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Abstract

Mangroves protect tropical coastlines from flooding and erosion, re-
ducing flood risks along coastal communities worldwide. Nevertheless,
mangrove forests have experienced considerable losses due to activi-
ties like urbanization and aquaculture, exposing coastal areas to wave
attack. To restore mangroves at eroding coastlines, structures formed
by bamboo poles and a brushwood filling are used to shelter the coast
from waves, and create a favourable habitat for mangrove coloniza-
tion. However, these structures often lose their brushwood filling dur-
ing storms, resulting in high maintenance costs. This study proposes
a new type of design to reduce maintenance expenses, consisting of
only vertical bamboo poles without a filling of brushwood. Structure
designs are evaluated for a case study in Demak, Indonesia, using the
numerical wave model SWASH to predict wave attenuation through
the structures. Field measurements and WaveWatch III data are an-
alyzed to obtain the design conditions for the structures in Demak.
SWASH is validated against laboratory experiments, and applied to
investigate the optimum number of rows and their optimum spacing
(in the direction of wave propagation). The model shows that for a
structure consisting of two rows of bamboo poles, the transmission
rate E;/FE; decreases from 75% to 55% when the row spacing in the
wave direction is increased from s, = 0.42 m to s, = 5.8 m. Larger
spacings do not result in less transmission, and at least three rows
are needed to have a transmission rate lower than 50 % - a common
wave reduction target used in restoration efforts with structures. This
study thus identifies potential strategies to maximize wave attenuation
by bamboo structures, which can be used to reduce wave attack along
muddy coasts without the need of a brushwood filling. Hereby, it pro-
vides an economically and user friendly alternative with respect to the
previous brushwood structure designs, as it requires less material costs
and maintenance. In addition, this study presents a new method to
schematize these kind of structures in SWASH in an efficient way.
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Mangroves are intertidal ecosystems, usually found in the tropics between 5 °N and 5 °S, where they grow naturally
at coastlines and deltas (The United Nations, 2003). Mangrove forests provide several ecosystem services such as
coastal protection, food and timber provision, among many other functions (Barbier et al., 2011), which makes them
a very valuable environment for coastal communities.
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The coastal defence function of mangroves relates to their ability to attenuate waves (Quartel et al., 2007; Massel
et al., 1999; Bao, 2011) and trap sediment between their roots (McIvor et al., 2013). Therefore, mangrove forests
mitigate coastal erosion and protect the hinterland from flooding. However, in several countries around the world,
mangrove areas were transformed into fish ponds over the 20" century. As mangroves were removed, the natural
protection that they provide was also lost, resulting in higher exposure to wave action and erosion.

Over the past decades the restoration of mangrove ecosystems has received increasing attention in many countries
in South-East Asia (Schmitt et al., 2013; Winterwerp et al., 2020; Albers et al., 2013; Tonneijck et al., 2015). This
paper focuses on the coastline of Demak, in North Java, Indonesia, which was largely deforested and transformed
into rice fields and aquaculture ponds. Extensive groundwater extraction in the nearby city of Semarang also causes
high subsidence rates in the area, reaching up to 16 cm/year (Abidin et al., 2013; Hamilton and Casey, 2016). The
rising water levels combined with the higher wave exposure due to mangrove loss have caused coastline retreat rates
of several hundreds of meters per year (Winterwerp et al., 2020).

Mangrove establishment is hindered at coastlines exposed to wave action and erosion, as mangrove seedlings require
windows of opportunity with low hydrodynamic conditions to settle and survive (Balke et al., 2011; Rees, 2019).
In order to reduce wave action and mitigate erosion in Demak, permeable structures made out of bamboo poles
and a brushwood filling were built in shallow waters between 2014-2020, approximately 100 m away from the coast
(Tonneijck et al., 2022). These structures aimed to cause sufficient wave attenuation to stop coastline retreat, creating
a sedimentation area where mangroves can establish.

Over the course of the project, the structures required frequent maintenance as their filling easily degraded due to
wave action. A follow up project (MuMaCo) therefore implemented new designs that aimed to reduce maintenance
costs, consisting of row(s) of vertical orientated poles without a brushwood filling. The structures were built in a pilot
study in 2021, and were formed by bamboo poles with a diameter of D = 0.12-0.15 m, a lateral spacing of s, = 0.18 m
(perpendicular to the waves), and a separation of s, = 4.5 m between poles (in the wave direction). Nevertheless, these
pilot designs were based on engineering judgement, since design tools for anisotropic structures formed by cylinders
were lacking at the time of their implementation.

The design requirements for the structures can be divided in the following stages:

1. Initially structures need to attenuate waves, to create a sheltered environment where sediment can deposit. Sedi-
mentation behind the structures is a function of the wave attenuation they produce, and the local morphodynamic
conditions. Over time, seedlings can colonise the newly created land.

2. The hinterlying basin should be accessible by drifting seedlings, meaning that the existing coastline should be
directly connected to the newly accreted land.

3. The designs should prevent the settled seedlings from being torn loose by erosion or wave action.

4. The designs should continue to prevent erosion over time, which requires designs that adapt to changing mor-
phodynamic conditions.

5. The basin created behind the structures should drain properly to ensure that the deposited sediment strengthens
over time.

This study focuses on the first requirement, i.e. on developing tools to predict wave attenuation by anisotropic
structures formed by bamboo poles (without brushwood). Existing studies in the mangrove restoration literature
have mainly investigated the hydrodynamic performance of brushwood structures. For instance, a field measurement
campaign carried out in Vietnam monitored wave transformation through structures that successfully created sedi-
mentation basins near the coast (Albers et al., 2013). The measurements of Mai Van et al. (2021) of a 1:1 model of
a brushwood structure show similar results as that of Albers et al. (2013), with 30 - 60 cm of sedimentation in 10
months in 2016 at Mekong deltaic coasts in Vietnam.

The flow through homogeneous cylinder fields has also been thoroughly studied to understand the effect of emergent
vegetation on wave and currents (Dalrymple et al., 1984; Nepf, 1999; Maza, 2019). Dalrymple et al. (1984) developed a
model to predict wave transmission through a homogeneous and highly permeable vegetation field, assuming negligible
wave reflection by the cylinders and considering that they have a negligible effect on the local velocity field. However,
although the bamboo poles of the structures considered here are cylindrical, they most likely violate the assumptions
of Dalrymple et al. (1984), as the bamboo poles have very small spacings in the lateral direction.

Experimental studies suggest that rows of cylinders with lateral spacings below s, = 1.5D, where D is the diameter
of the bamboo pole, have a significant effect on the surrounding flow by contracting the flow into a jet and also causing
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reflection (Bonakdar et al., 2015). Note that the existing structures in Demak have even smaller lateral separations,
down to 1.25 times the pole diameter (D = 0.15 m).

Modelling of wave propagation through vegetation and coastal structures has received increasing attention over the
last decade and many hydrodynamic models have been improved and extended with vegetation modules. The theories
of Mendez and Losada (2004) and Dalrymple et al. (1984) have been widely used to implement vegetation in various
numerical models, where Mendez and Losada (2004) is an extension of Dalrymple et al. (1984) to include irregular
waves, in phase-averaging wave models like SWAN (Suzuki et al., 2012; Chen and Zhao, 2012). Whereas in more
extensive phase-solving models, like among others XBeach and SWASH, (van Rooijen et al., 2016; Cao et al., 2015;
Suzuki et al., 2019; Yin et al., 2021) the dissipation by vegetation is based on the Morison Equation (Morison et al.,
1950).

The numerical model SWASH has been successfully applied to model wave propagation through vegetation fields
and through coastal structures at nearshore areas, and it has been validated against data collected in laboratory
studies (Phan Khanh, 2019; Suzuki et al., 2019). Brushwood structures have also been modelled in SWASH by Dao
(2018); Dao et al. (2021); Mai et al. (2020). However, previous studies focused on homogeneous cylinder arrangements
and on structures filled with a brushwood filling under regular or mild wave conditions (Dao et al., 2021). In contrast,
the bamboo fences in this study are not homogeneous, nor are they filled with a brushwood filling, and they are also
exposed to storm conditions which could occur in their lifetime (of 2-5 years).

This research thus investigates how to model structures formed by (multiple) rows of bamboo poles using the
vegetation module of SWASH, and explores the structure performance under storm conditions for several potential
bamboo structure configurations. The model performance is validated using laboratory measurements by Jansen
(2019), and applied to quantify wave reduction and identify strategies to maximize wave attenuation by a bamboo
structure. This study thus provides valuable steps towards the efficient implementation of bamboo structures to
promote mangrove restoration.

The topic of the paper is introduced in Section 1. Section 2 contains the methodology, which describes the model
SWASH, the validation and design scenarios. The model results of different design scenarios are presented in Section
3. The implications of these results for the morphodynamic evolution are discussed in Section 4. In Section 5 the
conclusions of this paper are presented.

2 Methods

2.1 Structure design conditions

The coastline of Demak is located in North Java (Indonesia), and it is bordered by the city of Semarang in the
South (-6°94°00.44” N, 110°42’37.76” E) and by the Wulan river delta in the North (-6°75’81.34” N, 110 °©54’90.44”
E). The local wave climate is characterized by two monsoon seasons. During the North-Western (NW) monsoon
(November-February) offshore waves with a significant wave height of H,,0 = 2 m and a significant wave period of
T, = 6 have been observed, whereas during the South-Eastern (SE) monsoon (March-October) mild wave conditions
prevail, with H,,0 = 0.3 m and Ts = 3 s (Van Domburg et al., 2018). The tide in Demak is mixed, mainly diurnal
with a form factor of 1.72, a tidal spring range of 85 ¢m and a neap tidal range of 50 cm (Tas et al., 2020).

Offshore wave conditions Propagating waves towards nearshore Interaction with structure
Analysis WaveWatch data Modelling with SWAN Modelling with SWASH

As

>
Y

r-—
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- —
-

Figure 1: Overview of used models, near the structures the waves are modelled with SWASH.

During the NW monsoon, storms are the main facilitator in sediment transport towards the coast in Demak (Ton-
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neijck et al., 2015; Winterwerp et al., 2005). However, storms also cause erosion at the coast (van Bijsterveldt et al.,
2022). Most studies investigating the performance of structures for mangrove restoration report mild wave conditions,
or provide wave datasets that are too short to derive design conditions for return periods longer than a year. Here a
WaveWatch III data set spanning 12.5 years was used to determine the local offshore design wave conditions with a
General Paretro Distribution. The design conditions with a 1 year and 5 year return period were then propagated to
the nearshore area with the model SWAN. Note that the offshore wave condition analysis and the simulations with
SWAN are not a part of this paper, but can be found in Alferink (2022). Closer to shore, SWASH is applied to model
wave propagation through the structures, see Figure 1.

Wave attenuation targets for the structures are obtained from the monitoring study of Albers et al. (2013). Their
study investigated stiff brushwood structures that caused 17 centimeters of accretion after 7 months. These sedimen-
tation rates were obtained with transmission coefficients of K; = 0.7-0.8 when the structures were submerged (during
high water levels), and K; = 0.5-0.6 when they were emerged (during low water levels), where the transmission rate
K, is defined as K; = H;/H;, with H; and H; being the transmitted and incoming wave height, respectively. In terms
of energy these wave transmission rates corresponds with energy transmission rates of E;/E; = 50-64% for submerged
cases and 25-36% for emerged cases. The measurements of Mai Van et al. (2021) of a 1:1 model of a brushwood
structure show similar results as that of Albers et al. (2013), with 30-60 cm of sedimentation in 10 months in 2016
in Mekong deltaic coasts in Vietnam. These accretion rates were obtained using structures with transmission rates
ranging between K; = 0.7-0.9 for submerged cases and K; = 0.55-0.7 for emerged cases, or in terms of energy E;/E;
= 50-80% and 30-50%, respectively. The highest waves considered in the study by Mai Van et al. (2021) are slightly
smaller than the wave conditions with a return period of 1 year in this study.

2.2 SWASH

SWASH is a numerical model that can simulate non-hydrostatic, free-surface, rotational and transport flow phe-
nomena in one, two, or three dimensions (SWASH Manual). Here the model is used in a two-dimensional profile mode
using multiple layers. The corresponding model governing equations are the continuity equation (Equation 1) and the
non-hydrostatic shallow water equations in the cross-shore (Equation 2) and vertical direction (Equation 3):

oc 1 (¢

=y - = 1

En + B /_dudz 0 (1)
ou ou ow a¢  0Oq 1

ow ou ow 0q 1

here ( is the surface elevation [m], h is the water depth [m], ¢ is the time [s], z is the location in the vertical [m], u
is the flow velocity in the x (cross-shore) direction [m/s], w is the flow velocity in the z (vertical) direction [m/s], x
is the location on the horizontal plane [m], z is the location in the vertical plane [m], g is the gravitational constant
[m/s?], ¢ is the non-hydrostatic pressure, F,, and F, present body and surface forces in x and z direction [N].

The bamboo structures are implemented in SWASH with the use of the vegetation module, where the bamboo poles
and the metal cylinders of the laboratory experiments are schematized as rigid plant stems. The vegetation module
requires input for following parameters: number of stems or cylinders per m?, Nyems, diameter of the cylinders D
[m], the drag coefficient Cy [-], and the height of the cylinders h, [m]. The cylinders are assumed to be evenly spread
out over the vegetation patch. SWASH calculates the volumetric flow acceleration through a homogeneous volume of
cylinders (Figure 2,b) but does not resolve the individual cylinders, nor the associated cross-sectional flow acceleration
between poles (Figure 2,a) or the wakes behind the poles, which are accounted for through the drag coefficient. This
approach allows to describe the structure/vegetation in a 2D profile mode (x and z only) assuming lateral uniformity.

For vertical cylinders only the horizontal force component F, is introduced in the non-hydrostatic shallow water
equations, under the assumption that the horizontal loads acting on a cylinder are much larger than the horizontal
skin friction forces. The expression of Fy, is given by the Morison equation (Morison et al., 1950):

1 ou
F, = =-pCyD CyA— 4
5Pl ulul + pCh o (4)
where p is the density of water in [kg/m3], Cy is the drag coefficient [-], D is the diameter of the cylinder [m],
Cy = Cpy + 1 [], is the inertia coefficient, C, is the added mass coefficient [-], A is the cross-sectional area of the

cylinder (wD?/4) [m?], and 2% is the flow acceleration in [m/s?].
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Figure 2: Top view of the mass conservation schematizations. a) The cross sectional method is characterised by a
reduction in the flow cross-section (B2/Bj) between the cylinders, which is expressed in the blockage factor, see
Equation 11. b) The volumetric method is characterised by the reduction in fluid volume (or in the bottom area
As /A1 assuming a constant water level) between cylinders, which is expressed in the porosity n

The effect of the bamboo poles on their surrounding flow, and thus on the drag force component, is often parame-
terized using a bulk drag coeflicient, Cyp [-], resulting in:

1
Fw,d'rag = §Cd,bDuoo|uoo|pw (5)

where us, [m/s] is the undisturbed flow velocity upstream from the structure, and where changes of velocity through
the bamboo poles are therefore included in Cyp. Here the bulk drag coefficient is calculated using the empirical
expressions of Gijon Mancheno et al. (2021), which derive Cyp as the product of the drag coeflicient of a single
cylinder, Cy s, times a characteristic velocity factor:

3
Cap = Cq,s ( te ) (6)

o0

The characteristic flow velocity u. represents how the velocity changes through a group of cylinders, and it is given
by three empirical coefficients:
Ue = Uoco [re s S (7)
where f;, fs and fgco are factors that account for the processes of blockage (Etminan et al., 2019), sheltering and the
flow regime expressed by the K'C' number (Keulegan and Carpenter, 1958). KC' is defined as:

Uoso D
KC = T (8)

where T is the wave period [s]. The factor fxc represents the transition region between inertia and drag-dominated
conditions, according to:

frc =0.012KC + 0.44 9)
Sheltering by the wakes of upstream cylinders is calculated according to:
Cs
s =1—— 10
f< SI/D ( )

where ¢, is an empirical coefficient dependent on the turbulent intensity, s, is the center-to-center distance between
two adjacent cylinders in the flow direction. Gijon Mancheno et al. (2021) obtained a value of ¢; = 0.796 by fitting
their model to force measurements inside cylinder arrays.

Flow acceleration due to flow contraction through a cross-section of cylinders, also denoted as blockage, is modelled
based on mass conservation through a cross-section of the structure, resulting in:
1

fb:m (11)
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where s, is the lateral distance between two adjacent cylinders (perpendicular to the flow direction), center-to-center,
in m. The blockage factor f, was introduced by Etminan et al. (2019) and van Rooijen et al. (2020), who found that
the effect of flow contraction between cylinders on the drag forces is better represented by the reduction in cross-section
rather than by the volume reduction inside a cylinder field.

The volumetric approach is implemented in the momentum equations in SWASH, and can be activated and deac-
tivated in the model simulations. When this approach is used, the volumetric porosity of the structure is defined as
n=A./A=1— Ngems0.25m1D? (see Figure 2,b) and every velocity term in the shallow water equations is divided by
n. The u-momentum equation, Equation 2, therefore becomes the following when the porosity module is activated:

(%) o(%)?  owt ¢ Oq. 1 h, wou,
(14 Chn(1—n)) ot +n Ey + Ep —i—n(g% + %) + icD%NStemsﬁ‘ﬁ|D =0 (12)

where u [m/s] is the flow velocity at each layer in SWASH and the drag force acting on the cylinders includes a
submergence factor dependent on the ratio of the submerged height of the cylinders within a layer h, [m] to the
layer thickness h [m], the cylinder density per unit area Ngsems [cylinders/m?] and the diameter of poles D [m]. The
corresponding drag coefficient is defined using Equation 7.

In case of a volumetric approach, the blockage factor f, is set to one as flow acceleration affects are accounted for
by the porosity. The drag force term in Equation 12 then becomes:

hy U, U
7Nsems**bv 13
™ Notems =] (13)

where the differences with the original term are indicated by the bold font.

1
icd,s(fstc)3

The second option is a cross-sectional approach (see panel a in Figure 2). In this case the porosity is not included
in the momentum equations. Instead, the original equations are used (Equations 1-3) and blocking is incorporated in
the drag force term by the blockage factor f;, in Equation 7, resulting in:

1 hy
§Cd,s(fsfbeC)3iNstemsu|u‘b'n (14)

h

2.3 Validation case

For the validation of SWASH, the model performance is compared with the experiments of Jansen (2019), which
measured the reduction of regular waves by different arrays of cylinders in the wave flume of the Delft University of
Technology. Two different structure configurations are selected: a single row of cylinders perpendicular to the wave
direction (referred as single row) and a configuration formed by several rows of cylinders (denoted as longitudinal
configuration). The wave conditions consist out of 6 cases where the wave height is kept constant at H = 0.13 m and
the wave period (T) varies between 1 and 3 seconds, see Table 1. The poles are emerged at all times and the still
water depth is 55 cm. The diameter of the individual cylinders is 4 cm. For more information, see Jansen (2019).

A 2DV (x and z) grid with a grid size de = 3 cm is used for all the wave conditions, providing 50 datapoints for
the shortest wave, which corresponds with the minimum number of points required by SWASH (see SWASH manual).
The number of vertical layers is dependent on the wave number, and for the shorter and steeper waves, more layers
are needed to have stable runs (SWASH manual). Thus, 3 equidistant layers are used for the shorter waves, and 2
layers for wave periods longer than T' = 1.25 s.

Table 1: Wave conditions used in experiments by Jansen (2019)

T H d L k c n Cq kd | Nyrsen | KC
[s] | [m] | [m] | fm] | [I/m] | [m/s] | [] | [m/s] | [] [ [l

1 0.13 | 0.55 | 1.53 | 4.11 1.53 | 0.55 | 0.84 | 2.26 1.82 10.43
1.25 | 0.13 | 0.55 | 2.23 | 2.82 1.78 | 0.64 | 1.14 | 1.55 3.89 11.17
1.5 1 0.13 | 0.55 | 2.92 | 2.15 1.94 | 0.72 | 1.40 | 1.18 6.66 12.32
1.75 | 0.13 | 0.55 | 3.57 | 1.76 2.04 | 0.79 | 1.60 | 0.97 9.96 13.65

2 0.13 | 0.55 | 4.22 | 1.49 2.11 | 0.83 | 1.75 | 0.82 | 13.91 | 15.13

3 0.13 | 0.55 | 6.68 | 0.94 223 | 0.92 | 2.05 | 0.52 | 34.87 | 21.46
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Figure 3: Top view of the structure configurations of Jansen (2019), which can also be found in Gijon Mancheno
et al. (2021). The measurements of wave attenuation through these structures are used to test the performance of
SWASH for a) a structure formed by several rows of cylinders and b) a single row of cylinders.

Important choices in schematizing the configurations of Jansen (2019) in SWASH are: the assumption of uniform
placement of the poles, the approach to calculate the drag coefficient, the cylinder density Ngiems and the way to
describe mass conservation in Equation 2. Several alternatives are analyzed to define each of these processes in
SWASH. To choose the drag coefficient, model simulations are compared using a bulk drag coefficient as defined by
Gijon Mancheno et al. (2021) (Equation 6) with simulation results using the drag coefficient of a single cylinder,
equal to Cy s = 2 for the range of KC tested in the experiments (Sumer and Fredsoe, 2006). To define the density
of (bamboo) poles, two approaches are compared: the first method defines the number of poles as the average value
over the (seafloor) area covered by the structures, and the second method defines the individual rows of the structure
(see Figure 4). To define mass conservation, we compare the cross-sectional and volumetric approach (Figure 2).
Lastly, the possibility to bypass the assumption of uniform placement is studied, as this enables to design non-uniform
structures. In Table 4 there is an overview of all the runs that have been used in the validation study. The row width
and the density are equal in runs 7 and 8, but the underlying grid is different.

Table 2: Drag coefficient for the longitudinal configuration for the two different mass conservation methods:
Volumetric and Cross-sectional.

T [s] | 1 |125] 15 |175] 2 | 3
Volumetric Cyp = Cy5(fsfrc)? 0.14 | 0.15 [ 0.16 | 0.17 | 0.17 | 0.17
Cross sectional Cyp = Cas(fofsfrc)® | 3.87 | 4.05 | 4.35 | 4.71 | 5.14 | 7.27

Table 3: Drag coefficient for the single row configuration for the two different mass conservation methods:
Volumetric and Cross-sectional. The drag coefficients of T = 2 and 3 s are capped off, as they would be otherwise
unrealistic high.

T [s] | 1 125 15 | 175 | 2 | 3
Volumetric Cyp, = Ca s(frc)® 0.35 | 0.37 | 0.41 | 043 | 0.43 | 0.43
Cross sectional Cyp = Cys(fofrc)® | 9448 | 10.0 | 11.59 | 11.66 | 11.66 | 11.66

For the simulation of the laboratory conditions, SWASH provides water level files that are processed with a script
of the Hydraulic laboratory of the TU Delft using the method of Goda and Suzuki (1976) to separate the incoming,
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Table 4: Overview of the numerical experiments for the validation study.

Run \ Configuration \ Mass conservation \ Block or row by row \ dx \ Characteristics \ Ngtems
1 Single row volumetric approach 3 cm 278
2 Single row cross sectional approach 3 cm 278
3 Longitudinal volumetric approach row by row 3 cm 278
4 Longitudinal | cross-sectional approach row by row 3 cm 278
5 Longitudinal | cross-sectional approach block 3 cm 154
6 Longitudinal | cross-sectional approach block 3cm | Cy4, instead of Cyp 154
7 Longitudinal | cross-sectional approach row by row 2 cm 287
8 Single row volumetric approach 2 cm 287

Sideview of the grid of the longitudinal conf., with grid point 606 coincides with x =18.2 m

Grid as row by row Grid as block

300

300

0 0
605 610 615 620 625 630 635 605 610 615 620 625 630 635
Grid points Grid points

Figure 4: Sideview of the implementation of the poles in SWASH, with on the left) a row by row defined grid and on
the right) the poles are equally distributed over the area as block instead of separate blocks(rows). The total amount
of poles is in both options the same.

reflected and transmitted wave heights. With the use of the energy balance (Equation 15) the wave dissipation can
be determined:

E,=E,+E;+E, (15)

where Ej; is the energy of the incident waves, F; is the transmitted wave energy, F is the dissipated wave energy and
E, is the energy of the reflected waves.

2.4 Design setup

The offshore waves are implemented in SWASH by means of a weakly reflective boundary condition using Fenton
(1988) theory to generate the non-linear waves with 10 higher harmonics, in order to describe the waves accurately. A
2D (z and x) setup with a grid size dz of 5 cm is used and a timestep which is controlled by the CFL condition, with a
maximum and minimum Courant number of 0.5 and 0.2, respectively. Note that a larger grid size in the design phase
is used than in the validation phase as the considered wave periods are longer (see Table 5). For the design waves two
layers over the vertical are used to have a better representation of the velocity profile, as for these type of waves the
depth averaged flow velocity is an overestimation of the real flow velocity (Suzuki et al., 2019)

Three wave conditions are modelled to capture the range of wave conditions expected in the field. The waves that
are used are regular waves. The first one describes the daily wave conditions that are present in Demak throughout
most of the year, which is based on measurements from Tas et al. (2020). As a second condition, a wave condition with
a return period of 1 year is considered to be representative to study the transmission target through the structures.
Thirdly, for the most extreme wave conditions, a return period of 5 years is used as the structures have a lifetime of
approximately 2-5 years, and the H,,,, is determined using Battjes and Groenendijk (2000), for which the H, 4. =
Hy 19, is chosen. A more elaborate description of the wave conditions is provided by Alferink (2022).
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Table 5: Nearshore design wave conditions and parameters at depths varying between 0.8 and 1.9 m. KC and Re
are determined using the maximum orbital velocity using linear wave theory for regular waves.

Condition R H T, | surge | tide d L | Ny, | KC Re
[years] [m] S| | fm] | [m] | [m] | [m]| [] | [ [
Daily Ho =0.25 3 0 0 0.8 [ 7.9 [ 30.5 [ 10.0 | 4.90* 10?
Transmission 1 H,,0=0.80 | 6.88 | 0.63 0.35 | 1.78 | 29 111 | 47.3 | 1.01 *10°
Extreme 5 Hpae =132 | 747 | 068 | 0.425 | 1.91 | 32 | 189 | 81.7 | 1.61* 10°

To obtain the transmission rates induced by the structures in the field, the method of Dekkers (2018) is used to
process the outcomes from SWASH since the waves are non-linear. This method is an extension of Hughes (1993) and
is first described in Guza and Thornton (1980). Note that a different method is used to process the wave simulations
of laboratory experiments and the field design as the field conditions are much more non-linear (see Table 5) and the
method of Goda and Suzuki (1976) is not able to process them accurately.

The drag forces are calculated with the Morison Equation (Equation 4) at the location of the first row of poles of
the design, since these give the highest forces. The maximum drag force during a wave period, under regular waves,
is used to characterize each design case. The drag forces are calculated at the still waterline for the emergent designs
(daily wave conditions and R = 1 year) and for the submerged designs the forces are calculated at the top of the
poles (d = 1.78 m). The drag force is multiplied with the water depth, assuming uniform flow as the structures are in
shallow waters.

0 02 04 06 08 1 12 14 16 18 2

Max dragI force I*)

Figure 5: Drag force calculation for a design condition with a return period of 1 year and structure with three rows,
with a row to row distance of s, = 5.8 m. With a) water elevation with respect to still water depth, b) flow velocity
at the still water depth and ¢) the drag force. The maximum drag force is used as characteristic value.

Three types of designs are considered: single row, double row and extended row, see Figure 6. The single row
consists of a single row of bamboo poles, this design enables to study the interaction of waves with an unsheltered
structure. The bamboo poles are placed with a lateral distance of s, = 1.5D = 0.21 m.

The double row design consists of two rows of bamboo poles placed with a variable distance s, between rows.
This design enables to study the effect of the row spacing on wave propagation through the structure, and whether a
resonance pattern could be induced between two rows of poles to generate extra dissipation. The extended row design
consists of two to seven rows of bamboo poles. This design enables to study the effect of multiple rows with a fixed
row spacing on wave transmission.
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Table 6: General parameters of the designs.

Design D Sy Sy n poles height Ngtems
units m - - - m poles/m?
Single row 0.14 - 1.5 D | 445 % 1.78 25
Double row 014 | 3DtoL, | 1.5 D | 445 % 1.78 25
Extended row | 0.14 L/5 15D | 445 % 1.78 25
25 . . . . . . . 25 . . . .
MSL a) )
————h1=178m
;EEE otm sy =3D— L nr. of rows: 1,2,... 7
L ] <—> ] <> |
2 : ‘ 2F ‘ ‘
fffffffffffffffffffffffffffff
1.5 1 1 15 1
E E E
N N N
1r 1 1 1 1
05f . i 05 ]
0 1 1 1 1 1 1 1 0 1 1 1
0 0.2 0.4 0.6 0.8 1 0.4 0.6 0.8 1 0 2 4 6 8 10
x [m] x [m] x [m]

Figure 6: From left to right the sideviews of: the single row (a), double row (b) and extended row (c) designs. S, is
defined between the center lines of the poles.

3 Results

3.1 Validation wave transformation with SWASH

To implement the configurations studied by Jansen (2019) in the vegetation module in SWASH, four parameters
are studied: the number of (bamboo) poles, the drag coefficient, the way to describe the mass conservation, and the
assumption of uniform placement of cylinders.

The choice of drag coefficient is studied in Figure 7, where the simulation results obtained using the bulk drag
coefficient from Gijon Mancheno et al. (2021) are inter-compared with simulation results using the drag coefficient of
a single cylinder. As can be observed in Figure 7, using the bulk drag coefficient Cy; provides a better agreement
with the measurements.

The different definitions of the bamboo pole density (per row, or using an average value for the whole structure)
show minimal differences (see Figure 8). Thirdly, the different approaches to describe mass conservation inside the
structure (see Section 2) are compared in Figures 9 and 10.

The results of the simulations with a single row configuration are shown in Figure 9. It can be seen that the
transmission measurement has a better agreement with the volumetric approach, while the reflection shows a good
agreement with both methods. For the dissipation rates, the cross-sectional approach gives too high values, in contrast
with the volumetric approach that provides dissipation rates that are generally too low with a minimum for T'=2s. The
result of the SWASH simulations with the longitudinal configuration are shown in Figure 10. It can be observed that in
this case the cross-sectional approach provides good agreement for the transmission and the dissipation rates, whereas
the volumetric approach produces insufficient dissipation, and thus does not match well with the measurements. The
reflection rates are reasonably well-reproduced with both approaches.
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Dissipation, reflection and transmission for longitudinal conf.
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Figure 7: Comparison of the wave transformation using the bulk drag coefficient (Cyp, red circle) compared with a
drag coefficient of a single cylinder (Cy s, green square) with observations (+ signs). With from left to right: a)
transmission b) reflection and c¢) dissipation.

Dissipation, reflection and transmission for long conf.

1

1

a) b) c)
081 081 081
o o 1
o v 7 & T 6 @ " ®
0.6 0.6 0.6 o R
S g 5
04r 04r 1 04r
+ measurement + F
0.2} 0 swash - Cyy - block grid 0.2 é (] 0.2
O  swash - Cy - row grid 1 5 )
0 0 0
1 1.5 2 2.5 3 1 1.5 2 2.5 3 1 1.5 2 2.5 3
T [s] T [s] T [s]

Figure 8: The results of defining the grid of poles with two different options for the longitudinal configuration. With
from left to right: a) transmission b) reflection and c¢) dissipation. The differences between the two methods are
small.

These results show the best overall match with the measurements, which is obtained with the cross-sectional ap-
proach, and is therefore used to implement designs with multiple rows in SWASH. Contrary to what was observed at
the single row configuration in Figure 9, a different mass conservation method gives better results for the longitudinal
configuration. This suggests that there is not one straightforward method that suits all cases. For the assumption of
uniform placement of poles see Appendix A.

3.2 Design evaluation

The first design modelled in SWASH is the single row. For this configuration, the volumetric approach has been
used to describe mass conservation in SWASH, and the corresponding drag coefficients can be found in Table 3. Note
that the drag coefficient of the daily wave conditions is slightly larger than for more extreme conditions, since Cy s =
2 for KC = 10, whereas for R = 1 and 5 years Cy s = 1.4, as for these wave conditions (with KC' = 47.3 and 81.7,
respectively) the drag coefficient of a single cylinder Cy s is unaffected by the K C' state and it is therefore asymptotic
around this value (Sumer and Fredsoe, 2006). As result, Cy; = 0.35,0.31 and 0.31 for the daily conditions, 1-year
return period, and 5-year return period, respectively.

The results for the three wave conditions (daily conditions, and storm conditions with return periods of 1 and 5
years) are presented in Table 7. It can be seen that all the transmission rates exceed 82%, thus not reaching the desired
transmission rate of 50%. More dissipation is therefore needed to obtain designs that induce sufficient accretion.
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Figure 9: Validation of the single row configuration from Jansen (2019) (shown in Figure 3) for (from left to right):
wave transmission, reflection, and dissipation as a ratio to the incoming wave, i.e.: Ky, q = H;,4/H;. The x-axis
shows the wave period, belonging to the wave conditions indicated in Table 1.
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Figure 10: Validation of the longitudinal configuration from Jansen (2019); Gijon Mancheno et al. (2021), see Figure
3, with from left to right: transmission, reflection and dissipation in the form of K, , 4 = H;, q/H;. On the x-axis are
the wave periods belonging to the wave conditions in Table 1.
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Table 7: Results single row design, with from left to right: transmission, reflection, dissipation and drag forces. All
transmission rates are higher than the required rate of 50 %

Wave conditions | F;/E; | E./E; | E4/E; | Fy (N)
Daily 0.82 0.028 0.15 3.7
R =1 years 0.85 0.014 0.1 30
R = 5 years 0.93 0.01 0.06 72.6

1 T T T T 1 T T T T 2000
O  Daily wave conditions
09 o Wave conditions R =1 yr 09r 1 1800
a) Wave conditions R = 5 yr b) c)
0.8 08 1 1600 |
5
0.7 1 0.7 '%?D ¢ ¢ 1400 |
Kon e N I 4
06} 1 _o6F %@jg oo & o 1 1200 1
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N < © © z o
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Figure 11: Results of wave interaction with double row design, see Figure 6(b & e), with from left to right:
dissipation, transmission and drag forces. The dissipation and transmission rate is in the form of E, ;/E; = Hfﬁt JH?.
On the x-axis is the relative distance of the two rows, as function of the wave length of the wave condition

Next, the use of two rows of bamboo poles is examined by varying the separation in wave direction (with only
incident waves), see Table 8 in Appendix B for the row separation and drag coefficient values. Figure 11 (b) shows
that the transmission rates increase with larger separation between rows up to s, = L/5, where the results seem to
stabilize around a value of 55% for all wave conditions. After this point there are a few outliers at s, = (0.5-1)L, for
which the transmission rates are higher and the forces (Figure 11 ¢) are significantly lower. Moreover, an increase in
the transmission rates of the daily wave conditions can be also observed just before s, = Lo/2 = 7.9 m, corresponding
to a distance that gives the same outliers for the higher wave conditions, s, = L1/2 and Ls/2. The reflection rates
for this design are low, and remain below 6% (see Figure 18 in Appendix C).

With the help of Figure 12, the outliers (see arrows of Figure 11) are studied more in detail. In Figure 12 the
significant wave height H.,,( is shown as a function of the cross-shore distance x between rows for three configurations,
consisting of 2 rows with a cross-shore separation of s, = L/5,L/2 and L, respectively. The first row can be easily
identified at = 320 m. The second fences are at = 326 m for the first configuration (s, = L/5), at © = 335 m
for the second (s, = L/2), and at = 350 m for the third (s, = L). It can be observed that for s, = L/2&L, the
wave height at © = 320 m is 5 cm higher than for s, = L/5. This location corresponds with an anti-node, present at
a distance of L/2 seawards (to the left) from the second row according to theory (Holthuijsen, 2007), therefore these
do not occur for s, = L/5 but only for the other two as can be observed in the figure. The nodes that should occur
at x = L/4 or 3/4L are less clear due to the presence of the higher harmonics. Due to the anti-node at the first
row, the horizontal velocities acting on the structure also become smaller, reducing wave dissipation and increasing
wave transmission through the structure (Figure 11 b and ¢). At the same time the drag forces are also smaller for
these particular row to row distances, as the drag force is calculated by means of the Morison Equation, in which the
horizontal flow velocity is used (see Equation 4).

The effect of multiple rows of poles on the wave dissipation is studied with the extended row design. In order to do
so, a constant distance of s, = 5.8m = L;/5 is used between rows, which is the optimal separation for which longer
separations do not lead to more dissipation. In Figure 13 it can be observed that at least three rows are needed to
reach the wave transmission goal of 50%. Next to this, it is shown that the effect of adding an extra new row to the
design becomes less effective with an increasing amount of rows, fitting the theory of an asymptotic decline of the
wave height by Dalrymple (1988). Besides this, the drag forces in Figure 13 ¢) are stable, indicating that the forces
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are not increased due to internal wave reflection.
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Figure 13: Result of the extended row design, with from left to right: transmission, dissipation and drag forces on
the first row. The dissipation and transmission rate is in the form of E, ;/E; = H,QIL/HL2 On the x axis is the
number of rows, with a constant row distance of s, = 5.8m = L1 /5

4 Discussion

4.1 Uncertainties in sedimentation behind structures

This manuscript investigates wave propagation by structures that aim to mitigate erosion. In order to reflect on the
potential effect the designs can have on the sediment transport, the shear stresses in front and behind the double row
design are estimated for the three wave conditions modelled in the previous section. The following formula (Swart,
1976) is used to calculate the wave-driven shear stresses:

0.19
Uy
w=|-6+52—"-— 16
/ (2.5dn502Tj> (16)
1
T = §pwfw|uw|uw (17)

The shear stress is calculated with the following parameters, d,50 = 71076 [m], p,, = 1025 [kg/m3] and using (maxi-
mum) the bottom velocities underneath the crest of the waves.

Based on the absolute shear stresses (see Figure 14 a), a structure causes a reduction in shear stress but no
sedimentation is expected since 7 > 7. = 0.017 N/m? (Gijon Mancheno, 2022), where 7. = 0.017 N/m? is the critical
shear stress for erosion in Demak. However, fully preventing erosion during these strong storm events may not be
necessary as causing net accretion over the year may be enough for mangrove establishment (assuming that mangroves
can grow long-enough roots during calmer conditions). On the other hand, based on the relative shear stress shown
in Figure 14 (b), a reduction of more than 60% of the shear stress is observed due to the presence of the structures,
which could potentially lead to sedimentation. However, this should be verified by measurements of the pilot study
mentioned in Section 1.

Although the measurement campaign of Albers et al. (2013) provides wave reduction rates that were associated with
accretion, they only spanned a period of 7-8 months and the long term effect of the structures that they investigated is
therefore unknown. The 4-year long monitoring study done by Deltares in Demak showed that brushwood structures
caused on average 0.3 m of accretion after their first NW season, and almost negligible sedimentation afterwards.
Nevertheless, this area was heavily sinking, and since the subsidence rates were not quantified locally, it is difficult to
extract conclusions about the net effect of the structures on the bed level. Smaller water depths behind the structure
would reduce the wave energy even more, providing conditions that favour sedimentation. However since the sediment
is mainly brought in by the incoming tide, which could be deflected by the structures, the sediment may not reach the
hinterlying basin (Winterwerp et al., 2020).
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Absolute and relative shear rate for designs with 3 rows and s, = L/5
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Figure 14: a) shear stress and b) shear rate reduction over the designs with on the x-axis the three wave conditions,
R (Return period) = daily, 1 and 5 years. The shear stress may seem large but these are quite extreme conditions,
and with 3 rows of bamboo poles there is a reduction of around 60 % of the shear stresses.

A significant way of sediment transport that is identified for the muddy coast of Guyana (Winterwerp et al., 2020) is
the wave-driven streaming of mud, which is hypothesised to occur as well in Demak (Winterwerp et al., 2020; Borsje,
2019) and could be blocked by permeable structures (Borsje, 2018). With the structures built in Demak between
2014-2020, this was solved by leaving gaps between structures so that the sediment-laden flow could enter the basins.
The openings also facilitate the drainage of the basin (Winterwerp et al., 2020), drying and strengthening the newly
deposited sediment. The designs proposed in this study are more open and may not need these gaps, but it is yet
unsure how they would interact with sediment transport due to mud-streaming.

4.2 Limitations of the bulk drag parametrization

The model of Gijon Mancheno et al. (2021), used to determine the Cyg, includes a factor that describes a relation
between the bulk drag coefficient and the KC number (fxc). However, the choice of Cy for a single cylinder also
depends on the KC number. The KC-dependency may thus be incorporated twice (and be overestimated) in drag
force predictions.

The sheltering factor fs was given values that were fitted in the experiments of Jansen (2019), nevertheless, in
this study it is used outside its calibration range. Since field waves are higher and longer than in the laboratory
experiments, Re values in Demak range between 1-1.6 10°, whereas in the laboratory they remained within 6.7-11.9
103. Tt is thus expected that the turbulent intensity will be higher in the field, and that wakes will therefore be longer
than in the experiments, producing lower bulk drag coefficients. A lower bulk drag coefficient would in turn cause
lower wave dissipation rates and increase wave transmission.

The center to center distance s, (perpendicular to the waves) was kept constant in this study, since the experiments
of Jansen (2019) did not test values smaller than s, = 1.5D. Smaller lateral spaces could lead to high reflection rates,
and higher flow acceleration around the structures. The optimal lateral spacing should thus be investigated in future
studies.

In the validation results the cross-sectional method shows the best agreement with the measurements for the longi-
tudinal configuration, but for the single row configuration the volumetric has better results. This implies that different
approaches could reproduce the same results, so this should be evaluated in future studies concerning the vegetation
module in SWASH.
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Figure 15: In order to compare the transmission rates K; = H;/H; is used.

4.3 Influence of varying water level

The water depth is not a constant value in the field, as varies with tides and surges. Therefore, the influence of the
water depth on the wave transmission rate is studied using five different depths ranging from the design water level
(d = 1.8 m) to mean sea level (d = 0.8 m). The wave heights are a function of the water depth, H = 0.55d and they
are given a constant wave period of T" = 6.88 s. The wave attenuation performance of structures for different water
levels is compared with measurements of Albers et al. (2013).

It can be observed in Figure 15 that wave transmission rates follow the same trend as the measurements of Schmitt
et al. (2013) for the water levels where the structure is emerged (right side of Figure 15), suggesting that the relation
between relative free board and transmission could be independent of the type of structure.

Figure 15 also indicates that at least 3 rows of bamboo poles are needed to reduce the wave energy behind the
structure to 55% for the design water level (R./H; = 0).

5 Conclusions

This study investigates the optimisation of bamboo structure designs for mangrove restoration. This assessment
is done for a case study in Demak, Indonesia, using the numerical wave model SWASH. The empirical model of
Gijon Mancheno et al. (2021) is used to estimate the bulk drag coefficient of the bamboo structures, and used as input
for SWASH. Model results show good agreement with laboratory measurements that tested wave propagation through
structures consisting of rows of cylinders. After the model validation, SWASH is applied in several design scenarios in
order to find the optimum design. In these scenarios, three types of designs are considered: single row, double row and
multiple rows. Three characteristic wave conditions are defined for Demak, ranging from daily conditions to extreme
wave conditions, based on field measurements and WaveWatch III data. It is found that for the double-row design
wave transmission rates stabilize for row separations longer than 20% of the significant wave length. For some of the
longer distances, it is observed that the interaction of the transmitted and reflected waves between the rows slightly
increases wave transmission due the formation of an anti-node at the first row.

Model results also suggest that structures with a separation of 20% of the wave length in wave direction may be
optimal, and that at least 3 rows should be considered to achieve sufficient wave attenuation to induce sediment
accretion behind the structures. Additional studies including morphodynamic assessments of the structures and the
structural stability of the structures are recommended to optimize future bamboo structure designs.
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Notations
Name Symbol  Unit
Gravitational acceleration g m/s?
Wave height H m
Wave period T S
Water depth d m
Wave length L m
Wave celerity c m/s
Wave group celerity Cq m/s
Wave number k 1/m
Cross-shore location X m
Diameter D m
Along-shore location Y m
Vertical location z m
Significant wave height H0 m
Maximum wave height How m
Wave height exceed by 0.1 % Hy 19 m
Bed shear stress T N/m?
Critical bed shear stress Terit N/m?
Mass density of water Pw kg/m?
Nominal diameter dnso m
Ursell number Ny, -
Keulegang - Carpenter number KC -
Reynolds number Re -
Return period R years
Flow velocity u m/s
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A Grid-size dependence

The assumption of uniform placement of poles means that the pole to pole distance in x and y direction is the same.
However, in the longitudinal configuration, shown in Figure 3, the pole to pole distance in x direction is larger (12
cm) compared to the one in y-direction (6 c¢cm), and thus it is not uniform. To make this uniform though, requires
adjusting the dx grid size. Keeping in mind that each individual row is specified in the grid of the configuration, it is
therefore needed to match the width of the row with the pole to pole distance in y direction. With a dz of 3 cm and a
diameter of the poles of 4 cm, this gives a row width of 6 cm, as 2 points are needed. In these simulations a x-y grid
is not used, but a x-z grid, nonetheless, this has never been examined and may be important for using the vegetation
module as design tool.

To investigate this the two setups are compared, where the main changes are the change in dx and as the row width
changes the number of cylinders per m? also changes. It was already found which method of mass conservation works
best per configuration so those parameters are kept the same.

Dissipation, reflection and transmission for long conf.

Using thle cross-sectional mass conservation metllmd
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Figure 16: Results of the longitudinal configuration, sensitivity to change in grid size. With from left to right:
transmission, reflection and dissipation in the form of K, 4 = H¢,q/H;. On the x-axis are the wave periods
belonging with wave conditions in Table 1. This configuration is not so sensitive to changes in the grid size.
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In Figure 16 it is observed that the case with dx = 3 cm, has slightly lower dissipation values and therefore higher
transmission rates but both setups follow the same pattern and hardly differ. As this configuration proves to be
insensitive to changes in the grid size, in the design phase the required grid size is not so strictly limited anymore as
long as the density and row width are accurately described.

Dissipation, reflection and transmission for single row.

Using the volumetric mass conservation method
1 1
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Figure 17: Results of the single row configuration, sensitivity to change in grid size. With from left to right:
transmission, reflection and dissipation in the form of K, , 4 = H;, q/H;. On the x-axis are the wave periods
belonging with wave conditions in Table 1. This configuration is more sensitive to changes in the grid size than the
longitudinal configuration.

In Figure 17 is observed that the case with dr = 2 cm shows a modest improvement compared with the measured
dissipation rates, whereas for reflection and transmission the rates are similar between the two setups.

B Bulk drag coefficients

Table 8: Bulk drag coefficient for each s, distance per wave condition

S 3D 4D 5D 6 D 7D 8D 9D 10D
5, [m] 0.42 0.56 0.70 0.84 0.98 1.12 1.26 1.4
Cip R=1&5yr) | 330 4.28 4.95 5.43 5.79 6.08 6.30 6.49
Cg, (Daily cond.) 3.75 4.86 5.63 6.18 6.59 6.91 717 7.38
Sy Lip1/20 | Lyip1/15 | Lip1 /10 | Lyp1 /8 | Lip1 /6 | Lip1/5 | Lipi/4 | Lip1/3
s, [m] 1.45 1.90 2.90 3.50 4.70 5.80 7.30 9.70
Cip R=1&5yr) | 6.49 6.92 7.37 7.55 7.74 7.85 7.94 8.04
Cap (Daily cond.) 7.38 7.87 8.38 8.59 8.80 8.93 9.04 9.14
Sz Lrp1/2 %Lrpl %Lrpl Lrpl
s, [m] 14.5 19.3 21.80 29.0
Cap R=1&5yr) | 813 8.18 8.19 8.23
Cayp (Daily cond.) 9.25 9.30 9.32 9.36

C Reflections

Figure 18 describes the reflection rates of the double row design. It can be noticed that for the wave conditions
with an one year return period that these are also influenced, in lesser scale, by the separation length (s,) as the
transmission rates in Figure 11 b, best noticeable with the relative high values around 0.5 s, /L and the relative low
values around 0.35 and 0.75 s, /L . The high values correspond to high transmission rates.
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Figure 18: Reflection rates for the double row design for the three waves conditions. Maximum reflection rates do
not exceed 6%.
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