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Abstract

Solar energy is considered to be one of the most promising energy alternatives among many renewable
energy sources. On the pathway towards achieving climate goals, dramatic scale up of clean technolo-
gies is required, however the installation of solar energy has the burden of intense land requirement.
Therefore, the onset of floating solar technology can be the turning point to give incentive for more
substantial deployment of solar energy, avoiding land occupancy concerns. Besides the potential of
installing bodies on water, floating solar brings the benefit of an efficiency increase superior to 10
percent in relation to land based solar, depending on the solar panel technology and environmental
conditions. This efficiency increase can be attributed to the natural cooling effect of the seawater,
located below the solar platform.

For global scale up of these technologies, moving to offshore locations is inevitable. Loads of current,
wind and waves induce high loading in ocean environments. Flexible solar platforms have the advan-
tage that they can yield with wave motion, rather than withstand its impact, hence allowing structures
and mooring to be subjected to significantly less force. Flexible solar platforms are designed with very
low bending stiffness to be able to move along with wind and waves. Flexible structures have a ten-
dency to buckle in presence of local compressive stresses, and develop out of plane displacements
called wrinkling. For flexible floating solar structures there is a demand for a higher understanding of
this behaviour and how to reduce it, as this is assumed to be a potential limit state.

In literature, the elementary load conditions uni-axial tension, bi-axial tension, compression and
shear have shown to induce wrinkling. When wrinkling occurs on a global structural level, large out of
plane deformations are leading to risk of failure and uncertainty about structural integrity. In several
Aerospace structures, wrinkling reduction design solutions are established, such as geometry opti-
mization and addition of permeability. Furthermore, auxetic materials, i.e. structures with a negative
Poisson’s ratio, have the potential of reducing wrinkling behaviour by removing compressive stresses
in the structure, upon deformation.

The wrinkling behaviour of Offshore Flexible Floating Solar Structures (OFFSSs) is affected by hydro-
static stiffness of the water below the platform. This effect can be modelled using an elastic founda-
tion. When applying an elastic foundation with bonded contact to an solar platform, only the load
case shear results in significant wrinkling.

Rigid solar panels reduce the number of wrinkles on a solar platform in shear as well as the amplitudes,
while for flexible solar panels only the amplitudes are slightly reduced. Consequently, based exclu-
sively on wrinkling behaviour, rigid solar panels seem more favourable for OFFSS application than
flexible solar panels. Two wrinkling reduction methods are proposed for wrinkling reduction in OFF-
SSs: shear compliant zones, and auxetic solar structures. Results of simulations of platforms in shear
showed that shear compliant zones have to potential to reduce wrinkling by minimising compressive
stresses throughout the whole platform. Auxetic solar structures have shown to remove compressive
stresses from the middle of the platform, hence reducing global wrinkling.

This research offers a scientific contribution to the field of wrinkling analysis and design of OFFSSs, by
providing conclusions on wrinkling behaviour of flexible platforms with embedded rigid (solar) struc-
tures, the effect of hydrostatic stiffness on wrinkling and by analysis of wrinkling reduction methods
for these structures.

vii






Introduction

1.1 Background and Motivation

In this thesis, wrinkling reduction in Offshore Flexible Floating Solar Structures (OFFSSs) will be stud-
ied. Three key-concepts are identified for this topic which will be addressed in the following introduc-
tion: Offshore floating solar platforms, Flexible floating structures and Wrinkling in flexible structures.

1.1.1 Offshore Floating Solar Platforms

Solar energy is considered to be one of the most promising energy alternatives among many renew-
able energy sources [29]. According to the World Energy Outlook, released by the International Energy
Agency [1], solar photovoltaics (PV) is one of the more mature renewable technologies which is con-
sistently cheaper than new coal- or gas-fired power plants in most countries.

On the pathway towards achieving climate goals, dramatic scale-up of clean technologies is required
[1] however, the installation of solar PV has the burden of intense land requirement which will always
be a premium commodity [75]. Therefore, the onset of floating photovoltaic (FPV) technology can
be a turning point to give incentive for more substantial deployment of PV technology, avoiding land
occupancy concerns. Globally, FPV has the potential to unlock a terrawatt-scale power generation
opportunity [48].

In recent years, FPVs have gained substantial traction not only for their immense potential of the in-
stallation on bodies of water, but also for bringing some co-benefits such as higher efficiency com-
pared to PV systems [49], due to natural cooling of the panels by seawater. In literature [49], an effi-
ciency increase superior to 10 percent is anticipated in relation to land-based solar PV, depending on
the PV technology and environmental conditions [14]. This is caused by the linear relation between
solar PV operating temperature and electrical efficiency [21], the increased heat reduces the output
voltage of the solar panel, while the current only increases slightly, hence decreasing total power out-
put [14, 3]. In an experiment by Do Sacramento et al. [20], where they compared the power output
of two solar PV modules, of which one was floating in a water basin and the other one was ground-
mounted, an average efficiency increase of 12.5% the floating module was observed. In Figure 1.1
below the current x Voltage curves for one time instance during the test are shown. In another experi-
ment in Japan [66], where an FPV production system was analyzed against a similar ground-mounted
system in the vicinity, they observed an efficiency gain of 7.4%-17% for the FPV platform, due to the
cooling effect.

Recently, FPV deployment has emerged, typically in regions where the costs of available land are high,
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Figure 1.1: Solar module IxV diagram at one time instance [20]. It can be observed that the floating module operates at
higher voltage, thereby achieving higher efficiency

but where water bodies are in abundance. Examples thereof are Japan, South Korea, Singapore and
China, but it is seen in other parts of the world as well [48]. Experience from inland floating solar
projects could open up possibilities to scale up and move to nearshore or even offshore conditions. For
the global development of large scale FPV, moving to offshore locations becomes inevitable. However,
technology is not there yet [48, 66].

e

Figure 1.2: FPV platform near Chiba, South Korea Figure 1.3: Huainan FPV farm in China

Nonetheless, few examples in test phase can yet be found offshore [63, 22], where loads of current,
wind and waves make deployment of FPV platforms much more challenging. While most FPV exam-
ples are found in still water and sheltered areas, the structures are typically not designed to withstand
ocean dynamics. For this reason, flexible floating platforms have substantial potential for marine ap-
plications [84].

Flexible solar platforms have the advantage that they can yield with wave motion, rather than with-
stand its force, and hence, allowing moorings to be subjected to significantly less loading force, which
is a large issue in the reliability of offshore structures [84]. The most recent concepts of these floating
solar structures, designed for offshore applications are also flexible [55, 63].

1.1.2 Flexible Floating Structures

Existing floating PV technology uses stiff connections such as ears and pins to connect the floaters.
In marine locations, these connections will be facing heavy loads, compromising the reliability of the
system [66].

For large scale offshore applications, conventional FPV structures will therefore not suffice [84, 66].
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Flexible structures have high potential for FPV platforms, since they can deform to the on-coming
wavefronts. This allows minimal magnitudes of the loading on the structures and its mooring lines.
Examples of flexible floating structures can be found in aquaculture [46], floating docks [58], flexible
life rafts [98] and wave energy converters [65]. These structures are designed as a continuum, by usage
of flexible materials and couplings. This ensures that even in rough conditions of the sea, the structure
will not fail. Examples of floating fish farm, floating dock, flexible life raft and flexible wave energy
converters are depicted in Figures 1.4, 1.5, 1.6 and 1.7 respectively.

——

Figure 1.4: Flexible floating fish farm, deforming with Figure 1.5: Floating dock in breaking waves [58]
oncoming wave fronts [46]

1.1.3 Wrinkling of Flexible Floating Solar Structures

Flexible solar platforms are designed to have very low bending stiffness to be able to move along with
wind and waves. This makes them one of a kind in the maritime offshore industry, general engineering
rules do not apply to these structures. Since the structures are flexible, deformations are much larger,
and wrinkling is assumed to be a potential limit state.

Several cases of damage to inland FPV structures are observed [64, 54], for instance during the failure
of the Yamakura Dam FPV project [54], after a typhoon hit the platform. The mooring system failed,
and the platform deformed. This led to short circuits in the electrical systems, which caused a fire on
the FPV. Here, the risk of severe damages to FPV during a collapse is underlined. This motivates the
requirement for a higher understanding of the limit states of a FPV structure, of which wrinkling is
suspected to be one.

Even though numerous works have been performed on the wrinkling behavior of membranes, engi-
neering methods for wrinkling avoidance in large flexible structures are yet to be determined. From

Figure 1.6: Flexible life raft deployed next to a ship in Figure 1.7: Flexible Wave Energy Converter Prototype
heavy sea conditions[98] by SBM Offshore, being tested in a pool [65]
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literature, we know that wrinkling occurs when there is local compressive stress in a flexible (i.e. low
bending stiffness) structure. Key factors that therefore play a role in wrinkling behavior of these large
flexible solar structures are: Load conditions, Boundary conditions and Wrinkling resistant design.
Since no converged solution has been established in literature for these items [66], more research
on these topics is required.

Figure 1.8: Collapse of Yamakura Dam FPV [54] Figure 1.9: Fire on Yamakura Dam FPV [54]

In the thesis, the previously stated topics will be researched in the context of wrinkling reduction of
OFFSSs. Load conditions are the loads caused by currents or mooring loads which are assumed to
adhere to the concept, and which are effected by the boundary conditions. Dynamic loads such as
wind and waves are not considered in this research. The loads are of influence on potential wrinkling
behavior, Boundary conditions entails the geometry, solar panel type and mooring configuration that
are expected for the platforms. After a more thorough understanding on these concepts is obtained,
Wrinkling resistant structural design is left to be explored in analyzing the reduction of wrinkling be-
havior in OFFSSs.

1.2 Thesis Goal

The relevance of wrinkling reduction for offshore FPV has been demonstrated in the previous section.
OFFSSs have not been analysed previously in the context of wrinkling. As wrinkling is assumed a po-
tential limit state for these structures, a more thorough understanding of this behavior is required,
and design methods for reducing this behavior should be investigated. The goal of this thesis is to
extend current research on flexible floating offshore solar platforms, by studying the wrinkling behav-
ior of offshore flexible platforms with embedded solar panels, and exploring methods to reduce this
potential hazardous behavior.

The main research question which is posed, based on the previous motivation is:

What is the wrinkling behavior of Offshore Flexible Floating Solar Structures, and how
can it be modelled and reduced?

The result to this inquiry is to be obtained through answering the following sub-questions:

1. a) What load conditions adhere to wrinkling in offshore flexible floating solar structures?
To model the wrinkling behavior of OFFSSs, it is essential to know what load conditions can
occur which induce wrinkling. The load conditions adhering to wrinkling in OFFSSs will be
based on cases from literature.

1. b) How can a base design for offshore flexible floating solar structures be developed, taking into
account location and installation?
Since no converged solution on the design of OFFSSs has been established in literature, some
assumptions have to be made before the model can be created. Therefore, a study is required
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to obtain a base design of OFFSSS, taking into account size and installation, on which wrin-
kling analyses will be performed.

1. ¢c) What is the influence of numerical tools on wrinkling results of offshore flexible floating solar
structures?
Wrinkling analyses require numerical tools (see chapter 5), which may influence the result.
It should be investigated, what numerical tools are required to conduct research in wrinkling
behavior, and what the sensitivity of the numerical results is to these parameters. The sensi-
tivities are important for interpreting or establishing the credibility of the findings.

1. d) What is the wrinkling behavior of Offshore Flexible Floating Solar Structures?
When the numerical model has been established, and sensitivities of numerical tools are stud-
ied, it is time to investigate the wrinkling behavior of OFFSSs. The outcome of this inquiry will
function as a reference for comparison with results using wrinkling reduction methods.

1. e) How can wrinkling resistant design methods be utilized to reduce wrinkling in Offshore Flexible
Floating Solar Structures?
After the wrinkling behavior of OFFSSs is known, wrinkling reduction methods are applied
to investigate their potential for reducing wrinkling in OFFSSs. Wrinkling reduction methods
obtained from literature are investigated in the wrinkling reduction analyses.

1. f) How can the properties of auxetic materials be incorporated in Offshore Flexible Floating Solar
Structures to create wrinkling resistance?
Auxetic materials exhibit characteristics that could potentially reduce wrinkling, which will be
discussed in the forthcoming chapter 2. Their potential for wrinkling reduction in OFFSSs is
inspected.

1.3 Outline

The structure of this thesis is as follows. An introduction to offshore flexible floating solar platforms
has been provided in the previous chapter. After this, relevant literature will be substantiated in Chap-
ter 2. Fundamentals of wrinkling, geometric adaptations for wrinkling reduction and mooring of flex-
ible bodies offshore are discussed. Concluding remarks will yield after this study, where the gap in
literature is identified which is to be filled upon completion of this research. Thereafter, Chapter 3 will
describe the methodology for the thesis and Chapter 4 explores design considerations and assump-
tions for the base design which will be utilized for wrinkling analyses. Subsequently, Chapter 5 will
go into numerical tools for wrinkling analyses and will establish their sensitivities. In Chapter 6, the
results of the wrinkling analyses are presented and discussed. In Chapter 7 the conclusions of the
research are provided, and lastly in Chapter 8 recommendations for future work are given.






Literature Review

In this chapter relevant literature to the topic is outlined. The following topics can be distinguished in
literature in relation to wrinkling of flexible offshore FPV platforms: Wrinkling fundamentals, Wrin-
kling Resistant Structural Design, Auxetic materials and Mooring of flexible bodies offshore. A compre-
hensive study on these fields is presented.

In section 2.1 of this chapter, the following research sub-question will be answered:
1. a) What load conditions adhere to wrinkling in offshore flexible floating solar structures?

2.1 Loading conditions

In this section, wrinkling phenomena are discussed based on four elementary load cases. Further-
more, numerical aspects of wrinkling are described. Afterwards, a conclusion will follow.

2.1.1 Wrinkling phenomena

An issue that might occur with these flexible structures, is wrinkling. Elastic sheets develop wrinkles in
the presence of local compressive stresses [80]. The analysis of membrane wrinkling has a long history
which started with the works of Wagner 1929 [86]. They studied the formation of localized buckling in
thin metal structures used in the aircraft industry and identified the wrinkling phenomenon.

Wrinkling can be caused as a result of different elementary loading conditions. The following load
conditions have shown to induce wrinkling in thin sheets, as identified in literature: uni-axial tension,
uni-axial compression, bi-axial tension and shear. See figure 2.1 for a schematic overview of these
situations. Throughout the current section, examples of these load conditions from literature are dis-
cussed. An overview of the literature sources per load condition is concisely presented in table 2.1.

Table 2.1: Wrinkling Literature Review

Load condition Literature

(a) - Uni-axial tension [16, 15, 33, 80,47, 27, 69, 87]
(b) - Uni-axial compression on an elastic substrate [15, 71, 74]

(c) - Bi-axial tension [93, 12]

(d) - Shear [94, 80]
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(a) Uni-axial tension (b) Uni-axial compression
S
(c) Bi-axial tension (d) Shear

Figure 2.1: Load conditions on a thin rectangular membrane. The diagonally striped boundaries indicate a mooring system
holding the platform on the edge. The load is applied over the bold regions.

Uni-axial tension This research was noticed and further extended by Cerda 2002 [16] for an elastic
sheet under uni-axial tension. In this pioneering work, Cerda deduced that the clamped boundaries
prevent the membrane from lateral contraction in its proximity, which sets up a state of shear near the
boundaries. This causes the transverse stresses to be compressive locally, further away from the edges.
The wrinkled geometry was determined by minimizing the total energy in the material, consisting of
bending energy and strain energy. Hence they concluded, that wrinkles arise when the energy due to
in-plane forces, is in balance with the bending energy in the sheet. Figure 2.2 shows the wrinkles on a
thin sheet under uni-axial strain. Taking into account the physical mechanism of this behaviour, scal-
ing laws were derived for the amplitude (A) and wavelength (A1) of the wrinkles for a thin rectangular
sheet in uni-axial tension.

Figure 2.2: Wrinkles in a highly stretched thin sheet (a) Figure 2.3: Wrinkles in a sheared membrane (d) [94]
[16]

More recent research has shown that wrinkling is an inherently unstable phenomenon and for stable
emerged wrinkling, wrinkling amplitudes first increase, reach a maximum and then decreases and re-
turn to zero again[33]. Accurate prediction models of wrinkling patterns in thin elastic sheets are cre-
ated [80] which were expanded to highly stretched sheets [47, 27, 87, 69]. Panaitescu et al. [69] demon-
strated this phenomenon through experiments and then compared the results to the non-linear Neo-
Hookean, Saint Venant-Kirchhoff and Mooney-Rivlin hyperelastic models. Numerical results from the
Mooney-Rivlin model showed the best agreement with the experimental data for the growth and decay
of wrinkles in the hyperelastic regime. A novel numerical resolution framework was developed by Fu
et al. [27], which precisely predicts the wrinkling response for both compressible and incompressible
materials. They concluded that, for incompressible materials, different constitutive laws mainly affect
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restabilization points and wrinkling amplitudes quantitatively. Restabilization is the disappearance of
wrinkles upon excess stretching [27]. For compressible materials, the Poisson’s ratio plays a large role
in the wrinkling restabilization and response. The smaller the Poisson’s ratio is, the less likely it is to
develop wrinkles.

Shear Wrinkling of thin sheets can also be provoked by shear loads, a detailed study of this condi-
tion was adduced by Wong and Pellegrino [94]. Here a numerical simulation technique was presented
for nonlinear wrinkling which provided results that were validated by experiments. Figure 2.3 shows
a photograph of a sheared membrane. In their analysis, Wong and Pellegrino found that, for a rectan-
gular membrane in shear, the wrinkled pattern varies abruptly when the load magnitude is changed.
Moreover, in this study an assumption on the relation between the compressive principal stress o,
the Young’s Modulus E, Poisson’s ratio v, thickness ¢ and wrinkle half-wavelength A was confirmed.
This resulted in the following analytical expression [94] for the average principal compressive stress in
a uniformly wrinkled membrane, which enables unprecedented simplification of complex wrinkling
behaviour analyses on sheared membranes.

T2Er?

- 2.1
12(1-v2) A2 @D

Oy =—

Bi-axial tension Wrinkling in a square sheet under bi-axial tension was studied by Wong, Pellegrino,
and Park [93]. Two wrinkling regimes were pinpointed for square membranes under bi-axial tension.
The first regime occurs for symmetric and moderately asymmetric loading and is characterized by
small, radial corner wrinkles. The second regime arises for strong asymmetric loading and is marked
by a single, large diagonal wrinkle, plus small radial corner wrinkles.

Compression on an elastic substrate Another very fundamental contribution was deployed by Cerda
and Mahadevan in 2003 [16]. In this inquiry, the effect of an elastic substrate on the wrinkling be-
haviour of a thin film was added to the prior understanding of wrinkling physics. They deduced a the-
ory for wrinkling, using the physics of bending and stretching, valid for a multitude of origins. They
found that the expression for stretching energy is analogous to the form of the energy in an elastic
foundation supporting a thin sheet. Hence they concluded that the balance between the foundation
stiffness and the bending energies leads to the selection of wrinkles. This theory was first tested on
the tangible case of wrinkles on the skin of a shrivelled apple, see Figure 2.4. Here, the wrinkles arise
due to the compression induced by the drying of the flesh, which is an elastic substrate. From an esti-
mated elasticity of the apple flesh and skin, the wrinkle wavelength A could be calculated, which was
qualitatively consistent with observations.

The research on wrinkling on elastic substrates was later on extended by the localization of folds [71].
Incorporating the nonlinear response of a thin membrane on an elastic solid or fluid. If this membrane
is compressed even further after the initial wrinkling response, the wrinkles disappear except for a few
select locations that exhibit folds. More accurately, folds appear whenever a membrane is compressed
beyond a third of its initial wrinkle wavelength [71], which involves highly localized curvature. In
Figure 2.5 the transition of wrinkles into a fold of a thin sheet on an elastic substrate is depicted. The
physical mechanism behind the formation of folds on an elastic foundation is the energy balance
between bending energy in the membrane and the potential energy of the displaced fluid. The shape
of the film is thus obtained by minimization of the total energy, expressed in the following equation
[71], whereby Up and Uk are the bending and potential energy respectively.

U = U+ Ug 2.2)
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Figure 2.4: Wrinkles on the skin of a dried apple (b) Figure 2.5: Experimental representation of the physical tran-
[15] sition of a wrinkled membrane on an elastic substrate into a
localized fold. (b) [71]
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Figure 2.6: The mathematical route to localization of folds for thin sheets on an elastic substrate (b) [74]. On the vertical axis
of the graph, the vertical deflection in the middle of the sheet is indicated by y;;,, on the horizontal axis the displacement
are marked. The post-buckling equilibrium shapes are displayed on the right side of the chart, which is also depicted with
a label in the graph. The label number of each shape corresponds to the number of points in the membrane where the
rotation is zero. As this number decreases with displacement, the initial wrinkled shape transforms into a localized fold.

The understanding of the folding mechanism of thin sheets on a liquid bath was deepened by mathe-
maticians Rivetti and Neukirch [74], who performed a numerical study of the general case of a slender
beam resting on an elastic foundation, where the intensity of the liquid foundation and the confine-
ment where both varied. They derived that, if the confinement of the beam is increased an alternation
of symmetric and anti-symmetric shapes emerges, connected by non-symmetric transitions. By post-
buckling analysis, they carefully reconstructed the theoretical route of the initial sinusoidal wrinkled
pattern to localization of a well-defined fold. They identified that the root cause of the localization
mechanism is that, the ending configuration of every connection branch is characterized by the inter-
nal moment vanishing at the ends of the beam.

2.1.2 Numerical Aspects

The prevailing method found in literature for modelling wrinkling behaviour, is non-linear post-buckling
analysis [12, 33, 80, 27, 69]. However, in this method, geometrical imperfections need to be applied
to the structure to allow wrinkling [12]. These user defined bifurcations appeared to have a large in-
fluence on the wrinkling response [41], which makes it a less applicable method for analysis on a
multitude of geometries and load cases since these perturbations can be hard to obtain [41].

Another method, proposed in literature is the use of principle stress criteria [53]. The principal stress
criteria for identifying wrinkling onset are given by Luo et al. The principle stress criterion was used
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in several topology optimisation studies to design wrinkle-free membrane structures [53, 45, 96], dis-
cussed in forthcoming Section 2.2. From these studies, it is known, that the second principal stress
field can be used to analyse the wrinkling behaviour of a structure. Additionally, the computational
costs of this approach are far less than when modelling the 3D deformed pattern to analyse wrinkling.
A concise explanation of the influence of these principle stresses on the wrinkling result is presented
by Lavaerts. It was found that when negative principle stresses are present in a membrane, wrinkling
can occur [41]. In this research, global wrinkling will be minimised for a multitude of load cases, and
the exact post-buckling shape is not required, therefore the inspection of the onset of wrinkling is
sufficient and less computationally extensive. This would be more relevant when investigating the
fluid-structure behaviour of the wrinkled platform.

In the work of Panaitescu et al. [69] it appeared, that the Mooney-Rivlin model predicts the birth and
decay of wrinkles in a thin flexible sheet under tension up to 50 per cent, more accurately than both
the Saint Vernant-Kirchhoff (SVK) model and the Neo-Hookean model. Fu et al. [27] described the
evolution of wrinkles for a slender thin flexible sheet under tension, for several material models such
as Neo-Hookean, Mooney-Rivlin and the Gent model. They discussed that both the Neo-Hookean
and Mooney-Rivlin are more accurate at predicting the birth and death of tension wrinkles, and the
results were similar. The Gent model is more adequate for specific cases where severe strain-stress
phenomena are involved such as in biological tissue [27].

In the work of Kim et al. [39] an extensive comparison is made between the general hyperelastic mod-
els Neo-Hookean, Mooney-Rivlin and Ogden’s model. It was concluded that Ogden’s 3rd order model
was the most accurate for large deformations, in a variety of load conditions, for chloroprene rub-
ber. Similarly, Marckmann and Verron studied different hyperelastic models for rubber-like materials.
Based on a comparison with two experimental data sets, they created a ranking of 20 different hypere-
lastic models. Ogden’s model was ranked at 4th due to its efficiency for several loading conditions such
as uniaxial tension, equibiaxial tension, pure shear and biaxial tension. The downside which is men-
tioned for using this model is that multiple material parameters are required to successfully run the
model [56]. Furthermore, the derivation of these parameters is not physically motivated and therefore
necessitate a large experimental database to be fitted [56]. In addition, for moderate strains, i.e. up to
250%, the Mooney-Rivlin is the most computationally time-efficient [56].

There are compressible and incompressible hyperelastic material models [56, 85, 8]. When v = % the
bulk to shear modulus % is infinite, a material is described as incompressible [59]. Experimentally, all
materials are compressible as they have a finite bulk modulus, and while flexible materials approach
v — %, it never actually equals v = % [59]. As rubber-like materials are nearly incompressible [34], they
are often assumed incompressible for the sake of simplicity [85, 56, 39].

2.1.3 Conclusion

Elastic sheets are susceptible to wrinkling. Wrinkling can occur in thin sheets under various load con-
ditions: uni-axial tension, uni-axial compression on an elastic substrate, bi-axial tension and shear.
Wrinkling can be modelled using nonlinear hyperelastic material models, either compressible or in-
compressible depending on the material type. In most applications, wrinkling in a structure can sig-
nificantly degrade the structural performance [76]. When wrinkling occurs on a global structural level,
large out of plane deformations are leading to the risk of failure and uncertainty about structural in-
tegrity.
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2.2 Wrinkling Resistant Structural Design

In literature, several concepts are established for the reduction of wrinkling behaviour in thin elastic
sheets. Concepts originated especially from the field of aerospace, where applications of these struc-
tures can be found in Gossamer structures.

2.2.1 Gossamer Structures

Wrinkling reduction in membranes has been widely researched for the development and improve-
ment of Gossamer structures. The term Gossamer structure refers to the general category of space
ultra-low-mass structures, such as inflatables or many forms of expandable structures. Some exam-
ples of Gossamer structures are solar sails, space telescopes [11] and sun shields. Gossamer structures
are extensively described in the book of Chmielewski [17]. In Gossamer structures, wrinkles in the
membrane can significantly degrade the structural performance of the material. For example, wrin-
kles in a solar sail may reduce thrust. The prevailing approach to prevent this has been to maintain a
wrinkle free condition by using a catenary cable along the membrane edges [76], and thus inducing
bi-axial prestress in the membrane. However, the high rigidity of these cables is required to be able to
apply sufficient tension. Which comes with a weight penalty.

(mm)
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0.01

-0.81
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Min: -B.101e-01 Max: +1.244e-03

Min: —1.354e-03

Figure 2.7: On the left: wrinkled square membrane, on the right: optimized design with cable suspension around circum-
ference which shows no wrinkles (c) [53]

A web-cable girded design was proposed by [76, 77] to suppress wrinkles in a membrane. They found
that using a web cable, wrinkles in a membrane under rhombic displacement can be suppressed by
applying tension to all four corners of a square membrane, which is also the most mass efficient
solution. In an effort of Luo et al. [53] optimized the geometry and structure of a square bi-axially
loaded membrane, to avoid wrinkling. In this study, topology optimization was used to create the op-
timal membrane geometry for minimal wrinkling. The comparison of wrinkling behaviour for mem-
branes with and without cable suspension around the circumference of the membrane was also in-
cluded. It was concluded that cable-suspended designs were more structurally efficient compared to
membrane-only designs to avoid wrinkling. This design is illustrated using the wrinkling analysis of
Luo et al. in Figure 2.7.

2.2.2 Geometry Optimization

Another strategy for the wrinkle-free design of membrane structures is geometry optimization. Using
the principal stress criterion for wrinkled state [53], topology optimization is used to design geome-
tries specifically avoiding wrinkling. Luo et al. [53] showed the possibilities of this technique, creating
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wrinkle-free designs for square and rectangular membranes.

ifo; >0,00>0; Taut state
ifo1>0,0,<0; Wrinkled state 2.3)
ifo; <0,0,<0; Slack state

Luo et al. [52] also used topology optimization to find optimal wrinkle-free configurations for gos-
samer structures, including a cable suspension. Xing et al. [96] analysed the principal stress criterion
for different fixture designs, using topology optimisation to find the best geometry of the clamps. In
research related to Gossamer structures [11], it was proved that for square and triangular membranes,
trimming the edges into gentle circular arcs can drastically reduce the extent of corner wrinkles.

2.2.3 Permeability

In shape optimization of several membrane geometries under tension, [53], it already became clear
that holes in the geometry can lead to a reduction of wrinkling behaviour. This was further examined
and confirmed for different membrane geometries and membranes with a stiffer region [45]. In all
previous works on shape optimization and permeability induced wrinkling reduction, topology led to
the desired wrinkle-free result. The physical principles behind the influence of permeability on wrin-
kling behaviour, however, was not well understood. For this reason, most recently these physics have
been further examined in a master thesis by Lavaerts [41]. Furthermore, a similar solution can result in

Figure 2.8: Wrinkle pattern for shear displacement predicted for a membrane shear compliant borders by Leifer et al. [42]

wrinkle reduction in shear tensioned membranes, namely by the use of shear compliant borders [42,
43], see Figure 2.8. Shear compliant borders are edges with many small incisions in them, designed to
reduce the propagation of shear through the material.

2.3 Auxetic Materials

Conventional materials undergo lateral compression when longitudinal tension is applied. The be-
haviour of the material under deformation is governed by one of the fundamental mechanical proper-
ties of materials-the Poisson’s ratio (v). Consequently, most materials have a positive v [25]. This may
result in local compressive stresses in a structure as a result of tension forces, and for structures with
very low bending stiffness, wrinkling can occur.

In some other materials called auxetic materials, using permeability or hinges, the opposite can be
achieved, namely a negative Poisson’s effect. Auxetic materials are of interest in this research because
they have been shown to reduce global wrinkling in some cases [10]; therefore an in-depth literature
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analysis on them is performed. By definition, auxetic materials are metamaterials which exhibit a
Poisson’s ratio of zero or below [25]. Materials with a negative Poisson’s ratio, undergo lateral expan-
sion, when stretched longitudinally. This is illustrated in Figure 2.9.

Auxetic materials are of interest because of the novel behaviour they exhibit under deformation, and
also because many material properties can be enhanced as a result of a negative, or even semi-negative
v [25], depicted in Figure 2.10. This is illustrated in the work of Evans and Alderson [25]. An example of
those material properties is indentation resistance, which is useful in the design of bulletproof cloth-
ing. When an object impacts the auxetic material, material flows into the vicinity of the impact as a
result of lateral contraction accompanying the longitudinal compression. Hence the material densi-
fies at the impacted location, which leads to increased indentation resistance. Evans and Alderson
described another application where the potential of auxetic materials seems evident, namely blood
vessel prostheses. When a pulse of blood flows through a non-auxetic material, the material may de-
form and become thinner, leading to the risk of rupture. If an auxetic material is applied, the material
will become thicker upon deformation, hence not inducing any risk of rupture in this location.

In recent studies, several types of auxetic materials have been investigated, either using folds [26],
perforations [78, 61, 10] or hinge-like structures [40, 73, 28, 31]. In another study, isogeometric shape
optimization was used to design a material with a minimal Poisson’s ratio and minimized stress con-
centrations in the hinges [89]. It also proved to be possible, to design an isotropic auxetic material,
which has a petal shape. In the contributions of Sigmund, Assidi and Ganghoffer [79, 6] it appeared
that materials can be tailored to a structure endowed with the desired constitutive properties.

In the context of wrinkling reduction, the potential of auxetic materials was already highlighted by
the work of Bonfanti and Bhaskar [10]. They compared the wrinkling behaviour of two similar shaped
membranes, of which one is auxetic and one is non-auxetic. It showed that the non-auxetic membrane
had a global wrinkling response, whereas the auxetic membrane showed a local wrinkling response,
near the clamped edges. Using diamond shaped holes, with different orientations, they architectured
a microstructure with an apparent negative Poisson’s ratio. They applied tensile stress in a displace-
ment controlled mode. The film that possessed a positive Poisson’s ratio developed wrinkles at the
centre upon stretching while remaining taut near the clamped edges, analogous to the behaviour de-
scribed by Cerda [16]. On the contrary, the film which exhibited a negative Poisson’s ratio formed
localized wrinkles near the clamped edges upon stretching, while maintaining taut at the centre. This
stabilization is a result of the auxetic material properties. In figure 2.11 the two deformed strips are
portrayed.
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Figure 2.11: (a) structured film with a positive apparent Poisson’s ratio shows wrinkles at the center, (b) perforated film with
an apparent negative Poisson’s ratio is stabilized at the center [10]

2.4 Mooring of Flexible Bodies Offshore

A mooring system holds the floating solar platform in a suitable position according to water depth and
direction and sometimes helps to maintain the shape of the structure [46]. For the design of mooring
systems for OFFSSs, no converged solution is observed in literature.

Trapani and Millar [84] expected that offshore flexible floating solar mooring arrangements will be
similar to those of wave energy converters (WEC) or fish farm cages. Two types of mooring configura-
tions are identified for WECs [32]: spread moorings (SM), using catenary cables, which are common for
semi-submersible platforms; and single point moorings (SPM), which enable the structure to weather-
vane into the incident waves. Since OFFSS mooring design is yet to be developed, these systems will be
looked into further in this research. The mooring configurations discussed previously are illustrated
in Figure 2.12a and 2.12b respectively.

(a) Single point weathervaning mooring system (b) Spread mooring system

Figure 2.12: Mooring configurations schematically illustrated. Side view and bird eye view.

It is noticed, that in existing WEC technology, a spread catenary mooring system is rarely used, due
to its deficient performance in shallow water [97]. Hence, the single point mooring system is advised
by Xu, Wang, and Soares [97] to be applied to large dimension WECs owing to the ability to minimise
environmental loads, due to their freedom of rotation. In a study of Li et al. [44] an optimized single
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point mooring configuration for an offshore fish farm is demonstrated. In a similar review on moor-
ing design for WECs from Luca Martinelli and Cortellazzo [51] a different mooring configuration was
discussed, which likewise exhibits the weathervaning effect.

In the effort of Liu et al. [50] an analytic approach for the prediction of mooring loads on flexible float-
ing structures is presented. Additionally, they concluded that mooring force increases in proportion
to wave height for each structure and has a larger inclination for a thicker one, which again secures
the potential thin flexible structures for offshore floating solar. A thin film flexible floating PV array
prototype has been realised by Trapani and Millar [84], involving an SPM system inspired by WEC
technology. Yet, this prototype was only analysed in sheltered, still water conditions. In the work of
Pocivavsek et al. [71], it was concluded that thin sheets on elastic solids or fluids will develop folds
under compression. Folds are characterized by highly localized curvatures. For floating solar FPV, this
is predicted to be a potential failure mode, and therefore it is to be avoided. Considering the latter,
mooring systems for flexible floating bodies should be configured so that compression is averted in
the structure.

In conclusion, literature lacks a thorough understanding of the most effective mooring system for
OFFSSs, taking into account wrinkling reduction. However, the SPM design and the SM are expected
for OFFSS applications. The mooring system should be designed such that compressive loads in the
structure are avoided.

2.5 Concluding Remarks

In the previous chapter, literature is described concerning wrinkling fundamentals, a state-of-the-art
on design for wrinkling resistant structural design, auxetic materials and mooring systems for OFFSSs.

e OFFSSs are susceptible to wrinkling. Wrinkling can be provoked by elementary loading condi-
tions uni-axial tension, compression on an elastic substrate, bi-axial tension and shear. The phe-
nomenon wrinkling arises when in-plane forces are in balance with the bending resistance in the
sheet. For OFFSSs, this induces structural risks, as wrinkling is assumed a potential limit state.

¢ Wrinkling resistant structural design for OFFSSs has not been done before, although in Gossamer
structure design different solutions are established. Geometry optimization by topology optimiza-
tion tools has been shown to reduce wrinkling in thin sheets under various loading conditions.
Moreover, adding permeability to thin structures has been shown to minimize wrinkling.

¢ Auxetic materials are of interest because of the novel behaviour they exhibit under deformation,
namely a Poisson’s ratio of 0 or smaller. Material properties can be enhanced due to this behaviour.
The auxetic behaviour can have a positive effect on the minimisation of global tension wrinkles. A
negative Poisson’s ratio is not desired when the auxetic material is clamped, as the auxetic behaviour
can cause wrinkling. Auxetic materials with a Poisson’s ratio of zero does not induce this risk and are
therefore of interest.

* Mooring systems for OFFSSs are relevant for global wrinkling analysis in OFFSSs, as they transfer
the load which holding the structure in its place, to the structure. Hence, they are influencing the
load condition and thus the potential wrinkling response. Specific mooring systems for OFFSSs
have not been developed yet, but two types of mooring systems are expected in literature: single
point mooring systems and catenary mooring systems. A general design of both mooring systems will
be examined further in the thesis.



Methodology

In this chapter, the methodology is described, which entails the concrete steps that will be taken to
answer both research questions based on the literature gaps, identified in chapter 2.

3.1 Numerical Modelling

The type of modelling that will be adopted in this research is numerical modelling. Literature has
shown, that numerical models are sufficiently capable of predicting the nonlinear wrinkling behaviour
[94, 93, 69, 27, 48]. Numerical modelling is required for the investigation of the wrinkling behaviour
of OFFSSs, as the structures are typically very large and full-scale experiments would therefore be too
expensive. Furthermore, experimental inquiries at model scale are also not favourable, as scaling of
the wrinkling behaviour structures is not trivial [16, 71]. Numerical modelling has additional benefits:
simulating different load conditions can be achieved by tuning parameters and it can provide insights
that would be hard to obtain in experiments, such as stress distribution over a very small length scale
such as thickness. The commercial FEM software ANSYS [4] will be used for analysis. ANSYS is selected
as it offers a wide range of features such as element types, material models and meshing options. In
other approaches for computational structural analysis such as Isogeometric Analysis (IGA), these
features are not yet publicly available [2].

Firstly, a base case will be designed to get an image of what the platform could look like (see Figure
4.1). The base design will be based on practical considerations, such as the location of the platform,
the required amount of buoyancy and installation aspects, all discussed in forthcoming chapter 4. The
base case will not be used for wrinkling simulations, as this is numerically not feasible due to memory
limitations, which will be discussed more thoroughly in Chapter 6. Therefore, three load cases which
expected to capture similar deformation behaviour as the base case are created for further analysis,
which can be seen in 5.2. Secondly, platforms are created with the base case material and thickness,
but with the aspect ratios and boundary conditions the same as the cases from literature. Then, an
investigation is done to find the range of platform sizes that are computationally feasible to analyze.
After that, the wrinkling behaviour of the platforms is analysed

Solar panels will be integrated in the base case geometry, by adding multiple solar panel shaped very
stiff zones (finite) to the surface of the platform. The solar panels will be modelled with a finite stiffness
so that solar panels with of lower stiffness (e.g. flexible solar panels) can be implemented as well. This
ensures broad applicability of the model. Schematics of the models with solar panels can be viewed
in Chapter 6.

17
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Figure 3.1: Wrinkling Analyses methods Pyramid diagram

3.1.1 Wrinkling Modelling

The wrinkling modelling methodology is illustrated in Figure 3.1. In chapter 2, methods concern-
ing wrinkling modelling are described. It is observed from literature, that nonlinear post-buckling
analysis is very sensitive to user-defined bifurcations [93, 80, 27, 69]. An alternative approach is pre-
sented, namely the principal stress field approach [94, 95, 41]. In this approach, the principal stress
field is studied to investigate the wrinkling onset. For this analysis type, only in-plane simulations
are required. This is computationally much less intensive than post-buckling simulations. However,
OFFSSs will be deployed in water which has proven to highly influence the wrinkling response of thin
sheets to in-plane loading [71, 62, 74]. Therefore, the substrate will also be considered in the thesis. For
analyzing wrinkling response on an elastic substrate, the principal stress field is not sufficient, as the
wrinkled geometry is formed by the energy balance between the bending energy of the structure and
the potential energy of the elastic substrate [15], hence out of plane deformations should be consid-
ered when evaluating the wrinkling onset stage. Yet, as further discussed in upcoming Chapter 5, the
numerical costs of analyzing nonlinear post-buckling behaviour of the wrinkled membrane including
the elastic support are large, since this requires a high mesh refinement. Consequently, for analyz-
ing the wrinkling onset and direction, principal stress analysis is acceptable, but for evaluation of the
wrinkling amplitude sizes and wavelengths, one should consider calculating the buckling modes and
performing full post-buckling computations.

The benefits of each method are outlined in the pyramid chart in Figure 3.1. principal stress field
analysis gives only the region and direction of potential wrinkles. By analyzing buckling modes, an
indication is also obtained of the wrinkling profile (i.e. number of wrinkles and wavelengths). Fur-
thermore, since principal stress field analysis is 2D by definition, it can not include the effect of the
elastic foundation. The most computationally intensive method is full post-buckling analysis; here
the wrinkling evolution and displacements can be gathered. However, achieving a converged result
often requires the use of non-physical numerical tricks, such as artificial damping, hence compro-
mising the reliability of the result. In this thesis, the lower part of the pyramid, principal stress field
analysis will be used for the bulk of the investigation, due to its lower numerical complexity and higher
reliability. The upper two sections will be used to gather more information about the wrinkled shape
and elastic foundation effect, in case the presence of wrinkles has already been concluded from prin-
cipal stress analysis.
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3.1.2 Material Models

While flexible materials can be considered as linearly elastic for small strains, when analyzing large
strain effects, large strain theory should be considered [85]. Furthermore, general materials display
elastic behaviour turning to their original state when aload is applied in a linear regime [39]. Yet, when
flexible materials are deformed, they are characterized by hyperelastic tendencies, acting elastically
in the range of large strain thus showing a nonlinear relation between load and strain [39]. Accord-
ingly, modelling thin flexible structures involves hyperelastic material models for load cases where
strains are large [8]. In section 2.1.2 an extensive description of different nonlinear material models is
given. It appeared that while the Ogden material model is very accurate, it requires quite some specific
material parameters, which are often hard to obtain. The Mooney-Rivlin model requires three fewer
parameters, which have a physical meaning and can be obtained based on material properties. The
Neo-hookean material model requires one less material constant, making it easy to implement, but
is less accurate for very large strains compared to Mooney-Rivlin. Furthermore, rubber-like materials
are nearly incompressible, and for the sake of simplicity, they are often assumed to be incompressible.
Since investigation will exhibit a general case of a flexible material under several loads, and focuses
on the global wrinkling response, where the elastic substrate is implemented in the analysis, relatively
small strains are assumed. For shear, this is especially the case [95], and a Saint Venant-Kirchhoff hy-
perelastic material model will be utilized. For axial tension and bi-axial tension, wrinkling is expected
at higher strain rates [27], and the Neo-Hookean model will be used. If the analyses require materials
with a lower Poisson’s ratio, a compressible material model should be employed.

3.1.3 Element Selection

FEA will be used for the nonlinear wrinkling calculations. In this section, the used element type will be
discussed. In previous literature [27, 47, 12, 80, 94, 93, 69, 33], shell type elements have been used to
model the 3D geometry of wrinkled membranes, as they include bending stiffness [4]. Since the prin-
cipal stress fields will be used to analyze wrinkling behaviour in load cases, instead of the 3D wrinkled
geometry, only a 2D element is required. Therefore, the PLANE182 element will be used for the prin-
cipal stress analyses for the investigation of wrinkling onset. This element is defined by four nodes,
with two degrees of freedom at each node: translations in the nodal x- and y-directions. It can model
plane stress and plane strain, which will be utilized for the principal stress analysis. Furthermore, in-
compressibility is safeguarded in the PLANE182 element [3]. For analyzing the wrinkle wavelengths
and amplitude sizes, in combination with the elastic foundation, 3D post-buckling is compulsory. For
the 3D inquiry, the quadratic shell element (8 nodes) SHELL281 will be used. This element considers
out of plane deformations, and is well-suited for linear, large rotation, and/or large strain nonlinear
applications [8]. The quadratic element is chosen over a linear element in this case because it can
capture bending and it is more capable of capturing complex geometries, such as the wrinkled OFFSS.

3.1.4 Load Definition

The loads which will be applied to simulate a current, are axial tension, bi-axial tension and shear.
These load cases are defined in Chapter 5, and illustrated in Table 5.2.

3.1.5 Hydrostatic Pressure Effect Wrinkling

As mentioned in literature [71, 62, 74], the fluid layer below a thin membrane influences the wrinkling
behaviour. The stiffness of this elastic substrate penalizes long wrinkle wavelengths. Therefore, when
analyzing the exact wrinkled geometry upon deformation, this effect should be considered.

In numerical analysis, several options are at hand for modelling the interaction between the structural
deformation of the platform and the water below. For modelling the interaction between flow dynam-
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Figure 3.2: Schematic of the elastic foundation element model. The elements TARGET170 and CONTA174 are at the same
location. The springs indicate the hydrostatic stiffness.

ics and deformation behaviour, fluid-structure interaction analysis could be applied. This method
couples the structural and fluid mechanics to simulate the interaction between these elements. For
this type of modelling, the flow field dynamics need to be solved, after which the structural deforma-
tions can be computed, which can be numerically challenging due to moving meshes and geometric
nonlinearities [81].

Another option for modelling the interaction with the water below the platform, without incorporating
the fluid dynamics, is to model the fluid as a static elastic foundation. Elastic foundations are widely
used for the analysis of soil-structure interaction, aero-thermo-elastic forces on aeroplane wings and
mechanisms in the human body [99]. Both linear and nonlinear elastic foundation models exist, the
selection should be based on the expected deformation and load size, as these might induce geometric
nonlinearities [99]. Furthermore, some models take into account the effect of shear or friction [99].

In this investigation, the water will be modelled as a linear elastic foundation [30], as wrinkling be-

haviour will be modelled in a (quasi-)static manner, and the exact fluid dynamics are still unknown

(based on platform location, environmental conditions, water depth and so on). The elastic support

applies stiffness on each node, normal and tangentialkto the modelled surface. The value of this stiff-
g

ness is equal to the hydrodynamic pressure, P = pg-[-3;]. This way, the out of plane deformations are

penalized and the wrinkles will change shape and location [71].

The elastic support consists of a layer of CONTA174 elements which are connected with bonded con-
tact to the membrane elements, on the same location. On top of the CONTA174 elements, there is a
layer of TARGET170 elements, which are fully constrained. Between the target elements and the con-
tact elements, normal and tangential stiffness is applied. The tangential stiffness is set to a value near
zero, and the normal stiffness is equal to the hydrodynamic pressure of seawater. A schematic of this
situation is provided in Figure 3.2. In this elastic foundation, either bonded contact or unilateral con-
tact can be applied. In Appendix B, these two methods are explained and a comparison is provided
between results with elastic foundation wrinkling with bonded contact and with unilateral contact.
The differences are addressed and it is concluded that even though the bonded contact presumably
overestimates surface tension effects, the deformation is more realistic compared to the unilateral
contact considering gravity effects.

3.2 Conclusion

In light of the sections above, the following conclusions can be drawn with regards to the methodology
employed during this research.
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e The research questions will be answered by analysing a numerical model, created in ANSYS FEM
software. Numerical modelling is preferred as OFFSS are large structures and scaling of wrinkling
behaviour is not trivial. Commercial ANSYS FEM Software is selected because this software is ma-
ture and allows analysis of complex structures.

e From literature, it is known that the onset of wrinkling and its location can be well predicted using
principal stress field analysis. For the analysis of the wrinkled geometry, affected by the hydro-
static pressure, post-buckling analysis is required. However, post-buckling analysis is much more
computationally intensive, may be influenced by tuning parameters. Consequently, principal stress
analysis will be used to analyse whether wrinkling will occur; and if the results indicate this, post-
buckling will be used to inspect the deformed geometry.

* Relatively small strains are assumed during the wrinkling analyses for the load case shear [95], there-
fore, in that case, the Saint Venant-Kirchhoff material model will be used. For the cases axial and
bi-axial tension, wrinkling occurs at higher strains [27] and therefore the Neo-Hookean model will
be utilized, as it is computationally time-efficient and requires few additional parameters.

e The 2D element PLANE182 will be used for principal stress field analysis, 3D element SHELL281
will be used for 3D post-buckling analysis.

e The hydrostatic support will be modelled using an elastic foundation, comprising of two additional
layers of elements that induce a out-of-plane stiffness on the platform.






Base Design

This chapter outlines the formulation of a base case that will function as the starting point for the
wrinkling analyses. It will focus on sub-question 1.b:
1. b) How can a base design for offshore flexible floating solar structures be developed, taking into
account location and installation?

Firstly, the global dimensions of the design are estimated, based on practical considerations. Then the
influence of thickness on size is examined, given installation requirements. After this, a material type
is selected and the implications of required buoyancy on the design are argued.

4.1 Global Dimensions

In this study, the base for the OFFSS design will be existing offshore wind farms. Several benefits are
foreseen for locating OFFSS between offshore wind turbines. First of all, it is a relatively sheltered area
from shipping, so the OFFSS will not conflict with shipping routes. Secondly, wind farms provide an
infrastructure for mooring the OFFSSs, as well as a power infrastructure in the form of an electrical
grid [82]. An example set-up of an OFFSS in an offshore wind farm is illustrated in Figure 4.1.
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Figure 4.1: Sketch of an OFFSS between four offshore wind turbines. The dimensions are not at scale.
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As a starting point for deriving global dimensions of the design, current offshore wind parks in front
of the Dutch coast are analysed. The Borssele 3 & 4 site consists of 9.5 MW turbines, with a rotor
diameter of 164 meters [9]. The typical distance between two offshore wind turbines is 5 to 8 diameter
lengths [13]. Therefore, a distance of 1000 meters between turbines is estimated as a common distance
between offshore wind turbines. Furthermore, the grid of offshore wind parks generally consists of
squares and/or rectangles. Therefore a rectangular shape will be assumed, to use the available space
efficiently. A range of aspect ratios will be studied. Next to that, it is assumed that the length of the
solar platform is 80 per cent of the length between turbines, to leave sufficient space for mooring. If
80 per cent of the length between wind turbines is covered by solar platform, the dimensions would
be L x B =800 x 800 meters.

4.2 Thickness

Working in an offshore environment is generally regarded as a high-risk operation, due to the harsh
weather conditions. Therefore, minimising offshore time can reduce risks as well as costs of the op-
eration. Accordingly, to increase the feasibility of OFFSS technology, the structure should be easy
to install, by making it lightweight and compact. This will allow for efficient and fast transport and
installation operations. Furthermore, based on a selected platform material, the influence between
thickness and buoyancy can be determined. These aspects are discussed in the following sections.

4.2.1 Installation

To make the structure compact, inspiration can be drawn from pipe laying vessels, which use reels
to transport very long pipes. The same can be done for OFFSSs to make the structure compact; by
coiling the platform up around a reel. For minimising the weight of the structure, as well as reel di-
mensions, the platform thickness should be kept at a minimum. In the following calculation, rough
reel dimensions are estimated based on assumed thicknesses. The calculation is based on a simplified
cross-section of a membrane coiled around a reel. This situation is illustrated in Figure 4.2, whereby
the main parameters used in the calculation are indicated as well. The relation between the platform

Figure 4.2: Reel with Windings Sideview Sketch
length, the reel inner diameter and platform thickness is roughly as follows

L= ) @u(ri+k-0) 4.1)
k=0,1,2,..,n

Whereby L is platform length, r; is the reel inner diameter, k equals the number of windings and ¢
is the platform thickness. Making use of the triangular number T} = @ [90], the formula can be
rewritten without the summation mark.
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4.2)

Lz2n((k+ 1)r1+@t)

Rewriting the previous expression, using the abc-formula, the number of windings on the reel can be
calculated.

—£—T[+ (ﬁ—r1)2+t—L

= 2 2 x 4.3)
t
The outer diameter of the reel can be determined by the following formula.
Do=2(r+k-t (4.4)

In the Figure 4.3, the relation between platform thickness, and reel outer diameter is illustrated for reel
inside diameters: 5, 10, 15 meters.

Platform Thickness Versus Reel Size

80

T0r

N
=]

-
(=}
T
!
1
1
i
1

LReel Onter Diameter m
o
(==}

301

—— Inside Diameter = 5 [m]

T Inside Diameter = 10 [m]

T —— Inzide Diameter = 15 [m]

20 | i | | i | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Platform Thickness m]

Figure 4.3: Platform Thickness versus Reel Diameter

To determine the minimum thickness, inspiration is drawn from pipe laying reel dimensions. In Figure
4.5, a pipe laying vessel is shown with two reels on board. In Figure 4.6, a reel under construction in a
shipyard can be seen. Both reels have an outer diameter of approximately 30 meters, as indicated in
the figures. The inner diameter of the illustrated reels seems to differ but is assumed to be between
15 and 25 meters. Due to the high flexibility of the solar platform, it is expected that a smaller inner
diameter should suffice for coiling the platform itself. However, the panels are stiff, and a larger inner
diameter reduces the risk of the panels cracking when being coiled around the reel.

Furthermore, the thickness of a typical conventional solar panel is around 0.05 meters [23]. It is as-
sumed that having the panels embedded with additional membrane material below the panels re-
duces the risk of damage to the solar panels. This will allow higher bending angles for the platform,
i.e. a smaller inner diameter. Since it is not clear what the maximum bending radius of solar panels
embedded in membrane material is, for the sake of this research, the highest inner diameter of 15
meters is assumed to be the most feasible.
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Figure 4.4: Cross-section of Reel with Solar Platform. On the left: Solar platform with additional membrane material below
the panels. On the right: solar platform without additional membrane material below panels

Figure 4.5: Pipe laying Vessel with Reels[24] Figure 4.6: Pipe lay Reel Construction[35]

See Figure 4.4 for a schematic illustration of this. Therefore a thickness of 0.05 meters between the
panels and the water will be taken, which yields a total platform thickness of 0.1 meters. This results
in an outer diameter of 60 to 65 meters when rolled up. This is larger than the size of a offshore pipe
laying reel. Further research is recommended into the maximum bending radius of the solar panels
embedded in the membrane, to investigate the possibility of using a smaller inner radius. Another
option could be to coil smaller lengths of platform around the reel.

4.2.2 Material Selection

For the material selection of OFFSS, three flexible and weather resistant (water and UV) materials are
considered: Ethylenevinyl-acetaat (EVA), Neoprene and Polyurethane. The materials and their prop-
erties and applications are discussed below. In Table 4.1, the mechanical properties of the materials
are stated, which are used to select the most suitable material for OFFSS application.

1. EVA is the copolymer of ethylene and vinyl acetate, with a weight rate of vinyl acetate typically
varying from 10 to 40%, and the remainder being ethylene [91]. EVA materials are "rubber-like"
in softness and flexibility. Furthermore, it has the characteristics of being hardwearing, weather
resistant and buoyant [67]. Applications of EVA can be found in flip-flop soles, garden kneelers and
foam flutter boards.

2. Neoprene is a synthetic rubber which is produced by the polymerization of Chloroprene [92]. Foamed
neoprene is a popular material for making protective clothing for aquatic activities, such as fishing
waders and wetsuits, as it provides excellent insulation against cold and the material is buoyant
[92].

3. Polyurethane foam is an open celled polymer material, which is lightweight and water resistant [7].
This material is used for a variety of products, including washing sponges, bedding and isolation
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Table 4.1: Material Mechanical Properties

Material Type Density [%] Youngs Modulus [MPa] Tensile strength [MPa] Reference

EVA 280 15 20 (67, 70]

Neoprene 1230 5 20 [5, 19]

Polyurethane Foam 70 20 1 [7]
material.

As discussed above, all three materials are water resistant and flexible. Therefore the selection of the
most suitable material for OFFSSs is based on the comparison of their mechanical properties. As can
be seen in Table 4.1, the density of Polyurethane is the lowest, and Neoprene is the heaviest material.
EVA is also relatively lightweight compared to Neoprene. Since the membrane should remain afloat
whilst carrying solar panels and their electrical infrastructure, it is essential for the material to provide
sufficient buoyancy. Therefore both EVA and Polyurethane are more favourable, based on their lower
densities compared to Neoprene. As the Youngs Moduli of these two materials are in the same range,
their flexibility characteristics are assumed similar. Comparing the tensile strengths of the two mate-
rials, it can be seen that EVA can withstand higher tensile stresses than Polyurethane foam. As OFFSSs
are expected to carry high tensile loads due to the mooring and environmental loads, this is assumed
to be an important parameter for the material. Therefore, EVA is expected to be the most appropriate
material for OFFSSs.

4.2.3 Hydrostatics

The hydrostatics of the platform are investigated, by studying the relation between the platform thick-
ness and draft.

Table 4.2: Parameters for Hydrostatics Calculation

Parameter Size Unit Reference
mpy 20 kg [23]

Apy 1.60 x 1.00 m (23]

Apsp 800.00 x 800.00 m See section 4.1
PEVA 280 k—g3 See table 4.1
Psw 1025 %

Pvcoveruge 80% -
Npanels 320.000 -

The parameters used for the following hydrostatics calculation can be found in Table, 4.2. The number
of panels is estimated by assuming 80 percent of the platform area is covered by panels.

Then the total mass of the structure is computed by

Mot = Npy - Mpv + Aosp - PEVA- L (4.5)

Which results in the draft of the platform using the following relation
T = Moy

= "7 (4.6)
Psw* Aosp

The free board per thickness can be calculated by

F=T-t¢ 4.7)
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If the free board is positive, the structure has sufficient buoyancy to float.

T—t>0 (4.8)

This is the case for all thicknesses larger than 0.05m. This thickness minimum is called .

to = 0.05 (4.9)

This means that, due to the low density of the material EVA, buoyancy forms no constraint for the
selection of a platforms thickness. All thicknesses above f; are feasible from a hydrostatics perspec-
tive. Therefore the thickness will be based on minimal reel size and platform weight, as well as solar
panel protection considerations during transport; a thickness of 0.1 meters will be selected for the
base design.

4.3 Conclusion

The conclusion to the posed sub-question 1.b is given, by establishing the main parameters for the
base case design to evaluate the wrinkling behaviour of an OFFSS. The main parameters are selected
for the base design which will be required for upcoming wrinkling analyses. These are summarized
below in Table 4.3.

¢ Offshore wind farms are used as a starting point for the location of OFFSSs. Based on this, the global
dimensions are L x B = 800 x 800 meters.

¢ For the thickness of the platform, the aspects of installation; material type and hydrostatics are con-
sidered. The platform will be transported coiled on reels, to enhance transport and installation ef-
ficiency. The material type EVA is chosen, for its buoyancy and weather resistance properties. Due
to the low density of the material, buoyancy forms no constraint on the selection of a thickness.
Based on minimal reel size and platform weight as well as solar panel protection considerations
during transport; a thickness of 0.1 meters will be selected for the base design.

Table 4.3: Base Design Main Parameters

Parameter Size or type  Unit
Global dimensions 800 x 800 m
Platform thickness 0.1 m
Material type EVA -
pEVA 280 L
EEVA 15 MPa

VEVA 0.31 -




Numerical Wrinkling Analysis

As mentioned in chapter 2, wrinkling of thin sheets is a highly unstable phenomenon, due to large
deformations and nonlinear effects. This makes numerical analysis challenging. In this chapter the
numerical tools used for the wrinkling analyses will be described, using three benchmark cases for
demonstration purposes. Firstly, the benchmark cases are discussed briefly, and their boundary con-
ditions are explained. Then, wrinkling results obtained by principal stress analysis, buckling and post-
buckling analysis are established. The differences are examined. Thereafter, the sensitivities of the
parameters applied modes as bifurcation, stabilization and grid size are investigated. This will result
in a conclusion to research sub-question 1.c:

1. ¢) What is the influence of numerical tools on wrinkling results of offshore flexible floating solar

structures?

5.1 Benchmark Cases

Recall the numerical methods for wrinkling analysis from chapter 3: principal stress analysis and post-
buckling analysis. Three basic wrinkling load cases, inspired by cases from literature [95, 27], are used
to benchmark the numerical tools, required for wrinkling analysis. The cases that are investigated
with regards to their wrinkling response are uni-axial tension, bi-axial tension, and shear, as these are
assumed to be close to load cases that could physically occur when the OFESS is located in between
offshore wind turbines. The schematic figures in the first column of table 5.2 represent the analysed
load cases and the boundary conditions are indicated. The geometry dimensions of the three bench-
mark cases are provided in table 5.1, based on cases from literature from Wong and Pellegrino, Fu et al.
[95, 27].

Load case Limm] B[mm] t{mm] E [mzl\;z] v [-]
Axial tension 280 140 0.14 1 0.499
Bi-axial tension 500 500 0.025 3500 0.31
Shear 380 128 0.025 3500 0.31

Table 5.1: Benchmark Cases Model Dimensions

Axial tension case The axial tension case is performed by clamping the structure on the left edge,
while applying tension on the right edge, in the axial direction. This loading induces symmetrical
deformation over the transverse axis. Furthermore, Fu et al. [27] found that symmetrical and anti-
symmetrical buckling modes arise in the axial tension case at the same eigenvalue, and therefore they

29
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are equally likely to appear once the critical wrinkling threshold is reached. Therefore symmetrical or
anti-symmetrical boundary conditions can be applied on the longitudinal axis.

Symmetrical boundary conditions are modelled by allowing zero slopes at the symmetry axis, com-
bined with a constrain on displacements perpendicular to the axis. Anti-symmetry is modelled by
allowing rotations at the anti-symmetry axis while constraining displacements in line with the axis
and perpendicular to the axis. In this case, symmetrical boundary conditions are enforced at the left
edge and anti-symmetrical boundary conditions are applied at the bottom edge. This is done by re-
stricting x-displacements and z-rotations on the left edge and constraining y-displacements and z-
displacements on the bottom edge. This way, only one-fourth of the geometry is modelled to save
computational costs.

Bi-axialload case The bi-axial load case consists of a square sheet being pulled on one corner, while
all other corners are clamped. On the lower right side, the edge is clamped. On the upper right side,
a bi-axial tension load is applied. On the lower left, and upper right sides also a bi-axial tension load
is applied. The absolute load on the upper left edge is four times higher than the absolute load on
the other diagonal axis. This type of asymmetrical loading is applied, as it has shown to produce large
global wrinkles [93], which is convenient for the analysis.

Shear analysis The shear analysis is carried out by clamping a rectangular membrane on the bottom
side while the top edge is displaced laterally. The left and right edges can move freely.

For further validation of the results and the sensitivities of input parameters, the shear case will be
investigated in detail in section 5.4, comparing the results with the experimental data from Wong and
Pellegrino [95].

The axial and bi-axial tension cases are demonstrated in the coming section. The axial case has been
validated in detail by Lavaerts [41]. In this study, it was found that the wrinkling behaviour is highly
dependent on the initial deformation which is used. Analysis of negative principal stresses was pro-
posed as an alternative method for predicting the wrinkling behaviour for this case, as this type of
analysis does not rely on user-defined inputs.

The bi-axial load case is presented and compared qualitatively, but a quantitative comparison is not
possible with results from literature [93, 95], since it is not clear what exact boundary conditions have
been used.

5.2 Wrinkling Analysis Approach

This section considers the steps which have to be taken to perform wrinkling analyses in ANSYS FEA
software, using principal stress analysis and post-buckling analysis.

5.2.1 Principal Stress Analysis

Principal stress analysis studies principal stresses, to inspect the presence of wrinkling and the region
and direction of potential wrinkles. Principal stresses are normal stresses at an angle 8p, where the
shear stress 0y, is zero. The first principal stress is the stress in line with the first principal axis, and the
second principal stress is orthogonal to the first principal stress. If the second principal stress is nega-
tive, we know that there is local compression. When local compression occurs in flexible membranes,
wrinkling can occur. Furthermore, the direction of wrinkles can be observed from the orientation of
negative principal stresses; as wrinkles form orthogonal to compression vectors.

Principal stresses are obtained by performing a static or dynamic structural analysis. Depending on
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the size of strains and material type, a linear or nonlinear structural analysis should be selected.
The principal stress analyses are performed in general as follows.

1. Perform a (nonlinear) structural analysis using a force or displacement control
2. Post process principal stress results

In this thesis, the membrane structure can be modelled in 2D if wrinkling deformations are not con-
sidered. Then these steps are specified as follows.

1. Perform a 2D nonlinear static structural analysis using a force or displacement control
2. Post process principal stress results

5.2.2 Post-Buckling Analysis

Post-buckling analysis is more computationally extensive than principal stress analysis, since first, a
perturbation has to be applied before the nonlinear 3D analysis is performed. This analysis requires
more input parameters which can influence the convergence of the analysis and the accuracy of the
result.

The post-buckling analyses are performed in general as follows.

1. Perturb the geometry

2. Perform nonlinear static analysis on the perturbed geometry, using force or displacement control.
Use stabilization for numerical damping if the simulation does not converge to a solution.

3. Post process wrinkling results

In this investigation, buckling modes are used as a perturbation for the post-buckling analysis. This
requires a linear static analysis of the structure in combination with a buckling analysis, to find the
buckling shapes. Then the steps are specified as follows.

1. Perform alinear static analysis with load or displacement control while calculating prestress effects
2. Execute a linear buckling analysis, which solves the linear eigenvalue problem to find the buckling
modes

Perturb the geometry

Selection of relevant buckling modes

Impose combination of buckling modes for the initial displacement

Perform nonlinear static analysis on the perturbed geometry, using force or displacement control.
Use stabilization for numerical damping if the simulation does not converge to a solution.

7. Post process wrinkling results

S

The procedure comprises several complexities. First of all, finding buckling modes in step 2 can be
challenging, as it is unclear what the critical buckling load is. Secondly, it is important to select the
right modes in step 3, as the selection of modes can influence the convergence behaviour. Further-
more, it is not trivial what modes should be applied to obtain the correct deformed geometry, ac-
cording to simulations. Due to the inherent instabilities of the simulation, the solution can be very
different when a different set of modes is applied as bifurcation. Three reasons can be identified for
this numerically singular behaviour:

¢ Eigenmodes corresponding to low eigenvalues can resemble local deformation modes of the mem-
brane [95], which will not result in global wrinkling

e Instabilities can be very close to each other [95], which means that the wrinkled shape forms due to
a series of buckling events

¢ Anotherissue can be, that some load cases such as axial tension [27, 69], involve high strains, making
it hard to obtain the right buckling modes using linear buckling analysis.
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Furthermore, in load conditions where many wrinkles are generated, such as shear; or load cases
which include very high steepness in the wrinkle, such as bi-axial tension; convergence can rarely be
achieved, without the use of numerical stabilization. Stabilization adds numerical viscous damping to
affected nodes of the structure. This is thoroughly explained in the article by Cities and Meeting [18].
The method dissipates energy from the model, to aid convergence for highly nonlinear activity. This
helps, for example in the shear case when the geometry 'jumps’ to an increased number of wrinkles.
Both aspects and their influence on the result are further examined in section 5.4.

5.3 Results Principal Stress and Post-Buckling

The cases are solved using principal stress analysis firstly, after which full post-buckling analysis is
performed. In table 5.2, the third principal stresses are plotted in the second column. In the red con-
tours are regions of zero negative principal stress, while the other colour contours indicate negative
principal stress regions. In the third column, the vector diagrams are shown. These indicate the di-
rection of the negative principal stresses. From the vector directions, the local compression axes can
be observed [68]. Hence, the wrinkles will form orthogonal to these vectors. From these two results
combined, both the region and the direction of wrinkles can be estimated.

In table 5.2, the wrinkled geometry computed by post-buckling analysis is displayed in the fourth
column. The contours indicate the out-of-plane displacements, i.e. wrinkles. Comparing these results
to the principal stress analysis, it can be concluded that principal stress analysis well predicts the
region and direction of wrinkles, but it gives no information about the number of wrinkling or the
amplitude size.
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5.3. Results Principal Stress and Post-Buckling
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Figure 5.1: Wrinkled Shape in Experiment by Wong and Pellegrino [95] and Numerical Result

5.4 Numerical Parameter Sensitivities

When running the numerical procedure for post-buckling, described in section 5.2.2, several parame-
ters are set. Firstly, buckling modes are applied to perturb the geometry before the nonlinear analysis
is performed, to facilitate out-of-plane deformation. Here, a selection is made as to which modes
are used to create initial displacements. Secondly, numerical stabilization might be required to al-
low convergence of the simulation. This method has the disadvantage, however, that it adds artificial
damping to the analysis, which reduces the accuracy of the solution. Thirdly, grid size can also influ-
ence the wrinkled shape since larger elements will not be able to capture short-wavelength wrinkles.
Therefore, the sensitivities of these three parameters are investigated.

The sensitivities of these parameters are investigated by solving the post-buckling analysis while vary-
ing the mode range, stabilization factor and grid size independently. The cross-sectional wrinkling
results are compared to the experimental solution provided by Wong and Pellegrino [95], as a means
of validation. The experimental wrinkled shape and the numerical wrinkled shape are illustrated in
Figure 5.1. The number of wrinkles and maximum amplitude are also compared to the numerical
results of Wong and Pellegrino [95] and Taylor, Bertoldi, and Steigmann [80].

To quantify the sensitivity of the result to the modal input, the spread in amplitudes is calculated.
Firstly the mean amplitude is calculated per wrinkling result i, for each parameter separately.

_2a;

Ng

HMa,i (5.1)

Whereby a; is the amplitude size of one peak and n, is the total number of peaks in the wrinkled state
of result i. Then the standard deviation of the mean amplitudes of all results for each parameter are
taken.

(5.2)

Whereby 1, is the average of all mean amplitudes of each result, per parameter. Hereby the numerical
results of Wong and Pellegrino [95] are included. In the following sections, the sensitivity of each pa-
rameter is expressed by the standard deviation normalised by the average of the mean per parameter,
this measure is also known as co-variance.

]
COV = —-100% (5.3)

Ha

Note that the computed co-variances are only the diagonal terms of the covariance matrix, i.e. the
cross-correlation sensitivities between parameters are not taken into account in this analysis. Further-
more, the sensitivities computed here are based on three input parameters, which are assumed to be
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Figure 5.2: Cross-sectional Wrinkling Result for Varying Modes. The numerical results of mode 10-20 are plotted together
with the experimental results by Wong and Pellegrino [94]. The shaded region highlights the variance in results which can
be obtained by using different sets of modes as a bifurcation.

of high influence on the result. The actual sensitivities are dependent on a broad selection of other in-
put variables as well, e.g. global dimensions, initial imperfection size, convergence tolerances, which
are not investigated here. Therefore, the following computation does not serve as an exact quantifica-
tion of the sensitivity of the results given the parameters, but functions as an indicator of the volatility
of the results provided some main parameters. The actual sensitivity of the parameters could be ob-
tained by varying all parameters independently, which is a very costly analysis.

5.4.1 Modes

To demonstrate the sensitivity of the analysis to the applied set of buckling modes, the shear case is
performed six times using different ranges of modes as initial displacements:

Mode 1-10
Mode 10-20
Mode 20-30
Mode 30-40
Mode 40-50
e Mode 1-50

In Figure 5.2, the modal sensitivity is illustrated by plotting the cross-section of wrinkled geometries
for the different results. The result of the analysis with mode 10-20 lies closest to the benchmark of
Wong’s experiment [95], based on the number of wrinkles and the amplitude sizes as discussed in
upcoming section 5.4.4. The other results are indicated by a bandwidth. From these results, it can be
observed qualitatively, that the sensitivity of the wrinkled geometry to the selection of perturbation
modes is high.

From the mean amplitudes of all results, the co-variance is taken to compute the spread in amplitudes.

COViodes = 18.7% (5.4)
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Figure 5.3: Cross-sectional Wrinkling result for varying stabilization factors. The numerical results of stability factor le-4
are plotted together with the experimental results by Wong and Pellegrino [94]. The shaded region highlights the variance in
results which can be obtained by using different stabilization factor.

5.4.2 Stabilization

The sensitivity of the stabilization is investigated by performing three analyses of the shear case, with
the same parameters but with different stabilization values.

« constant stabilization factor of 1074
« constant stabilization factor of 1073
e constant stabilization factor of 1072

In Figure 5.3, the wrinkled geometries for different stability factors are plotted. The stability factor of
1074 is plotted since this is the most accurate, based on the number of wrinkles discussed in forth-
coming section 5.4.4. Higher stability factors of 1073 and 1072 are located in the grey range. From the
figure, it can be observed that the numerical stabilization dampens the size of amplitudes and also
influences the locations.

From the mean amplitudes of all results, the co-variance is taken to compute the spread in amplitudes.

COVitavilization = 29.5% (5.5)

5.4.3 Grid size

The grid size sensitivity is studied by varying the element size. Four meshes of 2.2k, 8.8k, 25.4k and
34.3k nodes are used for comparison. In Figure 5.4 the different results are shown, together with the
experimental values. The two rougher grids of 2.2k and 8.8k nodes respectively result in a lower num-
ber of wrinkles and higher amplitudes. From the mesh of 25.4k nodes to the most refined mesh of
34.3k nodes, the number of wrinkles is converged and the amplitudes are in the same range as well.

From the mean amplitudes of all results, the normalised spread taken by computing the co-variance
in amplitudes.

COVgrig = 44.8% (5.6)
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Figure 5.4: Cross-sectional wrinkling results for different grid sizes. The rougher meshes show a large deviation from the
results of Wong and Pellegrino [95], both in number of wrinkles as in amplitude

5.4.4 Sensitivities Wrinkles and Amplitudes

Combining the sensitivities of all three parameters, the influence on the number of wrinkles and am-
plitude is substantiated. In Figure 5.5, the influence of the three parameters on the number of wrinkles
is illustrated in a bar chart. The orange bar indicates the run which is the same in all three variations.
Here it can be seen, that using different mode ranges, a number of wrinkles between 18 and 20 can
be obtained, while the experiment showed 19 wrinkles. The stabilization increases the number of
wrinkles, by adding artificial stiffness. Furthermore rougher meshes cannot capture the fine wrinkling
features of highly wrinkled sheets and hence will result in a lower number of wrinkles.

In Figure 5.6, the sensitivity of different parameters on the amplitude is indicated. The amplitude
indicator is taken by integration of the squared amplitude values:

Amplitude indicator = [, z (x)?dx

For different mode ranges, different amplitude results are obtained. All analyses resulted in over-
predicted amplitudes. The stability factor influences the amplitude size as depicted in the chart. For
a stability factor of 1072, the amplitudes decrease and the number of wrinkles increased. The grid size
shows to have a large sensitivity as well; rougher grids result in a lower number of wrinkles which often
means higher amplitudes since the total sheet length remains constant.

5.4.5 Sensitivities Conclusion

In the above section, the sensitivities of the input parameters are listed, expressed by the co-variance
in mean amplitude height. Grid size has the largest sensitivity, but the other two parameters have also
been shown to be of significant influence. Grid convergence is very important for the accuracy of the
result, for too rough meshes, the small wrinkling wavelengths can not be captured which will result in
inaccurate results. Next to that, the stabilization factor also has a significant sensitivity, therefore the of
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Figure 5.5: Number of wrinkles for varying input parameters. The orange bar indicates one result, while all blue bars are
different results. The experimental and numerical result by Wong and Pellegrino [94, 95], as well as the numerical results by
Taylor, Bertoldi, and Steigmann [80] are depicted for reference.
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Figure 5.6: Maximum amplitudes for varying input parameters. The orange bar indicates one result, while all blue bars are
different results. The experimental and numerical result by Wong and Pellegrino [94, 95], as well as the numerical results by
Taylor, Bertoldi, and Steigmann [80] are depicted for reference
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it use should be minimised. For the selection of the stabilization factor, there is a fine balance between
accuracy and convergence. Moreover, the type of modes that are applied as bifurcation affects the
outcome of the analyses. This influence can not be neglected. Even though these numbers are not
a complete quantification of the uncertainty of the result, the numbers indicate the volatility of the
results, given the used parameters. It provides more insight into the sensitivity of certain parameters.
Comparing the bandwidth of results in the shaded areas in Figure 5.2, Figure 5.3 and Figure 5.4, it
seems that the applied modes have to highest sensitivity for the result. However, this effect is caused
by the shifting of wrinkle peaks because different modes are triggered, which has the least significant
effect on amplitude sizes and the number of wrinkles.

5.5 Conclusion

The previous chapter discusses analyses of the influence of numerical tools on the wrinkling be-
haviour of OFFSSs. This has led to the following conclusions, answering the research sub-question
l.c.

¢ The results of principal stress analysis and post-buckling analysis for the benchmark cases axial
tension, bi-axial tension and shear, are presented and compared. It has been shown that using the
contours and vectors of second principal stress, the region and orientation of potential wrinkling
can be predicted well.

¢ For the shear load case, the sensitivity of the numerical parameters modes, stabilization and grid
size are investigated. The results demonstrated that the selection of modes as a perturbation; the
stabilization factor and the grid size of the mesh all have significant on the wrinkling result; both
the number of wrinkles as well as the amplitudes. This indicates the volatility of wrinkling results
given the used parameters, in commercial FEA software.






Wrinkling of Offshore Flexible Floating Solar
Structures

In this chapter, the wrinkling behaviour of OFFSSs will be analyzed. This will answer the following
sub-questions:
1. d) What is the wrinkling behaviour of Offshore Flexible Floating Solar Structures?
1. e) How can wrinkling resistant design methods be utilized to reduce wrinkling in Offshore Flexible
Floating Solar Structures?
1. f) How can the properties of auxetic materials be incorporated in Offshore Flexible Floating Solar
Structures to create wrinkling resistance?

The second research question will be answered in section 6.1, by first analyzing the wrinkling be-
haviour of platforms without solar panels with hydrostatic stiffness, and then by analyzing the be-
haviour of OFFSSs with both rigid and flexible solar panels.

The third research question will be resolved in section 6.2. Firstly, a shear compliant zone, inspired by
work from Leifer et al. [42], will be added to the OFFSS structure to investigate the influence on the
wrinkling behaviour. Then, a novel solar panel layup method will be introduced inspired by auxetic
structures, and the effect on the wrinkling behaviour will be examined.

6.1 Wrinkling affecting parameters

In this section, the effect of hydrostatic stiffness on wrinkling behaviour of three relevant load cases
is researched. Thereafter, wrinkling analyses are performed including solar panels in the OFFSSs.
The wrinkling behaviour for OFFSSs with rigid and flexible solar panels is compared. The wrinkling
behaviour is considered on static loads, dynamic environmental loads are not considered in this re-
search. The boundary conditions, used for the upcoming wrinkling analyses are outlined in section
5.1 and illustrated in Table 5.2. The main parameters used for the analyses are summarized in Table
6.1, these are described in detail in chapter 4 and forthcoming subsection 6.1.2.

Table 6.1: Wrinkling Analyses Parameters

Section L [m] B [m] t [m] E [MPa] vI[-]
Membrane 25.00, 50.00, 75.00 8.42,16.84,25.25 0.10 15 0.31
Rigid solar panel 1.60 1.60 0.05 50e3 0.22
Thin film flexible solar panel 1.00 1.00 3.50e-07 100e3 0.22

41
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6.1.1 Hydrostatic Stiffness

As the research focuses on solar platforms in offshore environments, the hydrostatic pressure induced
by the water comes into play in the deformation behaviour. In the work of Pocivavsek et al. [71], the
effect of an elastic foundation on the wrinkling behaviour of membranes under compressive loading
was highlighted. They proved that, for these cases, the wrinkled geometry is obtained by minimisa-
tion of bending and potential energy. The hydrostatic stiffness introduces the potential energy of the
water into this balance for OFFSSs. Therefore, it penalizes larger wavelengths, as these require more
energy for the water to be displaced. Since buckling modes exhibiting smaller wrinkle wavelengths
are triggered at higher strain rates than high wavelength buckling modes, the onset of wrinkling will
be delayed during the hydrostatic stiffness as well.

In this section, the effect of the hydrostatic stiffness is studied, on the wrinkling behaviour of typical
load conditions of the OFFSSs. The material and thickness, selected in chapter 4, are used in these
simulations.

The influence of the hydrostatic stiffness is investigated for load conditions axial tension, bi-axial ten-
sion and shear, recall Figure 2.1. As described in chapter 2, these cases have been shown to exhibit
wrinkling behaviour. Furthermore, recall from chapter 4 that these cases are closely related to the ac-
tual loading conditions of OFFSSs. In light of this, the boundary conditions of these cases are used
to analyse the influence of hydrostatic stiffness on the wrinkling behaviour of OFFSSs. The boundary
conditions are described in section 5.1 and illustrated in Table 5.2.

The wrinkling behaviour of platforms with and without hydrostatic stiffness, i.e. hydroelastic wrin-
kling and non-hydroelastic wrinkling, is compared for three different platform sizes. The dimensions
of L=25m, 50m and 75m are selected, as this is the largest feasible range to be analysed by the numer-
ical software, due to memory limitations. For larger sizes, the absolute wrinkle wavelengths reduce
such that an extremely fine mesh would be required for the simulation to run.

In Figure 6.1, on the left side, the maximum wrinkle amplitude z, normalised by the initial bifurcation
zp, is shown per load case. The plot on the right side of Figure 6.1 shows the hydroelastic wrinkling
results independently to observe the amplitude growths in more detail.

The amplitude growth of wrinkles with applied strain is non-linear, due to geometric non-linearity
and material non-linearity (depending on the strain rates), as described in chapter 3. Therefore, non-
linear growth of amplitude with strain is expected for the cases where wrinkling occurs. Furthermore,
if the maximum amplitude of wrinkles is in the same order of magnitude as the initial perturbation,
wrinkling is considered to be insignificant.

Looking at the plots in Figure 6.1, it can be observed that axial tension does not result in wrinkling for
the dimensions L = 25, 50 and 75. The amplitude stays in the same order of magnitude as the initial
displacement, which indicates wrinkling does not occur. This result implies that axial tension is not
resulting in wrinkling for the chosen material EVA; of thickness 0.1m, in the analysed load conditions.
As mentioned earlier, the hydrostatic stiffness is expected to delay the onset of wrinkling. Therefore,
it could be that the geometrically nonlinear effects are too large for the actual wrinkling onset to oc-
cur. Accordingly, for other materials, geometrical parameters or strain intervals, this behaviour might
differ.

In the bi-axial tension load cases, a large difference between the results with and without hydrostatic
stiffness is noticed. For the cases without hydrostatic stiffness, the maximum amplitude grows non-
linearly with the strain, two to three orders of magnitude larger, while for a platform with hydrostatic
stiffness, this behaviour is absent. Thus, it is concluded that for the bi-axial case with hydrostatic
stiffness, the effect of wrinkling is insignificant.
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Figure 6.1: Hydrostatic stiffness influence on load cases: Axial Tension, Bi-axial tension and Shear, for 25m, 50m and 75m
platform length. The x-axis shows normalised strain and the y-axis depicts the maximum wrinkle amplitude height, nor-
malised by the initial bifurcation. The plot on the right side shows the hydroelastic wrinkling results in more detail

In the shear case, both results show non-linear amplitude growth at some point. The onset of wrin-
kling is delayed by hydrostatic stiffness, and the amplitude growth is dampened. This results in a
lower maximum amplitude for wrinkling on hydrostatic stiffness. The discontinuities or '’bumps’ in
the graphs for shear are caused by the phenomenon of mode-jumping: when a new mode is triggered,
the number of wrinkles can change abruptly which affects the absolute size of the amplitudes as well
as the amplitude strain relation. This is specific for the shear case, as it has shown to trigger more
modes within the strain interval than the axial or bi-axial load cases [95].

From the above observations, it is concluded that for an OFFSS of material type EVA located on water,
wrinkling is only significant for shear load cases. For the axial load case, wrinkling will likely not occur
at all. For the bi-axial load case, the hydrostatic stiffness removes the wrinkling behaviour.

Platform Size Effects

Figure 6.2 provides wrinkling amplitudes at a strain of € = 0.006. For the larger platforms (50m, 75m),
smaller wrinkling amplitudes are observed compared to the size of the platform. This is caused by the
penalization of large wrinkle wavelengths by the elastic foundation following the theory of Pocivavsek
et al. [71]. Smaller wavelengths result in smaller amplitudes [15]. Nonetheless, the wrinkling effect
can also be hazardous for larger solar platforms, as the absolute wrinkle wavelengths are similar to the
smaller panels, namely between A = 4.0m and 4.5m (for platforms with hydrostatic stiffness), which is
the same order of magnitude as Lyqne; = 1.6m (see chapter 4).

The penalization effect can be well observed by comparing the contours of wrinkling deformation
for the shear cases in Figure 6.2. In the wrinkled geometries of the cases with elastic foundation, the
wavelengths are significantly smaller than for the wrinkles without hydrostatic stiffness. In addition,
the amplitudes are significantly smaller in the cases with hydrostatic stiffness (close to a factor 4 for
75m platforms), which can be observed in the contours of the plots. This is in line with the observa-
tions of Pocivavsek et al. [71], who showed that an increase in amplitude requires an increase of energy
in the system.
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Figure 6.2: Shear Wrinkles with hydrostatic stiffness (left column), and Shear Wrinkles without hydrostatic stiffness (right
column) for L = 25m, 50m and 75m. The wavelengths % are, from left to right, top-down: 0.16, 0.36, 0.08, 0.22, 0.06 and 0.18.

Table 6.2: Solar Panel Main Parameters

Solar Panel Type Lpanel * Bpanel * tpanel Im]  Material E[MPa] v [-] Reference
Conventional rigid 1.60 x 1.00 x 0.05 Glass 50e3 0.22 [23]
Thin film flexible 1.60 x 1.00 x 350e—9 a-Si:H 100e3 0.22 [57,82]

6.1.2 Embedded Solar Panels

The effect of embedding solar panels in the wrinkling behaviour of OFFSSs is investigated. Conven-
tional rigid solar panels are used for the wrinkling analyses firstly, and flexible thin film panels are
investigated subsequently.

In Table 6.2, the main parameters of rigid and thin film flexible solar panels are provided. In Figure 6.3,
the embedded solar panel structure is illustrated. The Figure shows only one corner of the platform
including the main parameters of the panel structure.

Using the material properties of the solar panels listed in chapter 4, the model is created employing
multilayered shell elements of element type SHELL181. With this element type, different material
properties are assigned to different thickness sections. This way, the solar panels are embedded in the
EVA platform.

In Figure 6.4, the principal stress results of the platform without solar panels are given. As indicated in
the figure, a whole parallelogram shaped region on the centre of the platform is in compressive stress.
This global compressive stress state results in wrinkling behaviour. This result is used throughout the
following sections for comparison of the results with solar panels.

Rigid Solar Panels

The first model consists of a platform with rigid solar panels. The panels are modelled using glass

properties with a thickness of ¢ = 0.05 [m]. The same boundary conditions are applied as described in
Chapter 5.

The principal stress results of the solar platform with rigid panels in the shear analysis are depicted in
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Figure 6.3: Schematic of the one corner of the solar platform with straight panels. The curled line indicates the sides where
the platform continues. Left to Right: Top view of the platform and cross-section of the embedded solar panels. Dimensions
indicated in the figure: 1 = 25.00m, w = 8.42m, t = 0.1m, Ip = 1.6m, bp = 1.0m, xp = 1.6m, yp = 1.3m, h=2.18m and d = 1.45m
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Figure 6.4: Second principal stress field for the platform without solar panels. The direction of shear is indicated by arrows.
The parallelogram highlights the zone of compressive stresses.
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Figure 6.5: Second principal stress field for the platform with rigid solar panels embedded. Compressive stress zones are
observed over the whole platform. Stress peaks in the solar panels are caused by the rigidity of the material. Left: platform

front, right: platform aft
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Figure 6.6: Second principal stress field for the platform with flexible thin film panels. The high axial stiffness of the flexible
thin film panels results in high stress concentrations, indicated by the blue zones. The aft of the platform has a similar stress
distribution as the platform without solar panels in Figure 6.4. Compressive stress zones over the whole platform suggest
the risk of global wrinkling. Left: platform front, right: platform aft

Figure 6.5. Looking at the plots, the principal stresses concentrate at the corners of the solar panels on
the front side. This is expected, as the shear strain induces compression to the second principal stress
axis and the axial stiffness of the rigid panels is higher than the flexible membrane, hence allowing
less strain and taking up more stress. In the plot of the platform aft, it is observed that compressive
stresses below the solar panels are near zero since the membrane below the panels is connected to
the panels and hence deformations are equally small as for the rigid material. In between the panels,
compressive zones are observed throughout the whole platform. Since there are compressive zones
over the whole platform, it is expected that there is a risk of global wrinkling in this configuration.

Since the principal stress analysis pinpoints the potential wrinkling behaviour of solar platforms with
rigid solar panels, it is worthwhile to perform a post-buckling analysis on the case to see this behaviour
in more detail. In Figure 6.7, the wrinkled geometry of the platform can be seen. Comparing these
results to the wrinkling behaviour of the 25m long platform without solar panels and hydrostatic stiff-
ness in Figure 6.2, slightly lower amplitudes can be observed on the platform with rigid solar panels,
and higher wavelengths. The platform without solar panels exhibits two and a half wrinkle wave-
lengths, while the platform with rigid solar panels deforms into a shape of one and a half wavelength.
This decrease in amplitude and number of wrinkles in rigid solar platform configuration is expected
to be caused by the increased bending stiffness of the platform due to the embedded rigid panels.

Flexible Thin Film Solar panels

Flexible thin film solar panels are known for their flexibility as well as their low weight due to small
thickness, making them fit for curved or odd-shaped surfaces or lightweight structures. Envisioned
applications for thin film solar are: vehicles, infrastructure and buildings [83]. In the context of OFFSS
applications, they might be considered as well, as their flexibility could be favourable in dynamic
environmental loadings. To discover their potential for OFFSS design, their wrinkling behaviour is
compared to that of rigid panels. In Figure 6.6 the second principal stress of the flexible solar pan-
els platform is presented. The platform front shows high compressive stress peaks in the flexible thin
film panels, which can be explained by the fact that, even though their bending stiffness is negligible,
their axial stiffness is relatively high. On the aft side of the platform, a parallelogram of compressive
stresses can be seen on the platform, analogous to that of the platform without panels in Figure 6.4.
This indicates global wrinkling behaviour.

As the principal stress analysis of the flexible panel platform suggests global wrinkling, post-buckling
analysis is required to see the wrinkling development of the structure. Reviewing the post-buckling
geometry allows comparison between the effect of rigid versus flexible thin film panels on global wrin-
kling behaviour of the OFFSSs. The results of both rigid solar panel and flexible thin film solar panel
platform wrinkles are given in Figure 6.7 and 6.8 respectively. Looking at Figure 6.8, it can be recog-
nized that the flexible thin film solar platform deforms similarly to the platform without panels, but
the amplitudes are slightly lower. The expected cause of this is the axial stiffness added by the thin film
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Figure 6.7: Wrinkled deformation of the solar platform with ~Figure 6.8: Wrinkled deformation of the solar platform with
rigid solar panels. The increased bending stiffness of the flexible thin film solar panels. The flexible has no influence
platform with embedded rigid solar panels is expected to be on the wrinkling wave lengths, however the amplitudes are
the cause of the decreased number of wrinkles and ampli- lower than for the same sized platform without solar panels
tudes, compared to the same sized platform without solar and hydrostatic stiffness in Figure 6.2.

panels and hydrostatic stiffness in Figure 6.2

panels. Furthermore, the number of wrinkles is the same and the peaks lie in the same location. Com-
paring the rigid wrinkling results in Figure 6.7 to the flexible thin film wrinkling in Figure 6.8, it can
be concluded that the increased bending stiffness of the rigid panels platform increases the wrinkling
wavelengths, while the maximum amplitudes are in the same size range.

6.2 Wrinkling resistant design

After studying the wrinkling behaviour of solar platforms with two types of panels, structural design
adaptations are created in the rigid solar panel platform model to see if it is possible to reduce the wrin-
kling behaviour. The desired second principal stress field would not exhibit compressive stresses over
the whole domain, ideally no compressive stresses are present. Shifting compressive stresses from the
middle of the structure to its edges is assumed to improve the wrinkling behaviour, as demonstrated
by Bonfanti and Bhaskar [10].

The first wrinkling resistant design method is the addition of shear compliant zones. The second de-
sign aspect is inspired by auxetic materials, namely to place the rigid panels in an auxetic structure.

6.2.1 Shear Compliant Zone

The first design adaptation applied to the platform is the shear compliant zone. Shear compliant zones
are zones in the structure that are permeable. Permeability has been shown to reduce wrinkling, as
discussed in Chapter 2, by releasing compressive stresses after deformation.

For the designed shear compliant zone, inspiration is drawn from the investigation on the effect of
shear compliant zones on shear wrinkling in membranes by Leifer et al. [42]. The shear compliant
zones are applied on a solar platform with rigid solar panels.

In Figure 6.9, the outlines of the shear compliant zone model are illustrated. Note that the width of
this model is slightly larger than the other platforms, to accommodate the shear compliant zone. The
number of solar panels is equal to that of the platform with rigid solar panels in subsection 6.1.2. Two
versions of the shear compliant zone are analysed: one with dj = 0.80m and one with dj = 0.40m, i.e.
twice as much holes. The two shear compliant zones are compared to the solar platform without a
shear compliant zone. The principal stress results of the shear compliant zone analyses are granted in
Figure 6.10.

From the Figures, the effect of the shear compliant zones can be seen. The half shear compliant zone
reduces the number of compressive stresses in the middle of the platform. Local stress peaks are found
around the corners of the holes. The full shear compliant zone reduces the compressive stresses in the
midsection of the platform even further. Only local compression concentrations are spotted at the
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Figure 6.9: Schematic of the top view of one corner of the shear compliant zone platform. The curled line indicates the sides
where the platform continues. The diagonal striped zones mark the holes in the platform. The dimensions in the figure are:
1=30.00m, w = 8.42m, t = 0.10m, lp =1.60m, bp =1.00m, xp = 1.60m, yp = 2.14m, h =2.18m, d = 1.45m, xj, = 0.80m, yj, =
0.42m, I}, =0.20m, wy, = 0.84m and dj, = 0.8m for a half shear compliant zone and dj, = 0.4m for a full shear compliant zone.
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Figure 6.10: Second principal stress field of platforms with rigid solar panels and shear compliant zones. The results point
out the positive effect of the shear compliant zones on the negative stress field; compressive stresses are reduced significantly
throughout the whole platform by adding holes near the boundaries. From top to bottom: no shear compliant zone, half
shear compliant zone and full shear compliant zone. From left to right: platform front and platform aft.
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upper left corner and lower right corner of the platform, around the holes and on the edges of the
solar panels. From these results, it can be concluded that the global wrinkling behaviour of OFFSSs
can be reduced by applying shear compliant zones.

Further Considerations It is expected that permeability will be required throughout the whole plat-
form, to release green water, which is pushed on the platforms due to waves, as well as air bubbles
that are trapped below the platform, caused by wave dynamics. Holes in the platform will be required
as green water could cause the platform to sink, and air bubbles below the platform could potentially
induce harmful impact loads. In Appendix C, the wrinkling behaviour of some elementary platform
designs with permeability over the whole platform is analysed.

Additionally, a risk of the above-analysed shear compliant zones with rectangular holes might be that
stress concentrations might arise around the corners of the holes. Arcs generally allow more smooth
distribution of stresses than sharp angles. Therefore some elementary shear zone designs with ellipti-
cal and circular holes are analysed for their wrinkling behaviour in Appendix C.

6.2.2 Auxetic Solar Panel Orientations

For the auxetic structure, inspiration is drawn from the work of Kolken and Zadpoor [40]. Appendix
A provides an in-depth elaboration on the auxetic structure design and its working principle. This
structure is build up from rigid rectangles, geometrically similar to solar panels. The rigid rectangles
are connected on their corners, and when the structure is displaced in x-direction or y-direction, they
rotate causing an auxetic effect. This auxetic effect has been shown to reduce wrinkling in membranes
[10]. Since the solar platform requires solar panels anyway, why not use them in a way which aids
wrinkling reduction. As the shape of rigid solar panels is similar to that of rigid rectangles in auxetic
structure [40], it is assumed that an auxetic structure can be formed from solar panels. Therefore it is
investigated if solar panels in an auxetic structure have the potential to reduce wrinkling.

Since the load case is shear, the principal stretch is not exclusively in x- or y-direction, but it is in bi-
axial direction, even varying throughout the domain (see the vector plots in Table 5.2). For the auxetic
structure to be effective in this case, it is rotated roughly in the direction of the principal stress inside
parallelogram in the case without panels, ignoring the difference in principal stress direction near the
left and right boundary. In this case, for the sake of modelling simplicity, the rotation is equal to the
angle of the auxetic structure 6, as this aligns the lower solar panel with the boundary of the platform.
For further research, this angle should be set more close to the direction of first principal stress, as this
optimises the auxetic behaviour.

The general structure and main dimensions are illustrated by a sketch of one corner of the platform in
Figure 6.11. Principal stress analysis is performed to analyze the effect of the auxetic structure on the
wrinkling behaviour. The results are presented in Figure 6.12.

Looking at the plots in Figure 6.12, it can be noticed that the front of the auxetic platform shows high
compressive stress peaks at the corners of the rigid panels. This is related to the rotation of the panels
around their corners. On the aft side of the platform, the edges of the platform show compressive
stress concentrations, but in the middle of the platform, these are absent. This indicates that the panel
structure behaves auxetic, causing the compressive stresses to be released from the platform middle.
Observing these results, similar behaviour is identified as in the wrinkling of an auxetic membrane,
studied by Bonfanti and Bhaskar [10]. While the straight panel layup shows compressive stress zones
over the whole platform, the auxetic platform only shows compressive stresses near the corners of the
panels as well as on the edges of the platform. It is expected that this behaviour is more favourable for
OFFSSs, as this does not indicate global wrinkling.
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Figure 6.11: Schematic of the auxetic solar platform. Note that only one corner section of the platform is illustrated, the
platform continues at the curled line. The indicated dimensions are: 1 = 25m, w = 8.42m, I, = 16.0m, wp = 1.00m, xp =
1.47m, yp = 0.85m and 6 = 0.2
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Figure 6.12: Straight Solar Panels Versus Auxetic Solar Panels. Left to right column: Straight Panels and Auxetic

Panels
Results. First to second row: Front and Back of Platform.
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Further Considerations The auxetic structure as modelled in the above section is a preliminary de-
sign. The auxetic behaviour is caused by the rotating rigid structures, connected by hinges [40]. In
the above analysis, these hinges are modelled as a single node, which allows rotations. In practice,
structural hinges are required to allow this behaviour. Therefore, some effort is prescribed to engineer
the system in detail.

Next to that, in OFSSs, loads may alternate in direction, causing the principal stress axis to be variable.
For an auxetic structure to be effective in all cases which are significant for wrinkling, a study into
the most effective layup orientation for varying load conditions, using rigid square solar panels, is
required.

6.3 Conclusions

Analyses have been performed of the wrinkling behaviour with hydrostatic stiffness, with two types of
solar panels and two types of structural adaptations concerning wrinkling reduction. This led to the
following conclusions, answering sub-question 1.d.

¢ Analyzing the wrinkling behaviour of load cases axial tension, bi-axial tension and shear with elastic
foundation in Figure 6.1, for the considered dimensions and material, it showed that only in the
shear case wrinkling behaviour occurs when a hydrostatic stiffness is present.

e Comparing the wrinkling behaviour of a platform without solar panels, one with rigid solar pan-
els (Figure 6.7) and one with flexible thin film solar panels (Figure 6.8), it appeared that the wrin-
kling amplitudes, as well as the number of wrinkles, is reduced by adding rigid solar panels, while
flexible panels only change the amplitudes. It is expected that the influence of rigid panels is more
favourable than flexible panels, as larger wrinkle wavelengths with the same amplitudes entail smaller
rotations around the solar panels, which are assumed to be hazardous to the solar system.

From the wrinkling analyses with shear compliant zones and auxetic solar panels, conclusions can be
drawn regarding sub-questions 1.e and 1.f.

¢ Results of simulations of solar platforms with shear compliant zones displayed that shear compliant
zones have the potential to reduce wrinkling behaviour by minimising compressive stress.

e When applying rigid solar panels on the platform as an auxetic structure, compressive stresses lo-
calize at the boundaries of the structure but are removed from the middle of the platform. Therefore
it is concluded that global wrinkling can be reduced by applying an auxetic solar panels structure
when encountering shear.






Conclusions

After presenting wrinkling results for OFFSSs with and without wrinkling resistant design methods, it
is now time to reflect on the research questions which were posed for this thesis. Firstly, the answers to
the sub-question are summarized, which will lead up to the conclusion to the main research question.

1. a)

1. b)

1.0

What load conditions adhere to wrinkling in offshore flexible floating solar structures?

Load cases uni-axial tension, bi-axial tension and shear. In literature, it appeared that OFF-
SSs are susceptible to wrinkling. Wrinkling can be provoked by elementary loading conditions
uni-axial tension, compression on an elastic substrate, bi-axial tension and shear. The phe-
nomenon of wrinkling arises when in-plane forces are in balance with the bending resistance
in the sheet. For OFFSSs, this induces structural risks, as wrinkling is assumed a potential
limit state. As solar platforms are typically moored by tension, only load cases uni-axial ten-
sion, bi-axial tension and shear are relevant. Hydrostatic stiffness will be of influence at sea,
and therefore it is incorporated in the wrinkling analyses.

How can a base design for offshore flexible floating solar structures be developed, taking into
account location and installation?

Offshore wind farms are a sensible location for locating OFFSSs. Based on this, the global di-
mensions of the platform can be determined. For the thickness of the platform, the aspects of
installation; material type and hydrostatics are considered. The platform can be transported
coiled on reels, to enhance transport and installation efficiency. The material type EVA is cho-
sen for the platform, for its buoyancy and weather resistance properties. Due to the low den-
sity of the material, buoyancy forms no constraint on the selection of a thickness. Based on
minimal reel size and platform weight as well as solar panel protection considerations during
transport; a thickness of 0.1 meters will be selected for the base design. The main dimensions
of the base case are summarized in Table 4.3.

What is the influence of numerical tools on wrinkling results of offshore flexible floating solar
structures?

The results of principal stress analyses and post-buckling analyses for three benchmark cases
from literature, axial tension, bi-axial tension and shear, are presented and compared. It has
been shown that using the contours and vectors of second principal stress, the region and ori-
entation of potential wrinkling can be well predicted. For the shear load case, the sensitivity
of the numerical parameters modes, stabilization and grid size are investigated. The results
demonstrated that the selection of modes as a perturbation; the stabilization factor and the
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7. Conclusions

1.d)

1. 1)

grid size of the mesh all have significant on the wrinkling result; both the number of wrin-
kles as well as the amplitudes. This indicates the volatility of wrinkling results given the used
parameters, in commercial FEA software.

What is the wrinkling behaviour of Offshore Flexible Floating Solar Structures?

Analyzing the wrinkling behaviour of load cases axial tension, bi-axial tension and shear with
elastic foundation, it showed that only in the shear case wrinkling behaviour occurs when
hydrostatic stiffness is present. Comparing the wrinkling behaviour of a platform without solar
panels, one with rigid solar panels and one with flexible thin film solar panels, it appeared that
the wrinkling amplitudes, as well as the number of wrinkles, is reduced by adding rigid solar
panels, while flexible panels only change the amplitudes. It is expected that the influence of
rigid panels is more favourable than flexible panels, as larger wrinkle wavelengths with the
same amplitudes entail less steep wrinkles around the solar panels, which are assumed to
be hazardous to the solar platform. Even though the flexibility of thin film solar panels can
potentially reduce structural loads when encountering offshore dynamics, this risk should not
be overlooked in the design of OFFSSs.

How can wrinkling resistant design methods be utilized to reduce wrinkling in Offshore Flexible
Floating Solar Structures?

Results of simulations of solar platforms with shear compliant zones displayed that shear com-
pliant zones reduce compressive principal stresses globally, moreover, compressive stresses
are localized to the corners of the platform. This indicates that the wrinkling behaviour of
structures with embedded rigid (solar) panels is reduced by adding shear compliant zones.
The optimal geometry of shear compliant zones should be improved further for higher com-
pressive stress reductions, but it has been shown that wrinkling resistance can be created for
OFFSSs by adding shear compliant zones.

How can the properties of auxetic materials be incorporated in Offshore Flexible Floating Solar
Structures to create wrinkling resistance?

When applying rigid solar panels on the platform as an auxetic structure, compressive stresses
localize at the boundaries of the structure but are removed from the middle of the platform.
Therefore it is concluded that global wrinkling can be reduced by applying an auxetic solar
panels structure when encountering shear. Even though further research is required into the
optimal auxetic structure for OFFSSs, the potential of incorporating auxetics in the design of
OFFSSs is underlined in this work.

What is the wrinkling behaviour of Offshore Flexible Floating Solar Structures, and how
can it be modelled and reduced?

The wrinkling behaviour of Offshore Flexible Floating Solar Structures is presented in this thesis for
solar platforms with rigid solar panels and flexible solar panels.

¢ In combination with hydrostatic stiffness, wrinkling behaviour is only significant in the load case
shear for the OFFSS of the considered geometry and material.

¢ Platforms with rigid solar panels show smaller wrinkle amplitudes and longer wavelengths than
platforms with thin film flexible solar panels, or platforms without solar panels. The expected cause
for this is the increased bending stiffness by the embedded rigid solar panels. Consequently, based
exclusively on wrinkling behaviour, rigid solar panels seem more favourable for OFFSS application
than flexible panels.

Numerical tools for wrinkling modelling are discussed in the thesis.
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e Wrinkling can be modelled using principal stress analysis and post-buckling analysis. Principal
stress analysis can provide the region and direction of potential wrinkles. If wrinkling will occur,
can not be concluded from principal stress analysis.

¢ Post-buckling analysis requires numerical tools: selection of modes for perturbation, application
of stabilization factors and grid refinement. The sensitivities of all these parameters, provided the
specific benchmark boundary conditions, is 18.7% for mode selection, 24.5% for stabilization factors
and 44.8% for grid refinement. The sensitivities of all parameters are significant, hence wrinkling
results obtained by this method are volatile and should be interpreted with care.

Finally, reduction methods are proposed.

¢ Shear compliant zones can reduce wrinkling behaviour of OFFSSs, as predict principal stress results
in Figure 6.10. Moreover, in general, it can be concluded that shear compliant zones reduce the
wrinkling behaviour of sheets with embedded panels.

¢ Auxetic solar panels can potentially reduce wrinkling as well, indicated by the decrease of compres-
sive stresses over the whole structure and especially in the middle, in Figure 6.12.






Future Work

During the wrinkling results analyses, some aspects were found that require further research to ex-
tend or improve the results of this study. Keeping in mind future engineering practices of OFFSSs, en-
hancements are recommended to increase the understanding of wrinkling modelling of OFFSSs and
wrinkling resistant engineering for these structures. Recommendations are discussed on the facets
wrinkling modelling method, wrinkling modelling in OFFSSs conditions, wrinkling resistant design,
structural design with solar panels and mooring.

8.1 Wrinkling Modelling Method

As discussed in Chapter 5, wrinkling analysis for OFFSSs using post-buckling is very computation-
ally expensive. Wrinkle wavelengths are very small compared to platform sizes and therefore require
very fine meshes. Additionally, it has been shown that wrinkling results obtained by post-buckling
analysis with commercial FEM software are sensitive to user-defined parameters, which are typically
unknown. Due to the volatility of the results, given the input parameters, the wrinkling features must
be interpreted with care. Thus, for engineering OFFSSs, there is a demand for computationally less
intensive, and more reliable wrinkling analysis methods.

Principal stress field analysis and tension field analysis have the benefits of being computationally
cheap, and not dependent on user-defined input parameters. Nonetheless, principal compressive
stress zones can only function as an indicator for wrinkling, as these compressive zones will not always
result in wrinkling. Therefore, a higher level of understanding of the interpretation of these principal
stress results is required. Besides the presence of global compressive stress zones, it would be advan-
tageous if more indicators can be obtained from principal stress results that give conclusive proof of
wrinkling in general. For example, as seen in Table 5.2 in Chapter 5, principal stress field distributions
which lead to wrinkling can be very different for various load cases. For the bi-axial case, compressive
stresses are distributed in two (connected) zones, while the axial and shear load case show a single
compressive stress zone. Therefore, the question arises if multiple local (not connected) stress zones
can lead to global wrinkling. Further inspection of these items is suggested.

Next to that, the drawback of these methods is that they can not provide any information on quanti-
tative wrinkling features, such as wavelengths and amplitudes. For the engineering of OFFSSs, these
quantitative features are assumed to be relevant in their structural design, for example, to assess the
potential failure of solar panels. Accordingly, there is a requirement for an approach that provides
this information at low computational costs. In literature, analytical methods were identified which
can provide additional information on quantitative wrinkling features when analysing wrinkling be-
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haviour using tension field theory [36, 38, 37]. It is recommended to investigate if such a method
would also be applicable for the wrinkling analysis of OFFSSs.

For proper analysis of wrinkling behaviour of OFFSSs, hydrostatic stiffness should be incorporated in
the model. Elastic foundations in numerical software do not yet allow accurate modelling of buoyancy
and surface tension effects. Currently, the elastic foundation is modelled using the bonded contact
method (described in Appendix B), which presumably overestimates the influence of surface tension
at full scale and hence the wrinkling reduction effect of hydrostatic stiffness. It should be investigated,
how these physics can be modelled more accurately in a numerical model. The next step would be
to examine what the influence of this model would be on the wrinkling behaviour of OFFSSs, and if
the wrinkling behaviour of the bi-axial tension case then can still be neglected. Besides, the elastic
foundation is currently modelled by springs that apply stiffness normal to the platform surface, hence
out of plane deformations are required in the computation. The effect of hydrostatic stiffness can
only be modelled using post-buckling analysis, which induces high computational costs and sensitiv-
ity to user-defined input. Thus, future work is proposed to obtain a method for taking into account
hydrostatic stiffness effects in wrinkling analysis, without inducing high computational costs.

8.2 Wrinkling Modelling of OFFSSs and Ocean Dynamics

In this thesis, ocean dynamics are not taken into account. However, waves will induce additional de-
formations and curvatures which might affect the wrinkling behaviour. It is therefore recommended
to investigate how ocean dynamics relate to wrinkling behaviour. Moreover, in literature [88] it was
noticed, that curvatures in membranes can have a significant effect on their wrinkling behaviour. In
the recent study it has been proven that curvature can effectively tune the wrinkling localization and
amplitude, and localized wrinkles can be remotely smoothed or even suppressed with the rise of cur-
vature. Therefore, further investigation of this effect for OFFSSs is recommended especially.

8.3 Wrinkling Resistant Design

In Chapter 6, shear compliant zones and auxetic solar panel structures have been proposed as solu-
tions for wrinkling behaviour reduction of OFFSSs. These design solutions have been shown to reduce
wrinkling behaviour for a specific shear load condition. For the design of OFFSSs, wrinkling is to be
avoided in design, for varying load conditions and directions. Therefore, further research is required
to investigate how shear compliant zones and auxetic solar panel structures can be utilized, keeping in
mind varying load conditions and load directions. In the first section of Appendix C, the wrinkling be-
haviour of several elementary permeable OFFSS designs was analysed. Here it was concluded, that a
grid of holes spread around the platform will likely not remove wrinkling from the structure. However,
additional benefits of these hole grids are identified for OFFSSs, such as the release of green water and
trapped air bubbles. Therefore, it is recommended to investigate how these permeable grids can be
incorporated in a wrinkling reduced OFFSS design.

In the principal stress results auxetic structures in Chapter 6, it was observed that auxetic behaviour
in OFFSSs can induce local compressive stress concentrations. As stress concentrations can result in
the structural risk of tears and fractures, it is recommended to investigate how these can be avoided
while maintaining auxetic performance. Furthermore, auxetic behaviour has been shown to remove
compressive stresses from the middle of the structures and creating local compressive stress peaks at
the edges of the structure. Further investigation of the effect of these peaks on the structural behaviour
of the platform is advised.
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8.4 Structural Design with Solar Panels

In this thesis, the structural analysis of solar panels is not performed. As solar panels form an inte-
gral part of the OFFSS, it is recommended to explore their structural limit states. This could pose a
constraint on the maximum allowable wrinkling behaviour of the solar platforms. Furthermore, the
ratio of OFFSS area and embedded panel area presumably affects the global wrinkling behaviour, by
changing the equivalent stiffness of the platform. It is recommended to research what the influence
of this ratio is on the wrinkling behaviour of OFFSSs.

8.5 Mooring

In literature, described in Chapter 2, it was noted that for the design of Gossamer structures, wrinkling
reduction methods have been applied such as tension cables along the circumference of these struc-
tures. For OFFSSs, a similar wrinkling reduction might be achieved when such a solution is adapted.
Mooring is required definitely for OFFSSs, thus designing a mooring system that is similar to the ten-
sion cable structures could result in the synergy of the two systems. Consequently, it is suggested to
examine the wrinkling reduction potential of mooring configurations inspired by wrinkling reduction
methods for Gossamer structures.






Auxetic Structure Design

This appendix covers the creation of the auxetic solar panel structure based on an auxetic structure
from literature.

A.1 Auxetic Solar Panels Design

The auxetic solar panels, discussed in chapter 6, are based on an auxetic structure consisting of rigid
rotating rectangles by Kolken and Zadpoor [40]. In Figure A.1, the structure is shown, in rest and in
tensile loading.

This has been modelled using rigid solar panels with dimensions /,xw), = 1.60mx1.00m. Subse-
quently, the auxetic structure is tested in the axial tension case, equal to the loading in Figure A.1. To
check whether the structure shows auxetic deformation, the case is running for a setup with straight
solar panels and one with auxetic solar panels. In Figures A.2 and A.3 schematic illustrations of the
geometries, together with their dimensions, are given for the auxetic and straight platform respec-
tively. In Figure A.4, the geometries of both models, as well as the analysis boundary conditions, are
depicted.

A.2 Auxetic behaviour

A stretch of 5% of the platform width w is applied in the y-direction to both structures. To analyse the
auxetic behaviour, the x-displacement contours are viewed. From there, it can be observed whether
the structure has expanded laterally (x-direction) as a consequence of the longitudinal (y-direction)
displacement. Looking at the results in Figure A.5, it can be observed that the auxetic platform shows
auxetic behaviour, as opposed to the straight panel platform which does not display auxetic behaviour.
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Figure A.1: Auxetic Rotating Rigid Rectangles Structure by Kolken and Zadpoor [40]. (1) Shows structure in rest, (2) tensile
loading in x-direction.

Figure A.2: Schematic of one corner of the auxetic platform. Figure A.3: Schematic of one corner of the auxetic platform.

The indicated dimensions are: 1 = 10.78m, w = 5.46m, lp = The indicated dimensions are: 1 = 10.78m, w = 5.46m, lp =

1.60m, wp = 1.00m, xp = 1.00m, yp, =0.73m, 6 = 0.2, platform  1.60m, wp = 1.00m, xp = 1.00m, yp = 0.73m, h = 0.34m, d =

thickness is t = 0.10m and rigid panel thickness ¢, =0.05m.  0.16m, platform thickness is t = 0.10m and rigid panel thick-
ness fp = 0.05m.
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Figure A.4: Geometries of two test structures in axial tension. On the left, the auxetic structure. On the right, the straight
panel platform. The lower edges of the structure is fully constrained and the top edges are pulled upwards with a displace-
ment based load.
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Figure A.5: Horizontal displacement contours as a result of longitudinal stretch. The auxetic structure on the left shows neg-
ative x-displacement on the left of the platform center and positive x-displacement on the right of the platform center, which
indicates expansion, hence auxetic behaviour. The straight panel structure on the right shows positive x-displacement on
the left of the platform center and negative x-displacement on the right of the platform center, which indicates contraction,
thus non-auxetic behaviour.
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Elastic Foundation Contact Type

As discussed in Chapter 3, there are several options for implementing hydrostatic stiffness into wrin-
kling analyses. In this investigation, an elastic foundation is used which applies hydrostatic stiffness
normal to the face of the structure using springs. One of the decisions which have to be made with the
selection of an elastic foundation is whether the springs should apply stiffness in both directions, i.e.
bonded contact; or only when a wrinkle presses downward, i.e. unilateral contact. Here, the results of
the two respective methods are compared.

B.1 Working Principles

Figure B.1 illustrates the working principle of the two methods under wrinkling deformation. In the
bonded contact method, the hydrostatic stiffness is applied in both vertical directions, as if the water
sticks’ to the platform. At model scale, the same behaviour is recognized in the experiments of com-
pressed membranes on the fluid by Pocivavsek et al. [71], due to surface tension effects. However, at
full scale, these effects are assumed to be negligible compared to inertia forces, as OFFSS size will be
orders of magnitudes larger, while the surface tension of water is close to constant (depending on wa-
ter type and temperature) [60]. Therefore the sticking behaviour is not expected at full scale. Unilateral
contact only provides stiffness when the structure is pressed into the elastic foundation, the structure
is free to move upwards. Hence, this method neglects the effect of surface tension, which might be
more realistic based on the previous argument. Depending on the wrinkling results of both methods,
a conclusion will be drawn.

Bonded Unilateral

Infinitely thick foundations

Figure B.1: Schematic of a wrinkled sheet on an infinitely thick elastic foundation | Ef |. The striped areas indicate displaced

elastic foundation volumes, the bonded contact applies stiffness to both upward as well as downward vertical displacements,
while unilateral contact only offers stiffness to downward vertical displacements; the structure is free to move upwards with
unilateral contact.
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Shear Wrinkling with Hydrostatic Stiffness, Bonded Contact, L = 25m

L

Figure B.2: Wrinkling Amplitudes of Sheet with Bonded Con- Figure B.3: Wrinkling Amplitudes of Sheet with Unilateral
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Figure B.4: Cross-sectional Wrinkling of Sheet with Bonded Figure B.5: Cross-sectional Wrinkling of Sheet with Unilat-
Contact eral Contact

B.2 Wrinkling Results

To compare the effect of the elastic foundations, the shear case with the same boundary conditions
as in Section 6.1.1 is analysed, using the two different elastic foundation settings. The wrinkling am-
plitudes are presented in Figures B.2 and B.3. Note that the result in Figure B.2 is slightly different
than the result for a platform of 25m in Section 6.1.1, as the analysis in the current comparison is
performed for a smaller strain, as higher strains induced convergence issues for the unilateral model.
From the wrinkling amplitude results, it can be observed that the wrinkle wavelengths are smaller for
the bonded case than for the unilateral case. This can be explained, that in the bonded case, the elastic
foundation offers a more significant contribution to the energy balance between bending, stretching
and potential energies. As the potential energy penalizes long wavelengths, these are reduced with
bonded contact.

For a more in detailed comparison between the bonded and unilateral elastic foundation effects, the
cross-sectional wrinkling results are compared of the sheets, at half the width. See Figures B.4 and B.5
for the wrinkling cross-sections. Here, it can be seen that the bonded contact wrinkles are symmetrical
around the z = 0 axis, while the unilateral contact is not symmetrical around the z = 0 axis, but has
a mean which is located at a positive z-coordinate. This is caused by unilateral stiffness, applying
pressure in the upward direction.

B.3 Conclusion

The behaviour as a result of the unilateral method is expected to be unrealistic, as the structure’s mass
has not been taken into account in this computation and it is assumed that the behaviour of the unilat-
eral contact element underestimates the effect of gravity, pulling the sheet downward. The behaviour
of the bonded contact foundation is assumed to overestimate the surface tension effect, however, it
is assumed to model gravity more realistically than the unilateral contact method. Therefore in this
research, the bonded contact method will be applied for the wrinkling analyses on an elastic founda-
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tion.

For future research, there is a demand for a deeper understanding of the physics that play a role in the
interaction between a large scale flexible platform exhibiting wrinkles on water, and how to model this
accurately in an elastic foundation model. To improve the accuracy result with an unilateral model, it
should be investigated whether applying mass to the structure results in a more realistic solution.






OFFSS Permeability Variations

In this appendix, additional examples of permeable OFFSS designs are presented with their wrinkling
behaviour. Permeability is expected to be a very important design feature for OFFSSs, to reduce wrin-
kling behaviour as seen in Chapter 6 and in the work of Lavaerts [41], as well as a method to release
green water on top of the structure due to waves, along with the removal of air trapped below the plat-
form. In the following sections, some elementary permeability designs are tested for their wrinkling
behaviour, using the rigid solar panel shear case described in Chapter 6.

Secondly, it is expected that rectangular holes in shear compliant zones (Section 6.2.1) are prone to
have stress concentrations at the corners of the holes. Holes with smooth arcs instead of sharp corners
might reduce this risk of stress concentrations. Therefore, in this appendix, it will be investigated if
shear compliant zones with elliptical or circular shaped holes can reduce wrinkling.

In the first section, various elementary designs of solar platforms with a grid of holes over the whole
platform are analysed for their wrinkling behaviour. In the second section, variations on the shear
compliant zone with elliptical and circular holes are presented.

C.1 Grid of Holes Over the Whole Platform

As holes are expected to be required over the whole platform to release green water and trapped air
below the platform, it would be beneficial if such a grid can also reduce wrinkling. In this section,
four designs are presented and their wrinkling behaviour is analysed using principal stress results.
The global geometry is the same as the rigid solar panel platform, in Subsection 6.1.2, and the main
dimensions can be found in Figure 6.3.

C.1.1 Conclusion

Four elementary permeable solar platform designs are analysed and their wrinkling behavior is pre-
sented by principal stress field plots in Figures C.5, C.6, C.7 and C.8. From the results, it can be ob-
served that most designs reduce compressive stresses throughout the platform. However, as com-
pressive stress zones are still present, often spread over the middle of the platform, it can not be con-
cluded that these methods remove global wrinkling. This indicates, that the elementary design of a
grid of holes around the platform is likely not sufficient to remove global wrinkling behaviour, under
the given load and boundary conditions.
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Figure C.1: Design A: Circular holes in between solar panels. Figure C.2: Design B: Circular holes at corners of solar pan-
The indicated dimensions are: xj, = 2.69m, y;, = 2.02m, I}, = els. The indicated dimensions are: x; = 0.80m, y; = 0.80m,
2.18m, wy, = 1.45m, Dy, = 0.40m l;, =1.60m, wy, =1.00m, Dy, = 0.40m

Figure C.3: Design C: Cross-shaped holes (two ellipses), lo- Figure C.4: Design D: Different sized elliptical holes in be-
cated between the solar panels. The indicated dimensions tween solar panels. The indicated dimensions are: x; =
are: xp = 2.69m, yj;, = 2.02m, I;, = 1.60m, wy = 1.00m, a; = 1.60m, y; = 2.02m, [, = 0.80m, wy, = 1.00m, a,1 = 0.20m,
0.20m, by, = 1.00m by,1=1.00m, a2 =1.60m, b1 =0.20m
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Figure C.5: Design A: Circular holes in between solar panels. The principal compressive stress field of this design shows a
small reduction of compressive stresses in the middle of the platform compared to a solar platform with no holes, but still
compressive stresses are observed throughout the whole platform.
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Figure C.6: Design B: Circular holes at corners of solar panels. In the principal compressive stress field of this design, larger
reduction of compressive stresses is observed in the middle of the platform. The compressive stresses are significantly
smaller than in Design A, however, compressive stresses are still present all over the platform. Moreover, the stress concen-
trations are located in the middle of the platform, which is expected to result in unfavorable wrinkling behavior.
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Shear with Solar Panels with Cross Shaped Holes in Between Panels, Second Principal Stress, L = 25m

Shear with Solar Panels with Cross Shaped Holes in Between Panels, Second Principal Stress, L = 25m
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Figure C.7: Design C: Cross-shaped holes (two ellipses), located between the solar panels. The principal compressive stress
contours indicate that some compressive stress are removed from the platform, however whether wrinkling is removed by

this design can not be concluded.

Shear with Solar Panels with Ellptical Shaped Holes in Between Panels, Second Principal Sress. L =25m_

Shear with Solar Panels with Elliptical Shaped Holes in Between Panels, Second Principal Stress, L = 25m
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Figure C.8: Design D: Different sized elliptical holes in between solar panels. Principal stress results of this design show
localization of compressive stress zones in multiple areas throughout the platform. Whether wrinkling behavior is reduced
by addition of this permeability type can not be concluded, as compressive stresses are still present over the whole platform.
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Figure C.9: Design E: Shear Compliant Zone with oval holes. Figure C.10: Design F: Shear Compliant Zone with small cir-

The indicated dimensions are: x;, = 0.80m, y;, = 0.84m, I}, = cular holes. The indicated dimensions are: x;, = 0.80m, y =

0.40m, wy, = 0.84m, ap, = 0.20m, by, = 1.00m 0.84m, [}, = 0.40m, wy, = 0.84m, Dy, = 0.20m. Note that Dy, is
the same size as aj, in Design E in Figure C.9.
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Figure C.11: Design G: Shear Compliant Zone with large cir-
cular holes. The indicated dimensions are: x; = 0.80m, yj, =
0.84m, [, =0.40m, wy, = 0.84m, Dy, = 0.30m.

C.2 FElliptical Hole Shear Compliant Zone

Due to the sharp corners of the rectangular holes on the shear compliant zones in Section 6.2.1, stress
concentrations might arise which could lead to fracture of the platform. In this section, several ele-
mentary shear compliant zone designs are tested, using elliptical and circular holes instead of rectan-
gles, to avoid stress concentrations. The effect of the different shaped holes on the wrinkling behaviour
of the platforms is analysed. The main geometry of the platform used in the test cases is the same as
depicted in Figure 6.9, which states the main dimensions. Note that in all three designs, the same
number of holes is applied, which are located at the same positions. The shape of the wholes is the
only variable in this analysis.

C.2.1 Conclusion

From the principal stress results of various elementary shear zone designs, displayed in Figures C.12,
C.13 and C.14, it can be observed that shear compliant zones with elliptical holes result in the highest
wrinkling reduction, by the decrease of compressive stresses over the whole platform. Furthermore,
the decrease of compressive stresses in design G with large circular holes compared to design F with
small circular holes indicates that larger circular holes result in higher compressive stress reductions
when applied in a shear compliant zone.
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Figure C.12: Design E: Shear zone with elliptical holes. Principal stress results of this design show large reduction of com-
pressive stresses throughout the whole platform, and specifically the middle. The reductions are similar to those of the full
shear compliant zone with rectangular shaped holes in Figure 6.10. This indicates that ellipses can result in similar wrinkling
reduction behavior for shear compliant zones as rectangular holes do.
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Figure C.13: Design F: Shear zone with small circular holes. Note that the diameter of the circular holes is the same as
the width of the ellipses in Design E, see Figure C.9 and C.10. Principal stress results of this design show small reductions
in compressive stresses throughout the whole platform. The reductions are similar to those of the platform without shear
compliant zone Figure 6.10. This indicates that shear zones with small circular holes have negligible effect on the wrinkling
behavior of solar platforms.

Shear with Solar Panels with Large Circular Holes at Edges, Second Principal Stress, L = 25m Shear with Solar Panels with Large Circular Holes at Edges, Second Principal Stress, L = 25m
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Figure C.14: Design G: Shear zone with large circular holes. Principal stress results of this design show larger reductions in
compressive stresses throughout the whole platform compared to the small circular holes in design E Yet, the compressive
stress reductions are not as substantial as those caused by the elliptical holes in design E. Furthermore, as compressive stress
zones are still observed around the platform, it is hard to conclude whether wrinkling is removed from the platform with this
design.
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