRP for the WECs is the main objective of the material
selection section of this paper. The material selection section focuses on static strength,
fatigue performance, seawater effects and a combination of seawater and fatigue loading
perspectives of FRP.
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3.5. Fatigue Performance

The fatigue failure of offshore oil and gas platforms is caused by dynamic loading
conditions. This type of failure can happen without prior awareness and visibility. There-
fore, as shown in Figure 13, offshore oil and gas industries have developed the following
procedures to assess fatigue life and consider fatigue failure as a critical design factor [35].
However, Du et al. [36] reported that fatigue life evaluation can have an error of up to 35%
if the simultaneous effects of marine corrosion and wave climate change are overlooked.

Operational model
analysis
(i) Signal processing
(ii) Model Identification | | Fatigue assessment
(iii) FE model updating (i) Equivalent stress
range
(ii) Coefficient of

‘ variation
f ' N t

Visual sensing
(i) Model expansion
(i) Strain estimation

Monitoring data

(i) Acceleration
measurements

N iz

Figure 13. Flowchart of fatigue analysis [35]. Reproduced with permission from Nima et al., Journal
of Marine Science and Engineering; published by MDPI, 2021.

In the case of composite mooring tensioners, a similar approach to fatigue life assess-
ment has been used. To minimize the error of fatigue life evaluation, the following factors
of FRPs are analyzed: fiber orientation, stress ratio, and fiber volume fraction, which are
discussed in the subsections below. The effect of water/seawater is discussed in Section 3.6.

The stress ratio or R ratio is an important concept in fatigue characterization. It is
defined as the ratio of the minimum stress (opin) to the maximum stress (omax) experienced
during one load cycle. For example, R = 0.1 represents tension—tension cycles where
Omin = 0.1 X 0max, and R = 0 represents pulsating tension cycles where omin = 0.

3.5.1. Effect of Fiber Orientation on Fatigue Strength of Composites

As shown in Figure 14, six different fiber directions of unidirectional (UD) T800H /epoxy
composite with a 64% fiber volume fraction were analyzed at R = 0.1 and a frequency of
10 Hz for fatigue strength tests [37]. As the angle of fiber orientation increased from 10°
to 90°, the tensile fatigue strength reduced. The fatigue strength of the composite with
10° fiber orientation at 10° cycles was reduced by around 39.1% compared with the static
strength. In contrast, the fatigue strength for the 90° fiber orientation dropped by around
60% compared with the static strength. The range of the strength reduction factor was
between 23.1-60% for these fiber orientations [37].

Experimental results for E glass/vinyl-ester, E glass/epoxy, carbon fiber/epoxy,
carbon fiber/PEEK, S2 glass/vinyl ester, and E glass/vinyl ester are summarized in
Figures 15 and 16 to compare the fatigue performance of laminates with different fiber
orientations. The figures show that laminates with fibers at a 0° orientation had higher
fatigue strength than laminates with fibers at 90° in both compression-compression (C-C)
and tension—-compression (T-C) fatigue cycles for the different types of composites. Not
only glass/epoxy and carbon/epoxy but also short-glass-fiber-reinforced polyamide-6
exhibited this trend [31,38-40]
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In summary, many researchers have concluded that the principal loading direction
could be designed in line with the direction of fibers to achieve higher fatigue strength,
and that it is worth considering the different fatigue reduction factors of different fiber
directions in engineering designs.

Fatigue strength of UD carbon/epoxy, TSOOH/2500EP, R=0.1

600
500
[ ALTTIN
400 e °
e .. ® 10 degree
300 | T ... e
] LT L (N N A 2
.................... e
% ........................ . :
D 200 @u T ®:-.... . °.. 30 degree
@ L Y A 45 degree
. @ 90 degree
A --------------------------------------------
SN R SR T Y Y VIRRTON Y ST
------------------------------------------------- A
) ® ® Q... gt i, @ cvcieeennnnnns [ )
1 10 100 1,000 10,000 100,000 1,000,000 10,000,000

Number of cycles

Figure 14. Fatigue strength of UD carbon/epoxy with different fiber orientations at room temperature,
adapted from [37].

3.5.2. Effect of Stress Ratios on Fatigue Strength of Composites

By comparing Figures 15 and 16, one can conclude that the fatigue strength of compos-
ites under tension-tension (T-T) load conditions is higher than the fatigue strength under
C—C and T-C load conditions [32,40]. For instance, the fatigue strength of Aksaca A42-12K
carbon fiber under a stress ratio of 10 (R = 10) is around 41% lower than the strength under
a stress ratio of 0.1 (R = 0.1) at 10° loading cycles [40]. Furthermore, as shown in Figure 17,
the fatigue strength at approximately 2.5 million cycles of 0° UD carbon/epoxy with a
55% fiber volume fraction at R = —1 is 33.3% smaller than at a stress ratio of R = 0.1 [32].
According to research [32,40], it can be concluded that the fatigue strength of the same 0°
UD carbon/epoxy is higher in T-T cycles compared to T-C and C-C cycles.



J. Mar. Sci. Eng. 2022, 10, 1286 17 of 34

900
m E-glass/vinyl-ester Derakane 510A matrix R=10
[0/45/90/-45/0]s Vetrotex 324 woven-roving
fabric (Jason J. Cain, 2017)
800 A
e m E-glass/vinyl-ester Derakane 510A matrix
R=-1[0/45/90/-45/0]s Vetrotex 324 woven-
roving fabric (Jason J. Cain, 2017)
700
A E-glass/epoxy 0 ° 10 layers R=-1 (ELLYIN,
1994)
600 W
. N E-glass/epoxy 90 ° 20 layers R=-1 (ELLYIN,
' " 1994)
A
500 A
. # 24 plys 0° UD carbon fiber (Aksaca A42-12 K)
& /epoxy resin R = -2 (Haolong Liu, 2019)
=
400 ek
. : . ¢ 24 plys 0°UD carbon fiber (Aksaca A42-12 K)
@ reeiinnnna, PRI PP P ? S . /epoxy resin R = 10 (Haolong Liu, 2019)
a
300
# 24 plys 90° UD carbon fiber (Aksaca A42-12 K)
/epoxy resin R =-3.5 (Haolong Liu, 2019)
|
.. n
200 "R,
] .. * 24 plys 90° UD carbon fiber (Aksaca A42-12
- h.‘l mn K) /epoxy resin R = -1 (Haolong Liu, 2019)
“ere., -.' .
100 e,
.. LJ
- - Baiie die T T8 ‘-‘#‘.‘t -0-. * 24 plys 90° UD R =10 carbon fiber (Aksaca
A 0'“""--‘ ..... 2 g A42-12 K) /epoxy resin (Haolong Liu, 2019)
& & 960-.. @ e > *
0
1 10 100 1,000 10,000 100,000 1,000,000 10,000,000

number of cycles

Figure 15. Summary of literature for tension—compression (T-C) and compression—compression
(C-C) fatigue of E glass/vinyl-ester, E glass/epoxy, and carbon fiber/epoxy with different fiber
orientations, adapted from [31,39,40].
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Figure 16. Tension—tension (T-T) fatigue data of carbon fiber/PEEK, carbon fiber/epoxy, E glass/epoxy, and S2 glass/vinyl ester, adapted from [39-43].
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Figure 17. Comparison of fatigue strength between two loading conditions and two fiber volume
fractions [32]. Reproduced with permission from Julia Brunbauer and Gerald Pinter, International
Journal of Fatigue; published by Elsevier, 2015.

3.5.3. Effect of Fiber Volume Fraction on Fatigue Strength of Composites

The effect of the fiber volume fraction has been analyzed by Ansari et al. [44] and
Brunbauer and Pinter [32]. Different failure modes might occur with different fiber vol-
ume fractions. The damage mode observed in samples with a 30% fiber volume fraction
was dominated by matrix cracking and fiber-matrix debonding in the T-T test [32]. In
contrast, fiber pull-out was the main failure mode of the 55% sample under the same test
conditions [32]. According to Ansari et al. [44], it should be noted that relatively high fiber
volume fractions (45-60%) are ideal for superior fatigue durability. However, very high
percentages (e.g., >70%) of fiber volume fractions will decrease the fatigue strength due to
the lack of sufficient resin to secure the fibers [44].

In conclusion, previous studies on the influence of the fiber orientation, stress ratio. and
fiber volume fraction on the absolute fatigue strength and fatigue strength reduction ratio
suggest that the fiber direction and laminate sequence of the torsion spring should be designed
to be in line with the principle loading direction to increase the fatigue performance. High
fiber volume fractions between 45 and 60% should be targeted for applications requiring a
long fatigue life.

3.6. Comparison of Mechanical Properties between Different Types of Fibers and Matrices in Dry
and Seawater Conditions

Understanding the reasons why different types of fibers and matrices degrade at
different rates when exposed to or immersed in seawater is critical for the design of offshore
composite structures. In this subsection, the seawater degradation of the mechanical
properties of composite materials is reviewed.

3.6.1. Comparison of Different Fibers in Dry Conditions

The properties of both the matrix and the fibers will affect the seawater durability and
fatigue strength of a composite. This subsection analyzes how different FRPs respond differ-
ently under the same fatigue loading conditions in dry conditions. Munoz-Guijosa et al. [45]
summarized the fatigue strengths of epoxy reinforced with unidirectional (UD) fibers but did
not consider different brands and types of epoxy as a factor, which could have affected the
accuracy of the comparison. The authors summarized the mechanical properties and fatigue
strengths in a table, which was modified and is shown in Table 4 [45]. As shown in this table,
5-2 glass and R glass had higher static ultimate tensile strength (UTS) than E glass. The fatigue
strengths with stress ratios of R = 0 and R = 10 for AGY S-2 glass/epoxy at 3 x 10° cycles
were higher than those of E glass/epoxy by 37% and 58%, respectively, in dry conditions.
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Table 4. Summary of mechanical properties of different fibers and spring steel in dry conditions at room temperature, adapted from [45].

Type of Fiber Fiber
e Volume Volume Fatigue Strength under Dry .
Fiber in UD Fraction for Density Price Young’s Modulus Static Ultimate Strength (MPa) Fraction for Conditions at 300,000 Cycles Fatlgt}e Strengt6h under Dry
Epoxy . . Conditions at 10° cycles (MPa)
. Static Fatigue (MPa)
Composite P . .
roperties Properties
% kgm—3 $/kg %x;zl Beglcl;ng Tension Compression Reference % R=0 R=10 Reference R=0 R=10 Reference
Aksaca 560 550
A-42 carbon N/A* 1568 1 N/A 145.41 N/A 25471 N/A [46] N/A R=01 360 [40] R=01 350 [40]
fiber e e
T1000G 60 1550 65 165 145 3040 1570 [40,47] N/A 2430 1260 [48-50] N/A N/A [45]
T700S 60 1530 50 135 120 2550 1470 [51,52] N/A 2040 1180 [48-50] N/A N/A [45]
T800H 60 1550 60 160 150 2840 1570 [52,53] N/A 2270 1260 [48-50] N/A N/A [45]
E Glass 60 2000 6 44.1 43 1030 750 [54,55] 63.4 [56] 350 200 [56,57] 320 N/A [31]
52 Glass 57-63 [48] 1990 20 56 47 1800 950 [58,59] 57-63 [48] 550 475 [48,60] ® 5%005) N/A [48]
R Glass 60 19451 N/A 54 46.62 14203 N/A [61] N/A N/A N/A [61] N/A N/A [61]
Aramid 41 12841 40 65 65° 1250 230 [62] N/A 650 120 [48-50] N/A N/A [48-50]
Spring steel N/A 7810 2 210 210 1600 1600 [45,63] N/A 800 800 [30,45] N/A N/A [30,45]

1 Rule of mixture according to fiber volume fraction. 2 Flexural modulus is determined by experiment. 3 Ultimate tensile strength of R glass for 60% fiber volume fraction. 4 N/A Data
do not exist in the literature. 5 Assume bending strength is the same as compressive strength.
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3.6.2. Comparison of Different Fibers in Seawater Conditions

E glass, S glass, R glass, alkali-resistant (AR) glass fibers, and carbon fibers are typical
fibers used in the composite industry. E-glass is an alumino-borosilicate glass with less
than 1% alkali content. S-glass is a type of aluminosilicate glass without added calcium
oxide that contains around 10% magnesium oxide. R-glass is a type of aluminosilicate
glass without added calcium and magnesium oxides. AR glass contains zirconium oxide to
increase alkali resistance [64].

It is critical to consider the degradation of the mechanical properties of composite
materials in seawater. In the above case for E-glass fibers, the likely culprits are chloride
ions, which diffuse through the resin and react with the E-glass. This causes the formation
of fiber surface microcracks as stress concentrators, reducing the strength [65]. The chemical
reaction is described in Table 5, and the degradation of strength occurs at all temperatures
in seawater. Therefore, it is not recommended to use E-glass in submerged seawater
conditions for long periods of time [65].

Table 5. The degradation of mechanical properties for different composites.

Type of Composite

Conditions of Typical Modulus of
Immersion Elasticity (GPa)

Degradation of Fiber
Mechanical Properties ~ Theories of Degradation in Seawater
in Seawater

E-glass/epoxy

Seawater

Alkali ions (such as NaOH-) are
leached out from the fiber surface and
replaced by protons (such as H+ ions).

73 [66] Very high This results in alkali oxides being
leached out and the formation of
surface microcracks in E-glass in

seawater [65].

Higher strength and better alkaline

S-glass/epoxy 855661 Moderate resistance than E-glass [65].
Higher strength and better alkaline
R-glass/epoxy 86 [66] Moderate gresistancg than E-glass [65].
Alkaline resistance of AR glass fiber is
Alkali resistant (AR) 5wt% NaOH aqueous 7 N/A ‘th higher t.h an that o}f1 E-glaos S b.ecau.se it
Jass fiber /epoxy [67] solution [67] 6 [66] (no comparison wit contains more than 10% zirconia
& other fibers) (ZrOy) as a component of its molecular

structure [68].

ECR-glass/epoxy

Carbon fiber/epoxy

Seawater

Superior acid resistance compared to
72 [66] Moderate E-glass, but only slightly more
resistant to alkalis [66].

Carbon fibers do not react with
seawater and their properties do not
change for the temperature range of

—60 °C to 200 °C [43].

140 [28] Low

The pH of sea water is within the range of 7.5 to 8.4, which is considered slightly
or moderately alkaline [69]. R-glass, S-glass, and AR-glass have a similar modulus of
elasticity, but AR-glass experiences less degradation of its mechanical properties in alkaline
solution [64]. Broughton [65] found that the strength of E-glass composite was reduced by
30% in caustic solutions within 2 weeks. AR-glass has superior alkaline resistance, and it
is widely used in glass-fiber-reinforced concrete in the civil industry [68,70]. Oh et al. [71]
found that the optimum mix ratio of milled AR-glass fibers in milled E glass/epoxy can
increase the durability of GFRP rebars in an alkaline environment. Research has also been
conducted on the durability of AR-glass-fiber-reinforced cement in seawater [70-72].

S-2 glass and R-glass have better resistance to mineral acids and alkaline solution com-
pared with E-glass [65]. However, there is a lack of research on the mechanical properties,
fatigue strength, and seawater durability of AR-glass-, S-2-glass-, and R-glass-reinforced
epoxy or other polymers.
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It is also worth noting that the fatigue strength of S-glass varies from one grade to
another. Research carried out by Tobler and Reads [73] in 1975 showed that the static tensile
strength of UD S-901 glass/epoxy was 1330 MPa, and the T-T fatigue strength with R = 0.1
was around 279 MPa (21% of UTS) at 1 x 10° cycles, which is significantly lower than the
540 MPa fatigue strength of AGY S-2 glass/epoxy with R = 0.05 under the same fatigue
cycles [48].

In contrast, carbon fiber has good chemical resistance, does not react with water or
seawater, and is only affected by harsh environments, such as H;S solution [43]. As shown
in Table 4, with the same void content of the samples and same type of resin, UD carbon
fiber/epoxy generally exhibits a higher fatigue strength than glass/epoxy in dry conditions.
As shown in Table 5, carbon fibers also have better stability in seawater compared with
other fibers. However, carbon fiber /epoxy has a higher Young’s Modulus than glass/epoxy,
and therefore it may not be an ideal material to provide a relatively high static specific
strain energy.

3.6.3. Comparison of Different Matrices in Seawater Conditions

The mechanical properties of composites in seawater are affected by fiber and matrix
durability. Current evidence shows that different types of matrices absorb seawater at
different rates, and some will leach out organic species [74]. Thus, when designing compos-
ite mechanical mooring tensioners, it is important to select composite materials that have
superior durability in seawater.

Matrix strength plays an important role in the fatigue performance of a composite.
Figure 18 shows the stages of fatigue failure progression under dry conditions. Inset
(a) shows a composite sample that has not been tested yet and inset (b) indicates that a
crack in the matrix is initiated at the composite surface and progresses through the matrix in
between rows of fibers. An intralaminar matrix fracture caused by further matrix cracking
is shown in inset (c), indicating that the crack growth rate is dependent on the applied
strain. The crack propagates through different layers of the matrix when the applied
strain is increased. Finally, as shown in inset (d), translaminar matrix cracking and fiber
fracture occur, resulting in a shear band failure mode and sample fracture. Compared with
the dry sample, the seawater-saturated sample displays similar stages of fatigue failure
but also exhibits a lower fatigue life than the dry sample [75]. It is also noteworthy that
seawater immersion conditions can lower the matrix and fiber resistance to intralaminar
and translaminar fracture [75,76], confirming the importance of careful material selection.

Kootsookos and Mouritz [74] demonstrated that, for samples of 1.5—1.6 mm thickness
(Figure 19a), the maximum water absorption of E glass/polyester is higher than that of
carbon/polyester at 3 days"(1/2) /mm, resulting in a 0.4% and 0.3% mass change, respec-
tively. The thickness of E glass/polyester and carbon/polyester specimens varies from
1.5-1.6 mm. Therefore, days"1/2 /mm was used to normalize the thickness to correct the
seawater uptake performance. The authors also found that the mass change percentage
of both composites reduced at a similar rate, whereby the mass of carbon/polyester de-
clined below the original mass at 18 days"1/? /mm. These findings indicate that both
E-glass/polyester and carbon/polyester absorb seawater until saturation and meanwhile
leach out organic species at a similar rate at room temperature.
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Figure 18. Scanning electron microscopy images of fatigue failure of composites in dry conditions
(a) untested sample without damage, (b) stage 1: matrix micro-crack and matrix crack at interface of
fine bundles was (c) stage 2: interlaminar matrix cracking (d) stage 3: translaminar matrix cracking
and shear band formation with fiber fracture [75]. Reproduced with permission from Pavana et al.,
International Journal of Fatigue; published by Elsevier, 2020.

As discussed in Section 3.6.2, E-glass reacts with chloride ions and leaches out alkali
oxides due to the diffusion of seawater through resin. If the chemical attack on the E-glass
were significant, then the mass gain curve of the E-glass/polyester would be lower than that
of the carbon/polyester. However, as shown in Figure 19, this was not the case, because the
mass change was primarily attributed to the reaction between water and polyester, and the
mass change caused by the weight change of the E-glass was negligible [74]. Kootsookos
and Mouritz [74] explained that the reason for the mass change difference was that the
moisture uptake at the interphase region of the glass/polyester was higher than that at the
interphase region of the carbon/polyester.
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Figure 19. Seawater uptake conditions of (a) glass/polyester and carbon/polyester. Degree of
polyester cure was 88% [74]. Reproduced with permission from Kootsookos and Mouritz, Composites
Science and Technology; published by Elsevier, 2004. (b) Carbon/epoxy prepreg 2 mm thickness at 25,
40, 60, and 80 °C [77]. Reproduced with permission from Tual et al., Composites Part A: Applied Science
and Manufacturing; published by Elsevier, 2015.

In contrast, a mass change of around 0.55% in both fully cured glass/vinyl ester and
carbon/vinyl ester is typically measured within one year of immersion and remains at
that level for the next two years, indicating that both composites do not leach out after
reaching full saturation [74]. Moreover, as shown in Figure 19b, unidirectional carbon
epoxy prepreg absorbs around 0.9% of water to reach saturation and does not leach out
within 267 days [77]. As shown in Table 6, carbon/acrylic does not leach out after saturation
conditions of 0.8% weight gain within 540 days of immersion [78].

In summary, vinyl ester, epoxy, and acrylic matrices do not leach out once full satura-
tion has been achieved within the first year of seawater immersion. However, polyester
continues to leach out even after reaching saturation. Therefore, matrices that leach out in
seawater should not be utilized in marine environments. Moreover, the fatigue strength
of the chosen composite should be analyzed to ensure the durability of its structures
in seawater.

3.7. Effect of Moisture on the Fatigue Strength of Composites

Different fibers reinforce epoxy responses differently under the same fatigue loading
conditions in dry conditions. As shown in Table 7, dry carbon fiber/epoxy experiences a
lower strength degradation compared to dry E glass fiber/epoxy for the same range of T-T
cycles from 100 to 10° [40,43]. Exposure to water can influence the properties of different
types of composites at different rates.
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Table 6. Literature pertaining to composite water absorption.
Saturation and Leaching Conditions Change in Mechanical Properties
Type of Max Witer ) Duration of Flexural S.trength Flexural
Composite Uptake % at Leaching Immersion Reference at Duration of Strength under Reference
Immersion Conditions Test Seawater Dry Conditions
Time Immersion (MPa) (MPa)
Carbon/polyester Leaching after ) 624 at 52 days 1
88% cured 0.3 at 2 months max saturation 3 years [74] [74] 833 [79]
E glass/polyester Leaching after ’ 1714,
88% cured 0.4 at 2 months max saturation 3 years [74] 72 at 52 days * [74] 120 [80]
Carbon/vinyl
ester 1 20'55 ath lDoel: not 2 years [74] 150 at 450 days 280 [81]
88% cured months each out
E glass/vinyl 0.55 at Does not
ester 88% cured 3 months leach out 2 years [74] 62 at 450 days 80 (81]
0.9 at around Does not
Carbon/epoxy 150 days leach out 267 days [77] 180 at 450 days 260 [81]
E glass/epoxy 0'82 6a5t gz;Lsmd E ;);Sl 23: 450 days [81] 55 at 450 days 85 [81]
Carbon/acrylic 0'87a0t ;Z;l;nd E (a)celi 23: 540 days [78] N/A N/A

1 Flexural strength of seawater-immersed carbon/polyester and E glass/polyester samples is calculated using
reduction factors of 25% and 40%, respectively (reduction factors provided by Kootsookos and Mouritz [74].

Not only fatigue loading but also exposure to water contribute to the impairment of
composite properties. According to J.R. Barber [43] and Davies and Rajapakse [82], identical
E-glass-reinforced epoxy samples were conditioned in water and dry conditions and tested
under the same fatigue cycles to investigate the effect of water on the static and fatigue
strength. As shown in Table 7, dry E glass/epoxy laminate and samples immersed in 30 °C
water for 20 months were tested under fatigue loading. The fatigue strength of the water-
conditioned samples at 10° was reduced by 50% compared with the strength at 10 cycles,
while the fatigue strength of dry E glass/epoxy was reduced by 43% compared with the
strength at 10% cycles. The fatigue strength reduction of the conditioned E glass/epoxy was
7% greater than that of the dry E glass/epoxy, clearly highlighting the significance of aging
in water.

Based on the literature, not only E glass/epoxy, but also many other composites
degrade in seawater, such as carbon fiber/vinyl-ester, carbon fiber/epoxy, and carbon
fiber/PEEK [54,75]. Even though, as discussed in Section 3.6.2, carbon fiber has good
chemical resistance and does not react with water or seawater, many polymers degrade
in seawater, causing a fatigue strength reduction in carbon-fiber-reinforced polymers.
For example, a [+45],5 carbon fiber /vinyl-ester that was immersed in seawater at 40 °C
for 6 months showed an 80% reduction in the number of tension-tension fatigue cycles
compared to the dry samples under the conditions of 2/3 ultimate strength loading [54].
In another study, the flexural fatigue life of saturated carbon fiber/vinyl-ester immersed
in seawater for 140 days at room temperature was reduced by 62% compared to the dry
samples [75].

Mao Zhou [83] showed that UD carbon/samples that were immersed in seawater
for 1 month reached fatigue loading at 0.5 million cycles at 65% of the ultimate flexural
strength (UFS). However, the dry UD samples could retain 90% of the UFS after 1 million
cycles [83]. For further explanation, Section 3.6 discussed how seawater affects the fatigue
performance of different fibers and matrices.

It is worth mentioning that the composite manufacturing process and laminate se-
quences are different for the majority of examples discussed here. This decreases the
accuracy of the comparison. Therefore, it is recommended that more experimental research
is conducted on the fatigue performance of different types of fibers and matrices to under-
stand how each type of fiber or matrix performs in fatigue loading while keeping other
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variables such as the fiber volume fraction, laminate sequence, and fiber direction the same.
Successful mooring tensioner FRP product development relies on the fatigue characteristics
of the composite material in seawater conditions. As discussed, the available data relating
to the fatigue performance of seawater-conditioned composites are currently very sparse,
and significant research is required to fill this gap.

Table 7. Tension—tension and tension—compression fatigue of typical composite materials.

Fatigue
Fatigue Load Strength
Reference Fiber/Matrix Type Laminates Conditions UTS MPa  Strength at 10° ees Reduction for
Conditions
Cycles MPa the Range of
Cycles
Tension—
E glass/epoxy o Dry/room . —55% (from
(311 3 M Type 1003 0° UD 10 layers temperature 800 30 corﬁp:reisllon, UTS to 10°)
E glass/epoxy o 5 1ano /Mo _ —43% (from
[43] Ahlstrom#42,007 [(45°/135°/90°/0°)2] s Dry N/A 130 T-T,R=0.1 10 to 106)
20 months
E glass/epoxy o 0 1M /o ! o —50% (from
[43] Ahlstrom#42,007 [(45°/135°/90°/0°)2] s m}jmersed N/A 115 T-T,R=0.1 102 to 10°)
30 °C water
E glass/vinyl-ester
Derakane 510 A
matrix and Dry/room _ —58% (from
(391 Vetrotex 324 [0745/90/=45/01s temperature N/A 100 T-LR=01 10 to 10°)
woven-roving
fabric
52 glass 12.7 mm thickness Dry/room —33% (from
[41] vinylester-350 ) . ’ N/A 210 T-T,R=0.1 " 5
resin 20 layers plain weave temperature 10* to 10°)
Carbon o
[40] fiber/epoxy resin 24 ply 0° UD tDry/ oo N/A 510 T-T,R = 0.1 Eég f ({B‘g‘)“
Aksaca A—42 emperature 0
Carbon .
[40]  fiber/epoxy resin 24 ply 0° UD Dry/room N/A 450 TCR=-2 2% ({B‘Z‘)“
Aksaca A-42 P
) AS-4 carbon B Dry/room _ —22% (from
[42] fiber /PEEK [0/45/90/ —45]2 s temperature N/A 406 T-LR=01 102 to 10°)

3.8. Comparison between Composites and Metal Materials

Composite springs may exceed the performance of conventional steel springs by the
flexible adjustment of the spring constant and better corrosion resistance. However, since
they are a relatively new technology, their long-term structural performance and fatigue
behavior is not well understood. To achieve an appropriate level of reliability, the long-term
fatigue performance must be understood.

With respect to metal springs, the most commonly used spring steels are high-carbon
steels, alloy spring steels, stainless spring steels, copper-based spring alloys, and nickel-
based spring alloys. Alloy spring steels have advantages in terms of their long fatigue life
compared with other types of steel springs. As an example, silicon chromium (Si-Cr) alloy
steel is a type of heat-treated alloy spring steel that is designed to have a long fatigue life at
a relatively high stress level [84]. Akiniwa et al. [30] used oil-tempered Si-Cr spring steel
(JIS G3561, SWOSC-V) and conducted axial and torsional tests. In both tests, a stress ratio
of —1 and a cycling frequency of 20 kHz were used. According to the datasheet provide
by the Japanese Industrial Standard [63], the ultimate tensile strength (UTS) of JIS G3561
is 1660 MPa. Figure 20 shows that the equivalent stress is around 800 MPa at 10° axial
tension—compression cycles and 650 MPa at 10° cycles. A 52% reduction from the UTS was
observed for 10° cycles [30].
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Figure 20. Axial tension—compression and torsion data in terms of equivalent stresses [30]. Reproduced
with permission from Akiniwa et al., International Journal of Fatigue; published by Elsevier, 2008.

In general, the percentage of fatigue strength degradation for oil-tempered Si-Cr steel
and for 3 M type 1003 E glass/epoxy is similar, reaching about 50% of the UTS [30,43].
However, 0° UD carbon fiber /epoxy has a lower percentage reduction [40]. Comparing
Figure 20 with Figure 15, it can be concluded that the fatigue strength of Si-Cr spring steel
is higher than that reported for E glass/epoxy and carbon/epoxy at 10° cycles. However,
there is a lack of data available for the fatigue strength of S-2 glass/epoxy and R glass/epoxy
at 10° cycles.

4. Overview of Spring Types and Manufacturing Methods

To the knowledge of the authors, there are currently no commercial composite mooring
tensioner springs in existence. Despite the many advantageous properties discussed
above, the challenge that needs to be overcome is their manufacturing. The subsequent
section reviews a number of composite springs with respect to their applications and
manufacturing processes. This section may serve as an inspiration and guide for the
selection of suitable manufacturing processes for composite mooring tensioner springs.
In Table 8, the different types of composite springs used in different industries and their
related advantages are summarized. Composite spiral springs are designed to be used
as energy storage systems [45]. Composite tape springs have been developed as a novel
type of spring [85]. Composite semi-elliptical springs, elliptic springs, helical springs, disk
springs, and leaf springs were designed for automotive suspension applications [3,4,86-91].

For the production of composite springs that have a curved surface or coil shape,
only certain manufacturing methods are available. Therefore, four of the most promising
manufacturing methods for large mooring tensioner springs are discussed next. The
manufacturing methods are summarized with respect to their advantages, disadvantages,
and limitations in Table 9. Each method has different advantages, such as quality or cost
effectiveness. Therefore, each method suits a different spring design and a different level of
volume production.
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Table 8. Different types of composite spring and related manufacturing methods.

Reference Type of Spring Type of Composite Manufacturing Method Applications Advantages
S2 glass/epoxy spiral spring was
S2 glass/epoxy UD and constructed by manual impregnation. Enerev storage and power
[45] Composite spiral springs. T700S carbon fiber/epoxy Carbon fiber/epoxy spiral spring hge?,n dlin gs s terrI:s Can store mechanical energy.
UD prepreg. was constructed by prepreg layup &Y '
and autoclave cure.
Woven roving fabric passed through . . The failure is dominated by the
. . . Novel automotive suspension . . .
Composite semi-elliptical and Woven roving glass/epoxy a resin bath and was then applied sprine desien instead of compressive and tensile loading
[86,87] posite ¢ P and carbon fiber/ onto a wooden mandrel to form a pring desig . of fibers instead of being
elliptical springs. . e . existing leaf or coil . o
epoxy composite. semi-elliptical spring. Cured at room composite sprin dominated by the matrix like a
temperature for 24 h. P pring. leaf spring.
Adjustable spring constant can
. . . Carbon fiber tow (Toray®, Vacuum-assisted resin . . . be ach.leved b.y changing Vo lume
[4] Composite helical springs. . . . Automotive suspension spring. fraction of fiber, type of fibers
T300-3K)/epoxy resin. infusion method. .
and matrices, and geometry
of spring.
. . . Glass/epoxy with addition of Filament-winding . . . Weight reducthn and fuellsa\fmg
[88] Composite helical springs. . . Automotive suspension spring.  for car users. Filament-winding
graphite powder. technique. S
method minimizes the labor cost.
. Superior mechanical properties
[89] Disk Springs. Carbon f1ber/ Hand lay up of p g epreg, cured Automotive suspension spring. under flexural
epoxy composite. at121 °C. . s
loading conditions.
Carbon fiber/ Fabrication of curved lamina,
[85] Tape springs. ; fabrication of coiled lamina, and N/A. Novel conceptual design.
epoxy composite. L . 4
fabrication of lamina bonding.
B glass fiber/ High-pressure resin transfer molding HHness, srong load crrying
[3,90,91] Composite leaf springs. 5 and hand layup of the unidirectional ’ & yms

epoxy composite.

prepreg on mold.

Automotive suspension spring.

capacity and fatigue
characteristics.
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Table 9. Summary of advantages, disadvantages, and limitations of typical manufacturing methods

of composite springs.

Manufacturing Method
of Composite Springs

Advantages

Disadvantages

Limitations

Vacuum-assisted
resin infusion

Relatively low tooling cost.
Low cost for low

volume production.

Suitable for the fabrication of
large parts.

Volatile emissions can

be minimized.

Smooth surface finish of

one side.

Some bagging materials cannot
be reused and increase the cost.

Void content is relatively high.
Fiber volume
fraction is limited.

High-pressure resin
transfer molding (RTM)

Near-net-shape finish and
minimized void content.
Dimensional tolerance

is small.

Volatile emissions can be
avoided due to closed mold.
Surface finish of both sides of
the part is smooth.
Complicated shape of parts
such as cores and ribs can be
included into the mold.

Final product can be produced
by this method.

The cost of high-pressure RTM
is high.

A heated metal mold with
accurate dimensions is required,
which is expensive.

The machine that provides the
high pressure and the mold that
can withstand this

pressure are expensive.

It is difficult to make the resin
infiltrate thick textile preforms.

The dimension of the part is
limited by the size of the
RTM machine.

Mold needs to be customized
and machined for each
different part produced.

The cost of manufacturing is
relatively high.

Filament winding

Automated process with
relatively high

production rate.

Filament winding is suitable
for producing

cylindrical parts.

The raw material and tooling
cost are lower than those of
other automated methods.

Relatively high void content
caused by gaps between wound
fiber tows.

Winding parallel to the
rotational axis is difficult.

Only one surface has a

smooth finish.

More suitable for parts with
curved surfaces and
symmetrical geometries. Not
suitable for

complicated geometries.

The size and geometry of the
part is limited.

Automated fiber
placement (AFP)

AFP can apply the fiber
through a curvilinear path on
complex surfaces [92,93].
Complicated geometry can be
achieved by using fiber tows
with different lengths and
laminate sequences.

Void content is relatively low.

AFP machine follows the
pre-programmed reference path
and shifts it along. Overlap and
thickness build-up of fiber ply
occurs due to inaccurate
shifting [94].

Shift distance can be controlled
by the program, but shifting can
easily cause a gap between fiber
tows [95].

Tow kinking and wrinkling
issues exist with the cylinders
manufactured by AFP [96,97].
Gaps and overlaps exist at the
flat plate made by AFP [98].
Discontinuities and stress
concentration can be caused by
overlap and coarse edges [99].

Fiber tows are cut normal to
the fiber layup direction, and
therefore a jagged boundary is
formed due to the small gaps
near the saw-tooth looking
edge [100].

The minimum length of the
fiber ply is limited by the
control of the compaction
roller [97].

Minimum cut length might
cause curvilinear fiber to
diverge from the steer path
toward the straight path,
reducing the stiffness and
strength [96].

5. Conclusions and Recommendations for Future Studies

5.1. Conclusions

The application of composite springs as mooring tensioners has been discussed in this
paper as a potential innovation to be used in WECs, offshore wind farms, offshore platforms,
and vessels. Composite springs could potentially be applied as mooring tensioners in
mooring systems to dissipate the energy caused by harsh environments and maximize the
efficiency of the power generation of WECs. Composite springs offer many advantages,
such as a wide range of achievable spring constants, corrosion resistance, a higher specific
strain energy, and a lighter weight. The key findings of this review paper are summarized

as follows:
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e  The fatigue strength of composite materials is affected by the type of fiber and matrix,
the fiber volume fraction, and the fiber orientation. A fiber volume fraction of 45-60%
provides superior fatigue strength. The fatigue strength starts to decrease when the
fiber fraction is greater than 70%.

e  Carbon fiber has superior seawater resistance and does not react with seawater. How-
ever, carbon fibers with a relatively high modulus might not be suitable for applications
requiring high elasticity.

e Itis not recommended to use E-glass-reinforced composites in submerged seawater
conditions due to their low chemical resistance and seawater resistance.

e It was found that R glass and S glass have a higher strength and seawater resistance
than E glass. Thus, glass fibers such as AR glass, R glass, and S glass could be the desired
material options for applications requiring high elasticity in offshore environments.

e  Epoxy, acrylics, and vinyl esters reached saturation conditions and did not leach out
within the experimental duration in water-immersion conditions.

e Polyester was found to leach out organic species after it reached maximum weight
gain at around 2 months immersed in seawater at room temperature. Leaching could
cause the severe degradation of the mechanical properties of composites, and therefore
polyester may not be suitable for applications in seawater for long-term service.

e  Potential composite mooring tensioner manufacturing methods such as the vacuum-
assisted resin infusion of composite multistrand springs, high-pressure resin transfer
molding, filament winding, and automated fiber placement may be suitable manufac-
turing methods for large composite springs.

5.2. Recommendations for Future Studies

The main challenge facing the design of future composite springs for offshore ap-
plications is accurately determining the fatigue performance of composite springs under
seawater conditions. Research that compares the fatigue performance of different resin
types, fibers, and structural features under realistic fatigue cycles and conditioning regimes
is very sparse. For example, carefully designed experiments to develop constant-life di-
agrams for composite materials used in seawater conditions are required to de-risk the
development and application of composite springs in marine environments.

Many toughening methods have been analyzed by researchers [101,102]. The inclu-
sion of a thermoplastic phase to increase the impact and post-impact of fiber-reinforced
thermosetting composites has been investigated. The inclusion of thermoplastic phases can
be achieved using toughening methods such as adding nanoparticles, bulk resin modifica-
tion by blending thermoplastics with thermosets, and interlaminar modification [101,102].
However, there is a lack of research regarding the use of toughening methods to improve
the environmental durability and fatigue performance of FRPs in seawater conditions.
Some recommendations for future study are listed below:

e  The comparison of mechanical property degradation for E-glass-, S-glass-, AR-glass, and
R-glass-reinforced epoxy in seawater immersion conditions. Understanding how R glass,
S glass, AR glass fiber/epoxy perform in fatigue loading under seawater immersion.

e  The development of toughening methods for the matrix to increase the fatigue strength
of composite materials in seawater environments.

e  The development of an efficient and durable composite mechanical tensioner to provide
a desired specific strain energy and compact configuration for offshore applications.

e Additive manufacturing methods are gaining popularity across many industries. With
respect to the manufacture of composite spring elements discussed in this paper, a
potential benefit of additive composite manufacture is the ability to produce large
structures without the need for large molds. This research area is still in its infancy,
and currently the structural properties of additively manufactured composites cannot
compete with those of traditional manufacturing processes. Consequently, research
efforts are required to develop new additive composite manufacturing properties
targeting the manufacture of high-quality large structures.
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