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Abstract

The Mexican government and hotel industry have implemented various methods to remove sargassum from the
coast, including mechanical removal and floating barriers. However, the barriers are often designed without consid-
ering relevant Metocean data or calculations, making them potentially ineffective. This study investigates the optimal
placement and design parameters for floating barriers, focusing on redirecting sargassum offshore along highly im-
pacted regions of the Yucatan coast, specifically in Puerto Morelos. The research integrates hydrodynamic analysis,
barrier designs, and structural modelling to identify critical factors influencing barrier performance. The aim of this
research is to establish a comprehensive framework for positioning sargassum-catching barriers along coastlines,
adaptable to any location.

The hydrodynamic analysis reveals that barrier placement and orientation are crucial for effective sargassum redi-
rection. Results highlight the southern and northern reefs of the reef lagoon of Puerto Morelos as optimal locations
for barrier endpoints, enhancing natural flushing potential while minimising coastal accumulation. Design, structural,
and material analyses favour a Type |l barrier design with an indirect anchoring system, which provides durability
with minimal ecological impact. The preferred materials, including HDPE, PVC, and galvanized steel cables, were
selected for their resilience in marine conditions.

A finite element model was employed to analyse internal forces within the barrier and its mooring system. Assump-
tions regarding barrier cross-sectional shape, drag coefficient, and mooring lines were validated within theoretical
expectations, though resource limitations prevented empirical testing. Ultimately, this framework serves as a foun-
dation for future improvements and field applications, with recommendations for further empirical validation to refine
design parameters and enhance overall barrier performance.
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Nomenclature

Abbreviation

Definition

CDF Cumulative Distribution Function
EVA Extreme Value Analysis
FEM Finite Element Method
HDPE High-Density Polyethylene
LDPE Low-Density Polyethylene
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Symbols
Symbol Definition Unit
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c Damping coefficient 0.01-FA
Cq Drag coefficient [-]
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Diooring Diameter of mooring line [cm]
Dy Diameter of the tension cables [m]
Duypper Height of barrier above water surface [m]
d Water depth [m]
do Average still-water depth [m]
ds Depth to which sargassum extends [m]
dt Time step in solver [s]
E Young’s modulus [N/m?]
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Symbol Definition Unit
EA Axial stiffness [N]
Fanm(t) Inertia force (added mass) [N]
Fp(t) Drag force due to viscous effects [N]
Fg,net Self-weight of net structure [N]
Fa,t Self-weight of tension cables [N]

Fy, Maximal tension in mooring lines [N]
Fs(t) Sargassum force [N/m]
fn Frequency of n-th component [Hz]
fu(z,t) External force in longitudinal direction [N/m]
folz,t) External force in transverse direction [N/m]
g Gravitational constant [m/s?]
Hoox Maximal water level [m]

H, Significant wave height [m]

kn Wave number corresponding to f,, [-]
kgeometry Stiffness mooring lines from geometry [N/m]
knaterial Stiffness mooring lines from material [N/m]
L Length barrier segment [m]

[ Distance between mooring lines [m]

lm Maximal length of mooring lines [m]

ms Mass of sargassum [kg/m?]
N Newton [kg - m/s?]
n Number of buoys between mooring lines [-]

ns Number of time steps [-]

s Distance between buoys [m]
S(f) Energy per unit frequency [m?/Hz]
Sn(f) Spectral density [m?/Hz]
T Tension [N]

T, Peak wave period [s]

ts Thickness of accumulated sargassum [m]

T, Zero crossing period [s] w
Wave particle [m/s]

velocity

Uwind Wind magnitude [m/s]
u(z,t) Longitudinal displacement [m]

U Current speed [m/s]
Vo Volume of buoy material [m3]

v, Volume of polymer in buoy [m?]

v Offset in y-direction [m]
v(z,t) Transverse displacement [m]

X Horizontal distance between anchoring points [m]

u(t) Wave-induced acceleration [m/s?%]
Af Frequency resolution [Hz|
n(t, ) Wave elevation [m]

Yo Breaking parameter [-]

bn Phase shift, randomised for initial wave position [rad]

p Density [kg/m?]
Db Density of buoy material [kg/m3]
Pm Density of mooring line [kg/m3]
Pret Density of net structure [kg/m?]
Pp Density of polymer in buoy [kg/m?]
Ps Density of sargassum [kg/m?]
Pt Density of tension cables [kg/m3]
Pw Density of seawater [kg/m3]
Wn, Angular frequency, w,, = 2x f,, [rad/s]
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Introduction

A significant population of algae, known as sargassum spp. (sargassum), thrives off the coast of Brazil. Since 2011,
the amount of these sargassum mats increased significantly in the North Atlantic equatorial recirculation region.
These algae are carried by ocean currents through the Caribbean Sea and eventually accumulate on the beaches of
the Yucatan Peninsula, as depicted Figure 1.1. These algae deplete oxygen and block sunlight in the water, leading
to the partial or total mortality of near-shore corals and seagrass meadows. The recovery of these impacted corals
and seagrass meadows can take years or even decades. In cases of massive sargassum influxes, these changes
could become permanent. This also results in a decrease in the local fish population [67]. Additionally, the influx
of sargassum diminishes the appeal of Mexican beaches for tourism. This poses a considerable challenge for the
inhabitants of Yucatan, as their livelihoods heavily rely on fishing and tourism [40].

P —

Figure 1.1: Sargassum accumulation at the Yucatan Peninsula coastline (Mexico).[71]

1.1. Problem statement

The Mexican government and the hotel industry have begun implementing various methods to remove sargassum
from the coast through trial and error. One approach involves mechanically removing sargassum from the beaches,
though this is labour-intensive and results in the loss of valuable sand. Another method is deploying floating barri-
ers in the ocean to capture or redirect sargassum before it reaches the shore. However, these barriers are often
designed without considering relevant Metocean data or calculations, making them potentially ineffective.

To address this, it is essential to study the effects of varying wave forces, ocean currents, and sargassum behaviour
in open waters to determine the optimal barrier placement and design. The goal of this research is to identify the
critical factors for developing an effective model to simulate the behaviour of a floating sargassum barrier, both hy-
drodynamically and structurally, to improve the current barriers. This should help local governments, NGOs, and
companies realising the construction of a barrier more easily.

The scope of this research does not include designing a barrier that captures all incoming sargassum along the
Yucatan coast. The barriers currently in use are no match for the tremendous volumes of incoming sargassum and
are mostly installed in front of high-end hotels that can afford them. Designing a barrier that extends across the
entire Yucatan peninsula is neither realistic nor financially feasible. Therefore, the focus is on specific regions that
are highly vulnerable to the negative effects of sargassum.

1.2. Approach

For this project, Puerto Morelos has been chosen as the initial focus area for developing the model. This location
has been heavily impacted by the arrival and beaching of sargassum in recent years, making it a well-studied site
for such phenomena.
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To achieve the goal of the project, the work is divided into several key phases:

1. Hydrodynamic flow analysis: The first step involves analysing the hydrodynamic flow conditions in Puerto
Morelos. This analysis is essential for determining the optimal position of the barrier and understanding how
trapped sargassum behaves. The results help to identify the best location for the barrier and determine the
hydrodynamic conditions at the barrier.

2. Barrier design research: Once the optimal position is identified, the next phase focuses on researching the
most effective design for a sargassum barrier. This design research, combined with environmental data and
data from the hydrodynamic flow analysis, provides the necessary input for the structural model.

3. Structural modelling: The final phase involves developing a structural model to calculate the forces acting
on the barrier. Using the environmental conditions and design parameters, the model gives insights into the
stresses within the barrier.

The project results in a model-based solution for a floating sargassum barrier that gives insight into the stresses that
occur in the structure due to the conditions at Puerto Morelos.

1.3. Research questions

To successfully implement the approach outlined in Section 1.2, each phase addresses specific research questions.
These questions are detailed in the following subsections.

1.3.1. Hydrodynamic flow analysis
The main research question for the hydrodynamic flow analysis phase is:

* How does the position of the floating barrier influence the movement of sargassum at the coast of Puerto
Morelos?

To address this question, the following sub-questions are explored:

» How does sargassum behave under the existing flow conditions in the bay of Puerto Morelos?

» Whatis the optimal position and shape of a floating sargassum barrier along the coast of Puerto Morelos, based
on sargassum flow conditions?

» How will the barrier affect the movement of sargassum within the Puerto Morelos reef lagoon?

1.3.2. Barrier design research
The main research question for the barrier design research phase is:

» How can a floating barrier be optimally designed and constructed to effectively capture sargassum alongside
the Puerto Morelos coast while minimising environmental impact?

To address this question, the following sub-questions are explored:

» What types of barriers are currently in use, and which type would be most suitable for Puerto Morelos?

» What are the materials used for constructing a floating barrier that can withstand challenging marine conditions,
such as saltwater and UV exposure?

» What additional practical considerations are important for designing an effective floating sargassum barrier
tailored to the specific conditions at Puerto Morelos?

1.3.3. Structural modelling
The main research question for the structural model is:

» How can a general structural model be developed and implemented for a floating sargassum-catching barrier?
To address this question, the following sub-questions are answered.

» How should the model be defined?

What are the relevant input variables?

What are the relevant boundary conditions?

What are the relevant design criteria that need to be determined?

* How is the model implemented for the Puerto Morelos situation?
What are the resulting stresses in the barrier and its mooring lines?
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1.4. Structure of the report

First, the hydrodynamic model and its settings and methodology are introduced in Chapter 2. Next, a hydrodynamic
flow analysis is conducted in Chapter 3, required to find the optimal barrier position. Chapter 4 outlines the key factors
influencing the performance of existing barriers. By analysing these factors, this chapter provides a framework for
designing a floating barrier suited to the conditions at Puerto Morelos.Chapter 5 introduces the structural model and
provides a detailed explanation of the process for determining the forces acting on the barrier. In Chapter 6, the
model is implemented using input parameters from Chapter 3 and Chapter 4, with the resulting stresses and unity
checks presented. Chapter 7 goes into detail about certain unexpected results from the structural model. Then, in
Chapter 8, the validation of the results and the limitations of this study are discussed. Finally, Chapter 9 concludes the
report, and Chapter 10 provides suggestions for practical implementations, as well as recommendations for further
research.
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Hydrodynamic model settings and
methodology

This chapter outlines the method used to model flow, sargassum displacements and the barrier within the reef lagoon.
The software used for modelling these systems is Delft3D. An in-depth analysis is provided of the settings used for
the simulation in Delft3D and the relevant conditions for the flow models are explained. First, in Section 2.1 the
geographic location is demonstrated with an explanation of why this is the chosen research area for this project. For
the design of an effective floating barrier at this reef lagoon site, the modelling scope has been narrowed down to
five hydrodynamic conditions. In Section 2.2 the most significant conditions are discussed and applied to the model.
Section 2.3 explains how sargassum is modelled in Delft3D, based on its physical properties. Finally, Section 2.4
elaborates on how the floating barrier is modelled in Delft3D. Once the model is defined, the arrival of sargassum and
the influence of flushing is analysed in Chapter 3. The analysis in the next chapter answers the research questions
about hydrodynamic flow, modelled with the settings described in this chapter.

2.1. Geographic location and grid extent

The research area stretches from the south of Puerto Morelos up to Caracol (8.5 x 6.4 km). The area contains
large parts of the Puerto Morelos Reef National Park. The corresponding bathymetry is shown in Figure 2.1 (). The
coordinates of the edges of the grid are provided in Figure 2.1 (ll). The southern boundary of the grid contains part
of the south channel. The northern boundary is set just beyond a large opening in the reef called Boca Grande.
This opening plays a key role in the flow and flushing within the area. Boca Grande and the south channel are
marked in Figure 2.1 (). These openings allow water exchange between the lagoon and the open sea, influencing
the hydrodynamic conditions by facilitating the inflow of ocean currents and promoting the water flushing within the
lagoon.

D 56 58 El 52

Figure 2.1: The bathymetry of the research area (I), and the corresponding aerial view of the location of Puerto Morelos, Yucatan (I1).[30]

The grid resolution has been optimised to ensure an accurate representation of these hydrodynamic processes while
maintaining computational efficiency. The resolution and timestep are set to provide a Courant number below 10,
which is essential for numerical stability in the model. For the used grid, the maximum Courant number is 8.7 for
a timestep of dt = 3 s and thus sufficient. A lower Courant number ensures that the time step is sufficiently small
relative to the grid spacing, preventing numerical errors and ensuring accurate flow simulations [41]. Reducing the
spatial extent of the model in this way helps to save computational time while ensuring that the key flow dynamics
are still represented. Grid resolution and dimensions are defined in Table 2.1.

Table 2.1: Grid resolution and timestep in Delft3D.

M-direction N-direction timestep
233 309 3s
8527 m 6416 m
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2.2. Hydrodynamic conditions

The hydrodynamic conditions serve as the input for the Delft3D model, providing the necessary boundary conditions
for the simulation. Waves, wind and tides are identified as the key parameters influencing the system. These
parameters differ between the conditions, creating differences in flow and wave heights. For the Puerto Morelos case,
five distinct hydrodynamic conditions are considered relevant. The first three relate to the varying arrival conditions
of sargassum, while winter conditions are analysed separately due to the increased frequency of northerly storms
during this season. Finally, an extreme value analysis (EVA) is conducted on data from the past ten years to identify
conditions that would generate the highest forces on the floating barrier. Additionally, due to the geostrophic response
to the current variability along the Yucatan coast, seawater levels fluctuate throughout the year. The methodology for
selecting the water level input, influenced by tidal effects and geostrophic phenomena, is discussed in Section 2.2.4.
Table 2.2 provides an overview of the five hydrodynamic conditions, including the representative tidal range.

2.2.1. Arrival based conditions

In 2021, Jantien Rutten et al. published research on the beaching and natural removal dynamics of sargassum in
the Puerto Morelos reef lagoon. [61] This research analysed the arrival of sargassum along with the hydrodynamic
conditions using a 5.2-year data set. The results, as shown in Figure Figure 2.2, present the wind and wave condi-
tions related to the arrival of sargassum. The arrivals are distinguished into three different classes: small, medium
and large. These classifications are based on visual estimations of the size and number of the sargassum mats. The
first three design conditions for this project are derived from the results of this research. The dominant significant
wave height, wave direction, wind speed and direction for classes 1 to 3 are used to investigate the flow conditions
within the reef lagoon during periods of high sargassum arrival intensity. Peak arrivals were found to occur in July
during the study period. The conditions are specified in Table 2.2.
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Figure 2.2: Research results for the three distinct arrival conditions of sargassum at Puerto Morelos (September 2015 — November 2020).[61]

2.2.2. Winter storm condition

Furthermore, time series analyses of sargassum beaching events revealed different periods of maximum sargassum
coverage, with notable peaks from July to October 2018 and others in January and February 2019 [69]. To gain a
broad understanding of how flow conditions differ between summer and winter times, average wave and wind condi-
tions from January to February are also used as model inputs. This approach allows for modelling sargassum arrival
behaviour during winter conditions, to investigate the flushing behaviour of the reef during these winter conditions.
In Figure 2.3, only the wave rose is shown based on a 10-year time series including January and February data. The
time series is further described in Section 2.2.3. From this result, it can be seen that the average wave direction is
from the east, just as conditions 1 to 3. However, to investigate how the reef circulation behaves during northern
conditions, which happens primarily from November to February during stormy conditions [59], only the values with
north/north-east (0°- 45°) direction are considered, as demonstrated in Figure 2.4. The mean values of the significant
wave height H, and wind magnitude u,,;,q are used as model input. The results are given in Table 2.2. It is interest-
ing to observe that waves coming from the northern direction exhibit a shorter peak period. This can be explained by
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the local influence of wind on these waves, in contrast to the eastern waves, which display a swell wave character
due to their distant origin from the Caribbean.
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Figure 2.4: Wave rose based on all NE-directed data from

November to February from a 10-year time series at Puerto
Morelos.[1]

Figure 2.3: Wave rose based on all January and February data
from a 10-year time series at Puerto Morelos.[1]

2.2.3. Extreme value condition

Lastly, it is crucial to determine the flow conditions during extreme weather events. The barrier must be designed to
withstand storm conditions, especially since the Yucatan region is prone to storms and hurricanes. To achieve this,
an EVA is conducted based on a 10-year dataset (2014 to 2023) from the nearest node (21.0°N, 86.5°W) of the ERA5
hindcast.[1] Onsite wind speed and wind direction data, with 4-hour resolution, is also obtained from Copernicus. The
results are shown in Figure 2.5 and Figure 2.6. The wind and wave conditions derived from the EVA represent storm
conditions.
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Figure 2.5: Wave rose of the 10-year time series at Puerto Figure 2.6: Wind rose of the 10-year time series at Puerto
Morelos.[1] Morelos.[1]

The significant wave height, H,, and wave period, T,,, not only describe the important wave characteristics but are
also used as input for the forces on the modelled barrier, as explained in Section 6.2. First, an EVA on the significant
wave heights of combined wind waves and swell data from the beginning of 2014 until the end of 2023 is conducted
to obtain H,. Ten years of data is a sufficient time range to get a representative design value for the significant
wave height and the design wave period, as the design life of the barrier is 10 years as well. This is discussed in
Section 4.1.5. In this EVA, the Peak Over Threshold (POT) method is used to identify the extreme values within the
dataset. In Table 2.2 the results of the EVA are displayed. Appendix B explains the methodology for receiving the
EVA results in detail.
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Table 2.2: Input parameters for all hydrodynamic conditions

Condition H, [m] wwing [m/s] Wave direction Wind direction T, [s] Tidal range [m]
1. Small arrival 0.95 5.27 110° 107° 7 0.315
2. Medium arrival 0.85 4.47 110° 107° 7 0.315
3. Large arrival 0.75 4.36 110° 107° 7 0.315
4. Winter conditions 1.03 8.11 26.0° 11.1° 4.7 0.337
5. Extreme values 2.91 17.5 86.3° 50.6° 13 0.174

With this approach, the conditions have been narrowed down to five distinct settings: settings 1 to 3 are relevant for
high-intensity sargassum arrival under varying conditions, 4 is used to analyse flushing under northern storms and
setting 5 is used to model extreme conditions, ensuring the barrier design remains stable during storm periods.

2.2.4. Tidal settings

An additional hydrodynamic aspect that must be considered is the Yucatan current. At a regional scale, the circula-
tion along the east coast of the Yucatan Peninsula is characterised by the Yucatan Current, which flows northward
parallel to the edge of the continental shelf and is a precursor to the Loop Current, which later becomes the Gulf
Stream. At the Cozumel channel, the current has a strength of 0.6 m/s.[9] As Puerto Morelos is closer to shore and
not at the tight cross-section of the channel, a current with a strength of 0.5 m/s is used at the outer edge of the
southern grid. From where the reef starts the current is linearly interpolated from 0 m/s until it reaches 0.5 m/s.

Besides the input of the Yucatan current at the southeastern boundary, it also influences the water levels imposed at
the eastern boundary. The reef lagoon of Puerto Morelos exhibits a microtidal regime with a tidal range of 0.4 m.[52]
As seenin Figure 2.7, the effect of the geostrophic reaction on the Yucatan current, is visible through a low-frequency
water level variability on top of the tidal regime. The data shows how the water levels vary between spring and neap
tides during higher and lower water conditions. For running the conditions, 1 to 5, mentioned in Section 2.2.1 and
Section 2.2.2 respectively. It is necessary to determine which tidal condition applied at the eastern boundary is most
relevant to answer the research question effectively. The water levels imposed at the eastern boundary have a
direct effect on the location of breaking, which in turn influences the set-up and therefore the extent of the flushing
phenomenon. To answer the research question, the model should be tested under conditions where the lagoon is
least capable of flushing. This model condition is the most critical, as other settings have higher flushing potential.
To investigate this, the tidal regime is divided into four settings; spring tide high water level, neap tide high water
level, spring tide low water level and neap tide low water level.

Tide (m)

Tide (m)
—— Low-Frequency Trend

2023-07-01 2023-07-05 2023-07-09 2023-07-13 2023-07-17 2023-07-21 2023-07-25 2023-07-29 2023-08-01
Date

Figure 2.7: Water level fluctuation in July 2023 in front of the Puerto Morelos coast.

The four water level settings are imposed at the eastern boundary, with condition 1 (small sargassum arrival) as the
reference run. Model inputs are defined as shown in Table 2.2. The local tide data are obtained at a frequency of
60 seconds from the records of the Meteorological and Oceanographic Academic Service (Servicio Académico de
Monitoreo Meteorolégico y Oceanografico (SAMMO)) of UNAM in Puerto Morelos.[68] To find the corresponding tidal
input of interest, the focus is placed on water velocities located at the opening channel of Boca Grande. In Figure 2.8
() and (I), and Figure 2.9 the 4 tidal conditions are demonstrated. The results are summed up in Table 2.3.
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Figure 2.8: Depth-averaged velocity at Boca Grande during spring tide at high water versus low water (1), and during spring versus neap tide at
high water (Il).

Table 2.3: Tidal parameters for spring and neap tides in July 2023

Tide Date Tidal range [m] Max velocity [m/s] Mean velocity [m/s]
Spring tide high water  04-07-2023 0.315 0.45at17:10 0.25
Neap tide high water  15-07-2023 0.174 0.46 at 05:45 0.26
Spring tide low water  16-07-2023 0.226 0.42 at 15:00 0.27
Neap tide low water 25-07-2023 0.134 0.43 at 15:35 0.30
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Figure 2.9: Depth-averaged velocity at Boca Grande during spring tide at low water versus neap tide at low water

The results show the depth-averaged velocities during a 24-hour simulation. The first two hours of the time series
are not representative, as the waves start at 02:00 in the model. The results listed above, show that under spring tide
at high water, the overall outflow is the least powerful. For model conditions 1 to 3, this tidal regime is used as input.
For the winter condition the spring tide at high water is used as well, but then obtained from the January time series.
For the EVA however, the highest velocities are mostly significant. Velocities give, as described in Section 6.1, the
highest forces on the barrier. Therefore, neap tide at high waters is used as model input at the eastern boundary.

Finally, to make a good comparison between the model outcomes of the first three hydrodynamic conditions, for
every run the moment when the outflow at Boca Grande is at its maximum, is used as the 'Time of Interest’ (TOI).
This can be seen in Figure 3.2 in Section 3.1.1.

2.2.5. Assumptions and other settings
The other required parameters in the model are listed below:

- Gravitational acceleration g: 9.81 m/s?
« Water density p: 1022 kg/m3 [17]
» Wind drag coefficients A, B, C respectively: 0.0008 at 10 m/s, 0.0024 at 40 m/s, 0.0020 at 100 m/s [21]

Furthermore, in addition to the eastern boundary where tidal input is applied and the southeastern boundary where
the Yucatan current is set, two other boundaries are also defined within the model. In the southwest, from the coast
to the reef a current is added, linearly interpolated starting from 0 and decreasing to -0.1 m/s. This boundary ensures
the possible outflow of water from the reef lagoon at the southern gate. A Neumann boundary condition is applied
at the northern boundary.
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Lastly, this study aims to investigate the upper-surface horizontal flow patterns around the reef lagoon. Therefore
temperature and salinity are taken as constants within the model. Other hydrodynamic parameters consistent across
all runs include a directional spreading for waves of 4 [-]. Wave breaking in the model can occur due to white capping
and depth-induced breaking, with a breaking parameter (v;) of 0.73 [-].

2.3. Modelling of sargassum

In this section, the approach of modelling sargassum in Delft3D is given and further assumptions are clarified. In
Section 2.3.1 the physical properties of sargassum are explained. This is required to decide which model setting
would best imitate sargassum movement behaviour, further discussed in Section 2.3.2.

2.3.1. Sargassum properties

Determining the density of sargassum is challenging because it is an organism with variable distribution and growth
patterns. Its chemical composition and concentrations fluctuate throughout sargassum mats, influenced by environ-
mental factors such as ocean currents, light, and nutrient availability. Wang et al. (2018) measured the area density
of sargassum through field and laboratory experiments. While biomass density varied across different testing loca-
tions, the average biomass density is 3.34 + 1.34 kg/m?, with a relative uncertainty of about 12%.[70]

Sargassum contains gas-filled structures called pneumatocysts, primarily filled with oxygen. These structures pro-
vide buoyancy, allowing the plant to float on the ocean surface [51]. As a result, sargassum is influenced mainly by
surface currents in free-moving water bodies.

To model sargassum in Delft3D, a mass per volume measurement in cubic meters is required. Sargassum mats can
reach a thickness of up to 70 cm in ocean waters [5], though not all particles extend to this depth. Based on field
observations in Puerto Morelos conducted by the project team, an average mat thickness of 25 cm is assumed for
this research. With this assumption, the density of sargassum is estimated to be 13.36 kg/m?.

In surface waves, fluid particles follow an orbital motion, but their net horizontal displacement is not zero. This
wave-induced drift, known as Stokes drift, always occurs in the direction of wave propagation. A particle at the top
of its orbit, beneath the wave crest, moves slightly faster forward than it does backwards under the wave trough.
The mean drift velocity is proportional to the square of the wave height, making it a second-order effect. Floating
sargassum moves with both the Stokes drift and tidal currents. Additionally, research has shown that wind significantly
influences sargassum movement. Incorporating wind data into ocean current models greatly improves the accuracy
of sargassum transport predictions.[56]

2.3.2. Modelling options

With the main physical characteristics of sargassum determined, the next step is to model it realistically in Delft3D.
Two methods are considered for this: drogues and tracers. Table 2.4 compares both methods against the character-
istics of sargassum.

Table 2.4: Sargassum properties compared with modelling methods.

Property Drogue Tracer

Mass No Yes
Floating Yes Possible
Wind Indirect Direct
Cohesion No Possible

Complexity Simple Complex

To evaluate whether the characteristics of the two methods align with the expected behaviour, both drogues and
tracers are tested in Delft3D. First, the results in Table 2.4 are discussed. Neither methods directly provide an option
that accounts for mass, which can be derived from the density. For example, the Moon Palace resort data shows
that the maximum volume of sargassum arriving on a single day in 2024 was 1183 m?, corresponding to nearly 16
tons of biomass.[50]

In Delft3D, less mass is used to simplify and speed up the simulations. The particle tracking function allows a max-
imum of 1000 particles, meaning that each particle would represent 16 kg, which would be too heavy for accurate
modelling. Instead, each particle is set to represent a 1 m? sargassum mat, giving a weight of 3.34 kg per particle.

Both methods include a floating option, but only the tracer is directly influenced by wind. Figure 2.10 compares the
movement of GPS-tracked sargassum with tracers modelled in Delft3D under different wind drag coefficients. The
results show that a wind drag coefficient of 3% provides the closest match to the observed movement of the sargas-
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sum. In contrast, when a zero wind drag coefficient is applied, as in the drogue method, the modelled sargassum
significantly deviates from real-world behaviour. Therefore, a wind drag coefficient of 3% is used in this project.
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Figure 2.10: Track of GPS-followed sargassum versus tracers with  Figure 2.11: Drogue (purple) versus particle tracking (pink) offshore at
different wind drag coefficients.[57] Puerto Morelos.

Cohesion of sargassum is another property that must be considered. In the case of a tracer, this can be modelled by
adjusting the horizontal diffusion parameters. In the Delft3D model, default settings are used for these parameters,
as the exact diffusion properties of the sargassum are unknown. The determination of these parameters is beyond
the scope of this project. One important aspect is that drogues are simpler model devices as they do not require
many parameters. This makes them easier to implement and reduces computational time compared to tracers. Both
modelling options were tested in the reference run under tidal conditions. In Figure 2.11, the movement tracks of
a drogue and single particles are compared. It can be concluded from the figure that drogues do not perform as
expected, largely due to the absence of wind drag in their calculations. As a result, particle tracking, specifically
using tracers, is the method used to model the sargassum for the analysis in Chapter 3.

2.3.3. Placement location of drifters

Within the Puerto Morelos reef lagoon, there exist three gate channels where the outflow of water can occur as part of
the recirculation flow. In Figure 2.12 these are indicated as big gate (Boca Grande), medium gate and small gate. To
investigate the capability of the reef lagoon to redirect sargassum particles back to the ocean currents under different
conditions, drifters are released at the following locations:

» South west: to test the ability of flushing if sargassum arrives from the south.
» North west: to test the ability of flushing if sargassum arrives from the north.
East of big gate: to test the ability of flushing

East of medium gate: to test the ability of flushing

» East of small gate: to test the ability of flushing

East of the reefs north, medium and small to investigate how sargassum is influenced by the recirculatory flow
patterns when entering the reef

Additionally, observation points are added in specific grid cells to collect hydrodynamic results from an Eulerian frame
of reference. The locations of the observation points and drifter release locations can be seen in Figure 2.12.
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Figure 2.12: Observation points and release location of tracers in front of the coast of Puerto Morelos

2.4. Modelling of a floating barrier

To investigate how an implemented floating barrier affects the hydrodynamic flow patterns around the reef, which in
turn affect the pathways of sargassum, a floating barrier has to be modelled in Delft3D. The barrier consists of three
components: a buoy, a mesh grid net and mooring lines. In Delft3D there are several methods to implement a barrier
or floating structure in the model. For this research, the buoy and the mesh grid are the dominant structural elements
influencing the flow and the accumulation of sargassum. Delft3D offers two different techniques to represent these
elements. A porous plate can simulate the mesh, while the buoy can be modelled as a floating barrier extending
over several layers.

A porous plate in Delft3D is a partially transparent structure covering some or multiple layers in the vertical but with
a very thin thickness compared to the grid size. For the porous plate, the inputs required, in addition to the mesh
locations, are the number of layers through which the plate extends and the coefficient of friction for quadratic friction.
This coefficient is a calibration parameter that provides an estimate of how much water flows through the barrier. It
can be adjusted to accurately describe the flow behaviour upstream and downstream of the gate. As in this research
no barrier is tested in the laboratory nor flow around an existing structure is monitored, this method is outside the
scope of the project. However, to investigate the behaviour of sargassum when trapped in front of a barrier, the use
of a floating structure provides a suitable alternative to model this.

The introduction of a floating barrier affects the incoming waves. As waves approach the breakwater, some wave
energy is reflected, while the remainder is transmitted. This results in a reduced wave height behind the floating
barrier, which reduces the amount of radiation stresses when waves break at the front side of the reef. Wave
attenuation caused by the breakwater thus leads to a reduced set-up, which decreases the force of the outflow.
The functioning of the breakwater is illustrated in Figure 2.13. However, this process only applies if the breakwater is
placed before the waves break on the reef, at off-shore located waters. In this project, where the focus is on designing
a floating breakwater within the reef lagoon, the reduction in wave set-up is negligible. Therefore in Section 3.2, the
absence of a floating barrier in the model is expected to have no significant large-scale impact on the hydrodynamic
conditions in the reef lagoon.

Seallake side Overtopping Lee side

(protected area)

HR = radiated wave height
Hi = incident wave height
Hr = reflected wave height
Ht = transmitted wave height

Ed = energy dissipation

Figure 2.13: Interaction between floating breakwater and incoming waves.[12]



3
Hydrodynamic analysis

To design a floating barrier that effectively captures or redirects sargassum back into the ocean currents, a thorough
analysis of the flow conditions and the impact of the flow on the barrier is required. This chapter aims to determine
whether it is possible to shape a floating barrier in the Puerto Morelos reef lagoon in a way that increases the chances
of flushing. This chapter utilises the Delft3D modelling software to better understand the circulation currents within
the reef lagoon. In Section 3.1, the results of the summer and winter conditions are investigated based on the model
output. Along with the results of the modelled sargassum behaviour under these conditions, an analysis is conducted
to determine the optimal location for a floating barrier. This is discussed in Section 3.2. In Section 3.3 the impact of
the floating barrier on flow behaviour and sargassum transport is modelled and discussed. The chapter concludes
with the modelled output from the EVA. Based on the optimised barrier location, the required results for the structural
part are defined.

3.1. Modelling results of various conditions

In the following subsections, the flow patterns within the reef lagoon under different conditions are analysed. Espe-
cially the flow behaviour at the three gates mentioned in Section 2.3.3 are highlighted. Other interesting patterns are
brought forward as well. This is done to distinguish which condition is most relevant to analyse flushing conditions
and which are the main in and outflow regions of the lagoon. All figures have magnitude colour maps set to the
same value range, facilitating visual comparability. The figures also contain vectors pointing in the directions of the
currents. Note that all figures are displayed on a large scale in Appendix C, for a more clear observation.

3.1.1. Hydrodynamic results based on Delft3D

In the first four conditions, the presence of the Yucatan current is evident. Due to the bathymetry, it can be seen that
the current bends to the east. At every timestep, the current velocities induced by waves, tides and wind are directed
to the northeast direction at the eastern border. Based on these results, at all times the Yucatan current consistently
dominates over the wave- and wind-induced currents outside of the reef region shown in Figure 3.1.
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Figure 3.1: Depth-averaged velocity vectors during condition 3 at 19:00, during a 24-hour run Delft3D.
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All summer conditions are subject to the same tidal forcing, thus wave height and wind magnitude are the dominant
influences on the currents within the reef. In Figure 3.2 and Figure 3.3, the flow patterns outside of the big gate
(Boca Grande) are shown when the outflow is at its maximum, for all three summer conditions. For winter conditions
a stabilisation of the currents is observed after approximately 8 hours. This situation is most interesting as this gives
the most realistic flushing scenario for condition 4. For all simulations, the wave input starts after two hours, so the
values until 02:00 are not representative.
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Figure 3.2: Outflow conditions 1 (left) and 2 (right) at TOI, 24-hour run Figure 3.3: Outflow conditions 3 (left) and 4 (right) at TOI, 24-hour run
Delft3D. Delft3D.

With the obtained results from the Delft3D models, the flow for all 4 conditions can be analysed. The objective is to
identify all the circulation patterns and outflow locations of the reef, as they are relevantly influencing the behaviour
of sargassum. These phenomena could lead to flushing within the reef, which clears the sargassum and thus no
barrier is required at those locations. The current velocities in Figure 3.2 and Figure 3.3 (left), observed in the middle
of Boca Grande, show that in all three summer conditions, at all times the flow is eastward directed. The time instant
before the TOIl in condition 3 is the only moment that no outflow in the big gate occurs, because of the great oscillation
in that moment. The constant outflow indicates a well-working flushing behaviour of the reef lagoon system around
the big gate. In Table 3.1, the percentage of depth-averaged velocities flowing towards the east, an indication of
outflow is demonstrated. From these results, it becomes visible that the reef has two main outflow zones. These are
at observation locations medium gate and small gate. The main inflow is at the reef locations. The highest velocities,
up to 0.8 m/s, were found along the reef crests, where the sharp depth change and wave breaking generated cur-
rents directed transversely across the reef. Based on the time series, constant outflow occurs at all three gates for
conditions 1 and 2. The small gate in condition 3 has an outflow of 94.7% of the time, which is also contributing to
flushing. The fourth condition is analysed further in Section 3.1.2, as this is not a standard sargassum arrival condi-
tion with wind and flow coming from the northeast. With the help of Table 3.1 it can be concluded that the total outflow
is the least in condition 3. The condition where the weakest flushing occurs is the high sargassum arrival scenario,
making this the most critical condition in terms of sargassum retention and flushing capability. This condition is taken
to analyse circulation patterns and is decisive for the decision of barrier placement from now on.

Table 3.1: Outflow in percentages across all different observation points

Location Condition1 Condition2 Condition3 Condition 4
Big gate 100.00 100.00 98.48 3.79
Medium gate 99.24 99.24 98.48 97.73
Small gate 99.24 99.24 94.70 96.21
Big gate north 96.97 93.94 75.76 3.03
Reef north 3.79 3.79 9.09 98.48
Reef big-medium 18.94 21.97 30.30 96.97
Reef medium-small 4.55 6.06 16.67 94.70
Reef small north 53.03 49.24 53.03 93.94
Reef small south 63.64 68.94 33.33 51.52
Reef south-west 7.58 5.30 15.91 48.48
Total average 54.70 54.77 52.58 68.49

The combination of in and outflow in the reef creates circulation patterns, known as gyres. Three main gyres can be
observed in Figure 3.4, where the main circulation regions of the reef are highlighted. The outflow of the big gate
creates an anti-clockwise gyre with the inflow of reef north and a clockwise gyre with the reefs south of the big gate.
The southwest outflow location of the reef creates an anti-clockwise gyre induced by a high inflow coming from the
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reef in the south (red coloured patches in "Flow circulation reef south”). The small and medium gates also create
small gyres in the middle of the reef. The impact of all the gyres is analysed in Section 3.1.2 in which sargassum is
released to demonstrate the flow of the particles. Together with this analysis, the location of the barrier is determined.

Flow circulation big gate Flow circulation small and medium
gate

Flow circulation reef south

Figure 3.4: Detailed flow patterns of the upper layer (first 20% of water column) for condition 3.

Besides the capability of the lagoon for flushing, it is important to investigate the flow behaviour within the reef and
in front of the reef in the y-direction (north/south). Within the reef are multiple segments where circulation patterns
occur which can be seen in Figure 3.4. If sargassum would directly flow along with these currents it is moved toward
the gates and pushed outside of the reef. For the y-directed currents, it is interesting to see that at all observation
locations, the direction is different. In front of the reefs in the south and between the gates, water is pushed towards
the north, while at the reef in the north, it is directed to the south. Nonetheless, it is clear to see that at all locations
there is a component in y-direction that could have the ability to move the sargassum along a barrier. Overall,
the dominant flow within the lagoon is directed north-northeast. The narrowing of the lagoon at latitude 2311000
intensifies the current, which exits the lagoon at the big gate. This forms circulation gyres and together with the
outflows, enhances the flushing phenomenon. Whether the flushing effect is strong enough to keep sargassum out
of the reef, is tested in Section 3.1.2.

3.1.2. Sargassum behaviour based on Delft3D

First, the sargassum is released at the locations specified in Section 2.3 for conditions 1 to 4. At each location, 100
particles are released in a six-hour run to investigate from which points the particles enter the reef and where they are
flushed back offshore. Once offshore, the particles are carried away by the Yucatan Current. Conditions 1 to 3 show
similar distribution patterns, with condition 1 exhibiting the most intense flushing magnitude. However condition 4
shows entirely different distributions, as it is the only condition with waves and wind coming from the northeast. For
condition 4 two important findings need to be highlighted based on the results in Figure 3.5. First, the Yucatan current
loses strength as it moves from south to north, and as discussed with the help of Figure 3.1, the current still bends off
to the east due to the bathymetry. Additionally, it can be seen that particles released at the northern boundary just at
the edge of the reef, have no chance of entering the reef until they reach the southern reef. From the release point
"Tracer reef small 2” southward, the water currents push the sargassum toward the coast. The combination of these
findings indicates that, on one hand, sargassum drifts out to sea starting east of the large gate, while the remaining
particles accumulate at the critical point south of "Tracer reef small 2.”
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Figure 3.5: Particle tracking for conditions 1 to 4 at Puerto Morelos for 5 hours.

Based on the results of all particles and individual particles for conditions 1 to 3, it can be concluded that sargassum
enters two main regions; at the reef north of Boca Grande and at multiple locations of the reef south of the medium
gate. The small gate contributes little to the flushing process. While it does flush a few particles, the waves just
north of the small gate push them back into the lagoon. In all three conditions, however, the big gate stands out as
the dominant flushing point, with no particles being able to pass through the opening towards the coast. To further
analyse the behaviour of the sargassum in the middle of the reef around the medium and small gates, an eight-hour
run is carried out using the settings from condition 3. The results, shown in Figure 3.6, clearly demonstrate that the
outflow in the small and medium gates helps the particles to flow towards the large gate where they are flushed out
of the lagoon. This indicates that the primary areas where the sargassum reaches the shore without being flushed
away are the reefs to the south and north. Further details are provided in Section 3.2.

3.2. Optimal Placement of Floating Barrier

For the optimal location and orientation of the barrier the following four aspects need to be taken into account: flush-
ing areas, circulation patterns, flow along the barrier and wave dissipation due to the reef. The first two factors
determine effective regions where a barrier is not needed as the natural hydrodynamics of the lagoon can redirect
sargassum back to the sea itself. These regions have been thoroughly analysed in Section 3.1.

The placement of the barrier is primarily determined by the flushing dynamics under condition 3, as well as the re-
gions where sargassum inflow occurs. The analysis in the previous section has shown that the inflow areas are
predominantly located in the shallow parts of the reef. The circulation patterns show that at multiple locations sargas-
sum is immediately discharged back into the open sea through the natural gates in the reef. These flushing areas
are critical to consider when planning the barrier location, as they inherently manage the outflow of the sargassum.
Therefore, placing the barrier in these areas would be ineffective as the natural hydrodynamic forces already prevent
sargassum from reaching the shore in all three inflow conditions. Consequently, the barrier should be placed outside
the active flushing areas, all three gates and the south channel, to avoid interfering with these natural processes,
while ensuring that the sargassum influx is effectively blocked. According to the results, this requires the placement
of a barrier along the southern reef and the northern reef, extending up to the flushing areas. These regions extend
from the south channel up to the small gate for the southern barrier and from the big gate northwards until the north-
ern boundary for the northern barrier, both indicated in Figure 3.6 (lI).

In addition to the reef lagoon flow patterns, the third factor influencing the location and orientation of the barrier is
the flow directed along the barrier. For a barrier designed to enhance the chance of redirecting sargassum back to
the sea, at all locations of the barrier the flow needs to be directed to one of the flushing ends. If this is not the case,
accumulation of sargassum can occur. Accumulation of sargassum at one specific point has two setbacks. First,
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it creates extra structural load on the barrier at a specific point in the barrier chain. Secondly, when sargassum is
trapped at a single position, over time it loses its buoyancy and thus sinks underneath the barrier ending up in the
reef lagoon. [51] To prevent sargassum from accumulating along the barrier, the orientation of the barrier needs to
be adjusted. The objective is to orientate the barrier in a way which effectively pushes sargassum to the ends where
flushing occurs. Further analysis of the optimal orientation is given in Section 3.3.

The fourth factor influencing the placement of the barrier is the hydrodynamic forcing. An optimal barrier design is
presented in Section 4.5, followed by a structural analysis in Chapter 6. The forces acting on the sargassum barrier
are primarily determined by H, and T,,. For a more detailed discussion of dynamic forcing, refer to Section 5.3. At
this stage, it is important to note that higher values of H, and T, results in greater forces on the barrier. From the
eastern boundary, the waves undergo shoaling as they approach the reef, where water depth decreases and the
waves eventually break. Due to this process, the wave energy dissipates on the reef, leading to a reduction in H,
and T, behind the reef. Consequently, to minimize the dynamic forces on the barrier, it is preferable to construct it
within the lagoon, where the wave energy has already been significantly reduced. For condition 3, the location where
wave breaking occurs can be seen in Figure 3.6 (ll), where the map colour changes from red to green at the location
of the reef.

Based on the results of the sargassum flow patterns, the overall circulation in the reef lagoon and the breaking
region, two barriers are selected for testing as shown in Figure 3.6 (Il). The sargassum that reaches the shore is
concentrated in the southern and northern parts of the reef. The circulation initiated by the large gate is visible in
Figure 3.6 (1), with all particle paths shown. The inflow and flushing of the reef are illustrated by several individual
particle trajectories in the right panel (1) of Figure 3.6. The green lines represent particles that are flushed out and do
not reach the coast, while the red lines represent sargassum particles that reach the coast of Puerto Morelos. The
green line moving through the middle illustrates flushing through the middle gate. The red bars in the figure mark the
optimal barrier locations, in which H; is low due to wave breaking. Positioning the barriers in these areas blocks the
inflow that would otherwise reach the shore, without impeding any flushing currents. The barrier is oriented parallel to
the reef from which the sargassum arrives, with its ends positioned next to a flushing area. This orientation ensures
that sargassum is redirected back into the sea as it flows along the barrier. In Section 3.3 a further analysis is done
to check whether sargassum can move toward the flushing areas along the barrier accordingly.
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Figure 3.6: Distribution of sargassum particles during a 7-hour simulation (I) and single particle flow patterns with the optimal placement
locations for a barrier during condition 3 (lI).

Information barriers 1 (South) and 2 (North), with the the axis starting at 0° North:

+ Information barrier 1: Angle with respect to NSWE-axis: 33.7°, Length: 2160 [m]
* Information barrier 2: Angle with respect to NSWE-axis: 23.3°, Length: 1370 [m]
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3.3. Influence of floating barrier on sargassum transport

In this section it is investigated whether under the placement of the barrier, sargassum has the ability to move along
the barrier towards the flushing locations. In Figure 3.7, the results of the interaction between a floating barrier and
sargassum particles with the use of three different methods are illustrated. All three examples show how sargassum
transports within the upper layer through the barriers as indicated by the red boxes. Even when the flow is zero
in all directions as depicted in Figure 3.7 (II) and Figure 3.7 (lll), the modelled particles still transport through the
barrier. Unfortunately the results show that the Delft3D cannot accurately model the interaction between floating
structures and tracking particles. A further explanation of the implementation of floating structures in Delft3D is given
in Appendix D.

| L
5175 518

Figure 3.7: Sargassum interaction with floating barrier (I), sargassum interaction with rigid sheet (ll), sargassum interaction with 3D-gate (lll).

However, by using observation points at the location of the barrier, an estimation of the behaviour of sargassum
particles in front of the barrier is made. For this estimation, it is assumed that the placement of a barrier does not
affect the flushing capacity of the gates. In Figure 3.8 (1) the location of the observation points is illustrated based on
the results of Section 3.2. In Table 3.2 the average depth-averaged velocities during condition 3 are presented in the
direction along the barrier during the first test. The results show that barrier 1 pushes water southwards along the
southern half of its length and northward along the northern part of the barrier. From location (34,59) to the southern
end of barrier 1 (28,34), there is an overall flow toward the south, where sargassum is pushed back into the ocean as
seen in Figure 3.6 (1) at the southern edge. North of (34,59) the flow direction shifts northward, pushing sargassum
toward the gates where outflow occurs. The weakest current is observed at location (38,76) with an average velocity
of 0.016 m/s, or 58 m/h. The direction of flow relative to the barrier is shown in detail in Figure C.21.

Table 3.2: Average current in the direction along the barriers of test 1 with condition 3 input

Location Barrier Average currentm/s Direction

28,34 1 0.073 South
30,42 1 0.060 South
32,51 1 0.065 South
34,59 1 0.038 South
36,68 1 0.046 North
38,76 1 0.016 North
40,85 1 0.044 North
43,97 1 0.072 North
46,110 1 0.110 North
57,259 2 0.044 South
57,269 2 0.054 South
58,279 2 0.017 South
58,289 2 0.005 North
59,299 2 0.069 South
60,308 2 0.042 South

In contrast, the results of barrier 2 demonstrate its ability to directly transport sargassum towards the big gate from lo-
cation (57,259) to (58,279). A weak point is identified between (58,279) and (59,299), where only northward-directed
current is observed. The rest of the barrier shows relatively strong currents directed toward the big gate. To prevent
sargassum from accumulating between these two points, the orientation of the barrier needs to be adjusted. For
example, if the orientation of the barrier at the location of this weak link is set to 30°, the currents shift to 0.030 m/s
southward. This adjustment ensures that all flow along the barrier is directed toward the main gate where flushing
occurs.
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A second test is applied with an overall adjusted barrier orientation of 28.2°. The location points and the depth-
averaged velocities along the barrier of the northern border are presented in Figure 3.8 and Table 3.3 respectively.
However, with the adjusted orientation and thus a different location for the observation points, the flow still exhibits
conflicting directions at the northernmost three points. In this configuration, the weak point occurs at (58,299), where
the current shifts from southward to northward between (58,299) and (56,289). Although this suggests potential
accumulation, the current at (58,299) is directed offshore with maximum velocities of 0.42 m/s, creating a flushing
effect that prevents sargassum accumulation between these two points.

A detailed overview of the currents at the location of the observation points along the barrier is provided in Figure C.21,
Figure C.22 and Figure C.23. From Figure C.22 it is evident that in the first test at location (59,299) the overall
flow is also directed offshore. Thus, both barrier orientations demonstrate a self-organizing effect that pushes the
sargassum away, preventing accumulation. There is however one key difference between the two test locations
which highlights the optimal orientation. In the second test, the barrier is located closer to shore, which results in
greater wave dissipation. As seen in Figure C.22, currents can reach up to 0.7 m/s at location (58,279), while in
Figure C.23 the maximum occurs at (59,308) with velocities up to 0.6 m/s. From a structural perspective, the second
orientation is the more effective choice.

bs (50, 308)

Figure 3.8: Locations of the applied observation points for barrier 1 (South) and 2 (North) during the first test () and the second test (ll).

The second test shows that under depth-averaged velocities, the flow has the ability to push sargassum toward
flushing gates or redirect sargassum toward the sea at the location of the barrier itself. The final information on the
optimal barrier location and orientation are listed as follows:

» Barrier 1: angle with respect to NSWE-axis: 33.7°, length: 2160 m, starting and ending coordinates are
(513255, 2305038) and (514450, 2306850) respectively.

» Barrier 2: angle with respect to NSWE-axis: 28.2°, length: 1375 m, starting and ending coordinates are
(516019, 2310687) and (516670, 2311900) respectively.

Table 3.3: Average current in the direction along the barriers of test 2 with condition 3 input

Location Barrier Average current along barrier [m/s] Direction

52,259 2 0.076 South onshore
53,269 2 0.052 South onshore
55,279 2 0.017 South onshore
56,289 2 0.017 North onshore
58,299 2 0.027 South offshore
59,308 2 0.033 North onshore

Lastly, during a 7.5-hour simulation sargassum particles are released at the ends of the barrier to confirm whether
all particles are flushed out into open waters and not end up along the coastline. In Figure 3.9 the distribution of 100
particles at each end is shown, confirming the effective flushing behaviour under the chosen barrier placement. This
finalises the choice of location and orientation of the barriers, addressing the main question stated in Section 1.3.
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Figure 3.9: Distribution of sargassum particles during a 7.5-hour simulation, released at the ends of barriers 1 and 2 (red crosses) for the
second test location. For this model condition 3 is used as the input setting.

3.4. EVA condition for structural input

For the force determination of the structural model, the following hydrodynamic inputs are required: H, T, the incom-
ing current velocity u and the direction of the incoming current relative to the barrier in degrees. From Section 3.3, the
optimal location along with the length and angle of the barrier relative to the NSWE-axis (0° N), has been determined.
In Delft3D, by adding observation points, the hydrodynamic inputs described above can be determined. Figure 3.10
illustrates the locations of the observation points and shows how the waves have already broken on the reef with
EVA conditions before reaching the floating barrier. It is interesting to observe how a separation line forms from the
northeastern boundary extending to the opening of the northern gate, indicating wave breaking offshore above the
separation line. In Table 3.4 the maximum values for three different barrier locations are presented. These locations
were chosen based on the Delft3D results by selecting the highest values of H, T}, and the velocity in the z-direction
(west/east) in the upper layer independently. The locations are indicated by red markers in Figure 3.10.
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Figure 3.10: Wave map of H, during EVA settings and the observation points at the location of barrier 1 (south) and 2 (north).

In Section 6.1, the dominant combination of hydrodynamic outputs is further discussed. In Table 3.4 the direction
relative to the barrier is defined as the angle between flow and the barrier (black line going from 90° to 270°). This can
be seen in Figure C.17, where the red dotted line shows the incoming direction concerning the barrier during maxi-
mum current magnitude. Lastly, it is important to mention that under EVA conditions, due to potential higher flushing
capabilities of the lagoon, the amount of sargassum captured in front of the barrier is assumed to be negligible.

Table 3.4: EVA maximum hydrodynamic output at the location of barrier 1 & 2

Location Barrier 1 (46,110) Barrier 2 (52,259) Barrier 2 (56,289)
H (m) 1.19 0.73 0.57

Tp (s) 7.36 9.11 5.03
Current (m/s) 0.37 0.60 1.06
Direction relative to barrier 66.84° 76.82° 39.60°

Current orientation South West East South West




4
Barrier design

Designing an effective floating sargassum barrier at Puerto Morelos requires careful consideration of both environ-
mental and operational site conditions. This Chapter outlines the key factors that influence the performance of such
barriers by exploring how a floating barrier is optimally designed and constructed to effectively capture sargassum
while minimising environmental impact. The Chapter addresses existing barrier designs, material selection and prac-
tical considerations for the local environment. Section 4.1 compares the different types of floating barriers currently in
use for sargassum collection and their strengths and weaknesses are evaluated. In Section 4.2, different anchoring
mechanisms are discussed based on functionality and strength. Section 4.3 examines materials based on their ability
to resist marine conditions such as ultraviolet (UV) degradation, saltwater corrosion and biofouling. Common ma-
terials like high-density polyethylene (HDPE), Polyvinyl Chloride (PVC) and Galvanised steel are assessed for their
mechanical properties under these conditions. Finally, in Section 4.5, all design choices are considered to ensure
the barrier remains functional in the marine environment of Puerto Morelos. These choices include design, mate-
rial, disassembling and repairing features and marine life considerations. By analysing these factors, this Chapter
provides a framework for designing a floating barrier tailored to the conditions of Puerto Morelos.

4.1. Existing barrier designs

Over the last years, hotels and local governments have implemented various floating barrier designs to manage the
sargassum stranding on their beaches. These designs were developed through trial and error. Despite significant
investments, these methods lack scientific foundations and are not optimised for the specific conditions at Puerto
Morelos. Barriers struggle to perform under changing wave forces and currents, requiring frequent maintenance and
offering limited long-term success.[51][10] To determine the most suitable barrier for the Puerto Morelos area, this
section compares the various types of barriers currently in use, evaluating their strengths and weaknesses under
local conditions.

Several companies producing sargassum barriers have backgrounds in oil spill containment and many design prin-
ciples have been adapted from these solutions.[3][22][25][35] The design of these sargassum barriers has, in part,
been adapted from oil spill barriers. However, a key difference lies in the design properties. QOil containment barri-
ers are made from solid, impermeable materials, whereas sargassum barriers are permeable to ensure water flows
through the barriers while the sargassum is trapped. While most of the barriers have so-called mesh skirts with 3 mm
holes in them, so sea turtles and sargassum can not get tangled in the barrier[36], other barrier producers claim that
sea turtles and sargassum do not get tangled, even when nets with bigger holes are deployed.[51] However, there
is no validated scientific research to back-up the claims. Based on field observations, expert opinions and research,
four main types of sargassum barriers are identified. In this report, these are referred to as type I, type Il, type llI
and type IV barriers. The barrier types are described in Section 4.1.1, Section 4.1.2, Section 4.1.3 and Section 4.1.4
respectively.

Figure 4.1: (a) Picture of type | barrier [4], (b) Picture of type Il barrier [63], (c) picture of type Il barrier [23], picture of type Il barrier (d), (e)
picture of submerged type | barrier[4], (f) picture of submerged type Il barrier[58], (g) picture of submerged type Il barrier[23], (h) picture of
submerged type IV barrier[37].
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4.1.1. Type I barrier

The type | barrier, shown in Figure 4.1 (a), consists of two parts: a floating cushion for buoyancy and a mesh skirt to
prevent sargassum from passing underneath. The cushions are designed of PVC-coated, closed-cell, polyurethane
(PU) foam logs, which offer buoyancy and protection from UV radiation.[23] The barriers exist in various dimensions,
allowing customisation to accommodate different sargassum loads in diverse locations.[4]

As shown in Figure 4.1 (e), when type | barriers are deployed in a chain, they can cover large stretches at the surface
of the water. The barrier section consists of 30-meter segments, which can be taken out individually. This feature
simplifies maintenance and ensures the barrier remains functional even if a section requires repair. Type | barriers
are typically used in shallow coastal regions due to their compact size and efficient deployment in reef-protected
waters. Lastly, type | barriers are relatively affordable, as they share similarities with ocean-going oil booms, with
the primary difference being the modified barrier draft attached to capture sargassum. According to Enviro-USA[33],
type | barriers reduce the amount of sargassum reaching the beach by 85%. This claim however is not backed with
scientific evidence, although other experts and observations agree that the type | barrier is not 100% effective.[51]

4.1.2. Type Il barrier

As seen in Figure 4.1 (b), type |l barriers have a different buoyancy design compared to types | and Ill barriers. In-
stead of a cushion on top, type Il barriers use PU-filled, HDPE buoys woven through the mesh skirt structure. This
buoy system makes the barrier more flexible and adaptable to fluctuating water conditions, as it allows the barrier
to adjust more fluidly to waves and currents. The mesh skirt design also ensures that water can flow through while
trapping the sargassum the same way as the type | barriers do.[23][48]

Figure 4.1 (f) shows that type Il barriers are deployed in the same chain-linked way as type | barriers, with segments
ranging from 25 to 50 meters in length.[63] Like type | barriers, type Il segments are designed for easy detachment
and replacement, which allows for easy maintenance and the possibility to quickly swap out sections when necessary.
Type Il barriers are particularly suited for coastal, reef-protected, environments where more adaptable barriers are
required, due to the design providing a balance between buoyancy and flexibility. Moreover, these barriers are
compact when transported and relatively inexpensive due to the affordable and widely accessible materials used
in their construction.[23] Beach Bouncer[10] claims that the barrier is 100% effective, ensuring that no sargassum
passes through. However, the company provides no supporting data and no scientific studies are available to verify
this claim.

4.1.3. Type IIl barrier

type Il barriers have a similar design to type | and IV barriers, as shown in Figure 4.1 (c), with a mesh skirt attached to
floating materials. However, instead of a soft cushion filled with air or foam, the floating material consists of a double-
walled, foam-filled, HDPE tube, ranging from 3 to 6 meters in diameter. These barriers form heavy-duty booms that
are connected with rugged hardware, designed to reduce drag and strain on the system while effectively capturing
both floating and submerged debris. Although effective in calm, unprotected waters, type lll barriers are significantly
more expensive due to their size and the inclusion of a steel channel running through the structural elements for
added strength and durability. This construction allows them to withstand stronger environmental forces compared
to other barrier types.[23]

Figure 4.1 (g) illustrates that type Il barriers are deployed in larger segments, with variable lengths, as each segment
can be independently deployed or removed. Their heavy-duty design makes them suitable for relatively calm but
exposed waters, where additional strength is required. This added strength also contributes to their longevity. How-
ever, due to their buoyancy, type Il barriers necessitate heavier anchoring, which increases the costs of anchoring
and maintenance. Type lll barriers can withstand wave heights of up to 1.20 m and currents of up to 0.8 m/s.[10]
Beyond these conditions, excessive stress may be placed on the connections and moorings due to their buoyancy.
As a result, they are not recommended for deployment in areas with heavy wave action or breaking waves. Accord-
ing to Beach Bouncer[10], type Ill barriers completely blocks all sargassum with a 100% effectiveness rate, though
the company has not provided any data, nor is there any known scientific research to support this.

4.1.4. Type IV barrier

The type IV barrier, illustrated in Figure 4.1 (d), is distinct from the other designs as it uses a PVC air-filled balloon for
flotation instead of foam or hard plastic components. This feature makes the barrier lightweight and easy to deploy,
as well as low volume when transported. Unlike the previous types, type IV uses nets instead of mesh skirts. This
design reduces drag and inertia significantly, as the water can flow freely through the barrier. This lower drag results
in reduced forces on the barrier and thus the moorings, meaning the barrier can be designed with less structural rein-
forcement since it experiences less stress. Still, using air-filled structures, this type of barrier can suffer from puncture.

Due to its light structure, type IV barriers are moored every two meters, ensuring stability in dynamic marine en-
vironments. However, since anchoring is the most dominant factor in terms of costs, overall costs significantly
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increase.[10] Although nets are used, the designers claim that no marine life, such as sea turtles or the sargassum
itself, becomes entangled in the system and no sargassum passes through the barrier. However, the designer can
not back these claims with scientific research. The lack of a mesh skirt and instead using nets simplify the design
and reduce structural needs. The type IV barrier is particularly suited for shallow coastal areas with low to moderate
wave action.[51]

4.15. Design Failure

Regular maintenance is essential to ensure the effectiveness and longevity of all barrier types. Cleaning the barriers
to remove marine growth, such as algae and barnacles, is crucial, as biofouling affects buoyancy and reduces UV
resistance over time. The barriers are not designed to withstand extreme weather events like storms or hurricanes,
which impose forces beyond their capacity. Different companies report varying lifespans for similar designs, with
Abasco estimating 3-5 years[39], while others claim lifespans of 10[51] to 15 years[10]. Human factors, however,
are the main reason for barrier dysfunction. Negligence decreases the real lifespan of the barrier drastically, for
further details refer to Section E.1.1.

4.1.6. Pros and Cons of Different Barrier Designs

Each sargassum barrier design has its advantages and challenges, depending on factors like buoyancy, durability,
ease of maintenance and adaptability to different marine environments. Some barriers perform well in high-energy
conditions, while others are more suitable for calm or shallow waters. A detailed comparison is provided in Table E.1,
but this section summarizes the key strengths and weaknesses of each design. Selecting the most appropriate
barrier depends on balancing these factors to meet the specific needs of coastal areas.

Type | Type ll
+ Well-known design from the oil spill contain- + High flexibility
ment industry + Low shipping volume
- Only applicable in protected waters - Untreated HDPE buoys not suitable for high
- 85% sargassum reduce UV conditions

- Only applicable in protected waters

Type lll Type IV
+ Applicable in unprotected waters + Inexpensive design
+ Individually replaceable + Extreme low shipping volume
- High shipping volume - Frequent anchoring
- Heavy duty anchoring required - Possibility of puncture
- Low flexibility - Usage of controversial nets

4.2. Anchoring

All types of sargassum barriers require effective anchoring systems to maintain their stability and performance, par-
ticularly in fluctuating water conditions. The anchoring process is crucial for the effectiveness of the barrier and the
most dominant factor in terms of cost.[10] In this section two types of anchoring are discussed and evaluated based
on their features and properties: The direct anchor system and the anchor buoy system are presented in Figure 4.2
and Figure 4.3 respectively. Both systems can be modified by connecting the barrier to an additional anchoring
point at the opposite site of the original anchor, providing greater positional stability in response to changing wave or
current directions. The mooring lines are mostly made of nylon, due to its excellent shock absorption and durability,
as explained in Section E.2.

Barrier Buoy  Barrier

Wave direction

-

Seabed Seabed

Wave direction

-

Figure 4.2: Schematic of the Direct Anchor System. Figure 4.3: Schematic of the Anchor Buoy System.
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4.2.1. Direct Anchor System

The direct anchor system is a simpler, more traditional approach, where the barrier is directly connected to an anchor
on the seabed. This system involves fewer components, making it more straightforward to deploy and maintain. The
simplicity of the system offers a cost-effective solution, particularly in areas where the environmental conditions are
stable and the barrier is not exposed to significant wave action or strong currents.

The direct connection between the anchor and the barrier offers better control over the positioning of the barrier,
ensuring that it remains fixed in place. When the barriers are detached, a replacement buoy should be attached to
the mooring to simplify locating the lines for future reattachment.

4.2.2. Anchor buoy system
The anchor buoy system adds an intermediary buoy between the anchor on the seabed and the floating barrier. The
buoy helps lift the mooring line, reducing the strain on the barrier and allowing for more flexibility in response to wave
movement. When using the anchor buoy system the need for anchoring points to the seabed could be reduced by
connecting the anchor buoy to multiple places to the barrier using different lengths of mooring lines from the buoy to
the barrier as shown in Figure 4.4.

€e

Wave direction Buoy
* €—|0— Barrier

€e

Figure 4.4: Schematic of possible configuration using anchor buoy system (from above).

The barrier can be attached at one or two points in this system, which further distributes the forces exerted on the
barrier and helps maintain its shape. This system is particularly useful in areas where water conditions can vary
significantly, such as regions with moderate wave action or shifting currents.

This system, however, is not included in the structural model described in Chapter 5, as the concept of multiple
mooring lines connected from the barrier to an anchoring buoy emerged later in the research process and could no
longer be integrated into the model.

Additionally, the anchoring buoy system allows for easy detachment of the barrier. This feature is particularly useful
in situations where the barrier needs to be quickly removed or re-positioned, such as during extreme weather events
or when maintenance is required.

4.2.3. Seabed attachment

There are three primary methods for attaching moorings to the seabed and the choice of method depends on the
properties of the seafloor. When the seafloor consists of sand, an anchor (often Danforth-style fluke anchors[49])
can be used to secure the barrier. In cases where there is a thin layer of sand or the seafloor is predominantly rock,
a hole can be drilled into the rock and a pin with a ring is inserted to create a stable attachment point using epoxy
to bind together. This method is also used on reefs where the rock is exposed. A third option is to place a large
concrete block on the seabed to anchor the mooring. However, this method can significantly impact marine life and
the surrounding ecosystem by disturbing the ocean floor.

Using concrete blocks is the most cost-effective method for anchoring the barrier. Additionally, it provides more
certainty in calculations regarding the forces it can withstand. Drilling into porous rock and securing pins with binding
materials introduces complexity, making it difficult to guarantee how much force this method can reliably support,
however, it reduces the impact on the ecological system significantly.

4.2.4. Design failure

The anchoring systems securing the barriers in place need periodic inspection and maintenance to ensure stability
and effectiveness. As explained in Section 4.1.5 the most common reason for dysfunctioning of the barrier is caused
by complications induced by humans.[51] For further explanation, refer to Section E.1.2.
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4.2.5. Pros and cons of different anchoring systems

This section outlines the pros and cons of the different anchoring systems used for sargassum barriers. Each system
has unique advantages and limitations depending on factors such as installation complexity, cost and adaptability
to wave action and currents. The following lists summarize the strengths and weaknesses of the direct anchor
and anchor buoy systems, helping to identify the most appropriate solution based on specific environmental and
operational requirements.

Direct anchor system Anchor buoy system
+ Simple and easy to install + Reduces vertical strain on the barrier
+ Cost-effective due to fewer components + Helping the barrier maintain its shape using
- Vulnerable to strong waves and currents fewer anchoring points
- Less adaptab|e to Changing environmental + Allows for easy detachment and repOSitioning
conditions - Higher installation costs

4.3. Materials

Some material choices for sargassum barriers are sub-optimal given the harsh marine conditions they face. As
discussed in Section 4.1.6, different barrier designs utilise a variety of materials with varying performance character-
istics. Appendix E evaluates the commonly used materials in sargassum barrier construction, focusing on density,
UV resistance, impact resistance and cost. This section summarises the main findings.

4.3.1. Polyethylene

HDPE was chosen for key barrier components, such as buoys and floating tubes, due to its excellent buoyancy,
tensile strength and chemical resistance in marine environments. The ability of HDPE to withstand UV degradation
with proper stabilisers makes it a suitable choice for long-term exposure to sunlight, which is critical in tropical regions.

« The low density of HDPE ensures sufficient buoyancy (0.94-0.97 g/cm?), while its impact resistance (20 J/m
for stabilised HDPE) helps the barrier withstand physical forces from waves and debris.

+ UV stabilisation is essential in environments like Puerto Morelos, where intense sunlight accelerates material
degradation. HDPE can be treated with UV stabilizers to improve its resistance.

For a detailed analysis of the molecular structure of HDPE, mechanical properties and UV resistance mechanisms,
see Section E.3.

4.3.2. Polyvinyl Chloride

PVC is another key material, particularly used in the mesh skirts of the barrier. While PVC is heavier than water
(density: 1.3—1.7 g/cm?), its flexibility, chemical resistance and low cost make it an ideal choice for the submerged
components of the barrier.

» Unplasticised PVC (uPVC) provides rigidity and strength, making it suitable for structural parts that need to
resist wear and abrasion.

+ Plasticised PVC (pPVC) offers flexibility, which is beneficial for parts exposed to wave movement.

» UV inhibitors can stabilize PVC well in high-UV environments of Puerto Morelos

For more detailed material properties and performance analysis of PVC, including molecular structure and UV degra-
dation, refer to Section E.4.

4.3.3. Galvanised Steel

The anchoring components and connections between barrier segments rely on galvanised steel, which provides the
necessary strength and durability for these critical load-bearing elements. However, since steel is prone to corrosion
in marine environments, galvanisation offers a protective zinc coating that prevents rust formation. The specific cor-
rosion mechanisms and detailed discussion on the galvanisation process are provided in Section E.5.

After evaluating the mechanical properties and environmental resistance of these materials, HDPE and PVC were
selected as the primary materials for the barrier components. Galvanised steel is used for the strength throughout
the barrier assuring its load-bearing capacity, with a protective PVC to ensure longevity in saltwater conditions.

4.4. Possible improvements

This reflects on the various barrier designs and material choices discussed earlier and identifies areas where im-
provements can be made. By analysing the strengths and weaknesses of each design, this section aims to suggest
enhancements that can increase the overall effectiveness, durability and environmental compatibility of the barriers.
These recommendations focus on optimising performance under the conditions at Puerto Morelos.
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441 PMMA

Polymethyl methacrylate (PMMA) is a versatile, transparent thermoplastic widely used as a lightweight and shatter-
resistant alternative to glass. As seen in Figure 4.5, PMMA is a polymer derived from the methyl methacrylate (MMA)
monomer, with a structure that imparts both optical clarity and excellent chemical resistance. The key properties of
PMMA, including impact strength, chemical resistance and UV resistance, make it an ideal candidate for marine
applications. However, it is yet not utilised in any existing designs.

O O

n

Figure 4.5: Molecule structure of PMMA.

Application of PMMA on floating barriers

With a density of 1.18 g/cm?®, PMMA is heavier than water, requiring additional buoyancy aids such as foam inserts,
similar to the design considerations for PVC barriers (see Section E.4).[8] PMMA exhibits excellent tensile strength
and is known for its rigidity and impact resistance, making it one of the hardest thermoplastics. It resists shattering
upon rupture, which is beneficial for structures exposed to environmental forces in marine settings. However, its
brittleness under high-stress conditions limits its use in high-impact areas, where more flexible materials like HDPE
or pPVC may be preferable.

Due to the stability of HDPE and PVC, these polymers are challenging to recycle. However, thermal degradation
of PMMA allows up to 90% of the original MMA molecule to be recovered[55]. This makes PMMA buoys a more
sustainable option, as they can be recycled at the end of the lifespan of the barrier. However, compared to the
materials described in Section 4.3, PMMA is more than two and a half times as expensive. This can be seen in
Table 4.1.

Table 4.1: Prices common polymers used in barriers according to Chemanalyst.

Polymer Cost ($/mt) Source

HDPE 1301 [34]
PVC 813 [53]
PMMA 3502 [54]

UV resistance

The biggest beneficial property of PMMA is its high resistance to UV degradation, which is a critical feature in outdoor
applications exposed to sunlight. Unlike other polymers that require UV stabilizers, PMMA maintains its structural
integrity even after prolonged exposure to UV radiation. This makes it a reliable choice for marine structures that
endure intense sunlight.[8][19]

4.4.2. Antifouling applications

Biofouling, the accumulation of marine organisms such as algae and barnacles on submerged structures, could pose
a challenge for floating barriers. Biofouling can degrade materials, reduce buoyancy and increase drag, resulting in
raising maintenance costs and decreasing the longevity of the barrier.[64] To counter these effects, one can manu-
ally clean the barriers during maintenance or antifouling coatings can be applied to the barrier surfaces to prevent
the attachment and growth of these organisms. However, established antifouling agents are not effective in one-
year tests.[10] Recently, a new innovative solution of antifouling has emerged: nanocoatings. These coatings not
only inhibit biofouling but also enhance the overall durability of the materials they are applied to, thereby reducing
operational costs and extending the life of barriers.

Nanocoatings

Nanocoatings work by forming a very thin, protective layer on the surface of the barrier materials. This layer, typi-
cally only 1 to 100 nanometers thick, alters the surface properties of the material, making it less hospitable to marine
organisms. By preventing the settlement of these organisms, the coatings reduce the need for frequent cleaning
and maintenance, ensuring the barrier performs optimally over a longer period.[38] Nanocoatings use key principles
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such as hydrophobicity and low surface energy to improve the durability of materials exposed to marine environments.

The superhydrophobic properties of nanomaterials create surfaces with contact angles, explained in Section E.6,
greater than 150°. This means that water droplets bead up and roll off, carrying away dirt, salt and potential biofouling
organisms in the process. This self-cleaning effect keeps the surface free from contaminants, further minimising
maintenance efforts. Nanocoatings with low surface energy also minimise the ability of biological organisms to
adhere. They achieve this by incorporating materials with antibiotic properties, or through physical mechanisms
like smooth surfaces that reduce the ability of marine organisms to adhere. The cost of applying nanocoatings
is relatively low compared to the long-term savings achieved through reduced maintenance and extended barrier
lifespan. Lab studies demonstrate their antifouling potential by inhibiting the growth of organisms like algae and
barnacles. However, the long-term durability and macro-scale application of these coatings under constant exposure
to complex marine conditions remains an area needing further research and field validation.[38]

Silica nanocoatings

Silica coatings, a specific type of nanocoating, have proven to be highly effective in antifouling applications. The
silica nanoparticles form a dense, uniform layer that provides a smooth, hydrophobic surface. This repels water,
making it difficult for organisms to adhere to the material. The low surface energy of silica disrupts the ability of
microorganisms, algae and barnacles to settle and grow, minimising biofouling and the associated wear and tear on
the barrier.

In addition to biofouling prevention, silica coatings offer enhanced resistance to UV radiation and wear down. By
applying silica coatings, the lifespan of sargassum barriers can be significantly extended, reducing the frequency of
replacements and repairs. Furthermore, a key benefit of silica coatings is their environmental friendliness. Unlike
traditional antifouling treatments that rely on toxic chemicals, silica coatings do not leach harmful substances into the
water. This makes them a more sustainable option for protecting marine infrastructure, supporting both environmen-
tal preservation and long-term cost savings. The use of silica coatings could provide a durable, low-maintenance
solution, ideal for maintaining the functionality and longevity of floating sargassum barriers in challenging marine
environments. However, more research should be conducted on its effectiveness.[18]

4.5. Design Puerto Morelos

This section focuses on the specific conditions of Puerto Morelos, which play a critical role in determining the ap-
propriate barrier design. First, the stakeholder interplay is explained in Section 4.5.1. Then, in Section 4.5.2, the
unique environmental factors of the area are outlined. Lastly, in Section 4.5.3, a tailored barrier design is developed
to meet these specific conditions, ensuring effective sargassum management while maintaining the integrity of the
local marine ecosystem. The final design aims to address these challenges with an optimised solution.

4.5.1. Stakeholder interplay

The design and implementation of a sargassum barrier at Puerto Morelos are influenced by the interests and re-
quirements of the stakeholders presented in Table A.1, each with unique perspectives on sargassum management.
These stakeholders play critical roles in shaping the final design and operational approach of the barrier system.
Their power is plotted against their interest in Figure A.1, representing the level of engagement each stakeholder
requires.

University ENES, as a primary knowledge provider, holds significant influence over the scientific and technical foun-
dation of the project, despite being in a lower-power position overall. Their academic interest in a scientifically sound
methodology means they provide essential research and analysis but rely on other stakeholders for funding and
implementation. Furthermore, their interest lies in ecological preservation, more than in the benefits for recreational
users of the area.

Stakeholders in the tourism and recreational sector, particularly hotels, have a high interest in sargassum manage-
ment; however, only hotels hold significant power. While both groups are heavily impacted by sargassum and rely
on effective management, hotel-driven solutions may not benefit local recreational users. Therefore, a cost-effective
and adaptable solution is proposed to serve all stakeholders. Successful sargassum management aligns with their
objectives, making their engagement essential to project success.

The fishing industry and environmental NGOs have, similar to the recreational users, high interest but low power.
However, they are vital in ensuring that the project respects ecological sustainability. Their focus on marine conser-
vation and minimal disruption to ecosystems necessitates regular updates and transparency to gain their support and
prevent opposition. Engaging these stakeholders helps align the design of the barrier with long-term sustainability
and community acceptance.
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Overall, the success of the sargassum barrier project at Puerto Morelos relies heavily on the financial aid of the hotel
industry and the political support of government and local parties, informed by research by ENES. By consulting
with environmental groups and the fishing industry, the project can ensure that its design respects both ecological
integrity and local economic needs.

4.5.2. Design conditions Puerto Morelos

In this section the design conditions of Puerto Morelos are explained. Using the requirements described in this
section, together with the properties of Section 4.1, Section 4.3 and Section 4.4 a well-substantiated choice of design
can be made, tailored to the conditions of Puerto Morelos.

Physical properties

Barriers have to physically withstand the hydrodynamic conditions of the Puerto Morelos area, as described in Sec-
tion 3.4. From the results of Section 3.2, the optimal location for the floating barrier is found. At this location, data
from observation points provide the significant wave height, peak period and maximum current velocities, which are
essential for determining the forces the barrier must withstand. This is done in Section 6.2. In Table 3.4 the resulting
current velocities, peak period and significant wave heights for the barrier at the three most dominant locations are
given.

Marine Life

The reef in front of the beaches of Puerto Morelos is part of the 1000 km long Mesoamerican Reef, which is home to a
diverse range of marine life, including octocorals, sponges, black corals, calcareous macroalgae, various fish species
and sea turtles.[32][60] Specifically, the reef is located within the northern sector of the Mesoamerican Barrier Reef
System (nsMBRS). Marine life in Puerto Morelos has suffered significantly from the heavy influxes of sargassum that
began arriving in 2018 and 2019, as illustrated in Figure E.7 provided by the Moon Palace.[50] However, there have
been signs of recovery in certain parts of the ecosystem in recent years, offering hope for the restoration of the reef
and its associated marine communities.

The arrival of large amounts of sargassum still poses significant challenges for marine life, particularly affecting sea-
grass, fish, sea turtles and corals. The accumulation of sargassum on the surface of the water blocks sunlight from
reaching seagrasses and corals, which rely on light for photosynthesis. This reduction in light availability negatively
impacts these species, leading to potential declines in their populations.[46] Additionally, on the beaches, the piled-
up algae obstruct sea turtles from reaching nesting sites, making it difficult for them to lay eggs. It also obstructs the
ability of baby turtles to safely make their way from the shore to open water.

Additionally, the presence of sargassum affects the coral reef ecosystem. Combined with other disturbances such as
coral bleaching and hurricanes, the excessive sargassum can shift the ecosystem from a healthy coral-dominated
state to one dominated by macroalgae, further stressing the reef environment.[45] The ocean floor in front of the
coast of Puerto Morelos consists of a thin layer of sand over a rock base, while the reef is composed of rock over-
grown by coral, making it essential to minimize disturbance during any intervention.[74]

To conclude, when designing a sargassum barrier, it is crucial to ensure that marine life, including fish and sea turtles,
is not disturbed. Additionally, the anchoring system should avoid damaging sensitive ecosystems such as coral reefs
and seagrass beds to maintain environmental integrity.

Disassembly and adjustments

Barriers must be designed to be disassembled, as they need to be removed from the water during extreme weather
conditions, including hurricanes. These severe events can exert excessive force on the barriers, potentially leading
to significant damage if they are left in place. Since hurricanes are often forecasted several days in advance, the
operation to remove the barrier can be well-planned and executed on time. As discussed in Section 2.2.3, hurricanes
and similar extreme conditions occur almost annually (with 9 events recorded in the last 10 years). Given the infre-
quency of these events, it is not practical to over-engineer the barriers to withstand such rare occurrences. Instead,
designing the barriers to be quickly and efficiently disassembled offers a more cost-effective and practical solution.
Additionally, the high wave energy and tidal forces during hurricanes naturally flush the reef lagoon in Puerto Morelos,
which helps maintain the ecosystem by removing debris.[61]

Furthermore, maintenance and cleaning are essential for the longevity and functionality of the barriers and the ability
to disassemble them simplifies this process. In certain conditions, it may be necessary to adjust the orientation of
the barriers to better protect the coastline in certain weather conditions. This adaptability ensures that the barriers
can be reoriented based on weather conditions, maximising their effectiveness.

4.5.3. Final design for Puerto Morelos
In this section, the key properties and design requirements for a sargassum barrier tailored to the conditions of Puerto
Morelos are presented. The final design incorporates a hybrid approach, integrating features from existing barrier
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types combined with an anchoring system to achieve optimal performance. Each design choice has been validated
based on site-specific conditions, including wave forces, currents and mooring limitations. The analysis takes into
account factors such as barrier strength, flexibility and allowable deflection, ensuring that the structure meets the
necessary criteria for durability and efficiency in sargassum containment while minimising environmental impact.

Barrier design

There are four barrier designs described in Section 4.1, each with its advantages and disadvantages. In this section,
the pros and cons of each design are weighted to determine which barrier type is best suited for the Puerto Morelos
area.

Barrier type | only catches or deflects around 85% of the sargassum, which falls short of the goal of capturing 100%.
Given the high influx of sargassum in the Puerto Morelos area, particularly during peak seasons, it is essential to
maximize efficiency and containment. While type | barriers are cost-effective and easy to maintain, their limited ability
to capture all sargassum makes them unsuitable.

Barrier type Il, on the other hand, presents a very suitable option for the conditions at Puerto Morelos. lIts flexible
design allows it to adapt easily to varying current conditions and directions, as well as easy deployment and taking
in. This makes the type Il barrier highly compatible with both the direct and indirect anchoring configurations planned
for the site. The HDPE buoys used in this design are lightweight and durable, providing sufficient buoyancy without
adding excessive strain to the anchoring system. Additionally, treating the HDPE buoys with UV stabilizers enhances
their longevity in the high UV environment of Puerto Morelos. Moreover, the low shipping volume makes it easy to
handle them and store them when they are not deployed.

Barrier type lll is less suitable for this project due to its heavy anchoring requirements. The significant weight and size
of the barrier demand a robust anchoring system. The anchoring is the dominant factor in terms of cost, especially
because concrete blocks cannot be used in the Puerto Morelos area due to the sensitive marine life and the poten-
tial damage they could cause to the reef. The additional expense of the heavier-duty anchoring and maintenance
requirements makes Barrier type Il impractical for the conditions of Puerto Morelos.

Similarly, Barrier type IV requires frequent anchoring points (every two meters) to maintain its shape, which increases
both installation and operational costs, particularly because concrete blocks cannot be used. The reliance on nets
also raises concerns about the potential entanglement of marine life, such as sea turtles. However, by replacing the
nets with the same mesh grids used in other barriers and reinforcing the structure to reduce the need for frequent
anchoring, it becomes possible to adapt Barrier type IV for use in the Puerto Morelos area. Without these crucial
adaptations, however, Barrier type IV remains a less favourable option. A solution with fewer anchoring points is still
preferred to minimize environmental disruption.

Anchoring strategy

A reliable and long-lasting solution is essential for anchoring a barrier in the Puerto Morelos area. Therefore, the
indirect anchoring strategy is recommended. This strategy, described in Section 4.2.2 uses anchor buoys attached
to the seabed. First, this method allows the barrier to adapt to varying wind directions, enabling flexibility to close
the barrier on the north or south side of the lagoon. Secondly, the anchor buoy system simplifies the process of
removing the barrier in case of storms or hurricanes, as well as when maintenance is needed. Finally, the buoyancy
requirements of the barrier itself are reduced, as the anchor buoys bear the strain, lifting the mooring rather than rely-
ing on the barrier’s buoyancy. This combination of factors makes the anchor buoy system an efficient and adaptable
choice for long-term deployment. The initial costs of this system are higher because of the use of more materials.
Still, by reducing the complications when removing and reattaching the barrier, the long-term operational costs are
significantly lowered, making it a cost-effective solution over time.

For attaching the moorings to the seabed, drilling holes in the rock and using pins for anchoring is recommended.
Since the reef consists primarily of rock or rock covered by a thin layer of sand. This method, as described in Sec-
tion 4.2.3, offers a stable and reliable anchoring solution while minimising environmental impact. By avoiding the use
of large concrete blocks, which could significantly disturb the sensitive marine ecosystem, the pin-based anchoring
system ensures that the barrier can be secured without harming the reef. Lastly, using the anchor buoy system re-
duces the need for anchoring points to the seabed, when connecting the anchor buoy to multiple places to the barrier
using different lengths of mooring lines from the buoy to the barrier as shown in Figure 4.4. Overall, this design offers
an effective solution for capturing sargassum while minimising disruption to the local ecosystem, balancing practical
operational needs with ecological preservation.

To balance the need for reef protection to achieve a cost-effective solution, the number of anchoring points is min-
imised while ensuring that the barrier maintains its intended shape. By making strategic choices in the barrier design,
such as optimising the positioning and flexibility of the segments, it is possible to reduce the frequency of anchor



4.5. Design Puerto Morelos 29

points. This approach not only reduces environmental disturbance to the reef but also lowers installation and main-
tenance costs.

Maintenance

Based on the evaluation in Section 4.4.2, nanocoatings are not ready yet to be incorporated into the final design to
improve durability and reduce biofouling. Still, the lifespan of the barriers can be extended by regularly carrying out
maintenance to ensure the long-term effectiveness and structural integrity of the barrier.

To avoid damage during extreme weather events, the barrier should be removed from the water when the H, and 1T},
exceed the thresholds specified in Section 3.4. This measure helps prevent structural failure from forces beyond the
limits of the barrier design. It is recommended to remove the barrier for routine maintenance when no sargassum
arrivals are forecasted. Once the barrier is out of the water, the steps described in Section 10.1 should be carried out.

By following these maintenance procedures, the barrier remains effective in capturing sargassum while minimising
operational costs. Regular maintenance, combined with the possible use of advanced nanocoatings in the future,
assures the longevity of the barrier system under the marine conditions of Puerto Morelos.

Input for structural model

The final design for the sargassum barrier is based on a type Il barrier. However, several design modifications
are necessary to ensure optimal performance under the Puerto Morelos conditions. These adjustments, involve
refining the dimensions, material thickness and structural strength to meet the environmental challenges described in
Section 3.4. Figure 4.6 presents a schematic view of the front and side profiles of the final barrier design, illustrating
the proposed structure and its critical dimensions, as shown in Table 4.2. This section elaborates on the design
choices and how they are affecting the structural model in Chapter 5.
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Figure 4.6: Schematic of front view barrier (left) and side view barrier (right).

Table 4.2: Dimensions Puerto Morelos barrier

Symbol Variable

s Distance between buoys

l Distance between mooring lines
L Length barrier segment
Dy, Outer diameter buoy

Dy; Inner diameter buoy

Dy Diameter of the tension cable

The barrier consists of a pPVC woven mesh grid with 3 mm holes, this mesh grid is submerged (draft) for 1000 mm
and sticks 400 mm out of the water (freeboard) to prevent sargassum from going over. Every s meter, two half-round
HDPE, UV stabilised, buoys filled with PU foam (density ranges from 40 to 60 g/cm?) are placed. Galvanised steel
is used for the barrier’s cables and shackles, with PVC hoses and galvanisation providing the primary corrosion pro-
tection. To mitigate potential CRS effects, regular maintenance and inspection are advised, ensuring the integrity of
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the cables over time. The diameter of two galvanised steel cables determines the tensile strength and axial stiffness
of the barrier. The cable is also the ballast preventing the barrier from losing its vertical shape. With galvanised steel
shackles the segments are connected at both cables to the next barrier segment.
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Structural model

This chapter presents the model that describes the behaviour of a floating sargassum-catching barrier on the sea
surface. First, an overview of the model is provided in Section 5.1, where the underlying assumptions, governing
equations, boundary and interface conditions are discussed. Next, Section 5.2 covers the mooring lines of the
structure. Following that, Section 5.3 focuses on the structural loading acting on the barrier. In Section 5.4, the
Finite Element Method (FEM) used to solve the governing equations is explained. Finally, Section 5.5 outlines the
calculations for the vertical stability of the floating barrier. Together, these sections provide a basis for Chapter 6,
which offers insights into the resulting stresses and deformations of a barrier structure when implemented in the
Puerto Morelos area. By doing so, this chapter together with Chapter 6 answers the main structural research question
posed in Section 1.3.

5.1. Model definition

To analyse the stresses and deformations of the barrier, a model is developed to evaluate its behaviour. While
the model aims to closely simulate the actual performance of the barrier, it is never a perfect representation due
to the necessary assumptions that need to be made. This section first addresses these assumptions, followed by
a presentation of the governing equations of motion. Finally, the relevant boundary and interface conditions are
explained.

5.1.1. Assumptions
First, it is assumed that the floating barrier behaves like a string, capable of extending in the longitudinal direction.
This assumption aligns with the design, as the barrier cannot withstand any compressive forces or moments.

Second, the mooring lines supporting the floating barrier are modelled as string elements. Since these elements are
situated in very shallow water, the line is short, thus the catenary shape of the lines is assumed to provide negligible
stiffness to the system, As a result, the mooring lines only generate a restoring force when fully tensioned.

Third, since the forces are expected to come mainly from one direction, it is assumed that the mooring lines remain
fully tensioned most of the time. The mooring lines are therefore preset with their maximum length and axial stiffness.

Lastly, two types of damping are considered: added mass and viscous damping. Added mass increases the inertia
of an object moving through fluid by accounting for the displaced fluid and is included in the Morison equation, as
discussed in Section 5.3.2. Viscous damping, on the other hand, resists the motion of the object, converting some
kinetic energy into heat and thereby reducing the velocity of an object over time. This effect is directly incorporated
into the FEM model.

5.1.2. Governing equations
The governing equations of motion are described in the coordinate system given in Figure 5.1.
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Figure 5.1: Reference system for the structural model.

The behaviour of the string is governed by two equations of motion. The first equation of motion describes the
longitudinal displacement of the string (similar as the equation of motion of a rod). The equation is as follows:

31
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Where:

* u(x,t) is the longitudinal displacement [m],

* Eis the Young’s modulus [N/m?],

* pis the density [kg/m?],

« Ais the cross-sectional area [m?],

+ Cy is a damping factor [kg/s - m],

* fu(z,t) is the external force in the longitudinal direction [N/m)].

The second equation of motion describes the displacement of the string in transverse direction. This equation is

given as follows:
d?v ou d?v
A— wv——T— = fu(z,t 5.2
pA—m + Cogr =Ty = fulz, ) (5.2)

Where:

» v(z,t) is the transverse displacement [m],

p is the density [kg/m?],

+ A is the cross-sectional area [m?],

» C, is a damping factor [kg/s - m],

T is the tension present in the string [N],

fo(z,t) is the external force in the transverse direction [N/m].

5.1.3. Boundary and interface conditions

The barrier structure is modelled as a string connected to mooring line elements. Each mooring line is attached to
an anchor point. This anchor point is fixed in space and therefore forms a boundary conditions where both degrees
of freedom are constrained. In addition, the mooring lines are treated as string elements but with a distinct £ A

An example of a model structure is shown in Figure 5.2, where the barrier is supported by mooring lines at both ends
and an additional mooring line at the midpoint. The red dots in the figure indicate the boundary points.
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Figure 5.2: Simplified mesh grid structure that is used in the model.

5.2. Mooring lines

The mooring line stiffness is determined by both geometrical and elastic stiffness. The elastic stiffness comes from
the material properties of the cable, while the geometrical stiffness results from changes in the geometry of the moor-
ing line [26]. Mathematically, this reads:

kmooring = kgeometry + kmaterial (53)

To accurately model the behaviour of the mooring lines, it is essential to understand their functioning. Since the
barrier is situated in relatively shallow water, the mooring lines do not form a catenary shape capable of generating
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a restoring force without the use of an excessively long line. As a result, the mooring lines only generate a restoring
force when they are fully stretched, implying that in Equation 5.3, kgcometry — 0, because the geometry of the mooring
line does not contribute to its stiffness. Consequently, k.01 €quals the E A of the mooring line, but only when the
displacement of the fairleads w¢4iricqq, Which is the element that connects the barrier to the mooring line, relative to
the anchoring point exceeds the length of the mooring line. At that point, the mooring line is under tension, and the
stiffness is governed solely by k,,qterial-

However, since the mooring lines exist in a 3-dimensional space, it is crucial to carefully evaluate when the displace-
ment of the fairlead exceeds the length of the mooring line. Figure 5.3 illustrates the offset from its initial position in
the y-direction.

Initial position New position

Buoy  Barrier

Wave direction

Figure 5.3: Offset in y-direction if the buoy is moving.

In this 2-dimensional representation, the length of the mooring line can be calculated using the Pythagorean theorem:
2, =v?+d} (5.4)

Where:

* 1., is the length of the mooring line [m],
* v is the offset in y-direction [m],
* dy is the average water depth [m].

As the length of the mooring line and the depth are known beforehand, the offset in the y-direction can be calculated.
This value is used to give the mooring lines a fixed length in the model but with a different £ A.

5.3. Determining loading on the barrier

This section provides a detailed explanation of the forces acting on the structure. It begins by describing the genera-
tion of a wave spectrum, which is used to calculate particle velocities and accelerations. Then, it explains how these
velocities and accelerations are applied in the Morison Equation to determine the time-varying forces exerted on the
structure.

5.3.1. Generating the wave spectrum

To get an accurate representation of the sea states, a JONSWAP energy spectrum is generated based on 7T, and
H,. The JONSWAP spectrum is widely used to represent realistic sea states, particularly in coastal and offshore
environments. It provides a more accurate description of how wave energy is distributed across different frequencies
in a given sea state. This allows one to assess how different components of the wave spectrum contribute to the
total forces acting on the barrier.

The Marine and Hydrokinetic Toolkit (MHKIT) [2], an open-source software developed in Python, is used to generate
a JONSWAP spectrum. As an input, it takes the aforementioned T}, and H,. Additionally, the dt (time step) and n;
(number of time steps) can be adjusted.

The generated JONSWAP spectrum gives S(f), which is the energy per unit frequency of the waves for different

wave frequencies. This information can be used to relate the amplitude of the individual frequency components of
waves by the following relation:

DT EEAGIN (55)
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The total power in a small frequency band [f, f + Af] is equal to the power spectral density .S, (f) multiplied by the
bandwidth A f. The corresponding amplitude of the signal at that frequency is a,,(f), and its squared value is related
to the power. Rewriting allows one to compute the amplitude spectrum using:

an(f) = V2Sn(H)Af (5.6)

This spectrum gives the amplitude of the wave components at each frequency, which can then be used to reconstruct
the time-domain wave elevation and particle velocities. The total wave elevation 7 (¢, z) at time ¢ and position z
is obtained by summing the contributions from all individual frequency components. Each frequency component
contributes a sinusoidal oscillation to the overall wave field. The total wave elevation is expressed as:

= an(fn) coS(2m fut — knz + bp) (5.7)

Where:

* fn is the frequency of the n-th component [Hz],
* k, is the corresponding wave number [—], related to the wave frequency f,, by the dispersion relation,
* ¢, is the phase shift, which accounts for the initial position of the wave crest. Note that this is randomised.

By summing these sinusoidal components, a realistic representation of the time-varying surface elevation that ac-
counts for waves of different frequencies is generated. The particle velocities are also determined by summing
the contributions from each frequency component. The horizontal and vertical velocity components, u(t,z, z) and
w(t, z, z), at a depth z are given by:

u(t,x, 2) Z an(fn) nw cos(2m fut — knx + ¢n) (5.8)
w(t,z, 2) Z an(fn) nw sin(27 frut — kpa + én) (5.9)

Where:

* wy, = 27 f, is the angular frequency in [rad/s],
* d is the average water depth in [m],

» The hyperbolic functions cosh and sinh describe the decaying influence of wave motion with depth, reflecting
how the wave effects diminish with increasing distance from the water surface.

Finally, the particle acceleration in a wave field is calculated for both the horizontal and vertical components simi-
larly. For a given frequency component, the acceleration is the second derivative of the wave-induced displacement
concerning time. The horizontal and vertical components of particle acceleration are thus given by:

h d
0.2 = o G O 2t b+ ) (5.10)
2(t,x, 2) Zan fn) QW cos(27 frut — knx + én) (5.11)

Where:

* a,(f,) is the amplitude for the n-th frequency component [m],

* wy, = 27 f, is the angular frequency of the n-th component [rad/s],
* ky, is the wave number corresponding to f,, [—],

* d is the water depth [m],

+ z is the depth below the water surface [m].

These equations are programmed based on Python scripts provided in other courses in the Hydraulic and Offshore
Structures curriculum at the TU Delft. However, these scripts are altered to make them suitable for this application.
Using the velocities and accelerations of the particles, the forcing on the structure can be determined using the
Morison Equation.
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5.3.2. Morison equation
The total force on the barrier, F'(t), consists of several components that account for both wave and current effects,
as well as the added mass due to surrounding water and sargassum. This force is represented as follows:

F(t) = Fp(t) + Fan(t) + Fs(t) (5.12)
Where:

* Fp(t) is the Drag force due to viscous effects and the relative velocity between the wave-induced water particle
motion and the current,

* Fan(t) is the Inertia force (added mass), which accounts for the acceleration of the surrounding fluid,
+ Fs(t) is the sargassum force, representing the additional force caused by sargassum on the structure.

Important to note is that only forces from the y-direction are considered. This is due to the fact that in Chapter 6 the
barrier is modelled as a thin plate. Because this plate is thin, the vertical forces, which come from the vertical motion
of the water particles, are assumed to be neglected.

Drag Force
Fp(t) is given by the relative velocity between the wave-induced particle velocity and the current speed. The force
is proportional to the square of the relative velocity:

Fp(t) = %C’D x pD(u(t) + Us)|u(t) + Us| (5.13)
Where:

* u(t) is the wave particle speed in [m/s],
* U is the current speed [m/s],

* C, is the drag coefficient [—],

D is the diameter of the structure [m].

Inertia (Added Mass) Force
The F4(t) represents the effect of the wave-induced acceleration of the water on the structure. It is proportional to
the added mass of the fluid displaced by the structure:

Fan(t) = CrpAift) (5.14)
Where:

« Cr =1+ C,, is the inertia coefficient [—],

* Cy, is the mass coefficient [—],

« 4(t) is the wave-induced acceleration [m/s?],

« Alis the cross-sectional area of the submerged part of the structure [m?].

Sargassum Force
Fs(t) arises from the mass of sargassum, which exerts an additional force on the structure due to the motion of the
surrounding water:

FS(t) = psgdsts - u(t) (515)
Where:

* ps represents the density of sargassum [kg/m?],

« g is the gravitational constant [m/s?],

* d, is the depth to which sargassum extends [m],

* t, is the thickness of the sargassum layer in y direction [m],
- u(t) is the wave-induced acceleration [m/s?].

Combined Forces
By summing these components, the total force on the barrier can be expressed as:

Ft) = %C’D pD(u(t) + U)lult) + U] + CrpAi(t) + m, - i(t) (5.16)

Using the particle velocities and accelerations for each time instant, a time-dependent force can be calculated ac-
cording to Equation 5.16. Based on the design choice for the first iteration, parameters such as C,,, C;, Cy and
an appropriate value for D can be chosen. These design parameters for the Puerto Morelos area are discussed in
Chapter 6.



5.4. Finite Element Method 36

5.4. Finite Element Method

This section outlines the use of the FEM to solve the governing equations described in Section 5.1.2. It begins by
defining the problem to be addressed, followed by a setup of the mesh for a generic barrier structure. Next, the re-
quired mass matrix is introduced, and the FEM solution process is explained. Finally, the necessary post-processing
is addressed.

The FEM implementation is carried out in a Python environment, where input of the model variables can be easily
modified, allowing users to tailor it to their specific needs. It is important to note that this model is adapted from a
notebook used in the Computational Modelling course at TU Delft, but it has been customized to suit this particular
problem.

5.4.1. Problem set up
To solve the barrier structure, a linear system of equations is constructed based on the governing equations of motion
presented in Section 5.1.2. The general form of the equations for a linear dynamic system is given by:

Mua+Cu+Ku=f (5.17)
Where:

* M is the mass matrix,

C is the damping matrix,

K is the stiffness matrix,

f is the force vector,

* u is the displacement vector,

* u is the first derivative of displacement with respect to time (velocity),

* 1 is the second derivative of displacement with respect to time (acceleration).

In the case of a dynamic, nonlinear string structure, the tension depends on the deformation of the string, making it
a dynamic geometric nonlinear problem. To solve this, a slightly different approach is used compared to standard
methods.

Instead of relying on a stiffness matrix, the internal forces are calculated directly from the current configuration of the
structure. Using this method, the system of equations is expressed as follows:

M = fext — fint (5-18)

In this approach, both the stiffness matrix and the damping matrix are omitted because the stiffness matrix varies with
deformation, depending on the solution itself. Using an explicit time integration scheme allows for a more efficient
calculation of the internal forces directly.

The damping matrix is also excluded initially. Typically, the damping matrix is introduced after the semi-discrete form
of the equation is reached, often using Rayleigh damping based on the stiffness and mass matrices. However, in
this case, since the stiffness matrix is nonlinear, the damping is incorporated directly into the internal force calculation.

The resulting equation that is solved is as follows:

Mﬁ’rL-i—l - fext - fint(una iln) (519)

With this equation only the mass matrix is required, presented in Section 5.4.3.

5.4.2. Mesh set up

The barrier is positioned horizontally along the z-axis and is divided into multiple elements with nodes, all of equal
length. Mooring lines are attached to the barrier, with each mooring line represented by a single element. These
mooring lines are placed vertically along the barrier, and their element length is determined using Equation 5.4.
The Python notebook allows you to modify both the total length of the barrier and the element size of the barrier
structure. Additionally, the xz-coordinates for the mooring lines can be specified. Furthermore, it is possible to adjust
the mooring line length and water depth, which are then used to calculate the length of the mooring lines within the
mesh. A simple mesh grid with three mooring lines attached to the barrier is illustrated in Figure 5.2.
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5.4.3. Mass matrix
Here the elemental mass matrix is given based upon the governing equations of motion given in Section 5.1.2. For
the full derivation of the elemental mass matrix, please see Appendix H.

Since each node has two degrees of freedom, the degrees of freedom vector for each element becomes:

Us
Vi
U, = !
Ui41
Vi+1

Based upon the structure of the elemental displacement vector, the elemental mass matrix is then as follows:

2pA 0 pA 0
Az | 0 20A 0 pA
6 | pA 0 20A O
0 pA 0 2pA

Eventually, this derived mass matrix is ready to be assembled into the global system of equations for further analysis.
The Python notebook has the capability to input the required mass for both the mooring line elements and the barrier
elements. This mass is expressed in units of [kg/m], which corresponds to the density of the material multiplied by
its cross-sectional area.

M, =

5.4.4. Numerical solving

With the defined mesh, the element mass matrix is assembled into a global mass matrix. To apply the constraints of
the structure, the rows and columns corresponding to the fixed nodes of the mooring lines (the anchor points) are
removed.

In addition to spatial discretization, time discretization is applied using an explicit Runge-Kutta method of order 5(4)
(RK45). By default, the SciPy solver uses adaptive time-stepping to ensure accuracy. This is why, when solving the
ordinary differential equation, the time step varies during integration since the integration method checks the local
error at each time step and adjusts the step size accordingly. This is to maintain accuracy in the integration process
while minimising computational cost. So, if the error is within bounds, the time step is sufficient and the integration
process proceeds. If the error exceeds the tolerance, the time step is reduced. The initial conditions for the problem
are set to zero, meaning both displacement and velocity are zero at the initial time.

Finally, using Equation 5.19, the accelerations at each time step are computed. From these accelerations, the veloc-
ities and displacements are then determined.

As described in Section 5.4.1 the internal force is calculated at each time step. This force is made up of two parts:
the stiffness component, which depends on the displacement of the element, and the damping component, which is
based on its velocity. The stiffness component is determined by calculating the strain in each element and multiplying
it by the axial stiffness of that element. Meanwhile, the damping component is calculated by finding the velocity
difference between the nodes of the element and multiplying it by a damping constant. The total internal force is
obtained by combining these two components. The Python notebook gives the possibility to adjust the axial stiffness
of the barrier structure and the axial stiffness of the mooring lines. In addition, the damping constant can be adjusted.

5.4.5. Post-Processing

The goal of this FEM analysis is to determine the internal forces within the structure. Since the internal tension is
calculated at each time step, these values can be stored throughout the simulation. Ultimately, a graph is generated,
showing the point in time when and in which element the maximum tension occurs in the structure.

5.5. Vertical stability

This section describes how the buoyancy of the barrier is calculated. The calculation focuses on the anchor buoy
system, as outlined in Section 4.5. The primary objective is to assess the vertical stability of both the barrier and the
anchor buoys, ensuring that the barrier remains above the free water surface.

To assess the vertical stability, the system is divided into two components: one evaluating the buoyancy of the
barrier itself and the other focusing on the buoyancy of the anchor buoy. The primary vertical force acting on the
barrier comes from the weight of the barrier structure, meaning the barrier buoys must provide sufficient buoyancy
to counteract this force. For the anchor buoy, the main vertical force comes from the mooring lines, so it must have
enough buoyancy to resist the vertical component of the maximum force exerted by the mooring lines. These forces
are illustrated in Figure 5.4
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Figure 5.4: Overview of forces that play a role in vertical stability.

5.5.1. Buoyancy barrier
With the assumption that the buoys are spheres, the buoyancy capacity of the barrier buoys is calculated according
to:

R=(((pw—pv) - Vo~ 9) + ((pw — pp) - Vp - 9)) - (5.20)
With V;, V,, and n calculated in Equation 5.21, Equation 5.22 and Equation 5.23 respectively:
1 . 1 .
Vi, = EWD;}O - ng;; (5.21)
1 3
V, = éﬂ'Dbi (5.22)
l
n=- (5.23)
S

Where:

* pw is the density of seawater [kg/m?],

* py is the density of the buoy material [kg/m?],

* pp is the density of the polymer material inside the buoy [kg/m?3],
V, is the volume of the buoy material [m?],

« V, is the volume of the polymer material inside the buoy [m?],
» n is the amount of buoys between two mooring lines,

* Dy, is the outside diameter of a buoy [m],

* Dy, is the inside diameter of the buoy [m],

[ is the distance between the mooring lines [m],

* s is the distance between the buoys in [m],

« g is the gravitational constant [m/s?].

This buoyancy capacity should always be larger than the self weight of the barrier. This self weight is calculated
according to:

Fa tot = Fa et + Fa (5.24)
With:
Fret = (Pnet - pw) : (D + Dupper) - g (525)
1
Fy= 3mDi -1 (pr = pu) g2 (5.26)
Where:

* Fa et is the self weight of the net structure [N,

+ Fq,. is the self weight of the tension cables [N],

Pnet 1S the density of the net structure [kg/m?],

p¢ is the density of the tension cables [kg/m3],

D is the height of the submerged part of the barrier [m],

* Dypper is the height of the barrier above the free water surface [m],
D, is the diameter of the tension cables [m].
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5.5.2. Buoyancy anchoring buoy

The buoyancy capacity of the anchor buoy is determined using Equation 5.20, applying the specific dimensions and
material properties of the anchor buoy. The vertical force acting on the buoy comes from the tension in the mooring
line together with the weight of the mooring line. The FEM model calculates the tension in the mooring line, and the
maximum tension observed is used as input. Since the focus is on vertical stability, only the vertical component of
this maximal mooring line tension is considered. This component is calculated as follows:

Hpoe
Fvertical = X : Fh (527)
With: .
Hm,ar = dO + §HS (528)
X = \/Lgnooring - Hrznaw (529)
Where:

* H,... is the maximal water level [m],

+ X is the horizontal distance between the anchoring point and the anchoring buoy [m],
+ F}, is the maximal tension observed in the mooring lines [N],

* dj is the average still-water depth [m],

* H, is the significant wave height [m],

* Limooring i1 the length of the mooring line [m].

The weight of the mooring line is calculated as follows:
1
FG,m = ZWD»,Qn . Lmooring : (pm - pw) +g (530)
Where:

* D, is the diameter of the mooring line [m],
* Liooring 1S the length of the mooring line [m],
* pm is the density of the mooring line [kg/m3].

If the buoyancy capacity is larger than Fc,1ica1 + Fo,m, the design is sufficient buoyant and the vertical stability check
is complete.
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Implementation of the structural model

This chapter discusses the implementation of the structural model for a floating barrier in the Puerto Morelos area. It
begins with an explanation of the parameters used in the structural model and the methods applied to obtain them.
Section 6.1 introduces the parameters, followed by Section 6.2, which presents the force time series derived from
H, and T}, as given in Section 3.4. Finally, the corresponding results are provided in Section 6.3. The wave energy
spectrum and statistical amplitude spectrum (generated using MHKIT) are included in Appendix F.

6.1. Input parameters

Table 6.1 provides an overview of the input parameters for the structural model. Due to the extensive runtime
of the model, the assumption is made that the current is the primary factor influencing force determination. This
assumption has been preliminarily validated through test runs within a simplified model environment. However,
further examination is necessary to confirm its validity for a larger-scale design. The final columnin Table 3.4 presents
the input parameters used in the hydrodynamic component. Complex to determine parameters are discussed in the
following subsections. It is important to note that certain design parameters are initial choices and may be refined
iteratively based on the model results.

Table 6.1: Input variables for the model.

Parameter Value Explanation

D..v1 - Diameter of cable in barrier 5cm First design choice

D nooring - Diameter of mooring line 11 cm First design choice

E - Stiffness steel 200 GPa Please see Section 6.1.1

L - Length barrier 680 m Reduced length due to computational capacity
[ - Distance between mooring lines 20 m To reduce running time

s - Distance between buoys 0.5m First design choice

Dy, - Outside diameter of buoys of barrier 0.35m First design choice

Dy1; - Inside diameter of buoys of barrier 0.33m First design choice

Dy, - Outside diameter of anchoring buoys 20m First design choice

Dys; - Inside diameter of anchoring buoys 1.95m First design choice

D,, - Diameter of mooring lines 15 cm First design choice

lm - Maximal length of the mooring lines 6 m First design choice: larger than dg

oy - Density of buoys 955 kg/m?®  First design choice

pp - Density of polymer inside buoy 50 kg/m? As described in Section 4.2.2

Pnet - Density of net 0.375 kg/m®  First design choice

p - Density of water 1022 kg/m3 Measured density of Puerto Morelos [17]
Cp - Drag coefficient 0.6 As described in Section 6.1.2

C,, - Mass coefficient 1 Conservative value based on empirical relations
C7 - Inertia coefficient 2 Cr=C,+1

C - Damping coefficient 0.01-EA Prevents system from becoming unstable
D - Height of submerged part of the barrier 1m Please see Section 6.1.3

D.pper - Height of part of the barrier above water 04 m First design choice

T, - Peak period 5.03s As described in Section 3.4

a - Angle of incidence wave 39.6° As described in Section 3.4

H; - Significant wave height 0.57 m As described in Section 3.4

dy - Average still water depth 3.5m As described in Chapter 3

U - Current speed 1.06 m/s As described in Section 3.4

mg - Mass of sargassum 13.36 kg/m®  As described in Section 2.3.1

ds - Depth of sargassum 0.25m As described in Section 2.3.1

ts - Thickness of accumulated sargassum 1m As described in Section 6.1.4

T - Length evaluation time of forcing 60 s To reduce running time

dt - Time step in solver 0.5s To reduce running time

6.1.1. Mooring line material
In Section 4.2, it was noted that the mooring line material was initially chosen as nylon rope. However, due to the
low modus of elasticity of nylon and its associated nonlinear behaviour, steel was selected as a replacement within
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the model. This substitution increases the axial stiffness of the mooring line, thereby reducing deformations.

6.1.2. Drag coefficient

To account for the drag force exerted by the water on the structure, it is necessary to determine an appropriate drag
coefficient, Cp. Since the structure consists of multiple shapes rather than a single uniform one, determining this
coefficient presents a challenge. To address this, certain simplifications are made. Figure 6.1 illustrates the cross-
section of the design. The mooring lines are sufficiently long to allow the barrier to move freely up and down, so
the spherical shape of the buoy is assumed to contribute minimally to the overall drag. The buoy’s buoyant nature
allows it to “ride” the wave movement. Thus, the simplification has been made that the buoy does not contribute to
the drag: solely the protective net below the free surface.

0.25
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Figure 6.1: Schematic of the cross-section of the barrier. Figure 6.2: Simplified cross-section that is used in the model.

Research has been done on the effects of biofouling on fishing nets. Therefore, the net and cables of the barrier
are simplified to represent a net, heavily fouled with biofouling. The biofouling in this model represents the presence
of sargassum. Based on findings from [11], a drag coefficient of 0.6 is used. Additionally, the dimensions of the
cross-sections are shown in Figure 6.2. Given the thin structure of the barrier, it is reasonable to assume that only
forces acting in the y-direction need to be considered.

Since determining the drag coefficient is challenging, the model is executed with multiple values for Cp. This is
presented in Chapter 7.

6.1.3. Height of the submerged part of the barrier

As it is assumed that the mooring lines are sufficiently long to allow the barrier to move freely up and down, primarily
the netting will be considered as the height of the submerged part of the barrier. In this assumption, it is also taken
into consideration that the waves will not break at the barrier, as described in Section 3.4. Thus, the height of the
submerged part of the barrier is approximately 1 m.

6.1.4. Thickness sargassum

The thickness of the sargassum layer on the water surface is needed to determine the volume of the sargassum
pushing on the structure. In the extreme value conditions, the thickness of sargassum in front of the barrier is limited,
as most particles are flushed away. However, to take a conservative approximation, a thickness of 1 m is chosen.
This is based on information in Section 3.4. Note that this is in the y-direction on the water surface.

6.2. Force determination

The wave elevation, velocity, and acceleration time series are determined as described in Chapter 5. These time
series can be found in Appendix G. Based on the wave-particle velocity and accelerations, the forcing on the barrier
is determined by making use of the Morison Equation. This gives the plot as illustrated in Figure 6.3. Again, only the
force in the horizontal direction (y-direction) is considered.
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Figure 6.3: Force in y-direction F),, based on wave characteristics described in Appendix G.

6.3. Results

To provide the results of the model, a stress check of the barrier structure and mooring lines is conducted. In addition,
the vertical stability of the structure is investigated.

6.3.1. Stress check barrier

To calculate the maximum stresses in the barrier the maximum internal forces at each time step are first analysed.
The maximum internal force within the barrier is shown in Figure 6.4, where a peak force of 147.4 kN is observed.

Tension Values at Time Step 11754 (Max Tension: 147.4 kN
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Figure 6.4: Maximum tension in barrier, input parameters as described in Table 6.1.

The tension on the left side shows an abnormally high value. This occurs because the barrier is suddenly removed
from its initial position. To focus on the relevant data where the internal forces are representative, the first 25% of the
data points will be excluded from the analysis, ensuring that only the results after the barrier has settled into position
are considered, once the initial displacement effects have diminished. These results are shown in Figure 6.5.
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Tension Values at Time Step 1801417 (Max Tension: 47.9 kN
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Figure 6.5: Maximum tension in the barrier for the last 75% of the time steps, input parameters as described in Table 6.1.

Based on the newly found maximum tension of 47.9 kN in Figure 6.5, the maximum stress in the barrier is computed.
The stress o can be calculated according to:

Ftension
o= 6.1
Acable ( )
Where:
* o is the stress [N/mm?]
* Fiension 1S the maximal tension force in the barrier [N]
* A.apie is the total area of the cables in the barrier [mm?]
As the cables are made from steel, it needs to be checked whether the following is true:
0 < fyd (6.2)

Where:
* f, is the yield strength of steel [MPa]

As Acgpie = 3927 mm?, and Fiepsion = 47.9 kN, this results in o = 12.0 N/mm?. If it is assumed that S235 steel is
used (f, = 235 N/mm?), the unity check results in 0.05.

6.3.2. Stress check mooring lines

The maximum tensile force in the mooring lines is obtained from Figure 6.6, where the maximum internal forces are
plotted for each mooring line.
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Maximum tension in mooring lines is 284.4 kN
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Figure 6.6: Maximum tension in each mooring line, input parameters as described in Table 6.1.

Once again, an unusually high peak of 284.4 kN is observed on the left side, which may suggest that the results are
significantly affected by the initial movement of the barrier from its starting position. This initial impulse force is likely
unrealistic. Therefore, for this analysis, the first 25% of the time steps and their corresponding results are excluded.
The results are plotted in Figure 6.7

Maximum tension in mooring lines is 32.3 kN
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Figure 6.7: Maximum tension in each mooring line, input parameters as described in Table 6.1.

Following the same procedure for the mooring lines as for the barrier, the following can be found: As A,,ooring =
17671 mm?, and Fye,sion = 32.3 kN, this results in o = 1.9 N/mm?2. If it is assumed that S235 steel will be used
(fy = 235 N/mm?), the unity check results in 0.008.

6.3.3. Vertical stability check
First, the buoyancy of the barrier buoys is evaluated using a buoy spacing of 0.5 m. The outer diameter is set at 0.35
m, while the inner diameter is assumed to be 0.33 m. Based on the material densities and the barrier dimensions, a
unity check value of 0.72 is obtained.

Next, the anchoring buoys are analysed. From the barrier model, the maximum mooring line tension is calculated to

be 32.3 kN. Assuming an outer diameter of 2.0 m and an inner diameter of 1.95 m for the anchoring buoys, a unity
check value of 0.99 is determined.

6.4. Summary of results

Table 6.2: Summary of results.

Parameter Value
Maximum tensile force in barrier [kN] 147.4
Maximum tensile force in mooring lines [kN] 32.3
Unity check stress in barrier [—] 0.05
Unity check stress in mooring line [—] 0.008
Unity check vertical stability anchoring buoys [-]  0.99

Unity check vertical stability barrier buoys [—] 0.72
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Validation of the structural model

This chapter delves into the unexpected results observed in Chapter 6. In response to these findings, specific
parameters likely to impact these results have been selected and adjusted to assess their effects and sensitivity.
In this chapter first the unusual results are examined in Section 7.1. Next, the parameters that are modified are
introduced in Section 7.2. Finally, the outcomes resulting from these parameter changes are presented in Section 7.3.

7.1. Unexpected result

In Chapter 6, the vertical stability unity check of 0.99 is achieved only when the diameter of the anchoring buoys
is 2 m. However, this diameter is excessively large, especially considering that the still water depth is only 3.5 m.
The large buoy diameter is necessary to counteract the significant tension in the mooring lines, which generates a
substantial vertical force that pulls the buoy downward.

To better understand the model, it is useful to explore potential adjustments to its parameters and assess how these
changes influence the results. By fine-tuning certain parameters, a more reasonable result for the vertical stability
check could be achieved. Additionally, this process allows for partial validation of the model, as it enables to verify
whether the results from parameter adjustments align with expected outcomes.

7.2. Variable parameters
This section outlines the three parameters that are modified to evaluate their impact on the results.

7.2.1. Mooring Line Spacing

To further examine the influence of the number of mooring lines on the tension in each line, the model is run with
different spacings between the mooring lines. Ideally, the spacing is reduced, which increases the number of mooring
lines. However, adding more mooring lines significantly increases the running time of the model, which is not feasible
due to computational limitations. Therefore, the opposite approach is taken: the model is run with increased spacing
between the mooring lines, effectively reducing their total number. The spacing is increased from 20 m to 40 m. ltis
expected that, with fewer mooring lines, the maximum force on each line increases. If this is observed, it is inferred
that the reverse occurs with more mooring lines.

7.2.2. Axial Stiffness of Mooring Lines

Another parameter that relates to the vertical stability check of the anchoring buoys, is the excessively high axial
stiffness in the mooring lines. To address this, the model is rerun using a smaller mooring line diameter, or a different
material, which lowers the value of EA. Having a lower E A, should result in lower tensions, but more strain in the
material. If the tensions are reduced, it is shown that changing the material and diameter of the mooring line indeed
has an influence on the tension within that mooring line. Therefore, the model is run with an £ A value of 100 times
smaller.

7.2.3. Drag Coefficient

The drag coefficient Cp plays a crucial role in determining the forces acting on the barrier. Given the difficulty in
accurately defining Cp, the model is additionally tested with two different values: Cp = 0.4 and Cp = 0.8. ltis
expected that a lower drag coefficient results in lower forces, while a higher drag coefficient leads to higher forces.
The primary aim of this analysis is to evaluate the extent to which the drag coefficient affects the system’s overall
behaviour.

7.3. Final results

7.3.1. Mooring line spacing

This subsection presents the maximum tension in the barrier and the maximum tensions in each mooring line when
the model is executed with increased spacing between the mooring lines, thereby reducing their total number. The
spacing between the mooring lines is increased from 20 m to 40 m.

Maximum tension in the barrier

Figure 7.1 illustrates the maximum tension in the barrier with a reduced number of mooring lines. In comparison
to Figure 6.5, the maximum tension that occurred has increased from 47.9 kN to 81.4 kN: almost doubling. This
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behaviour is expected, as it is intuitive that reducing the number of mooring lines increases the tension within the
structure, as the structure must bear a greater load.

Tension Values at Time Step 1946709 (Max Tension: 81.4 kN
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Figure 7.1: Maximum tension in barrier for 40 m mooring line spacing. Other input parameters: see Table 6.1.

Maximum tension in each mooring line

Figure 7.2 shows the maximum tension in each mooring line when the number of mooring lines is reduced. The
figure indicates a doubling of maximum tension, rising from 32.4 kN in Figure 6.7 to around 65.4 kN. These results
align perfectly with expectations, as reducing the number of mooring lines increases the load on each line.

Maximum tension in mooring lines is 65.4 kN

65000

60000

55000

50000

45000

40000

35000

Maximum tensile force in mooring line [N]

30000

0.0 25 5.0 7.5 10.0 125 15.0 17.5
Mooring line attachement point

Figure 7.2: Maximum tension in each mooring line for 40 m mooring line spacing, Other input parameters: see Table 6.1.

7.3.2. Axial stiffness mooring lines
This subsection presents the maximum tension in the barrier and the tension in each mooring line when the model is
run with an E A value for the mooring lines reduced by a factor of 100, thereby significantly reducing their stiffness.

Maximum tension in the barrier

Figure 7.3 shows the tension in the barrier for a reduced E'A. The behaviour is almost identical to the behaviour that
was observed in Figure 6.5, as it is 0.4 kN lower. However, the displacements in this model run are higher, since the
barrier is effectively less constrained by the mooring lines. This can be seen according to the following relationship:

T=FA-¢€ (7.1)
Where:

+ T is the tension force in an element [N],
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* ¢is the strain in an element [—].

Since the tension remains the same and E A decreases, € can only increase, thus resulting in larger deformations.

Tension Values at Time Step 1817083 Max Tension: 47.5 kN
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Figure 7.3: Maximum tension in barrier for EA 100 times smaller. Other input parameters: see Table 6.1.

Maximum tension in each mooring line

Figure 7.4 shows the maximum tension in each mooring line for a lower E A value per mooring line. Compared to Fig-
ure 6.7, the maximum tension that occurs is almost the same. 31.7 kN compared to 32.3 kN. As the displacements
are larger, this is in line with the expectations.

Maximum tension in mooring lines is 31.7 kN
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Figure 7.4: Maximum tension distribution in mooring lines for £ A 100 times smaller. Other input parameters: see Table 6.1.

7.3.3. Drag coefficient: C, = 0.4
This subsection presents the maximum tension in the barrier and the maximum tension in each mooring line when
the model is run with Cp = 0.4, thereby reducing the forcing on the barrier.

Maximum tension in the barrier

Figure 7.5 shows the maximum tension in the barrier for C, = 0.4. Compared to Figure 6.5, it is observed that the
tension decreases from 47.9 kN to 38.3 kN. This is in line with expectations, as a lower drag coefficient intuitively
results in lower forces within the barrier.
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Figure 7.5: Maximum tension in barrier for Cp = 0.4. Other input parameters: see Table 6.1.

Maximum tension in each mooring line

Figure 7.6 shows the maximum tension in the mooring lines for Cp = 0.4. Compared to Figure 6.7, the tension has
decreased from 32.3 kN to 22.8 kN. This is in line with the expectations, as a lower drag coefficient results in less
forcing on the barrier. Therefore, the mooring lines need to withstand less force.

Maximum tension in mooring lines is 22.8 kN
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Figure 7.6: Maximum tension in mooring lines for Cp = 0.4. Other input parameters: see Table 6.1.

7.3.4. Drag coefficient: Cp = 0.8
This subsection presents the maximum tension in the barrier and the maximum tension in each mooring line when
the model is run with Cp = 0.8, thereby increasing the forcing on the barrier.

Maximum tension in the barrier

Figure 7.7 illustrates the maximum tension in the barrier for Cp = 0.8. Compared to Figure 6.5, the maximum tension
has increased from 47.9 kN to 57.7 kN. Again, this is in line with the expectations, as a higher Cp, results in a larger
forcing on the barrier. Consequently, a larger tension in the barrier is observed.
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Figure 7.7: Maximum tension in barrier for Cp = 0.8. Other input parameters: see Table 6.1.

Maximum tension in each mooring line
Figure 7.8 presents the maximum tension in the mooring lines for Cp = 0.8. Compared to Figure 6.7, the maximum
tension has increased from 32.3 kN to 41.6 kN. Again, this result is in line with the expectations, as a higher drag

coefficient results in a larger forcing on the barrier. Consequently, this results in larger forces within the mooring
lines.

Maximum tension in mooring lines is 41.6 kN

40000

35000

30000

25000

20000

Maximum tensile force in mooring line [N]

15000

0 5 10 15 20 25 30 ES)
Mooring line attachement point

Figure 7.8: Maximum tension in mooring lines for Cp = 0.8. Other input parameters: see Table 6.1.



Discussion

This chapter covers all the key discussion points related to this study. It begins by discussing the validity of the
study in Section 8.1. Then, Section 8.2 examines the limitations of the study from hydrodynamic, barrier design, and
structural perspectives.

8.1. Validity of the study

8.1.1. Hydrodynamic analysis

The results of the hydrodynamic analysis are based on the model outcomes from the Delft3D software. The choice
of parameters and inputs significantly influences the results of the model. Several aspects and assumptions made
during the project raise concerns about the validity of the outcomes and whether the modelled results are accurate
enough to answer the research questions stated in Section 1.3. The following aspects raise concerns and require
further discussion.

Location

The phenomenon that has the most influence on the hydrodynamic model is the Yucatan Current. This current has a
constant magnitude of 0.5 m/s, based on research that measured this current near Cozumel. It is uncertain whether
this value of 0.5 is of correct use at the southeastern boundary implemented in the model. Because this current has
such a large influence on the flow patterns, a more detailed analysis of this current near the coast of Puerto Morelos
is important.

Secondly, the ends of both barriers are positioned near the grid boundaries. At the southern boundary, a negative
current reaching 0.1 m/s at the edge of the reef is introduced, though it remains uncertain whether this value is an
accurate assumption. At the northern boundary, a Neumann condition is applied. Consequently, the hydrodynamic
results near these boundaries are less reliable. Increasing the grid size would improve the accuracy of the flow in
these areas. Additionally, the model boundaries used in this study have not been validated. For further studies, such
validation is necessary to enhance the accuracy of the modelled flow. This also counts for hydrodynamic results at
the gates or over the reefs. By utilising real-life monitoring sensors within the research area, the models in Delft3D
can be validated against the obtained hydrodynamic data.

Furthermore, the results of the EVA indicate that waves have already dissipated from the northeastern boundary to
the start of the big gate, as seen by the offshore separation line (blue to red) in Figure 3.10. This early dissipation
raises doubts about the accuracy of the hydrodynamic results for the observation points of barrier 2 (north). If
the offshore condition extends uniformly across the entire eastern boundary, and the waves break at the reef, the
hydrodynamic results would be more consistent. However, with the results shown in Figure 3.10, the fact that waves
have already broken before reaching the northern reef certainly influences the flow patterns within the reef lagoon.
This undoubtedly impacts the findings, especially since the results for barrier 2 were used as input for the structural
model. The reasons for the incorrect wave modelling and its impact on the structural input remain unclear.

Sargassum

Modelling sargassum presents a challenge, as its physical properties are represented by particles within a fluid, re-
quiring validation. Now, based on argued assumptions, sargassum is modelled with results that seem valid, but proof
from field data is necessary for the properties of the tracers. For example, a passive tracer is used, which has no
impact on the flow within the model. This makes the model less complex, but the assumption that the presence of
sargassum does not affect the flow is not grounded. If research results show that sargassum does interact with the
flow, another model in the Water Quality module of Delft3D could be used.

Another important sargassum uncertainty is the buoyant nature of the algae and the influence of the direct forcing
of wind on the part of the object extending above the surface. It is unclear when sargassum starts deteriorating and
loses this buoyancy. This is important when further research is done on sargassum captured by the barrier. Next to
this, the direct forcing of wind is now based on a scientific paper but also requires validation. One of the conclusions
from the paper is that the wind drag coefficient is not constant and changes under different conditions.

Floating barrier

In addition to the modelled sargassum transport, the impact of a floating barrier on the flow circulation of the reef
remains uncertain. As discussed in Section 2.4, when a floating structure is placed within the reef after wave dissi-
pation, its influence on wave set-up can be assumed negligible. However, since the designed barrier includes a fine
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mesh grid underneath the buoy, it remains unclear how the flow behaves as it passes through the barrier. According
to fluid dynamics, when flow approaches a gate extending to a certain depth, it accelerates as it passes through
and returns to equilibrium further downstream, with a certain amount of energy loss. The presence of a mesh grid
will certainly affect the flow to some extent, possibly influencing the flow behind the barrier. It is uncertain whether
this effect is significant enough to impact the flushing capacities of the lagoon. The obtained results of Section 3.3,
assume the impact of such a mesh grid to be negligible.

Both uncertainties in flow dynamics and sargassum transport behaviour, contribute to the overall uncertainty re-
garding the optimal placement of a floating barrier. However, when viewed on a large scale, the results do indicate
effective areas where sargassum particles, if transported similarly to the modelled behaviour, can be redirected away
from the coast.

8.1.2. Barrier design

In designing an effective sargassum barrier for Puerto Morelos, this study faced challenges related to the trial-and-
error nature of existing sargassum management solutions. Many commercial barriers, while marketed as highly
effective, lack independent scientific validation and their claimed performance is unsupported.

Barrier

Several companies, such as Beach Bouncer, claim near-perfect sargassum capture rates, up to 100% effective-
ness. However, these claims are rarely supported by scientific research, raising questions about their validity. In
this project, the lack of reliable data influenced the decision not to use Type | barriers in Section 4.5.3. If such per-
formance figures were validated, it could have provided a stronger case for choosing Type | barriers. More accurate
performance studies of the different barrier types would significantly improve the quality of future barrier selection
processes.

Similarly, as stated in Section 4.1 it is claimed that large-holed nets do not pose a risk of entangling sea turtles or
sargassum, but again, there is no independent research confirming this. To mitigate these risks, mesh grids with
3 mm holes were chosen for the barrier, ensuring that sea turtles and sargassum are unlikely to become trapped.
Choosing more proven mesh designs ensures that potential risks to marine life are minimized, even in the absence
of strong empirical evidence from manufacturers.

Another important consideration is whether the height of the buoy above the waterline (freeboard) is sufficient to
prevent overflow of sargassum during extreme conditions, such as high waves and strong currents (EVA conditions).
If the barrier is too low, it reduces the barrier’s effectiveness. Additional testing and validation are recommended to
confirm that the current buoy height can handle these conditions, ensuring the barrier performs well in the conditions
of Puerto Morelos.

8.1.3. Structural model

Based on the unexpected result regarding vertical stability, the validity of the model was assessed in Chapter 7. This
assessment involved adjusting the mooring line spacing, axial stiffness of the mooring lines and the drag coefficient
of the barrier, after which the outcomes were compared with its expectations. These adjustments helped partially
validate the model, indicating that any discrepancies likely arise from input parameters rather than flaws within the
model itself.

Given that the only truly unexpected outcome was the need for significantly larger-than-anticipated anchoring buoys,
parameter adjustments were implemented. Each change yielded results consistent with theoretical expectations,
supporting the hypothesis that the large buoy dimensions result from the chosen input parameters. This hypothesis
is plausible, as the increased buoy size may be attributed to the following factors.

Firstly, the mooring line spacing was adjusted. Due to computational limitations, this spacing was increased, as
decreasing the spacing results in excessively long running times. The results were in line with the expectations:
the tension in each mooring line increased. It is inferred that the reverse happens when the mooring line spacing
reduces. This means that with more mooring lines there would be less tension in the mooring lines, leading to a
better vertical stability unity check.

Secondly, it is observed that the drag coefficient plays an important role in force determination. Since the barrier
does not have a regular shape, no standard drag coefficient is available. A study was found to determine the drag
coefficient of a fishing net with severe biofouling, and this value has been applied to the barrier. However, this drag
coefficient has been used for the entire length of the net, whereas in practice, only about one-fourth of the net will
likely be covered by sargassum. It is therefore uncertain whether the entire protective net has a drag coefficient of
0.6, or if certain parts experience lower drag. Multiple values of C'p were used in the model to address this uncer-
tainty and the resulting force was significantly different. If the drag coefficient in reality is lower, this would also lead
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to a more reasonable vertical stability unity check. Ideally, the C'p of a barrier is determined empirically, as in this
study, the presence of the buoy is neglected as well.

Lastly, the forcing applied to the barrier is likely to be uncertain. Initially, the hydrodynamic model introduces con-
siderable uncertainty in determining 7}, and H,. Based on this uncertainty, a peak value is selected for the barrier
design. Force calculations then rely on this peak H, and T}, and apply the JONSWAP method, which further adds
uncertainty and occasionally produces outliers with higher force values in the time series. This results in a maximum
force derived from an already high peak, potentially leading to an overestimation. Since the highest tension in the
mooring lines occurs under this peak force—necessitating large anchoring buoys—it is possible that the applied forc-
ing is overstated. With this in mind, it could be that with the real forcing the dimensions of the buoy are more realistic.

Besides the aforementioned points, the initial conditions have a severe impact on the results. In the model, the barrier
starts suddenly moving as the force is applied. This results in a large impulse force on the barrier. This force is not
representative of the internal forcing, as it is way higher than the barrier in reality experiences. Therefore, the first
25% of the resulting forcing is removed. However, this number has been picked to make sure that the initial position
does not affect the results. A lower percentage, e.g. 10%, would perhaps suffice as well. Further investigation is
required to address this initial condition issue thoroughly.

8.2. Limitations of the study

8.2.1. Hydrodynamic analysis

Hydrodynamic settings

This research only investigates the three largest sargassum arrivals, leaving uncertainty about how the barrier system
functions under other hydrodynamic conditions. For instance, based on the 10-year time series analysis, wave
heights offshore are lower than an H; of 0.75 m during the large arrival condition 55% of the time. In this research,
it is not investigated for which hydrodynamic condition the big gate loses its flushing capability, which is a key factor
in determining the optimal location of the barrier. The results demonstrate that the barrier performs effectively under
the three large arrival conditions. However, its performance under different conditions remains a limitation of this
study.

Sargassum

Another important limitation is the number of layers applied in the vertical direction in the Delft3D software. Sargas-
sum floats in the upper layer of the water column, where the current is strongly impacted by wind and waves. For
an accurate representation of sargassum transport behaviour, multiple layers with a small top layer compared to the
others give the most realistic flow results. Adding more layers, however, requires significantly more computing time
and capacity. Multiple layers together with longer runs consumed too much computing capacity and resulted in high
computer memory outputs which were not manageable in the working conditions provided.

EVA

The challenge with the EVA lies in the introduction of subjectivity at two key stages. First, the threshold is selected
from a broad spectrum of possible values, derived from the Mean Residual Life (MRL) figure. This range, as well as
the threshold itself, could have been determined differently. As described in Section 2.2.3, this choice significantly
affects the number of data points considered in the EVA.

Secondly there is subjectivity in determining the peak period. Multiple methods are available to derive 7},. For
this research, it is chosen to compare the zero crossing period, T, value to the corresponding H, values from the
Copernicus dataset. Based on the linear trend of these values, a T, value is calculated for the extreme H,. However,
the scatter plot data includes wind-driven wave data, meaning the linear trend is visually determined. This step
introduces uncertainty into the calculation of T, and thus T},.

Floating barrier

The final limitation lies in the modelling of the floating barrier. Based on the results presented in Section 3.3, it can
be concluded that further research is required to correctly model the interaction between particles in the upper layer
with the presence of floating structures. This is especially important for understanding the detailed movement of
sargassum along the barrier. In this study, for barriers of 2160 m and 1375 m in length, 9 and 6 observation points
were added respectively. However, for every 200- meters in between the observation points, it remains unclear
whether sargassum is being trapped or continues flowing toward the flushing areas.

8.2.2. Barrier design

Anchoring

The lack of site-specific data on seabed attachment strength at Puerto Morelos posed a significant challenge. Without
this information, it remains difficult to accurately quantify the forces needed for the anchoring system, which limited
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the ability to perform a detailed cost analysis. Without understanding how well the anchoring system would perform
under local conditions, only qualitative assessments of anchoring costs were possible. One potential solution to
overcome this issue is using data from oil booms, where similar marine forces are encountered. If this data could be
applied, it would help estimate the forces on the anchoring system and support a more detailed and accurate cost
assessment for this project.

Materials

The performance of HDPE and PMMA buoys, under the specific marine conditions at Puerto Morelos has not been
studied. This gap made it difficult to do a quantitative analysis of the prolonged lifetime of PMMA buoys. Thus,
to conduct a cost-benefit analysis when comparing PMMA to HDPE. Similarly, nanocoatings were considered to
extend the lifespan of barrier materials by reducing biofouling and UV degradation. However, the lack of data on
lifespan improvements and the most suitable types of nanocoatings for the barriers created difficulties in determining
their effectiveness. Without this information, it is challenging to provide quantitative data on their impact on long-
term maintenance and costs. Further studies on the performance of the polymers and nanocoatings are required to
optimize material and protection to improve the overall durability of the barrier.

Design Puerto Morelos

Although the Type Il design is justified based on current knowledge, alternative designs could be explored to enhance
performance or reduce costs, especially when adapted to the conditions of Puerto Morelos. Further testing and
adaptation may reveal other barrier types that can meet the same environmental challenges while offering different
benefits, such as easier deployment or better resistance against storm conditions.

8.2.3. Structural model

Modelling

The primary limitation of the model is the excessively long running time. As discussed in Chapter 3 and Chapter 4, a
barrier length of 1370 m with mooring lines spaced every 8 m was recommended. However, due to limited computa-
tional capacity, the simulations could not be completed within 12 hours (the longest the model was run). To address
this, the barrier length was reduced to 680 m, with mooring lines spaced every 20 m, which reduced the running
times to approximately 6 hours.

Two factors are believed to contribute to these long running times. First, the mooring lines were assigned a different
EA, as they were expected to have a larger diameter due to the increased spacing of 20 m. This higher £ A may
cause the solver, which uses adaptive time stepping to ensure accuracy, to take smaller time steps. Second, the
model involves large matrices due to the relatively fine mesh. These matrices can become very large, although many
entries are zero. To improve efficiency, sparse matrices could be used. However, due to time constraints, the project
team was unable to implement this optimisation in the model.

Due to the lengthy running times, the model has only been run under extreme conditions with high current velocities.
Simulations with lower current inputs and higher significant wave heights have not been performed. Given the time
constraints of the project duration, it is assumed that the higher current will have a more significant impact on the
forces acting on the barrier than an increase in significant wave height.

Another limitation of the structural model concerns how the mooring lines are incorporated. Ideally, the stiffness of
a mooring line, represented by its £ A, would change based on its position. An attempt was made to implement this
by instantly increasing the £A when the mooring line came under tension (i.e., upon reaching a certain deformation).
However, the SciPy solver encountered issues with this approach. The sudden increase in £ A caused convergence
problems, as the solver could only manage such changes with extremely small time steps. A potential solution was
to gradually increase the stiffness using a tanh function, but this also proved ineffective, as the solver still failed to
converge. Therefore, the mooring lines were modelled with a fixed length and an increased £ A. However, since the
length is fixed, this £ A does not depend on the position of the mooring line but is a constant value. As mentioned
before, the F A of the mooring lines has a higher value than the E A of the barrier.

Another consequence of not being able to adjust the £'A of the mooring lines is the inability to manually select the
anchoring points of the lines. If the £ A could change based on the position of the mooring lines, certain lines could
become tensioned earlier, allowing the barrier to take on specific shapes. These tailored shapes could help redirect
the sargassum more effectively. However, since the current structural model cannot simulate this, it is not possible
to evaluate the internal forces for different barrier configurations.

Lastly, the preset maximum length of the mooring lines introduces challenges for dynamic loading on the structure.
Since the dynamic loading consistently acts in the same direction, the structure naturally moves in response to
it. However, as the load decreases, the structure tries to return along the same path it initially followed. Due to the
mooring lines being fixed at their maximum length, the barrier’s return movement becomes inaccurate. This happens
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because the mooring lines can only rotate around their anchor points, distorting the barrier’s shape and reducing the
accuracy of both the movements and the resulting tensions.

To address this issue, one solution is to apply the previously mentioned method of using mooring lines with adjustable
stiffness. Another option is to model the mooring lines as consisting of multiple elements with additional nodes,
allowing for a more accurate representation of their behaviour.

Force determination

Several simplifications have been made in determining the forcing on the barrier. First, the cross-sectional shape of
the barrier has been simplified to that of a thin plate. It is assumed that the buoy on top contributes minimally to the
drag force, as it is expected that the buoy ’rides’ on top of the waves. However, this has not been empirically veri-
fied. In reality, the buoy may contribute more to the drag than currently assumed, which could result in a significant
increase in the drag force.

Also, an assumption has been made regarding the location where wave particle velocities and accelerations are
determined. Currently, these values are taken at the free surface as this is the most simple way to implement it into
the model. This is a conservative approach, as velocities and accelerations decrease with depth. In reality, the lower
parts of the barrier will experience less wave-induced force, as the velocities and accelerations used in the Morison
Equation are smaller at a larger depth. Related to this is the fact that all nodes currently experience the forcing at
the same time. However, in reality, this is not the case since the waves and current have an angle of incidence. This
means that certain nodes will experience the forcing first, while other nodes will experience it later. This has been
simplified in the model. Lastly, an assumption of a uniform current profile has been made, which may not be accurate
and could significantly affect the forcing on the barrier.
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Conclusion

This chapter presents the conclusions of the study, starting with separate conclusions of the hydrodynamic analysis,
barrier design, and structural model. First, the key outcomes of the hydrodynamic study are addressed, followed
by an examination of the conclusions drawn from the barrier design. Next, the results of the structural model are
reviewed. Finally, a general conclusion is provided, summarising the overall insights from the entire study.

9.1. Hydrodynamic analysis

The main question that needs to be answered is: "How does the position of the floating barrier influence the movement
of sargassum at the coast of Puerto Morelos?”. To answer this, it is first necessary to understand how sargassum
behaves under the current flow conditions in the bay of Puerto Morelos. The analysis indicates that sargassum par-
ticles enter the lagoon primarily through reef areas. However, not all particles reach the shoreline, as gyres within
the lagoon partially flush the sargassum back into the sea. These gyres are generated by outflows at the openings
in the reef, specifically at the "gates” and the south channel. These four regions have an almost constant outflow, as
explained in Section 3.1. Especially the big gate induces the strongest circulatory flow, redirecting the most sargas-
sum towards the Yucatan Current, which transport the sargassum offshore.

These flow patterns, together with the flow along the barrier and the wave dissipation due to the reef, determine
the optimal position and shape of a floating sargassum barrier along the coast of Puerto Morelos. The barrier is
most effective when positioned on the southern and the northern reefs, with its ends aligned at the edges of the
flushing areas to avoid interference with natural flushing processes. For a barrier designed to enhance the chance of
redirecting sargassum back to the sea, the flow along the entire length of the barrier should be directed toward one
of the flushing ends to prevent sargassum accumulation. In this way, the barrier can effectively intercept sargassum
and redirect it offshore. Lastly, H;, T}, and current velocities exert forces on the barrier. From a structural point of
view, all three factors should be minimized to reduce the loads. The final decision for the optimal barrier location and
orientation are listed as follows:

» Barrier 1: angle with respect to NSWE-axis: 33.7°, length: 2160 m, starting and ending coordinates are
(513255, 2305038) and (514450, 2306850) respectively.

» Barrier 2: angle with respect to NSWE-axis: 28.2°, length: 1375 m, starting and ending coordinates are
(516019, 2310687) and (516670, 2311900) respectively.

Based on the model results, it can be concluded that the position and orientation of a floating barrier are critical for
effectively redirecting sargassum and protecting the shoreline of Puerto Morelos.

9.2. Barrier design

To determine the optimal barrier design for the Puerto Morelos area, various barrier designs, anchoring systems and
materials were evaluated. In conjunction with identifying the environmental and operational conditions, an effective
approach was developed. The analysis compared four types of floating barriers in Section 4.1, with Type |l being
selected for its flexibility and relatively low number of anchoring points, minimising disturbance to the local marine
environment. The indirect anchoring system further reduced the need for additional anchoring points.

Material selection focused on durability, leading to the choice of HDPE and PVC for their resistance to UV degrada-
tion. Additionally, galvanized steel cables were chosen for strength throughout the barrier. Although nanocoatings
showed promise in reducing maintenance, they were excluded from the final design due to their lack of proven
real-world effectiveness. Section 4.4 highlighted potential material improvements, such as PMMA and innovative
antifouling applications, but these were ultimately not integrated due to higher costs and the need for further testing
in marine environments.

Section 4.5 focused on tailoring the final design specifically to the environmental conditions of Puerto Morelos. The
local marine ecosystem, including sensitive coral reefs and seagrass beds, required a solution that minimised eco-
logical impact while maintaining durability. By analysing wave forces and current velocities in Section 3.4, along with
barrier types, anchoring systems and marine life considerations, the barrier was designed to be easily disassembled
during extreme weather, while ensuring optimal performance. Additionally, the final design integrates flexibility in the
anchoring system, allowing for efficient deployment and maintenance while protecting the local ecosystem.

55



9.3. Structural model 56

9.3. Structural model

The primary structural research question posed was: "How can a general structural model for a floating sargassum-
catching barrier be developed and implemented?” Drawing on the findings and analyses presented in Chapter 5,
Chapter 6 and Chapter 7 this question can now be addressed.

The core concept underlying the modelling of the sargassum barrier is its representation as a cable structure. This
cable is supported by mooring lines and subjected to a distributed load consisting of wave and current-induced forces.
Since obtaining an analytical solution for this dynamic problem is not possible, numerical methods are required. In
this report, FEM was used. However, the nonlinear behaviour of a dynamic cable presents challenges in FEM, as
explained in Chapter 5. The goal was to determine the internal forces in both the barrier and its mooring lines, en-
abling iterative improvements to the design dimensions.

The input for the structural model includes the environmental conditions of the Puerto Morelos area and the first
iteration design specifications of the barrier. Using Airy wave theory and the Morison Equation, the forces acting on
the barrier were calculated. It is important to note that several simplifications were made in order to calculate these
forces. A significant assumption involves the simplification of the cross section of the barrier and thus its associated
drag coefficient. This assumption has a considerable impact on the results. Ideally, the accuracy of the simplified
cross section and drag coefficient would be tested empirically, but the project team lacks the resources to conduct
such experiments.

Changes in input parameters result in outputs that are in line with the theoretical expectations of these adjustments.
This indicates that any discrepancies in the results of the design unity checks are more likely to arise from input
parameters rather than from flaws within the model itself.

9.4. General Conclusion

This study has developed and evaluated a comprehensive approach to design a floating barrier system aimed at
intercepting sargassum along the coast of Puerto Morelos. By integrating hydrodynamic analysis, barrier design,
and structural modelling, the study addressed key research questions concerning the optimal placement, design,
and structural performance of the barrier.

The hydrodynamic analysis demonstrated that the position and alignment of the barrier significantly influence its ef-
fectiveness in redirecting sargassum offshore. By analysing flow patterns within the lagoon and along the barrier, the
study identified the southern and northern reefs as optimal locations to position the barrier ends, thereby enhancing
the natural flushing effect while minimising the accumulation of sargassum along the shoreline.

In the barrier design research, various structural and material considerations were assessed to optimize the sys-
tem for durability and minimal ecological impact. Type Il barrier design, supported by an indirect anchoring system,
emerged as the preferred solution, offering structural flexibility while reducing the number of anchoring points and
associated disturbances to sensitive marine ecosystems. Material choices, including HDPE, PVC, and galvanised
steel cables, were selected based on their durability and resistance to marine conditions, while future improvements
in antifouling technologies were identified for potential enhancement.

The structural model enabled detailed analysis of the internal forces within the barrier and its mooring system, util-
ising a FEM approach. For the dynamic and nonlinear nature of the problem, assumptions regarding barrier cross-
sectional shape, drag coefficient and mooring lines were applied, yielding results aligned with theoretical expecta-
tions. While limitations in resources prevented empirical validation of these assumptions, the sensitivity of the model
to input parameters indicated that any variations in results are likely due to environmental conditions rather than
fundamental modelling errors.

In summary, the study has successfully provided a validated framework for designing a floating sargassum barrier,
tailored to the hydrodynamic, environmental, and structural constraints of the Puerto Morelos region. This framework
serves as a foundation for future improvements and field applications, with recommendations for further empirical
validation to refine design parameters and enhance overall barrier performance.
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Recommendations

This chapter outlines the recommendations based on the findings of this study. Suggestions are provided for effec-
tively installing the barrier, ensuring optimal performance and efficiency. Additionally, recommendations are made
for potential follow-up research to address areas that require further investigation. These recommendations aim to
enhance both the practical implementation and the broader understanding of the system.

10.1. Practical recommendations

This research contains next to the theory, a practical view on how sargassum barriers should be designed. In this
section, practical advice on implementing a barrier is given. The scope of the research, described in Section 1.1,
is to protect the shore and redirect the sargassum into the sea. The design of a barrier across the entire Yucatan
peninsula is neither realistic nor financially feasible. It is highly recommended, to analyse the flow of the area where
future barriers are being built. The hydrodynamic analysis of the reef of Puerto Morelos is a perfect example of how
flushing effects reduce the required barrier length. This saves materials, costs and implementation time.

When the barrier is taken out of the water for maintenance, it is recommended to carry out the following maintenance
steps, ensuring a prolonged lifetime while minimizing risks of failure of the barrier.

» Thoroughly clean the barrier whenever it is taken out of the water. This helps remove accumulated biofouling,
debris and salt deposits that could degrade the materials over time.

» When stored, keep the barrier dry and out of direct sunlight to avoid UV degradation and unnecessary wear. This
is particularly important for materials like HDPE and PVC, which can become brittle after prolonged exposure
to UV rays.

* Inspect galvanised steel cables for signs of pitting corrosion, especially in areas exposed to closed rusty sea-
water (CRS). If pitting corrosion is detected, take immediate action to repair or replace the affected cables, as
this type of corrosion can severely weaken the structure over time.

10.2. Research recommendations

10.2.1. Hydrodynamic model

As discussed in Section 8.1, many input parameters in the flow and sargassum model remain uncertain, necessitating
validation. This section recommends methods for establishing a more accurate representation of flow and sargassum
transport. Additionally, further research on a real floating barrier is essential to analyse its interaction with sargassum.

Sargassum

One of the most important aspects of predicting transport of sargassum is establishing an accurate transport model
of sargassum particles. As mentioned in Section 2.3, sargassum is modelled by introducing a passive tracer, which
is based on many input parameters that have argued assumptions. The transport behaviour of sargassum can be
validated by attaching GPS trackers to the sargassum mats offshore and comparing the GPS data with the modelled
tracks. This is only possible when the flow patterns of the observed location are known, so it accurately describes the
physical observation. Adding real-time flow conditions at the boundaries of the model highly increases the accuracy
of the hydrodynamic results as well. Floating buoys that measure hydrodynamic conditions can obtain this field data.
So far, satellite-detected sargassum is the most effective strategy for long-term monitoring. This monitoring method
provides data that helps to predict sargassum movement in the future.

Floating barrier

The conclusions of this research are based on model results that describe only the flow patterns and corresponding
sargassum movements along the coast of Puerto Morelos. The potential impact of a floating barrier on flow patterns
within the reef lagoon remains unknown. Although this influence has been assumed negligible, it is recommended to
test flow behaviour around a floating barrier. Introducing a prototype barrier in a wave flume allows for the examination
of flow patterns around the barrier and enables the measurement of actual hydrodynamic forces exerted on it. This
approach would also enable small-scale validation of the structural elements.

10.2.2. Barrier design
Claims on the effectiveness of the sargassum barriers of companies like Beach Bouncer lack scientific validation.

Future research should focus on field trials that measure the sargassum capture rate of different barrier types under
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real-world conditions, such as varying currents and wave forces. Standardised testing protocols should be developed
to assess immediate and long-term effectiveness. These tests must be standardised based on the most dominant
factors influencing their effectiveness and change these factors based on environmental conditions. Furthermore,
research is needed to investigate their long-term durability, ensuring more sustainable solutions.

Additionally, future research should evaluate the long-term durability of PMMA in marine environments, providing
data to support a cost-benefit analysis compared to HDPE. Similarly, while nanocoatings show promise for prevent-
ing biofouling and UV degradation, real-world effectiveness in marine conditions remains unknown. Field studies
should assess their ability to reduce maintenance needs and extend material lifetimes.

Lastly, the ecological effects of sargassum barriers require continuous monitoring. Long-term studies should measure
these impacts and assess how barrier placement and design can mitigate negative outcomes even further. These
studies should focus on key ecological indicators, such as the impact of barriers on coral health and sea turtle nesting
patterns, ensuring that barrier solutions balance effective sargassum management with ecological preservation. This
monitoring is important for balancing effective sargassum management with ecological preservation, ensuring that
the barrier solutions are sustainable for both marine life and coastal ecosystems.

10.2.3. Structural model

Given the challenges encountered with the computational efficiency of the model, future research should focus on
optimising its performance. One option for improvement is the implementation of sparse matrices, which could sig-
nificantly reduce computational time.

Further investigation into methods for adjusting mooring line stiffness and modelling the mooring lines with multiple
elements and nodes, allowing a better representation of the mooring lines, also shows great potential for enhancing
the accuracy of the dynamic response of the barrier. This could potentially be obtained by using a tanh function to
manage stiffness changes in the mooring lines

Moreover, to ensure a more accurate representation of the forces acting on the barrier, the drag coefficient should be
empirically determined. This would lead to a better understanding of the interaction of the barrier with its environment
and allow for more precise force calculations. Additionally, the hydrodynamic analysis together with multiple statistical
methods, each with its own uncertainty, are used to obtain the forcing. More investigation in these uncertainties could
result in a more realistic representation of the forcing.
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A

Stakeholder analysis

Table A.1: Stakeholder analysis

Stakeholder

Comments

University ENES

The university is a key stakeholder in this project, with an academic interest in developing
a scientifically sound approach to design sargassum barriers tailored to specific locations.
The university aims to create a methodology based on research, environmental factors
and engineering principles that can be applied to various coastal regions. By supporting
the project, the university contributes to scientific knowledge in marine engineering and
ecosystem management. The results of this research could also provide valuable insights
for future academic work and publications.

Hotel industry

The tourism sector, particularly hotels, is heavily impacted by the influx of sargassum. The
aesthetics of beaches are what encourage visitors to come to the hotels. The sargassum
discourages visitors from visiting. Hotels rely on clean beaches to attract tourists, making
them a key stakeholder in sargassum management. Many hotels have taken part in manual
cleanup efforts and would benefit from sustainable, long-term solutions like barriers.

Local government
(Municipality of Puerto
Morelos)

Local governments are primarily responsible for managing the collection and removal of
sargassum, which impacts public spaces and tourism infrastructure. They play a key role
in coordinating cleanup efforts, enforcing regulations, and ensuring the economic stability
of coastal communities. Their focus is on finding cost-effective and environmentally sus-
tainable solutions to address the ongoing sargassum problem. They have the power to
grant permits to build barriers.

National government

The national government is involved at a higher policy level, ensuring that regulations are
in place to manage environmental impacts and support industries like tourism and fishing.
They also oversee funding for larger-scale cleanup and barrier-building projects, research
efforts, and international cooperation on sargassum issues.

Barrier producers

Companies that manufacture and deploy sargassum barriers are key stakeholders, as they
provide the technological solutions necessary to address the problem. Their involvement
includes offering expertise on barrier design, materials, and installation, and they have a
direct interest in the project’s success for further business opportunities.

Tourists

Tourists visiting the affected regions are stakeholders due to their direct influence on the
local economy. The presence of sargassum deters tourism, and visitors expect clean, at-
tractive beaches. sargassum barriers would improve the beach experience, making the
location more appealing for tourists and benefiting the local economy.

Fishing industry

sargassum can disrupt local fishing industry by harming marine life. The fishing industry
relies on healthy marine ecosystems and clear access to the ocean for sustainable fishing
practices. Effective sargassum management would help prevent these disruptions, ensur-
ing the livelihoods of those working in fishing industry.

Local businesses

Small businesses that rely on tourism and beach users, such as restaurants, shops, and
service providers, are impacted by declining tourism due to sargassum. These businesses
benefit directly from sargassum management solutions, which can restore beach aesthetics
and increase visitor numbers.

Environmental NGO

Environmental non-governmental organisations are invested in the preservation of marine
ecosystems. They may advocate for sustainable solutions to sargassum management that
minimise harm to the environment and biodiversity. Itis critical for them that barrier systems
are investigated ensuring that any intervention is ecologically sound.
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Recreational water

users

Individuals involved in water sports, diving, and boating are affected by the presence of
sargassum, which can impede their activities. These stakeholders may support barrier
solutions that keep waterways clear, maintaining the viability of recreational activities that
contribute to the local economy.

11

sargassum harvesting
companies

Companies that see value in sargassum for products like biofuels, fertilizers, or animal feed
would have an interest in barrier deployment to facilitate collection. These stakeholders
could potentially turn a problem into an opportunity by using sargassum as a resource.
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Figure A.1: Power interest grid stakeholder analysis.
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Extreme Value Analysis and wind roses

This section elaborates on the EVA analysis. For this analysis, a POT is used. This method determines a threshold
value with an MRL plot. Since this is a graphical method, the chosen threshold value is based on a visual estima-
tion.[42] Figure B.1 displays the MRL plot, showing a quasi-linear trend between threshold values of 1.1 m and 1.8 m.
Within this range, the threshold value is set at 1.7 m, as this value balances the need to capture a sufficient number
of extreme events (peak values) in the POT method while considering the total amount of data points. Setting a
threshold lower than 1.7 m results in an excessive number of peaks.

Mean Residual Life Plot of Significant Wave Height
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Figure B.1: Mean Residual Life of H,, based on a 10-year time series at Puerto Morelos.

In addition to the threshold parameter, a 24-hour declustering time is applied. This declustering time is selected
to ensure that the peak values are independent. Ensuring independence is crucial because the peak values must
be independent and identically distributed (i.i.d.) to generate a representative and unbiased distribution of the peak
significant wave heights. Furthermore, peak values exceeding three meters are excluded from the dataset, as these
correspond to hurricane conditions. In Chapter 4, a further explanation is given why these conditions are neglected
in our design. The resulting time series and corresponding peaks are shown in Figure B.2. The remaining Proba-

bility Density Function (PDF) of the peaks is given in Figure B.3, which aids in selecting an appropriate probability
distribution for the data.

Peaks Over Threshold (POT)

3.0

—— Original Time Series
x POT Peaks

—=—=- Threshold = 1.7 m

2.5

~
o
L

Wave Height (Hs) [m]
I
w

Iy
o
L

0.5 4

T T T T T T T T T T T
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Time

Figure B.2: Peaks Over Threshold H, based on a 10-year time series at Puerto Morelos.
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Figure B.3: Extreme Value Analysis: Probability Density Function of H.

With a Pareto extreme value distribution, multiple fits are obtained using standard probability distributions. These
fitted distributions are presented together in Figure B.4, where both the PDF and the cumulative distribution functions
(CDFs) are plotted. This shows which probability distribution corresponds with the PDF of the H values.
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Figure B.4: Fitting probability distributions on the Puerto Morelos H, data of a 10-year time series[1].

According to a Mean Squared Error (MSE) calculation an exponential distribution fits the data the best. This distri-
bution is shown in Figure B.5. From the analysed dataset, 69 peaks were obtained from 21902 values for significant
wave height, covering a timespan of ten years. This corresponds to approximately 7 peaks per year. The exceedance
probability for a 10-year return period is calculated as p = ﬁ. Therefore, the 10-year return level for the significant
wave height, H; 19, is at 1 — p = 98.6%. This results in an estimated return level for H, 1o of 2.91 m, when an expo-
nential distribution is used. The choice for a 10-year return period is motivated in Section 4.1.5.
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Figure B.5: Extreme Value Analysis: Fitted distribution of Exponential CDF.

Thereafter, the peak wave period (7},) can be determined using the correlation between H, and T,. The dataset
provides the T, for each (H,). This correlation is visible in Figure B.6. Two distinct trends are observed. The
data for H, incorporates both wind-driven waves and swell. In the Puerto Morelos region, swell-driven waves are of
primary interest, as the area is dominated by the propagation of swell generated in the Caribbean basin by eastern
trade winds.[16] To determine the value of T, a line is drawn through the centre of the swell-driven wave data points.
Extrapolation of the line shown in Figure B.6 shows that for an H, value of 2.91 m, T, is 10.4 s. The peak wave
period (7},) is then derived from T, using Equation B.1 [66], which results in a T}, of 13 s. The wind speed (uyina) iS
also determined with a scatter plot, giving again the H, values with their corresponding u.,;,q. The resulting wind
speed is 17.5 m/s, obtained from Figure B.7.
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Figure B.6: Scatterplot of H; and T, from a 10-year time series at  Figure B.7: Scatterplot of Hs and wind magnitude from a 10-year time
Puerto Morelos[1]. series at Puerto Morelos[1]
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For the directions of the incoming wind and wave, the average of all peaks is used as input. The results of the roses
are shown in Figure B.8 and Figure B.9 respectively. This gives a wind direction of 50.6° (northeast) and an incoming
wave direction of 86.3° (east).
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Figure B.9: Wind rose: hurricane conditions excluded (Hs < 3 m).
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Figure C.2: Zoomed in flow on TOI of condition 1.
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Flow on TOI of condition 2.

Figure C.3



Figure C.4: Zoomed in flow on TOI of condition 2.
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Flow on TOI of condition 4.

Figure C.7



Figure C.8: Zoomed in flow on TOI of condition 4.
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, red markers indicate release points.

6hr particle tracking for condition 1 with 3 layers

Figure C.9
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6hr single particles for condition 1 with 3 layers.

Figure C.10
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6hr particle tracking for condition 2 with 3 layers, red markers indicate release points.

Figure C.11
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6hr particle tracking for condition 3 with 3 layers, red markers indicate release points.

Figure C.13
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6hr single particles for condition 3 with 3 layers.

Figure C.14
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Figure C.15: 8hr particle tracking for condition 4, red markers indicate release points.
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Figure C.16: 8hr particle tracking for condition 4.
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Figure C.17: Currents of the upper layer and directions relative to the barrier (black line) at locations (46,110), (57,259) and (58,289)
respectively. The red line shows the direction of the incoming highest current magnitude.
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Figure C.19: Sargassum tracking all particles condition 3, with 10 release locations of 100 particles.
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Figure C.20: Example particle tracking condition 3, indication flushing particles (green) and non-flushing particles (red).
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Figure C.21: Depth-averaged velocities and directions relative to the barrier (black line) at 9 different observation points along barrier 1. The

red line shows the average direction of the current.
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Figure C.22: Depth-averaged velocities and directions relative to the barrier (black line) at 6 different observation points along barrier 2 during
the first test. The red line shows the average direction of the current.
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Figure C.23: Depth-averaged velocities and directions relative to the barrier (black line) at 6 different observation points along barrier 2 during
the second test. The red line shows the average direction of the current.



D
Delft3D floating barrier methodology

For the implementation of a floating barrier, three different methods are used. In this section the three methods are
discussed. Figure D.1, Figure D.2 and Figure D.3, illustrate how the structures are implemented within the grid [20].

In Figure 3.7 |, an example is shown of the interaction between modelled sargassum and a floating structure. In this
test the barrier is modelled with a width of (1 grid cell) 25 meters and a draft of 2 meters. The floating structure is
modelled as a locally applied surface pressure. The friction exerted by the structure on the flow is not taken into
account.

In Figure 3.7 Il, a rigid sheet is used with a vertical plate positioned over 3 grid cells in M-direction and 20 in N-direction.
The flow blocked by rigid sheets is directed both in the u- and v-directions (x, y). A rigid sheet is a plate that extends
into the flow over k-layers along the grid lines. In Figure 3.7 the first two layers are blocked. The difference between
this method and the 3D-gate is the addition of linear friction exerted by the plate on the flow. For this case a maximum
value of 1000 for friction is chosen. However, this method does not accurately reflect the behaviour of sargassum
as it passes through the sheet within the model.

In Figure 3.7 lll a 3D-gate is implemented with a vertical plate positioned over 3 grid cells in M-direction and 20 in
N-direction as well. There is no momentum exchange across the gate and friction exerted on the flow is not taken
into account. The direction in which the flow is blocked is both in u- and v-directions (x, y). Defining the 3D-gate with
3 grid cells thickness is done to demonstrate that under no flow conditions in layer 1 and 2, sargassum still transports
itself through the barrier.
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Figure D.1: Example of 3D gates in perspective view (left) and top view (right).
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Figure D.3: Example of cross-sectional view of a floating structure.



Barrier design and material

Table E.1: Detailed comparison of barrier types.

S

Type 1[4][23][33] Type 11[63][23][48] Type IlI[23] Type IV[27]
Application Protected waters Protected waters Calm waters Protected waters
Unit length (m) - - 3.0-6.0 8.0
Section length (m) 30 25-50 - -
Draft (m) 0.3-1.5 0.7-0.8 0.9 1.5
Freeboard (m) 0.1-0.5 . 0.4-0.6 .
Floating material PVC coated closed cell foam logs PE/HDPE with PU foam Double walled foam filled HDPE Inflatable air-filled PVC sacs
Skirt (y/n) Yes Yes Yes No
Skirt material Woven PVC Permeable Fabric PVC coated PE Woven PVC Permeable Fabric Kevlar nets
Tensile strength (kg) 2268-20412 4780-7017 27216 -
Ballast 0.6-1.6 cm cable/1.2 cm galvanised steel chain 1.2 cm galvanised steel chain 1.2 cm galvanised steel chain -
Connectors Stainless steel shackles Dynamic Response Connector ~ Shackles with 4309 kg working load PVC covered PP ropes
Anchor intervals (m) 7.5 8.0 3.0-6.0 20
Anchor points Reinforced metal plates Reinforced metal plates Reinforced metal rings PVC covered PP ropes
Flexibility (p/s/g) Sufficient Good Poor Poor
Maintenance (p/s/g) Good Sufficient Sufficient Good
Shipping Volume (m?®/m) 0.16 0.1 0.45 0.01

E.l. Human Complications

E.11. Barrier design

Human factors significantly impact the longevity and performance of sargassum barriers. Negligence in maintenance
is the most common cause of failure, along with vandalism and accidents. Barriers must be removed before storms,
as they cannot withstand hurricane-level forces. Failure to do so often leads to irreparable damage. Accidents
involving vessels are another issue, as poorly visible barriers can be damaged when ships pass over them.[10][51]
Secure installations and trained personnel are vital to mitigate these human-related risks.

E.1.2. Anchoring stratagy

In areas prone to theft or vandalism, concrete block anchors are preferred over Danforth-style fluke anchors which
can be more easily removed or stolen. Secondly, vessel activity poses a threat to the anchoring of the barriers.
Anchors from boats and fishing nets can damage the moorings. These human-related factors underscore the need
for secure installations and well-trained personnel to manage the deployment and maintenance of the barriers.[10]

E.2. Mooring Line Materials

Mooring lines are important for floating barriers, as they ensure the stability and positioning of the structure by
distributing forces across the system. In modern maritime engineering, Polyethylene (PE), Polypropylene (PP), and
Nylon mooring lines are widely applied. Their tensile strengths are compared in Figure E.1.
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Figure E.1: Minimum breaking strength of PP, PE, and Nylon for marine ropes across varying diameters.[24]

Polyethylene

PE is known for its affordability. It provides moderate tensile strength and is more UV-resistant than PP and Nylon,
making it a good option for long-term exposure in marine environments. PE floats on water, which can help avoid
entanglement with underwater objects. However, its tensile strength is moderate compared to Nylon.
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Polypropylene

PP ropes are lightweight and, like PE, their low density makes them float naturally, which is beneficial for floating
barrier systems. Despite its affordability, PP has relatively low tensile strength compared to other materials, and it is
more susceptible to UV degradation, requiring more frequent replacement in high-exposure environments.

Nylon

Nylon is regarded as one of the strongest and most durable materials for mooring lines. It offers excellent shock
absorption due to its elasticity, which allows it to handle the dynamic forces caused by waves and currents. Addi-
tionally, Nylon has the highest tensile strength and resistance to abrasion and UV rays, making it the most suitable
material for mooring lines in high-stress environments.

Overall, Nylon is the best material for mooring lines in floating barriers due to its superior tensile strength, durability,
and elasticity. Unlike PE and PP, Nylon provides excellent shock absorption and withstands UV exposure, which is
crucial for marine environments. While PE and PP are cost-effective and buoyant, their lower tensile strength and
durability make them less suitable for long-term applications in dynamic marine conditions.

E.3. Polyethylene

PE is a widely used material with applications in various industries. As seen in the polymer structure in Figure E.2,
the simple carbon-hydrogen of PE structure gives it flexibility, chemical resistance and excellent processability. This
structural simplicity also contributes to its cost-effectiveness and wide availability, making it a popular choice for
industrial applications.

- -n
Figure E.2: Molecule structure of PE.

LDPE and HDPE

Since the 1950s, various production processes have been developed to meet the specific requirements of different
applications. PE can be categorised into different grades based on its molecular structure, which influences its prop-
erties. The main categories include Low-Density Polyethylene (LDPE), Linear Low-Density Polyethylene (LLDPE),
and HDPE. The key difference in quality arises from the degree of branching in the PE molecules, as shown in
Figure E.3. The more branched the molecule, the lower the material quality. During the production process, PE
molecules polymerize, forming long chains. When the plastic cools and crystallises, highly branched molecules fit
together less efficiently than linear ones. As a result, more branched structures like LDPE have lower strength and
durability compared to the linear structure of HDPE. The lower crystallinity and strength of LDPE make it less suitable
for high-impact or heavy-duty uses compared to HDPE. Therefore, this section focuses on the properties of HDPE,
which is more suitable for the demanding requirements of floating barriers.[31][15][73]

Figure E.3: Schematics of HDPE (a), LLDPE (b), and LDPE (c).[31]

Application of HDPP on floating barriers
The low density (0.94-0.97 g/cm?®) of HDPE ensures buoyancy, a critical feature for floating barriers. This is par-
ticularly important in marine environments where the barrier must stay afloat while withstanding various forces from
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waves and currents. It is used for the buoys in Type Il barriers and for the floating tubes in Type Il barriers.

The higher crystallinity of HDPE provides excellent tensile strength (27.04 MPa for new HDPE and 16.058 MPa for
recycled HDPE)[78], making it robust enough to endure the physical challenges encountered in marine settings. Its
impact resistance (20 J/m for stabilised HDPE)[47] also ensures that the material can handle collisions with debris
or high water forces without cracking or breaking.

UV-resistance

While HDPE can be UV stabilised, untreated PE degrades when exposed to high UV levels. This degradation leads
to brittleness and potential failure in environments with a high UV index, such as Puerto Morelos. To mitigate this, UV
stabilizers or coatings must be added during production. This process typically involves integrating additives such as
carbon black or UV inhibitors, which can significantly prolong the material’s lifespan.[6][76][62] Despite the increased
initial cost, incorporating UV stabilizers is essential for ensuring the long-term durability of HDPE in outdoor marine
applications.

E.4. Polyvinyl Chloride

Polyvinyl Chloride (PVC) is a versatile, widely-used thermoplastic with applications in various industries. As seen
in Figure E.4, the polymer is composed of repeating vinyl groups, with one hydrogen atom replaced by chlorine
on alternate carbon atoms. This addition of chlorine grants PVC its unique properties, including durability, chemical
resistance, and cost-effectiveness, making it especially suitable for construction and industrial uses. PVC is available
in both rigid and flexible forms, which allows it to be tailored to specific applications, including the construction of
floating barriers.

-Nn
Figure E.4: Molecule structure of PVC.

PVC is often divided into two main categories: unmodified PVC (uPVC) and plasticised PVC, (pPVC). uPVC is used
in structural applications due to its strength and resistance to deformation, while pPVC is more elastic and suited for
uses requiring flexibility, such as hoses, cable installation and nets.

Application of PVC on floating barriers

PVC has a density range of 1.3-1.7 g/cm?, making it heavier than water, and unlike materials like HDPE, discussed in
Section E.3, it requires additional design considerations to float. Its ability to resist chemical degradation is important
for its uses in floating barriers.[7] PVC is mainly used for the mesh grids, but also for the cushions in barrier types |
and IV.

uPVC

PVC exhibits excellent tensile strength and rigidity, particularly in its unplasticised (uUPVC) form, making it suitable
for applications requiring structural integrity under stress. Its impact resistance is comparable to HDPE, and its hard-
ness makes it more resistant to wear and abrasion.[7] However, its higher density compared to HDPE necessitates
additional design considerations to ensure flotation. In marine conditions, both materials require additional foam logs
to remain afloat, as neither can maintain buoyancy solely on their own.

pPVC

In mesh grids, ropes and rope protection tubes, the flexibility of pPVC makes it an ideal choice of material. pPVC is
able to bend and adapt to dynamic wave forces without breaking or losing its integrity, where rigid materials might
crack or fail under constant stress. Due to its chemical resistance, the pPVC does not degrade in the presence of
saltwater and maintains its chemical properties. Even in the event of a rupture of the mesh grid, pPVC can be easily
repaired on-site through thermal welding. which allows damaged sections of the mesh grid to be fused back together.
This repair method is both time-efficient and cost-effective.

Using pPVC is an excellent choice for the construction of buoyant cushions used in barriers Type I. Its flexibility is a
key advantage, allowing the cushions to be formed around foam logs and bend and adapt to the wave movements.
This elasticity also provides easy handling during deployment and maintenance. For Type IV barriers, air-filled pPVC
is recommended, as it can conform to the barrier’s shape when inflated while being easily compacted for storage
when not in use.
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UV resistance

While PVC is more resistant to UV degradation than untreated PE, it can still discolour and become brittle over
time when exposed to prolonged UV radiation. UV absorbers and stabilizers are strongly recommended in the
PVC compound formulations.[72] UV stabilizers, such as the incorporation of certain additives, are necessary to
enhance PVC'’s longevity in outdoor applications. Examples are Cadmium stabilizers (forbidden in the EU), Lead
stabilizers, Orgotin stabilizers and Calcium/zinc stabilizers. When properly treated, PVC can perform well in high-UV
environments of Puerto Morelos.[7][14]

E.5. Galvanised steel

In barrier types |, Il, and Ill, galvanised steel components such as cables, chains, and shackles are used as ballast
and connection points. These metal parts play a critical role in determining the overall strength and load-bearing
capacity of the barrier. While the polymeric materials used in the barriers are resistant to seawater corrosion, the
metals are not. Therefore, the long-term durability of the barrier depends heavily on the corrosion protection of these
metallic components

Although the steel cables, chains, and shackles are encased in flexible PVC hoses to reduce exposure to seawater,
they are not completely isolated from the marine environment. This incomplete isolation necessitates additional
protective measures, as corrosion can significantly weaken the steel, reducing the strength and lifespan of the barrier.
Without adequate corrosion protection, the mechanical integrity of the barrier is compromised, leading to potential
failure under the heavy marine conditions

Saltwater corrosion
Carbon-steel is the most common used steel, consisting of Iron (Fe) alloyed with up to 1% carbon. Other metals can
be added to improve certain properties, however, particulary, accelerates the oxidation process.[29]

The electrochemical nature of seawater corrosion is driven by redox reactions, where iron undergoes oxidation in
the presence of oxygen and water. The half-reactions Equation E.1 and Equation E.2 combine to form the overall
oxidation reaction in Equation E.3. [77] These reactions lead to the formation of rust, which is the hydrated form of
iron oxide, as shown in Equation E.4 and Equation E.5.

Fe (s) — Fe*" (aq) + 2e~ (E.1)

Os(g) + 2H20(1) 4 4e~ — 40H ™ (aq) (E.2)

2Fe (s) + Oa(g) + 2H,0(1) — 2Fe(OH),(s) (E.3)
AFe(OH),(s) + O2(g) + 2H,0(1) — 4Fe(OH),(s) (E.4)
Fe(OH)y(s) — Fe,03 - nHy0 (E.5)

The resulting corrosion products, mainly rust, not only degrade the surface of the material, but also weaken the
structural integrity of the barrier over time. As corrosion progresses, the material loses its ability to bear mechanical
loads, increasing the risk of failure in critical marine applications. Therefore, protecting these steel components from
continuous exposure to the harsh marine environment is essential.

Corrosion prevention strategies
To prevent corrosion and ensure the longevity of steel components in saltwater, three primary strategies can be
employed:

1. Stainless steel is an alloy that contains at least 10.5% chromium (Cr), which forms a passive oxide layer on
the surface, providing protection against corrosion. This material is highly resistant to saltwater corrosion but
is typically more expensive due to the high cost of raw materials and the complex manufacturing process.[28]

2. Other metals, such as titanium or aluminium, can offer corrosion resistance in marine environments. However,
like stainless steel, these metals tend to be expensive, making them less viable for cost-effective solutions in
large-scale applications.

3. The most widely used solution for protecting steel in marine environments is galvanisation. By coating steel with
a layer of zinc, the material becomes resistant to corrosion while maintaining a reasonable cost. Galvanisation
is a cost-effective solution for protecting the material while preserving the strength of the material.
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Galvanisation

Galvanised steel is steel that has been coated with a layer of zinc to protect it from corrosion. The process of
galvanisation typically involves covering the steel with zinc. This zinc layer serves as a barrier to prevent moisture,
oxygen, and other environmental factors from causing rust and corrosion. Even if the surface of the galvanised steel
gets scratched, the zinc can still provide protection through a process called "galvanic protection,” where the zinc
corrodes in place of the steel.[75] There are two primary methods of galvanizing steel. First, Hot-Dip Galvanisation
is the most common and cost-effective galvanisation process, where steel is submerged in molten zinc. The zinc
bonds with the steel to form a thick, durable coating. Hot-dip galvanisation provides excellent protection in harsh
environments.[65] the second method is called electrogalvanisation. In this method, an electrochemical process is
used to apply a thin layer of zinc to the steel. While electrogalvanisation results in a more uniform and thin finish, it
is more expensive and offers less protection compared to hot-dip galvanisation. This makes it it less suitable usage
in barrier heavily exposed to seawater.[43]

Closed rusty seawater (CRS)

In sargassum barrier designs, the galvanised steel cables and chains are often enclosed in PVC to reduce direct
exposure to seawater. However, it is not completely isolated from its surroundings, allowing seawater to penetrate
and create a closed rusty seawater (CRS) environment around the steel as shown in Figure E.5. This is particularly
concerning, as the CRS environment accelerates corrosion due to the presence of chloride ions and limited oxygen.
In a CRS environment, this rust layer can significantly accelerate the pitting corrosion of galvanised steel. The zinc
coating, designed to protect the steel, is compromised by rust, and pitting corrosion occurs under the influence
of chloride ions. The accelerated corrosion in CRS can compromise the strength and durability of the cables and
chains, making it critical to consider additional protective measures to maintain barrier integrity in long-term marine
applications.[44]

PVC coating

Rusty seawater

Figure E.5: Schematic diagram of a galvanised steel cable coated by PVC.[44]

E.6. Contact angle

The contact angle, denoted by «, 8, and v in Figure E.6, is a measure of the wettability of a surface. The contact
angle is determined by the balance of cohesive forces (within the liquid) and adhesive forces (between the liquid and
the solid surface).

Figure E.6: Contact angle for hydrophilic surface (contact angle <90°) (left), hydrophobic surface (contact angle >90°) (middle) and
superhydrophobic surface (contact angle >150°) (right).

» Hydrophilic surface: When the contact angle is lower than 90°), the surface is considered hydrophilic. This
means that the liquid spreads out over the surface, indicating strong adhesive forces between the liquid and
the surface.

» Hydrophobic surface: A contact angle of 90° indicates a hydrophobic surface. Here, the water forms a more
defined droplet shape, as the adhesive forces between the surface and the liquid are weaker than the cohesive
forces within the liquid.
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» Superhydrophobic surface: When the contact angle exceeds 150°, the surface is considered superhydrophobic.
In this case, the water droplet beads up into nearly a perfect sphere and easily rolls off the surface. Superhy-
drophobicity is achieved through nanoscale surface structures combined with low surface energy and is

Historical Data on Sargasso Collection (2015-2024)
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Figure E.7: Annual sargasso arrivals of sargassum at Moon Palace (until 01-08-2024).[50]
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Force determination

G.1. Wave elevation time series

Based on the wave spectrum generated from T}, and H, and the equations presented in Chapter 5, a time series of
the wave velocity can be constructed. This is illustrated in Figure G.1.

Wave Elevation

n(m)
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Figure G.1: Wave elevation n based on Appendix F.

G.2. Wave speed time series

Using the equations for particle velocity as described in Chapter 5, a time series for the wave particle velocity can
be generated as well. As stated earlier, it is important that only the horizontal direction will be considered. Therefore,
only the u, is plotted. This is shown in Figure G.2.
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Figure G.2: Wave velocity u, based on Appendix F.

G.3. Wave acceleration time series

The wave particle accelerations can be generated by taking the derivative of the velocity of the particles. This results

in a wave particle accelerations time series as depicted in Figure G.3. Again, only the horizontal accelerations are
plotted.
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Figure G.3: Wave accelerations a, based on Appendix F.



Mass matrix derivation

Here the derivation of the mass matrix is given for an element. The element has two degrees of freedom (DOFs) per
node: one in the longitudinal direction (u) and one in the transverse direction (v).

H.1. Governing Equations
First, the governing equations are repeated that describe the behaviour of the string.

H.1.1. Longitudinal behaviour
The equation governing the axial deformation of a rod is given by:

0%u ou 0 6u

H.1.2. Transverse behaviour
The transverse motion of the element is governed by:

R ou 0%v
A2 Lo,
PAGE T~ Taz

o2 = fo(z,1) (H.2)

H.2. Weak Form of the Governing Equations

The governing equations are then rewritten in their weak form by multiplying by test functions w,, (z) and w, (x) and
integrating over the element.

H.2.1. Longitudinal weak form

Le 92y Le ou Ou Owy,, Le
/0 pPA— 72 wy(x) dz + ; Cuawu(:ﬂ) d:L—i—/O EA% o dx 7/0 fu(z, t)w, (z) d (H.3)
H.2.2. Transverse weak form
Le 92y Le v 81} ow,
/0 pA— Bre wy () d:L'Jr/U C’anv(x) d:ch/O 9% dx —/ folz, )wy(z) dz (H.4)

H.3. Finite Element Discretization

Next, with the use of linear shape functions both the longitudinal and transverse displacement fields are discretized.
For the 1D elements, the longitudinal and transverse displacements «(z, t) and v(z, t) at any point within the element
are interpolated using shape functions N;(z) and N»(z), where each shape function corresponds to a specific node
in the element. u(x,t) and v(x,t) are in this way discretized as:

u(z,t) = Ni(z)ui(t) + Na(x)uiy1(t) (H.5)
v(z,t) = Ni(2)vi(t) + Na(2)vig (t) (H.6)
with:
Ni(z) = 2122 (H.7)
Ti41 — X4
No(z) = u (H.8)
Ti41 — X4

Here Ni(x) and Ny(z) are the linear shape functions corresponding to node i and i + 1 respectively, and w;(t), v;(¢)
and u;1(t), v;4+1(t) are the longitudinal and transverse displacements at these nodes.
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H.4. Element Matrices

H.4.1. Longitudinal Mass Matrix
The mass matrix for the longitudinal behavior, accounting for the inertia, is derived as follows:

Ti41
mi) = / pANTN dzx (H.9)
x

2

This yields the elemental longitudinal mass matrix:

AA
me) = P - z E ﬂ (H.10)
H.4.2. Transverse Mass Matrix
Similarly, the mass matrix for the transverse behaviour is given by:
Tit1
m® = / pANTN dx (H.11)
This results in the elemental transverse mass matrix:
. AAx [2 1
mip) = £ L 2} (H.12)

H.5. Combined Element Matrices

Finally, the longitudinal and transverse matrix are combined into a single element matrix by accounting for the two
degrees of freedom per node (longitudinal « and transverse v).

The degrees of freedom vector for each element is:

Us
s
U, = ¢ H.13
) Ui41 ( )
Vi+1
H.5.1. Combined Element Mass Matrix
The combined mass matrix for the element is written as:
(e)
m 0
M, = v H.14
l 0 m,(f)] ( )

Substituting the individual mass matrices gives:

20A 0 pA 0
M. — Az | 0 204 0 pA
76 | pA 0 204 0

0 pA 0 2pA

Eventually, this derived mass matrix is ready to be assembled into the global system of equations for further analysis.

(H.15)



	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Problem statement
	Approach
	Research questions
	Hydrodynamic flow analysis
	Barrier design research
	Structural modelling

	Structure of the report

	Hydrodynamic model settings and methodology
	Geographic location and grid extent
	Hydrodynamic conditions
	Arrival based conditions
	Winter storm condition
	Extreme value condition
	Tidal settings
	Assumptions and other settings

	Modelling of sargassum
	Sargassum properties
	Modelling options
	Placement location of drifters

	Modelling of a floating barrier

	Hydrodynamic analysis
	Modelling results of various conditions
	Hydrodynamic results based on Delft3D
	Sargassum behaviour based on Delft3D

	Optimal Placement of Floating Barrier
	Influence of floating barrier on sargassum transport
	EVA condition for structural input

	Barrier design
	Existing barrier designs
	Type I barrier
	Type II barrier
	Type III barrier
	Type IV barrier
	Design Failure
	Pros and Cons of Different Barrier Designs

	Anchoring
	Direct Anchor System
	Anchor buoy system
	Seabed attachment
	Design failure
	Pros and cons of different anchoring systems

	Materials
	Polyethylene
	Polyvinyl Chloride
	Galvanised Steel

	Possible improvements
	PMMA
	Antifouling applications

	Design Puerto Morelos
	Stakeholder interplay
	Design conditions Puerto Morelos
	Final design for Puerto Morelos


	Structural model
	Model definition
	Assumptions
	Governing equations
	Boundary and interface conditions

	Mooring lines
	Determining loading on the barrier
	Generating the wave spectrum
	Morison equation

	Finite Element Method
	Problem set up
	Mesh set up
	Mass matrix
	Numerical solving
	Post-Processing

	Vertical stability
	Buoyancy barrier
	Buoyancy anchoring buoy


	Implementation of the structural model
	Input parameters
	Mooring line material
	Drag coefficient
	Height of the submerged part of the barrier
	Thickness sargassum

	Force determination
	Results
	Stress check barrier
	Stress check mooring lines
	Vertical stability check

	Summary of results

	Validation of the structural model
	Unexpected result
	Variable parameters
	Mooring Line Spacing
	Axial Stiffness of Mooring Lines
	Drag Coefficient

	Final results
	Mooring line spacing
	Axial stiffness mooring lines
	Drag coefficient: CD = 0.4
	Drag coefficient: CD = 0.8


	Discussion
	Validity of the study
	Hydrodynamic analysis
	Barrier design
	Structural model

	Limitations of the study
	Hydrodynamic analysis
	Barrier design
	Structural model


	Conclusion
	Hydrodynamic analysis
	Barrier design
	Structural model
	General Conclusion

	Recommendations
	Practical recommendations
	Research recommendations
	Hydrodynamic model
	Barrier design
	Structural model


	References
	Stakeholder analysis
	Extreme Value Analysis and wind roses
	Figures flow analysis
	Delft3D floating barrier methodology
	Barrier design and materials
	Human Complications
	Barrier design
	Anchoring stratagy

	Mooring Line Materials
	Polyethylene
	Polyvinyl Chloride
	Galvanised steel
	Contact angle

	Wave and amplitude spectrum
	Force determination
	Wave elevation time series
	Wave speed time series
	Wave acceleration time series

	Mass matrix derivation
	Governing Equations
	Longitudinal behaviour
	Transverse behaviour

	Weak Form of the Governing Equations
	Longitudinal weak form
	Transverse weak form

	Finite Element Discretization
	Element Matrices
	Longitudinal Mass Matrix
	Transverse Mass Matrix

	Combined Element Matrices
	Combined Element Mass Matrix



