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Summary

Mangrove forests e!ectively function as natural "ood defences, and their
deforestation has exposed millions of people worldwide to coastal erosion
and "ooding. Since mangroves require a stable sedimentary environ-
ment, stopping coastal erosion is a necessary step for their restoration.
Bamboo structures have thus been built to induce accretion at the coast
by attenuating waves. However, these structures often fail to rehabilitate
mangroves, likely due to the lack of guidelines for their design.

This thesis investigates the e!ect of structures formed by bamboo
poles on waves, currents, and sediment transport, to develop physics-
based models for structure design. These e!ects were studied through
"ume experiments with scaled structure prototypes, #eld experiments
in Demak (Indonesia), 1D morphodynamic modelling (with the model
XMgrove, calibrated with #eld measurements), and remote sensing.

Models to predict structure performance were developed for waves
and currents. Flume experiments showed ways to optimize structure
designs. For instance, wave dissipation per pole is maximum for dense
rows of poles with large spacing in the wave direction. Modelling sce-
narios with XMgrove suggest that the optimal structure location is site-
dependent, and that subsidence rates in Demak may be too high to be
counteracted with structures. A large-scale method to #nd potential
restoration sites was also developed and applied in Bangladesh.

As such, the physics-based tools, together with the mapping method
presented in this thesis, open up the path to optimize and generalize
mangrove restoration e!orts.
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Samenvatting

Mangrove bossen dienen als natuurlijke bescherming tegen overstromin-
gen. Hun ontbossing stelt miljoenen mensen bloot aan erosie van de
kust en overstromingen. Voor mangroven is een stabiel sedimentklimaat
van belang, daarom is het stoppen van erosie van belang voor hun hers-
tel. Bamboe-constructies worden gebouwd om golven te verzwakken en
daarmee sediment laten aanwassen aan de kust. Echter, het gebruik van
bamboe-constructies voor mangrove herstel mislukt vaak vanwege een
gebrek aan ontwerprichtlijnen.

In dit proefschrift wordt het e!ect van bamboe-paal constructies op
golven, stroming en sediment transport onderzocht om fysische mod-
ellen te ontwikkelen voor het ontwerpen van de constructies. Deze
e!ecten zijn bestudeerd middels goot-experimenten experimenten met
schaalmodellen, veld-experimenten in Demak (Indonesië), 1D- morpho-
dynamische modellen (met het XMgrove model, gekalibreerd met metin-
gen), en remote-sensing.

Modellen om de e!ectiviteit van de stucturen te testen zijn on-
twikkeld voor golven en stroming. Goot-experimenten experimenten
hebben aangetoond dat de golf dissipatie per paal maximaal is voor ri-
jen waar de palen dicht op elkaar staan in de niet-golfrichting terwijl ze
ver van elkaar staan in de golfrichting. Model scenario’s met XMgrove
duiden erop dat de optimale locatie voor de constructies afhankelijk is
van het gebied, en dat de bodemdaling in Demak mogelijk te groot is om
te compenseren met constructies. Er is ook een grootschalige methode
ontwikkeld en gebruikt om mogelijke herstel locaties in Bangladesh in
kaart te brengen.

Concluderend, de fysische modellen samen met de methode om her-
stel locaties in kaart te brengen openen de weg naar de optimalisatie en
generalisatie van toekomstige herstel-programma’s.
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Ringkasan

Hutan bakau merupakan salah satu penahan banjir alami yg disediakan
alam, namun rusaknya mangrove telah membuat wilayah pesisir yang
ditempati oleh jutaan manusia terkena erosi pantai dan banjir. Struk-
tur bambu merupakan salah satu metode yang telah dibangun untuk
membantu proses akresi di pantai dan juga berfungsi untuk meredam
gelombang. Namun, struktur ini sering gagal untuk merehabilitasi man-
grove, hal ini dikarenakan kurangnya studi untuk desainnya.

Tesis ini bertujuan untuk menyelidiki pengaruh struktur yang di-
bentuk oleh tiang bambu pada gelombang, arus, transportasi sedimen,
dan untuk mengembangkan model berbasis !sika untuk desainnya. Efek
ini dipelajari melalui eksperimen "ume dengan prototipe struktur bers-
kala, eksperimen lapangan di lakukan di Kota Demak (Indonesia), pe-
modelan morfodinamika 1D (dengan model XMgrove, dikalibrasi dengan
pengukuran lapangan), dan penginderaan jauh.

Model digunakan untuk memprediksi kekuatan struktur dan dikem-
bangkan untuk fenomena gelombang dan arus. Eksperimen "ume me-
nunjukkan cara untuk mengoptimalkan desain struktur. Skenario pemo-
delan dengan XMgrove menunjukkan bahwa lokasi struktur yang opti-
mal bergantung pada lokasi, dan bahwa di Demak struktur dibatasi oleh
tingkat penurunan tanah yang besar. Metode skala besar untuk me-
nemukan lokasi restorasi potensial juga dikembangkan dan diterapkan
di Bangladesh.

Dengan demikian, perangkat berbasis !sika, bersama dengan me-
tode pemetaan yang disajikan dalam tesis ini, membuka jalan untuk
mengoptimalkan dan menggeneralisasi upaya restorasi mangrove.
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1. Introduction

Timbulsloko is a small fishermen village in the Demak province
of North Java, Indonesia. The only way to reach the village is
a narrow earth road that diverges from the highway, and enters a
small community formed by brick houses and stands of nasi goreng.

As the path approaches the coast, wide surfaces of water sur-
round it at both sides, transforming the road into an artificial penin-
sula. Unfinished concrete houses line up along the road, which is
the only emergent ground.

Timbulsloko was not always inundated by the sea. Old colonial
Dutch maps show that a hundred years ago this coastal area was
a mangrove forest, formed by tree species tolerant to salt water.
However, the forest was almost fully converted into aquaculture
ponds during the course of the 20th century.

Uncontrolled groundwater extraction in the nearby city of Se-
marang caused ground sinking at a regional scale, up to 16 cm/year174.
As the coastal area sunk, the tide was able to penetrate through
the excavated ponds, and eroded their bunds away. Now the whole
area is flooded, and during spring tide the sea can also enter the
houses.
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1. Introduction

Unfortunately, Timbulsloko is not alone. 30% of the world’s
mangrove forests have been lost in a 50-year period45, mostly to
aquaculture and agriculture. The wellbeing of coastal communi-
ties is intrinsically linked to the health of the mangroves1,55, and
unsustainable deforestation has consequently thrown many coastal
communities back to poverty165.

1.1. Why is mangrove loss so harmful?
Mangrove forests are natural barriers against coastal hazards for
millions of people all over the world98. Since mangroves grow at
the interface between sea and land, they act as a bu�er against cy-
clones and storms by attenuating waves and currents, and trapping
floating debris155,46,55,144,138. Worldwide, coastal protection benefits
of mangroves exceed 65 billion USD per year98.

Their coastal protection role is even more relevant in view of
climate change, since mangrove ecosystems mitigate both its causes
and e�ects, as shown in Figure 1.1. Mangroves capture CO2 from
the atmosphere, and accumulate it as carbon in their branches,
trunks and roots103. Moreover, as waves and currents slow down
through the forest, any particles carried in the water column, such
as nutrients or sediment, will deposit on the ground170,85. Sediment
and organic-matter accumulation allowed mangroves to keep up
with rising sea levels during the last 10,000 years, in contrast with
unvegetated areas that sunk under the sea125.

Unsustainable land conversion removes the previous functions,
exposing coastal communities to coastal hazards and sea level rise.
For instance, unvegetated shores in Colombia retreated 3-15 times

12



Figure 1.1: Diagram illustrating climate change mitigation by mangroves.
Mangroves absorb carbon from the atmosphere, and use it as building ma-
terial for their roots, branches and leaves. Their root systems reinforce the
soil, which hinders sediment erosion inside the forest. Moreover, mangroves
attenuate waves and currents, resulting in the deposition of sediment particles
transported by the flow. The combination of sediment and organic matter ac-
cumulation increases the ground elevation, which can compensate for rising sea
levels.

13



1. Introduction

more than mangrove sites with equivalent wave exposure127, and
more fatalities occurred at areas without mangroves during the
tsunami of 2004144.

In view of the negative consequences of mangrove loss, numerous
large-scale planting schemes have attempted to restore damaged
mangrove coastlines. Only 51.3% of the reported e�orts survived15.

1.2. Why can’t we simply plant the
mangroves back?

Planting can help recovering areas with low seedling availability,
but it can only succeed if the coastal area remains suitable for
mangroves79. Mangroves prevail at depositional, intertidal areas
with freshwater input and low wave action42. They can tolerate
tidal flows, but di�erent mangrove species require di�erent levels of
salinity and tidal inundation161. If natural or human interventions
alter those conditions, the habitat should be restored to enable
mangrove establishment79 and their long-term survival.

Diagnosing the cause(s) of mangrove loss is thus the first step for
rehabilitation79,84. For instance, excavated pond areas may become
too deep for mangrove establishment, and may require hydrologic
restoration through earth filling84. At eroding coastlines, the loss
of habitat prevents mangrove colonization, and erosion mitigation
measures should be applied to restore the habitat169.

14



Figure 1.2: Diagram illustrating mangrove habitat requirements. Mangroves
grow at intertidal areas with low wave action and su�cient freshwater input.
Coastline retreat, due to flooding or erosion, causes vegetation mortality and
reduces the mangrove habitat.
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1. Introduction

1.3. How can we restore eroding-mangrove
coastlines?

Coastline retreat can be due to several reasons, which involve pro-
cesses at several spatial and time scales. Changes in the coastal
morphology depend on the input of sediment by sources (such as
rivers), on the loss of sediment into sinks (like sand mining), and
on the occurrence of relative sea level rise. Variations in the global
climate (such as increasing storminess, or larger precipitation) can
also influence how sediment is spatially distributed by waves and
currents along the coast.

Locally, shoreline retreat can be triggered if human or natu-
ral interventions disrupt the balance between erosive and accretive
processes169. Mangroves prevent erosion, and their deforestation ex-
poses the coast to larger sediment stirring by waves and currents, as
illustrated in Figure 1.3 (a-c). When erosive processes deepen the
coast a feedback loop starts - larger water depths enable the propa-
gation of higher waves towards the shore, which erode the bed even
further. Mangrove removal and local subsidence in Demak have
thus led to coastline retreat rates up to 215 m/year86.

Bamboo and brushwood structures are built to mitigate erosion
at degraded mangrove coastlines168,131,169,30,165,108 in which former
mangrove areas have become subtidal and thus unsuitable for man-
groves. The structures emulate the e�ect of the lost mangrove vege-
tation; they are placed parallel to the coastline to attenuate waves,
favoring sediment accumulation behind them, and recovering the
bed elevation needed for vegetation establishment169 (Figure 1.3,
d). This concept was inspired on land reclamation works done in
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the Wadden Sea over centuries168. The structures are made of wood
since they are designed to degrade naturally after a few years, once
the mangrove forest is restored40.

Demak was the site of a pilot study for brushwood structures
between 2014-202040,168. The structures built in the pilot consisted
of bags of brushwood held in place by vertical bamboo poles. Their
width varied between 0.7-1.5 m in the wave direction, and their
volumetric porosity ranged between n ¥ 0.5≠0.9, where n is defined
as the ratio of the fluid volume to the total volume. The e�ect of
the structures on the sea bed was monitored monthly throughout
the project, which provided useful insights on their performance.

Structure maintenance was found essential to cause sediment
accretion36. The bags of brushwood were often damaged by wave
action and shipworms, and if not replaced early enough, the de-
graded structures had a negligible e�ect on the morphology. Fur-
thermore, although the structures caused sediment deposition lo-
cally, and mangrove establishment was observed episodically, they
did not stop coastline retreat nor led to mangrove restoration in
the long term36.

1.4. How can we improve restoration success
using structures

Improving future designs requires investigating several factors. Firstly,
design tools are necessary to optimize the structure performance.
The structures built in Demak were not tailored to the local condi-
tions due to the lack of design rules to do so, which may have con-
tributed to their failure. Developing design tools requires quantify-

17



1. Introduction

Figure 1.3: Diagram showing the stages of mangrove degradation in Demak and
mangrove restoration using bamboo and brushwood structures. (a) Healthy
mangrove fringes are (b) deforested and excavated to build ponds for shrimp
farming. (c) The bunds separating the ponds from the sea can be breached,
which exposes ponds to erosion by tides and waves propagating from the sea -
a problem that is exacerbated by subsidence. (d) Mangroves cannot colonize
subtidal areas and bamboo and brushwood structures are thus built to increase
the bed levels and aid mangrove restoration.

18



ing how bamboo and brushwood structures a�ect currents, waves,
and sediment transport. Such tools would enable finding the de-
signs that successfully mitigate coastline retreat for di�erent bound-
ary conditions. The outcome of the pilot study also suggested that
structures without brushwood - formed by the larger bamboo poles
only - would require less maintenance.

Secondly, structures should be designed considering not only the
physical processes, but also the mangrove ecology. Avoiding shore-
line retreat is only one of the various requirements for mangrove
restoration. Seedling availability is the first condition for natu-
ral recruitment, and once a seedling strands at a mudflat during
low tide120, wave action should remain mild while the seedling is
still growing as it could otherwise be toppled over12. The previ-
ous limits for mangrove establishment have been investigated by
exposing seedlings to currents in the laboratory12, but their values
likely vary under waves and with varying sediment properties in
the field. Knowledge of the physical thresholds for Demak would
enable to design structures that do not only stabilize the coast, but
also create the windows of opportunity required by mangroves.

Thirdly, the natural system can o�er valuable lessons on how
to design the structures. In Demak mangroves have successfully
grown naturally behind cheniers156, which are large intertidal sand
lenses that function like natural breakwaters. Investigating the ef-
fect of cheniers on the morphodynamics can thus provide a target
to produce with the structures.

The BioManCO project was created to investigate the three pre-
vious topics. Its name stands for “Bio-morphodynamic modelling
of mud-mangrove coastlines”, and it is formed by 3 PhD students

19



1. Introduction

(the project structure is shown in Figure 1.4). This dissertation
focuses on the first topic, on how structures influence waves, cur-
rents, and sediment transport. Celine van Bijsterveldt investigated
mangrove ecology in Demak, which required finding the physical
conditions required by mangroves and testing if those were satis-
fied in Demak18. Silke Tas studied the morphodynamics of cheniers,
to understand what drives their sheltering presence on the coast147.

This thesis thus elaborates on the study of the permeable bam-
boo and brushwood structures, but its conclusions are linked to
mangrove ecology and chenier dynamics in the last two chapters.

1.5. How can we improve bamboo structure
designs?

Waves and currents transport sediment across the coastal system.
Predicting how structures influence the coastline position thus re-
quires understanding how they a�ect their surrounding flow. Bam-
boo and brushwood structures exert resistance (drag) forces to in-
coming currents101, which deflect the flow towards areas of less
resistance16. Waves reflect at the front of the structures, and lose
energy as they propagate through them, which shelters the coast
from wave action169.

Wave dissipation by permeable structures also depends on the
drag forces acting on the brushwood and bamboo poles32,97, which
are often represented using an empirical bulk drag coe�cient. This
bulk drag coe�cient has been thoroughly investigated for relatively
sparser vegetation canopies97,58, and measured for dense bundles of
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Figure 1.4: This dissertation is part of the BioManCo project, formed by 3
PhD students: (1) Celine van Bijsterveldt, investigating mangrove ecology, (2)
Silke Tas, studying the migration of cheniers (sand lenses that shelter the coast,
creating conditions suitable for mangrove colonization), and (3) Alejandra Gi-
jón Mancheño, researching how to produce the natural mangrove habitat using
permeable structures. This dissertation corresponds with block (3).
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1. Introduction

brushwood33.

Brushwood structures in Demak required the replacement of
their brushwood filling once or twice per year, due to its rapid degra-
dation under wave action. Bamboo structures without brushwood
could thus be alternative structure designs with lower maintenance
requirements. However, drag coe�cients derived from brushwood
could only be applicable for bamboo-only structures if the bam-
boo poles are similarly placed - very densely and homogeneously
arranged. With anisotropic bamboo pole placements, the hydraulic
conditions and the bulk drag coe�cients of the structures would
di�er.

The di�erences between structure configurations depend on sev-
eral physical processes that influence the bulk drag coe�cient. Smaller
spacings in the wave direction cause sheltering on downstream poles,
which reduces the drag forces acting on them and wave dissipation
per pole176,38. Conversely, reducing the pole spacing laterally (per-
pendicularly to the waves) can be a strategy to accelerate the wave-
driven flow and increase wave dissipation44. However, we lack mod-
els to predict the bulk drag coe�cient outside of the tested range
of brushwood geometries. Furthermore, a systematic comparison
of which bamboo structure designs maximize wave dissipation is
missing.

Once the wave height reduction through the structures is known,
the next step is evaluating how this wave attenuation a�ects sedi-
ment transport. However, wave transformation through brushwood
structures has been investigated but not linked to the coastal mor-
phology. Wave attenuation rates of 50-60% have been reported as
su�cient to lead to mangrove expansion168. Nevertheless, di�er-

22



ent coastal systems (with varying sediment properties) may react
di�erently to identical wave conditions. Identifying the suitable de-
sign for each case study thus requires implementing the e�ect of
the structures on waves into a morphodynamic model.

This dissertation consequently aims to derive tools for bamboo
structure design in several steps:

1. developing predictive methods to estimate the resistance ex-
erted by bamboo structures in currents,

2. developing predictive methods to predict wave reflection and
dissipation by bamboo structures,

3. investigating the e�ect of these structures on sediment trans-
port and on the coastline position for the case of Demak,

4. and lastly, deriving a mangrove mapping methodology to find
new locations where mangroves could also be restored.

These objectives are followed by conducting field experiments in
Indonesia in collaboration with Universitas Diponegoro (Indone-
sia), and laboratory experiments, numerical modelling and spatial
analysis at TU Delft (the Netherlands). The research activities are
described and elaborated upon in five chapters:

CHAPTER 2 develops a physics-based model to predicts the forces
acting on a bamboo structure in a current. The model is validated
with data collected in the laboratory, and against data from the
literature.

CHAPTER 3 describes flume experiments designed to investigate
the forces acting on a bamboo structures under waves. The labora-
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Chapter 4
E!ect of structures on sea bed

Chapter 5
Mapping mangrove opportunities

Chapter 2
E!ect of structures on currents

Chapter 3
E!ect of structures on waves



tory measurements provide empirical parameters for wave attenua-
tion, and give insights on how to design bamboo structures without
brushwood.

CHAPTER 4 characterizes the physical conditions around the
coastline of Demak, based on two field campaigns conducted in 2017
and 2018. The field data were used to validate a process-based mor-
phodynamic model, which was applied to investigate which designs
can maximize coastline expansion.

CHAPTER 5 derives a methodology to find mangrove establish-
ment opportunities at a countrywide scale, which is applied to the
coastal system of Bangladesh.

CHAPTER 6 synthesizes the di�erent chapters of the thesis, dis-
cussing how optimal structure designs may change at other sites,
and presenting the limitations of this study and recommendations
for future research work.
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2. Effect of structures on
currents

2.1. Introduction

Bamboo and brushwood structures a�ect local currents, which in
turn influences sediment transport and mangrove habitat creation.
However, the interaction between structures and currents has re-
ceived limited attention in existing designs. Predicting the impact
of the bamboo structures on spatial flow patterns requires quantify-
ing the resistance forces exerted by the structures. The aim of this
chapter is thus to develop a design tool to calculate this resistance,
which could be implemented in large-scale flow models to optimize
bamboo structure designs. The content of this chapter is included
in the following publication:

A. Gijón Mancheño, W. Jansen, W.S.J. Uijttewaal, J.C. Winterwerp (2021)

Predictive model of bulk drag coe�cient for a nature-based structure exposed to

currents. Scientific Reports 11.
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2. Effect of structures on currents

2.2. Resistance by cylinders in a current
When a current encounters a bamboo structure, flow separation
causes form drag forces on the individual poles, and the associated
energy dissipation. The drag forces depend on the local flow veloc-
ities inside the structure, and on an empirical drag coe�cient, cD.
The drag coe�cient varies with object geometry (surface roughness,
cross-sectional shape, height compared to the water depth), and
with the flow regime, usually classified as viscous or turbulent136.
For a circular cylinder in turbulent flow, cD takes a value of ap-
proximately 1136.

The local flow velocities will vary depending on the arrange-
ment of the poles. On one hand, the presence of the poles reduces
the available cross-sectional fluid area (“blocking the flow”), which
increases the velocities between the elements due to mass conser-
vation. This e�ect is referred to as blockage43,123,3,57. On the other
hand, downstream elements may be sheltered by upstream wakes,
which reduces the velocities acting on them52,83,137,177,176. This sec-
ond e�ect is referred to as sheltering. The relative importance of
these two processes will depend on the flow conditions, and on the
size and distance between the poles, as illustrated in Figure 2.1 (c).

Blockage and sheltering e�ects are often combined into a single
fitting parameter, the bulk drag coe�cient, cD,b. Several authors
have referred the drag forces measured inside cylinder arrays to bulk
channel velocities Ub, and used cD,b as a fitting factor. The subscript
b indicates that cD is referred to the bulk velocities, estimated as
Ub = Q/(wh), where Q is the total flow discharge, w is the channel
width, and h the water depth. cD,b values from Tanino and Nepf146
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Figure 2.1: (a) Pictures of bamboo structures built by the Indonesian Min-
istry of Marine A�airs and Fisheries in Demak, Indonesia. The structures are
formed by arrays of bamboo poles with a diameter of d ¥ 0.15 m, distributed
over widths between approximately 0.7-1.5 m in the streamwise direction. Their
volumetric porosity ranges between n ¥ 0.5 ≠ 0.9. (b) Top view of one of the
structures. Both drone pictures are courtesy of S.A.J. Tas. (c) Sketch repre-
senting the e�ects of blockage and sheltering on the local flow velocity (blue
arrows) at the scale of the bamboo poles of a structure (solid brown circles),
inspired by Etminan et al.43 and Zdravkovich176. Incoming flow velocities UŒ

accelerate to Ubl between the cylinders, an e�ect known as blockage. Behind
the first row of cylinders, velocities reduce to Uw due to sheltering e�ects. The
relative magnitude of these e�ects depends on the streamwise and lateral or
spanwise spacing of the cylinders (sx and sy, respectively).
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2. Effect of structures on currents

and Tinoco and Cowen150 are shown in Figure 2.2 (a) as a function
of Rep = Upd/‹, where Rep is the the Reynolds number based on
the average pore velocities, Up, and the cylinder diameter d. The
pore velocity is defined as the velocity averaged over the pore space,
which can be estimated as Up = Ub/n, where Ub is the bulk velocity
and n is the volumetric porosity146.

Application of the coe�cients of Figure 2.2 (a) into designs is
not straightforward, due to the variability of cD,b for a fixed value
of Rep. For instance, cD,b varies between 1 ≠ 10 for Rep = 1, 000 in
Figure 2.2 (a), and referring the drag forces to the bulk velocities
does not enable distinguishing how blockage and sheltering e�ects
led to di�erent drag values for the same Rep. A number of authors
have proposed relating the drag forces to the pore velocities Up, and
considering these as representative of the flow conditions inside the
structures146,134,150. The concept of pore velocity is based on mass
conservation over the fluid volume, and it is illustrated in Figure
2.2 (b). The drag coe�cient based on Up reduces the variability of
the fitted drag to cD,p = 1 ≠ 4 for the conditions of Figure 2.2 (a)
with Rep = 1, 000, but it still leaves too much uncertainty in the
choice of the coe�cient.

This led to the research work of Etminan et al.43, who suggested
that the variability in drag measurements could be due to the local
velocities between cylinders exceeding Up, and causing consequently
higher bulk drag coe�cients. Their modelling work showed that the
drag forces were better represented by the constrained velocities,
calculated from mass conservation at a cross-section of the flow, as
shown in Figure 2.2 (c). Etminan et al.43 modelled conditions that
corresponded with natural vegetation, with a volumetric porosity
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Figure 2.2: (a) Bulk drag coe�cient values (cD,b) from the literature (including
blockage and sheltering e�ects) as a function of the Reynolds number based on
the cylinder diameter and pore velocities (Rep). The shaded blue area shows the
region of variation of cD,b for arrays of emergent and smooth circular cylinders
in a current, fully covering the cross-section of the flume. The data points
are obtained from Tinoco and Cowen150, and the fit lines from Tanino and
Nepf146. (b) Definition of the volumetric porosity n, given as the ratio between
the fluid volume, VF = hAF over the total volume V = hA. (c) Definition of
the blockage factor fb, given as the ratio between the total cross-sectional area
A of the array and the constrained flow section, Ac.
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2. Effect of structures on currents

of n = 0.78 ≠ 0.98, where sheltering e�ects were very small. In-
corporating sheltering e�ects in drag predictions may be necessary
for the bamboo structures, which are relatively less porous with
n = 0.5 ≠ 0.9.

A number of (semi)empirical approaches have been derived to
integrate sheltering e�ects in the predictions of the drag forces.
Blevins20 developed an expression for the velocity deficit on a down-
stream cylinder based on wake similarity laws, for two cylinders in
cross-flow. Higher turbulence levels are expected inside an array
with more elements106, and this factor has been observed to influ-
ence the rates of velocity decay behind cylinders38. Eames et al.38

developed a model for the velocity deficit behind a cylinder that
also included the e�ect of ambient turbulence, but the application
of this model for the bamboo structures would require a separate
module to calculate turbulent production between the cylinders.

Meftah and Mossa96 developed a model for the flow velocity
reduction inside sparse cylinder arrays, relating the velocity deficit
behind the cylinders with the geometrical properties of the array,
and with an empirical turbulent mixing length scale l. However,
due to the lower porosity of the bamboo structures, and the smaller
relative distance between their poles, blockage is likely to influence
turbulence production, which sets the bamboo structures outside
the range of calibrated data and the assumptions of the previous
models. Quantifying sheltering e�ects for the bamboo structures
thus requires adapting the existing approaches.

We consequently present a physics-based model to predict the
drag forces acting on emergent cylinder arrays exposed to currents,
which provides a direct relationship between cylinder arrangement
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and cD,b. The velocities inside the arrays are estimated using a
blockage factor, based on mass conservation, and a sheltering fac-
tor, based on the wake flow model developed by Eames et al.38.
Since the model of Eames et al.38 requires knowledge of the ambient
turbulence intensity, we expand the turbulence model of Nepf106,
including a turbulence production term by flow expansion, as done
by Mossa et al.102, and the e�ects of blockage and sheltering in the
wake production term.

This model focuses on the local physical processes inside the
structures, and it computes the bulk hydrodynamic forcing using
the incoming flow velocity and flow depth as input parameters. In
order to calculate the e�ects of the structures on the surrounding
flow field (such as backwater e�ects or changes in the flow direction
in coastal regions), the equations of the model could be built in
standard free surface flow models that solve for those processes.

The development of the bulk drag model is presented in the
next section. Following its derivation, the model is tested against
force measurements from random cylinder arrays by Tanino and
Nepf146 and Tinoco and Cowen150, and from regular cylinder ar-
rays by Jansen68. The experiments of Jansen68 are described in
Appendix A. The model behaviour is also explored for di�erent
cylinder configurations. Finally, the model sensitivity to di�erent
input parameters is investigated, and the model is applied to opti-
mize future structure designs.
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2. Effect of structures on currents

2.3. Physics-based model for cylinders in a
current

The model consists of (1) an adapted drag formulation for closely-
packed cylinder arrays, including blockage and sheltering, and (2)
a turbulent kinetic energy balance, necessary to quantify shelter-
ing. The turbulence model builds on the formulation suggested by
Nepf106 for vegetation canopies, and incorporates a turbulence pro-
duction term by flow expansion, and an extended drag formulation
in the wake production term. The steps to derive the equations are
presented below.

2.3.1. Drag model

The drag forces experienced by an array of cylinders, per unit mass,
can be calculated as:

Fd = 1
2cDa|U |U (2.1)

where cD is the drag coe�cient of a single cylinder, which can be
estimated using the empirical expression of White166, given by:

cD = 1 + 10Re
≠2/3 (2.2)

where Re is the Reynolds number based on the cylinder diameter
and the depth-averaged local flow velocity U . a is the projected
plant area per unit volume, defined by Nepf106 as:

a = dh

hs2 = d

s2 (2.3)

with d being the cylinder diameter, s the spacing between cylinders,
and h the water depth.
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The main unknown in Equation 2.1 is the local flow velocity
U . If a cylinder array is su�ciently sparse, the local flow velocity
could be assumed equal to the depth-averaged incoming flow ve-
locity, UŒ, either measured or calculated with a free surface flow
model. For denser configurations, the velocity will change as the
flow propagates through the array due to (1) flow acceleration be-
tween the elements (blockage), and (2) flow deceleration due to the
sheltering e�ects of upstream rows of cylinders. Both e�ects are
illustrated in Figure 2.1 (c). The changes in flow velocity are in-
cluded by multiplying UŒ by a blockage factor, fb, and a sheltering
factor, fs:

U = fbfsUŒ (2.4)

Inserting both factors in the expression for the drag force results
in Equation 2.5:

Fd = 1
2cDa|U |U = 1

2cDaf
2
b f

2
s |UŒ|UŒ = 1

2cD,ba|UŒ|UŒ (2.5)

where the changes in velocity have been incorporated in the bulk
drag coe�cient, cD,b = cDf

2
b f

2
s . This expression provides a direct

relationship between the drag coe�cient of a single cylinder, cD,
and bulk drag coe�cients cD,b measured for cylinder arrays in lab-
oratory experiments. Predicting the drag force thus depends on
determining the values of fb and fs.

The blockage factor fb can be estimated based on mass conser-
vation through a row of cylinders43, considering that the velocity
will increase as the same flow discharge travels through the smaller
section between the elements:

UŒA = UcAc = fbUŒAc (2.6)
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2. Effect of structures on currents

where the total frontal area is A = hsy, and sy is the distance
between cylinders perpendicular to the flow, center-to-center (see
Figure 2.1). Subtracting the frontal area of the cylinders from the
total area gives the available flow area, Ac:

Ac = hsy ≠ hD = h(sy ≠ d) (2.7)

Here we are assuming that the water depth is the same just
upstream and in between the cylinders. Solving for fb in Equation
2.6 results in Equation 2.8, see also Etminan et al.43:

fb = hsy

h(sy ≠ d) = 1
1 ≠ d/sy

(2.8)

The sheltering factor fs can be estimated from the wake flow
model by Eames et al.38, which predicts the velocity deficit behind
a cylinder as a function of the distance downstream of the cylinder,
sx, the cylinder diameter, the local turbulent intensity It, and the
drag coe�cient:

UŒ ≠ Uw

UŒ
= cDd

2
Ô

2fiItsx

(2.9)

where Uw is the velocity in the cylinder wake, UŒ is the incom-
ing flow velocity, and It is the mean turbulent intensity, defined as
It =

Ô
k/UŒ

106,146. k represents the turbulent kinetic energy per
unit mass, with k = 1/2(uÕ2 + vÕ2 + wÕ2), where u

Õ, v
Õ, and w

Õ are
the instantaneous velocity fluctuations in the streamwise, lateral,
and vertical direction respectively, and where the overbar denotes
time averaging. The turbulent velocity fluctuations are defined as
the di�erence between the instantaneous velocities and their mean
value over a measurement period. Here we consider the depth-
averaged value of the turbulent intensity, in view of the uniformity
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of the turbulent properties over the vertical observed inside emer-
gent arrays106.

Equation 2.9 was developed assuming turbulent flow. Viscous
e�ects decrease the velocity deficit38, with the reduction factor be-
ing given by:

fRe =
Û

Re

Ret
(2.10)

where Ret is the lowest Reynolds number corresponding to fully
turbulent wake flow. Laminar e�ects are included in the wake flow
model by multiplying the velocity deficit of Equation 2.9 by the re-
duction factor fRe for Re < Ret, where the the turbulent Reynolds
number is assumed equal to Ret = 1, 000. This value is based on
the observation that although a wake starts becoming turbulent at
Ret ≥ 200, drag coe�cient measurements usually become constant
at Reynolds numbers beyond Ret ≥ 1, 000, e.g. as shown in Figure
2.7 of Sumer and Fredsoe136. The influence of varying Ret on the
model results is investigated in Section 2.4.

Defining the sheltering factor as fs = Uw

UŒ
, and including fRe

and the bulk drag coe�cient in the definition of the velocity deficit
results in Equation 2.11:

fs = Uw

UŒ
= 1 ≠ fRe

cD,bd

2
Ô

2fiItsx

= 1 ≠ fRe
cD,bd

2
Ô

2fi(
Ô

k/UŒ)sx

(2.11)

Equation 2.9 also assumes that the downstream cylinder is placed
inside the ballistic spreading region of the wake. The ballistic
regime occurs for a downstream distance sx < L/It, where L is
the integral length-scale of turbulence, and it is characterized by
a rapidly decaying velocity deficit, and by a linear increase of the
wake width with downstream distance. Inside the cylinder arrays,
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2. Effect of structures on currents

the length scale development is limited by the downstream spacing,
resulting in L < sx. Considering that turbulent intensity measure-
ments of Jansen68 varied between It = 0≠0.8 inside cylinder arrays
with n = 0.64 ≠ 0.9, this would result in L < sx/It. This is a rea-
sonable general assumption for the bamboo structures, since their
porosity varies in a similar range. If the poles were sparsely placed,
there would be a transition from ballistic to di�usive spreading of
the wake. Eames et al.38 also developed expressions for turbulent
flow under the di�usive regime, which could be used in place of
Equation 2.9.

In the opposite case of very high pole densities, there may be a
point where the elements are so closely-packed that vortex shedding
is inhibited by the presence of the neighboring cylinders. Consid-
ering an analogy with a cylinder placed close to a solid boundary,
vortex shedding would not take place for spanwise spacings smaller
than sy/d < 1.3136, causing a decrease of the drag coe�cient that
would not be reproduced by the expression of White166. The appli-
cation of the present model is thus restricted to sy/d > 1.3.

2.3.2. Balance of turbulent kinetic energy

Application of Equation 2.11 requires predicting the turbulent ki-
netic energy. This is calculated by expanding the model developed
by Nepf106, based on a balance between turbulence production and
dissipation:

Pw ≥ ‘ (2.12)

where Pw is the turbulent production rate and ‘ is the dissipation
rate. For a dense cylinder array, k is produced by (1) generation in
the wakes of the cylinders106, and (2) shear production by the jets
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formed between the elements102. The total turbulence production
term, Pw, consequently has two parts:

Pw = Pw1 + Pw2 (2.13)

We assume that for dense cylinder arrays these two terms are
much higher than turbulence production by shear at the bed, based
on observations by Nepf106 for sparse arrays. This assumption is
further tested in Section 2.4.

The first term in Equation 2.13, Pw1, represents turbulence pro-
duction at the wakes, and can be estimated as the work done by
the drag force times the local flow velocity:

Pw1 = 1
2cDa|U |U

2 = 1
2cDaf

3
b f

3
s |UŒ|U

2
Œ (2.14)

The second term, Pw2, represents turbulence generation due to
flow expansion102, and can be estimated from the Reynolds shear
stresses:

Pw2 = uÕvÕ ˆu

ˆy
(2.15)

where the overbar denotes time averaging. The loss in mean
kinetic energy Ec due to flow expansion is equal to:

�Ec = 1
2U

2
Œ

A3
A

Ac

42
≠ 1

B

= 1
2

1
f

2
b ≠ 1

2
U

2
Œ (2.16)

where the energy loss due to flow expansion, �Ec, is modelled
using the Carnot losses. Assuming that the mean kinetic en-
ergy is transformed into turbulent kinetic energy Et, and assuming
isotropic turbulence, gives Equation 2.17:

1
2

1
f

2
b ≠ 1

2
U

2
Œ = 3

2uÕuÕ (2.17)
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2. Effect of structures on currents

Equation 2.17 enables expressing the normal Reynolds stress as
a function of the incoming flow velocities and the blockage factor:

uÕuÕ = 1
3

1
f

2
b ≠ 1

2
U

2
Œ (2.18)

The Reynolds shear stress is estimated as uÕvÕ = RuÕuÕ, where
the correlation factor R is given a constant value of 0.4 based on
observations of Nezu and Nakagawa107. This value was derived for
open channel flow conditions and is assumed acceptable as a first
approximation, but it could vary inside a cylinder array. This is
explored further in Section 2.4.

The velocity gradient is estimated from the velocity di�erence
between the side of the cylinders (dominated by blockage) and the
wake of the cylinders (dominated by sheltering) resulting in Equa-
tion 2.19:

ˆu

ˆy
¥

UŒ(fb ≠ fs)
1
2sy

(2.19)

Substitution into Equation 2.15 gives Equation 2.20:

Pw2 = 2
3R(fb ≠ fs)(f 2

b ≠ 1)U
3
Œ

sy
(2.20)

The dissipation term, ‘, is estimated as:

‘ ≥ k
3/2

l
≠1 (2.21)

The characteristic turbulent length scale l is limited by the surface-
to-surface separation between the elements in the flow direction,
l = min(|sx ≠ d|, d). This di�ers from the expression developed
by Nepf106, who used the diameter as representative of the size
of the eddies. We assume that in closely-packed cylinder arrays
the spacing between cylinders may be smaller than the diameter,
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|sx ≠ d| < d, which would limit turbulence development. The max-
imum value of l is set equal to the cylinder diameter. Here we also
assume that for the dense cylinder arrangements, the spacing be-
tween cylinders is considerably smaller than the water depth, hence
turbulence generated by bed friction is negligible.

Balancing the production and dissipation of turbulent kinetic
energy results in Equation 2.22:

k
3/2

l
≥ |UŒ|U

2
Œ

A

cDaf
3
b f

3
s + 4R

3sy
(f 2

b ≠ 1)(fb ≠ fs)
B

(2.22)

Taking the cubic root at both sides and introducing the scale factor
–1 gives Equation 2.23:

Ô
k

UŒ
= –1

A

cDf
3
b f

3
s al + 4

3R(f 2
b ≠ 1)(fb ≠ fs)

l

sy

B1/3

(2.23)

Where –1 is a coe�cient of O(1), which is given a default value of
–1 = 1. The sensitivity of the model to di�erent –1 and R values
is explored in Section 2.4.

k can be calculated by solving Equation 2.23 iteratively, using
the incoming upstream velocity UŒ and the geometric character-
istics of the structure, sy, sx, d and a, as an input. This enables
determining the sheltering factor, fs = Uw/UŒ from Equation 2.11.
The blockage factor fb = (1 ≠ d/sy)≠1 can also be calculated from
the geometric properties of each configuration. Both coe�cients
can be then combined to predict the bulk drag coe�cient, with
cD,b = cD(fs)2(fb)2. Deriving cD,b with the present approach re-
lies on the assumption that the changes in water depth through the
structure are small. This is a reasonable assumption given the short
length of the bamboo structures in the streamwise direction, which
varies between 0.7-1.5 m (see Figure 2.1 b). Longer structures that
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2. Effect of structures on currents

experience non-negligible changes in flow depth and velocity should
be discretized, and the bulk drag coe�cient should be calculated
separately for the di�erent sections. The model assumptions are
discussed further in the following section.

2.4. Model results and discussion
In this section we firstly present the model validation, and investi-
gate how turbulence production and sheltering vary under di�erent
configurations. We then explore the model sensitivity to several in-
put parameters, and finally apply the model to investigate structure
design optimization.

2.4.1. Model validation

The performance of the model is tested against drag measurements
for regular, staggered and random emergent cylinder arrangements
from the literature. A summary of the conditions tested in the dif-
ferent studies is shown in Figure 2.3. The regular configurations,
also denoted as in-line arrangements, consist of rows of cylinders
where the downstream elements are always in one line in the stream-
wise direction (see configurations 1-6 tested by Jansen68 in Figure
A.1 b of Appendix A). In the staggered arrangements, for every
row the downstream elements are shifted laterally so that they are
located at the center line of upstream elements, as also shown in
configuration 7 of Figure A.1 (b). The random arrangements were
obtained by distributing the cylinders using a random number gen-
erator, see Tanino and Nepf146.

In Figure 2.4 we compare the model predictions for the cases
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Figure 2.3: Validation data for emergent cylinder arrays.

of Figure 2.3 with two other approaches used in the literature to
define the bulk drag coe�cient. Figure 2.4 (a) shows the bulk
drag coe�cient calculated from the pore velocities (based on mass
conservation over the fluid volume). Figure 2.4 (b) shows the drag
values derived from the blockage factor (based on mass conservation
over a cross-section, from Equation 2.7). Figure 2.4 (c) shows the
results of the present model, which includes both blockage and
sheltering e�ects.

Using the pore velocities to estimate the bulk drag results in
a general under-estimation of the drag coe�cients (Figure 2.4 a).
The blockage factor provides better estimates of the bulk drag for
random arrays, but it cannot reproduce the sheltering e�ects ob-
served at regular arrangements with di�erent streamwise separa-
tions (Figure 2.4 b). The present model, including both shelter-
ing and blockage, successfully reproduces the bulk drag for regular
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2. Effect of structures on currents

Figure 2.4: Predictions versus bulk drag coe�cient (cD,b) measurements for
random cylinder arrays, by Tinoco and Cowen150 and Tanino and Nepf146, and
versus measurements for regular and staggered arrangements by Jansen68. Plot
(a) shows cD,b values calculated from the pore velocities, (b) from the block-
age factor and (c) from the present model. Vertical bars show the estimated
measurement error.
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configurations, and it also provides a slight improvement for the
random arrangements (Figure 2.4 c). The model displays a general
tendency to overestimate the bulk drag of staggered and random
configurations, which could be due to changes in the flow direction
through such configurations.

Random and staggered arrangements have been associated to
similar bulk drag coe�cients in the literature74, which were higher
than for regular configurations115,81,82,132. Schoneboom et al.132 at-
tributed the larger drag for staggered arrays to the more tortuous
water flow through them. The present model assumes that the flow
propagates only in the streamwise direction, and that it does not
experience changes in direction. This assumption still yielded good
results with the validation, especially for the densest configurations.
This is expected because as the element density increases most of
the total volume is occupied by cylinders. Less room for varying
the spatial arrangement results in similar drag forces for regular
and random arrays.

Although the model does not include changes in water level
through the structures, it could still reproduce the measurements
of Tanino and Nepf146 and Tinoco and Cowen150, conducted with
array lengths of 0.99 m and 2.84 m, respectively. This assumption
may not hold for longer cylinder arrays over a fixed horizontal bed.
Under those conditions the water depth could experience significant
changes through the structure, which should be taken into account
in bulk drag predictions. However, since the bamboo structures
have a short length in the streamwise direction, such cases are be-
yond the scope of the present work.
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2. Effect of structures on currents

2.4.2. Influence of spacing on hydrodynamic parameters

Once validated, the model is applied to investigate the influence of
the distance between elements on turbulence production and shel-
tering, and to evaluate how the previous e�ects translate into di�er-
ent cD,b values. Figure 2.5 shows the turbulent kinetic energy, shel-
tering factor, and bulk drag coe�cient calculated for three values of
spanwise spacing, sy/d = 1.5, 3 and 10, for streamwise separations
between sx/d = [1, 100].

The turbulent kinetic energy, shown in Figure 2.5 (a), is ex-
pressed as a ratio to the turbulent kinetic energy produced by bot-
tom friction, ko. Turbulence generation at the bed is based on the
friction velocity with ko = cf,bU

2
Œ, where cf,b = 0.001 correspond-

ing to a smooth bottom. Overall, the levels of turbulence inside
cylinder arrays are considerably higher than for a bare bed. The
turbulent kinetic energy increases with smaller spanwise spacing
sy/d, since blockage increases the drag forces, their work, and the
shear production term. The largest spanwise spacing, sy/d = 10,
produces relatively lower values of k, but these are still between
k = [4 ≠ 20]ko.

The turbulence levels also vary as a function of the streamwise
spacing, decreasing their values for the lowest sx/d, since shelter-
ing e�ects cause a strong reduction of the turbulence production
terms. Higher streamwise separations reduce sheltering e�ects, and
increase turbulence production up to a relative maximum around
sx/d ≥ 2. Beyond the maximum, the larger streamwise separations
are associated to a lower number of cylinders per unit volume, a
smaller projected area a, and less production of turbulent kinetic
energy per unit mass.
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Figure 2.5: Model results for (a) the turbulent kinetic energy k compared
to the turbulent production of a bare smooth bed, ko, for (b) the sheltering
factor, Uw/UŒ, and for (c) the bulk drag coe�cient cD,b as a function of the
streamwise spacing sx and spanwise spacing sy between cylinders compared to
the cylinder diameter, d. The lines for sy/d = 1.5 and sy/d = 3 are on top
of each other in plot (b). The figure shows that smaller spanwise spacings sy

result in higher turbulence production and faster wake recovery. The smaller
sheltering e�ects combined with larger flow acceleration result in higher bulk
drag coe�cients for low sy.
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2. Effect of structures on currents

These trends are also visible in the sheltering factor, shown in
Figure 2.5 (b), as the velocity deficit over a cylinder is inversely pro-
portional to the level of ambient turbulence. The velocity deficit
is consequently smaller for low sy/d values. Since the velocity re-
duction is also inversely proportional to sx/d, sheltering e�ects are
less pronounced for higher sx/d values. This results in the bulk
drag coe�cients, shown in Figure 2.5 (c), being governed by the
blockage factor for sx/d > 15, and by both sheltering and blockage
for lower sx/d values.

2.4.3. Sensitivity analysis

The present model depends on the values that are assumed for the
parameters –1, R and Ret. The model sensitivity to changes around
their default values is explored in Figure 2.6.

The scale factor –1 is varied between 0.5 and 1.5 in Figure 2.6
(a). The lower limit of –1 = 0.5 is associated to a relatively low
turbulence production, which in turn increases the velocity deficit
on downstream elements. This results in considerable sheltering ef-
fects up to sx/d ≥ 40. –1 = 1 increases turbulence production and
reduces the velocity deficit, causing appreciable sheltering e�ects
up to sx/d ≥ 20. The higher value of –1 = 1.5 provides compa-
rable results to –1 = 1. A more precise assessment of –1 would
require measurements of turbulence production and dissipation in-
side di�erent cylinder configurations. Since laboratory measure-
ments presented in the literature show that sheltering e�ects can
be evident at a downstream distance of sx/d = 1583, it is concluded
that –1 = 1 provides reasonable predictions of the sheltering e�ect.
As shown in Figure 2.6 (b), the model results display low sensitivity
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Figure 2.6: Sensitivity of the modelled bulk drag coe�cient cD,b to varying
values of (a) the scale factor –1 and (b) the correlation factor R, as a function
of the streamwise spacing sx and spanwise spacing sy between cylinders com-
pared to the cylinder diameter, d. Plot (c) shows the influence of the limit for
turbulent flow, Ret, on the bulk drag predictions for sy/d = 1.5 as a function
of the Reynolds number Re.
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to variations of the factor R, since the shear production term Pw2

has a relatively lower weight on the total turbulence production in
comparison with the wake production term Pw1.

The influence of Ret on the bulk drag predictions is illustrated
in Figure 2.6 (c). Lower values of Ret result in stronger sheltering
e�ects and smaller bulk drag coe�cients. The largest di�erence
between the three tested values was observed for Re = 200, where
cD,b = 2, 2.5, and 2.6 for Ret = 200, 1, 000, and 2, 000, respectively.
An accurate evaluation of this threshold would require force and ve-
locity measurements inside cylinder arrays with Reynolds numbers
varying in the previous Ret range. Considering the large diameter
of the bamboo poles, the Reynolds numbers in the field are most
likely to be of the order of Re ≥ 10, 000. This implies that the Ret

threshold will not a�ect significantly the drag force predictions for
the structures.

2.4.4. Drag maximization

The choice of pole configuration, in terms of element spacing sx/d

and sy/d, is thus essential to assess the bulk drag and the resistance
provided by a structure. This is conceptualized in Figure 2.7.

Figure 2.7 illustrates the computed bulk drag coe�cient for dif-
ferent combinations of the dimensionless spacing sx/d and sy/d.
The lowest value of sy/d is limited to 1.3 since, as previously dis-
cussed, below that value the expression of White166 may not be
valid. We also include solid black lines showing configurations with
the same volumetric porosity. Figure 2.7 shows that a structure
with a porosity of 80% can have an average bulk drag coe�cient
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Figure 2.7: Predicted bulk drag coe�cient as a function of the streamwise
spacing sx and spanwise spacing sy between cylinders compared to the cylinder
diameter, d. The diagram shows lines of constant volumetric porosity n. Three
examples of regularly spaced configurations with constant porosity of n = 0.8
but varying streamwise/spanwise spacing are given. Flow direction relative to
the arrays is indicated by a blue arrow (from left to right). The diagram shows
that given a constant porosity, higher drag values can be obtained for smaller
spanwise spacings sy and longer streamwise spacings sx.
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between cD,b = 1 ≠ 10 depending on the element placement.

The highest bulk drag coe�cients are associated to rows of cylin-
ders with a small spanwise spacing sy/d, which enhances blockage,
and a large streamwise spacing sx/d, so that downstream rows ex-
perience less velocity reduction. For instance a regular structure
with 80% porosity and a spanwise spacing of sy/d = 1.4, would
have a streamwise spacing of sx/d = 2.8. This would result in a
bulk drag coe�cient of cD,b = 8. If the same number of elements
were placed in a uniform setting, with sx/d = sy/d = 2, this would
led to a much lower bulk drag coe�cient of cD,b = 3.

Placing the rows in a staggered manner could reduce sheltering
e�ects, but even assuming negligible sheltering, a spanwise spacing
of sy/d = 2 would lead to a bulk drag coe�cient of cD,b = 4 (with
cD,b = cDf

2
b ). A similar e�ect could be achieved with a random

configuration, but predicting the net e�ect of the spatial changes
in density on the drag would require more detailed knowledge of
the cylinder density distribution. In a random arrangement the
flow will tend to deflect to areas of low element density, but its
trajectory will also depend on the length of the paths. A shorter
path where the cylinder are more densely placed could lead to lower
resistance than a longer and sparser alternative122. However, as
previously discussed, for relatively denser structures, uniform and
random arrangements should yield comparable forces.

The present drag model may be implemented in large scale hy-
drodynamic models to evaluate the impact of currents, and the asso-
ciated forces, on the cylinders. This approach would enable varying
the cylinder arrangement, structure length and location, and help
identify parameter combinations that optimize future structure de-
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signs.

Moreover, although the present model was developed for cur-
rents, it is applicable for long waves (with KC > 100, where KC

represents the ratio of wave excursion to pole diameter) where non-
stationary e�ects are negligible. For shorter waves (with KC <

100), the hydrodynamic forces also depend on additional aspects,
such as inertial e�ects101, or turbulence enhancement by waves72.
The influence of wave hydrodynamics on the bulk drag coe�cient
is investigated further in the next chapter.
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3. Effect of structures on
waves

3.1. Introduction

The implementation of bamboo and brushwood structures in De-
mak was limited by lack of tools to predict wave transmission
through the structures. Guidelines for traditional coastal infras-
tructure are not directly applicable for bamboo structures, as these
have di�erent hydraulic properties than structures like breakwaters
or seawalls. The aim of this chapter is thus to develop tools to
predict wave reflection and dissipation by bamboo structures, and
to find optimum structure designs. These objectives are reached by
conducting flume experiments, which enable comparing the relative
performance of di�erent structure configurations. The experimen-
tal results are also used to develop an empirical model, which can
be applied to predict the wave height behind the structures. The
content of this chapter is included in the following publication:

A. Gijón Mancheño, W. Jansen, W.S.J. Uijttewaal, A.J.H.M Reniers,

A.A.van Rooijen, T. Suzuki, V. Etminan, J.C. Winterwerp (2021). Wave

transmission and drag coe�cients through dense cylinder arrays: implications

for designing structures for mangrove restoration. Ecological Engineering 165.
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3. Effect of structures on waves

3.2. Wave transformation through
structures

3.2.1. Wave dissipation

When a wave propagates through a bamboo structure, part of its
energy is reflected seawards, as shown in Figure 3.1. Wave reflection

Figure 3.1: (a) Aerial view of permeable structure built in Demak, Indonesia.
(b) Illustration of the concept of enhancing mangrove restoration with perme-
able structures. When an incoming wave HI encounters a structure, there is a
reflected wave component HR that propagates seawards and may cause scour
at the toe. Another part of the wave energy is dissipated due to drag through
the structure. The smaller transmitted wave height, HT , enhances sediment
deposition, creating new potential habitat for the mangroves. The structures
can have di�erent configurations, such as (c) vertical bamboo poles, (d) vertical
poles and horizontal beams and, (e) vertical poles with a brushwood filling.

increases the flow velocity in front of the structure, and enhances
scour at the toe. The remaining wave energy continues travelling
into the structure and exerts hydrodynamic forces on the poles.
These forces consist of several parts; (1) skin friction forces, (2)

56



form drag forces due to flow separation behind the poles, and (3)
inertia forces, associated with the acceleration of the wave-driven
flow. The friction forces are often neglected, since they are much
smaller than the form drag components. For a vertical cylindrical
element the total in-line force Fx is often parameterized using the
Morison equation101:

Fx =
⁄ ÷

≠h

A
1
2flcDdu|u| + flcM

fid
2

4
ˆu

ˆt

B

ˆz, (3.1)

where h is the still water depth, ÷ is surface elevation, fl is the water
density, cD is the drag coe�cient, d is the pole diameter, u is the
local horizontal flow velocity, cM is the inertia coe�cient, ˆu

ˆt is the
horizontal flow acceleration, and z is the vertical coordinate. The
work done by the hydrodynamic forces over a wave cycle, ‘v, causes
wave energy dissipation, which reduces wave transmission through
the structure. For an array formed by vertical cylinders, the total
work done by the horizontal in-line forces, Fx would be given by
Equation 3.2:

‘v =
⁄ ÷

≠h
FxuNv (3.2)

Where Nv is the cylinder density per unit area.

Since the inertia force and the velocity are 90º out of phase,
the wave-averaged work, ‘v, is dominated by the drag component
of Equation 3.1. Assuming negligible wave reflection and that the
velocity field can be described by linear wave theory gives Equation
3.332:

‘v = 2
3fi

flcD,bdNv

A
kg

2Ê

B3 A
sinh3

kh + 3 sinh kh

3k cosh3
kh

B

H
3 (3.3)

Where cD,b is an empirical bulk drag coe�cient, which includes the
e�ect of disturbances of the velocity field by the cylinder array, k
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3. Effect of structures on waves

is the wave number, Ê is the wave frequency, g is the acceleration
of gravity and H is the wave height.

A horizontal beam exposed to waves experiences form drag
forces in both the horizontal and vertical direction, since the water
particles move in elliptical motions. Suzuki et al.141 expanded the
expression for horizontal structures by incorporating the work done
by the vertical drag forces, resulting in Equation 3.4:

‘v = 2
3fi

flcD,bdNv

A
kg

2Ê

B3 A
sinh3

kh + 3 sinh kh

3k cosh3
kh

+

cosh3
kh ≠ 3 cosh kh + 2
3k cosh3

kh

B

H
3

(3.4)

The additional vertical dissipation term implies that changing
the element orientation from vertical to horizontal may increase
wave dissipation. The vertical velocities, drag forces, and associated
dissipation, are relatively larger in deeper water conditions, charac-
terized by a large ratio of the water depth to the wave length. The
vertical velocities and their e�ects on wave dissipation are smaller
in shallow water, which produces comparable wave dissipation rates
by vertical and horizontal cylinders. The e�ect of element orienta-
tion on wave dissipation has been included in analytical and numer-
ical models, e.g. Suzuki et al.141, but it was not tested in previous
laboratory studies.

3.2.2. Drag coefficients

Predicting wave dissipation by the bamboo structures relies on the
knowledge of the drag coe�cient.97,142. However, most literature
has investigated the drag values for a single cylinder72,50,112, or
for sparse cylinder arrays with volumetric porosities above n =
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0.78128,5,54,6,58,113,28,44,116.

The drag and inertia coe�cients derived in those studies are
often expressed as a function of the KC number, defined as the ratio
of the wave excursion › to the cylinder diameter d

72. KC represents
the relative importance of the drag and inertia force components,
with 0 < KC π 20 ≠ 30 corresponding to inertia-dominated cases,
and KC > 20 ≠ 30 associated with drag-dominated conditions136.
For KC > 100 the drag coe�cients converge with the values of
steady flow, and the KC-dependency disappears72,50,112.

The drag coe�cients for arrays are often calculated by fitting
Equation 3.1 with velocities either measured upstream from the
array, or estimated assuming a harmonic flow128,5,54. Neglecting the
hydrodynamic changes inside the arrays has resulted in considerable
variability in the drag values found in literature, with values ranging
between cD,b = [0, 16] for emergent rigid cylinders128,25,54.

The variability in cD,b for emergent arrays has been mostly at-
tributed to the processes of sheltering and blockage. Sheltering
takes place when downstream rows are exposed to the wake of up-
stream elements, and they thus experience lower drag forces54,21,83.
Sheltering in wave driven flows depends on whether the wave excur-
sion is long enough to reach the next neighbouring cylinder54,140, as
illustrated in Figure 3.2 (e-g). When the ratio between flow excur-
sion, ›, and streamwise separation, sx, is between 1 < ›/sx < 5≠7,
sheltering is a function of the excursion length compared to the
spacing54,140. For larger ›/sx ratios sheltering relates to the dimen-
sionless spacing between cylinders sx/d

54, analogously to uniform
flow. Other studies found that in relatively sparse emergent vege-
tation, sheltering e�ects can often be neglected, and that the drag
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3. Effect of structures on waves

forces are well described by blockage. Blockage refers to flow ac-
celeration through a cross-section of the vegetation43,123,44, which
causes higher drag forces on the cylinders.

Previous studies often focused on one of the two processes, which
dominated the drag forces in their application. However both shel-
tering and blockage may influence the drag forces for the bamboo
structures. The influence of the distance between elements on shel-
tering and blockage is illustrated in Figure 3.2 (a-d), with a smaller
lateral spacing sy increasing blockage e�ects, and a smaller stream-
wise separation sx increasing sheltering e�ects.

In view of the processes of sheltering and blockage, we hypothe-
size that structures with small lateral distance sy (increasing block-
age) and a relatively longer streamwise separation sx (decreasing
sheltering) could maximize the forces, and thus the energy dissipa-
tion per element. This type of geometric arrangement could con-
sequently reduce the material costs of a bamboo structure. How-
ever, excessively low lateral spacings could increase wave reflection
and scour, hindering structure stability169. An optimum structure
should thus maximize wave dissipation while minimizing reflection.

3.3. Laboratory experiments and model for
structures

In order to explore the e�ect of cylinder arrangement and orien-
tation on wave transformation and the drag coe�cients, structure
prototypes consisting of arrays of cylinders were tested in a wave
flume. We measured wave transformation, hydrodynamic forces
and flow velocities inside the arrays. The experiments focused on
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Figure 3.2: Sketch illustrating sheltering and blockage for cylinder arrays. (a)
Situation where the cylinders do not interfere with each other. (b) For small
lateral spacings, flow acceleration increases the forces on the elements (block-
age). (c) For small streamwise spacings, downstream cylinders are in the wake
of upstream elements, which reduces the forces on them (sheltering). (d) Situ-
ation with both blockage and sheltering. (e-g) Sheltering under waves depends
on the wave excursion › compared to the spacing between cylinders sx and their
diameter d. (e) If ›/sx < 1, the wake of one element does not reach neighbour-
ing cylinders. (f) If 1 < ›/sx < 5 ≠ 7 sheltering depends on ›/sx

54,140. (g) If
›/sx > 5 ≠ 7 sheltering depends on sx/d

54.
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3. Effect of structures on waves

regular or in-line configurations, since they simplify the analysis
of the physical processes. Random arrangements would provide
higher drag variability under comparable conditions, and besides
this, regular arrangements may provide more e�cient designs that
maximize blockage and minimize sheltering.

Due to the properties of the bamboo structures, the experiments
enabled investigating processes not addressed in other studies. We
tested cylinder arrays that were denser and shorter (in the direc-
tion of wave propagation) compared to most experiments in the
literature, since fully developed canopy conditions cannot be di-
rectly applied to the bamboo structures. Wave reflection was also
analyzed, given the higher density of the structures compared to
natural vegetation, and the potential detrimental e�ects of reflec-
tion on structure stability. The set-up of the experiments and the
data analysis are explained in the following sections.

3.3.1. Data collection

Wave generation

The laboratory experiments were conducted in a wave and current
flume at Delft University of Technology. The flume is 40 m long, 0.8
m wide and 0.8 m high. A wave generator with an active reflection
compensation system was placed at one side of the flume and a
wave absorber at the opposite end. We prescribed the second-order
steering of the wave maker for all tests. Monochromatic waves were
generated, with a water depth of h = 0.55 m, a wave height of H =
0.13 m, and periods of T = 1, 1.25, 1.5, 1.75, 2, and 3 s, respectively.
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Physical model

The generated waves propagated through a frame with cylinders
placed in the middle of the flume, as illustrated in Figure 3.3 (a).
The physical model consisted of a grid of 0.76 x 0.76 m, where
aluminum cylinders could be introduced in di�erent arrangements.
The elements were held together by a top and a bottom plate, as
shown in Figure 3.3 (c). The cylinder diameter was d = 0.04 m for
all experiments. The tested configurations are illustrated in Figure
3.4. The configurations are named based on their lateral spacing
(D, for dense with sy = 1.5d, and S, for sparse with sy = 3.0d),
their streamwise spacing sx (also D or S), the number of rows, and
the cylinder arrangement (with R for regular or in-line, and T for
staggered).

Most experiments were conducted with vertical cylinder arrange-
ments, starting with one single row, and adding additional rows in
successive experiments. For a smaller subset of configurations, in-
dicated by an asterisk in Figure 3.4, the frame was also placed hor-
izontally in the flume to analyze the e�ect of cylinder orientation
on wave transformation.

Instrument set-up

For each cylinder arrangement we measured the water surface ele-
vation, flow velocities and the forces acting on individual cylinders.
The locations of the instruments are presented in Figure 3.3 (a).
All the instruments were measuring throughout each experiment
with a frequency of 100 Hz.

The water surface elevation was measured with capacitance-type
wave gauges; two in front of the structures (WG1 and WG2 in Fig-
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3. Effect of structures on waves

Figure 3.3: (a) Side view of the instrument set-up in the flume. (b) Detail top
view of the placement of the ADV inside the physical model. (c) Picture of the
ADV and the load cell (FT) inside the flume. (d) Picture of the frame outside
of the flume in the horizontal orientation. (e) Picture of the frame outside of
the flume in the vertical orientation
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Figure 3.4: Configurations tested in the experiments. The location of the
ADV for each configuration is indicated by a grey cross, while the location
of the force measurements is shown with a red dot. The configurations were
tested by starting with a single row, and adding downstream rows in successive
steps. All the configurations were tested with a vertical orientation, while the
configurations with blue asterisks were also tested with a horizontal cylinder
orientation.
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3. Effect of structures on waves

ure 3.3), and two behind it (WG3 and WG4 in Figure 3.3). The
output of the wave gauges was in volts, and the surface elevation
was obtained from linear regression, using separate calibration fac-
tors for each of the wave gauges. The accuracy of the gauges was
1%59. The separation between each pair of wave gauges was set
to 0.25 times the wave length of each wave condition, for optimal
wave reflection analysis49.

An electromagnetic flow meter (EMF) was placed at a distance
of 0.4 m upstream from the structure. The elevation of the EMF
was changed between tests to provide velocity measurements at 3
elevations from the bed: z = 0.15 m, 0.25 m, and 0.4 m. The EMF
measurements had an accuracy of approximately 1%60.

The velocities inside the structures were measured with a Nortek
Vectrino acoustic velocimeter (ADV), placed 0.04 m upstream from
the center of a cylinder (see Figure 3.3 (c) and Figure 3.4). The
elevation of the ADV was also varied between tests, and it measured
the flow velocity at z = 0.15 m, 0.25 m, and 0.4 m. The ADV had
an accuracy of approximately 1%111.

The hydrodynamic loads acting on a single cylinder were recorded
with a SCAIME load cell mounted on the upper part of the element,
measuring in volts with 0.017% accuracy130. The load cells were
calibrated using known weights, and fitting a linear relationship
between weight and voltage output. The measured forces were cal-
culated by multiplying the sensor output by the calibration factor,
and by the acceleration of gravity. Force and velocity measurements
were only collected for the vertical orientations, since we could not
introduce the sensors inside the horizontal structures without re-
moving multiple elements.
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3.3.2. Data analysis

Wave transformation

The incoming and reflected wave components were separated with
the method of Goda and Suzuki49, using the dispersion relation
for non-linear waves of Kirby75, consistently with the second-order
wave paddle steering. The method was applied to the time series of
WG1 and WG2 to calculate wave reflection in front of the structure,
and to the measurements of WG3 and WG4 to calculate the wave
transmitted through the structure. The analysis was conducted
over time intervals during which (1) the propagating wave had al-
ready reached the wave gauges but (2) its reflected component from
the end of the flume had not yet arrived at WG4.

Force coefficients

The drag and inertia coe�cients were determined with a least-
square fit method, using the depth-averaged velocity and accel-
eration in Equation 3.1 to reproduce the measured forces136. This
approach thus required reconstructing the full velocity profile from
the di�erent experiments to estimate the depth-averaged quantities.

Although the instruments were automatically synchronized by
the data logger during each test, the velocity measurements at the
di�erent elevations (z = 0.15 m, 0.25 m, and 0.4 m) were collected
during separate experiments. Combining those measurements to
obtain the vertical velocity profile required correcting for the rela-
tive time shift between tests, to ensure that the velocities along the
vertical coordinate corresponded with the same phase of the wave.

The time shift was calculated by maximizing the correlation

67



3. Effect of structures on waves

between the time series of WG2 for each test with respect to the
reference case, which was taken as the test with z = 0.15 m. An
example of the velocity measurements before and after correcting
for the time shift is shown in Figure B.2 of Appendix B. A mov-
ing average was applied to the velocity time series over intervals of
0.25 s. For the velocity measurements of 1C, the mean flow com-
ponent was removed using the detrend function in Matlab. The
acceleration time series was computed from the time derivative of
the velocities.

Prior to calculating the depth-averaged quantities, we estimated
the values of the velocity and acceleration at the flume bottom
z = 0 and at the mean water level z = h to include the veloc-
ity changes throughout the whole water column. We extrapolated
those values from a hyperbolic cosine fit through the measurements
at z = 0.15, 0.25, and 0.4 m. The reconstructed velocity profiles
from the EMF measurements of 1C are shown in Figure B.3 of the
Appendix. The hyperbolic cosine fit was made assuming that the
vertical profile can be described by the main harmonic, since we
generated regular waves in the flume. We also calculated the wave
spectrum for all wave conditions, and reconstructed the vertical
profile by adding the velocity of each harmonic. The maximum
di�erences were up to 2% at z = h.

The depth-averaged quantities were then calculated by trape-
zoidal integration over the vertical. A moving average was applied
over intervals of 0.25 s to the force time series of the reference case,
z = 0.15 m. The drag and inertia coe�cients were determined by
fitting Equation 3.1 over an interval of 4 wave periods in order to
minimize spurious e�ects. The interval length of the moving aver-
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age was varied to evaluate how it a�ected the fitted drag coe�cients
for 1C. Averaging over intervals of 0.12 and 0.37 s provided very
similar values of the force coe�cients, with maximum di�erences of
-1.98 and 2.95%, respectively.

Model development

Optimal structure designs are characterized by low reflection (Kr),
high dissipation (Kd) per element. We consequently present a sim-
plified conceptual model to investigate how wave reflection and dis-
sipation vary with di�erent cylinder arrangements, in order to iden-
tify the most optimal designs.

Wave reflection through a single row of cylinders is calculated
as a function of its lateral spacing sy compared to the cylinder
diameter d. If the cylinders are so close that they touch each other,
i.e. sy≠d = 0, the incoming wave height is fully reflected, with Kr =
1. In the extreme case where the lateral separation is infinite, the
reflection coe�cient is zero. We consequently model wave reflection
with a function of the form:

Kr = 1
1 + cR

sy≠d
d

(3.5)

where cR is an empirical coe�cient.

Equation 3.5 provides the reflection coe�cient of the first row.
The energy flux entering the first row after subtracting wave reflec-
tion is thus given by (1 ≠ K

2
r )Eicg,i, where Eicg,i is the incoming

wave energy flux seawards from the structure.

The energy dissipated due to the drag forces acting on the first
row of cylinders is obtained by introducing Equation 3.3 in the wave
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3. Effect of structures on waves

energy flux balance32:

ˆEcg

ˆx
= ≠‘v (3.6)

Where x is the horizontal coordinate in the direction of wave prop-
agation. Expressing the balance as a function of the wave height
results in Equation 3.7:

ˆH

ˆx
= ≠AoH

3
, (3.7)

where Ao = 8‘v/(flgcgH
3). Solving the linear di�erential equa-

tion for the wave height results in Equation 3.832:

Kt = H

Ho
= 1

1 + –sx
, (3.8)

where Kt is the wave transmission coe�cient through the first
row of cylinders, expressed as the ratio of the wave height just
downstream of the row, H, to the incoming wave height, Ho. sx

represents the separation between two rows of cylinders center-to-
center in the wave direction, and the damping factor – is given by
– = ‘vH/2flgcg.

The bulk drag coe�cient used in Equation 3.3 is estimated as
the product of the drag coe�cient of a single cylinder, cD, times an
empirical characteristic velocity, uc, representative of blockage and
sheltering e�ects inside an array, and divided by the undisturbed
flow velocity u obtained with linear wave theory:

cD,w = cD

3
uc

u

43
(3.9)

The subscript w denotes that since this bulk drag coe�cient is im-
plemented in the wave dissipation term, it relates to the local veloc-
ity to the power of three. The characteristic velocity is estimated
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as a function of several empirical factors:

uc

u
= fbfKCfs, (3.10)

where the blockage factor fb is based on mass conservation through
a cross-section of the structure43,123,44, resulting in Equation 3.11:

fb = 1
1 ≠ d/sy

, (3.11)

fKC is an empirical factor representing the transition of the drag
coe�cient between inertia and drag dominated conditions, e.g. as
shown in Figure 9 of Etminan et al.44.

The right term, fs, representing sheltering e�ects, is computed
using Equation 3.12:

fs = 1 ≠
cs

sx/d
(3.12)

Here we assume that for highly turbulent environments the velocity
reduction in the wake of a cylinder is proportional to 1 ≠ cs/(sx/d),
as shown by Eames et al.38 for uniform flow, where cs is an empirical
parameter dependent on the turbulent intensity. This approach has
also been successfully applied to predict sheltering e�ects for dense
cylinder arrays in currents (see Chapter 2).

Equations 4.6-3.12 estimate the wave dissipation caused by each
row. The total wave reflection and dissipation rates of the structure
can be calculated cumulatively row by row, by (1) firstly calculating
wave reflection, (2) subtracting the reflected energy flux, and (3)
calculating wave dissipation between each row and the downstream
one.
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3. Effect of structures on waves

3.4. Experimental and model results

3.4.1. Wave transmission

Wave transmission through the di�erent configurations is shown in
Figure 3.5 as a function of KC. The transmission coe�cient Kt

is defined as the ratio of the transmitted wave amplitude to the
incoming wave amplitude. The transmission measurements range
between Kt = 0.4 ≠ 1. Overall, the transmission rates decrease
for longer waves, associated with higher KC values, and for an
increasing number of rows for each configuration. However, most
wave height reduction takes place in the first rows of the structures.

The influence of element density on wave transmission is more
pronounced than the e�ect of wave excursion. The densest struc-
ture, DD13R, produces the lowest transmission rates (Figure 3.5,
a), and the most porous structure, SS7R, the highest transmission
rates (Figure 3.5, d). Nevertheless, element arrangement plays an
important role on the wave height reduction per cylinder. For in-
stance, the configuration formed by dense rows with a relatively
longer streamwise separation, DS7R, (Figure 3.5, b), has half as
many elements as the least porous configuration, but their wave
transmission rates are similar. The results of Figure 3.5 (b) and
(d) correspond with structures that have the same number of ele-
ments, but wave transmission is higher through the staggered ar-
rangement, SS13T, (Figure 3.5 d) than through the dense rows with
a long streamwise separation (Figure 3.5 b).

Horizontal arrangements reduce wave transmission compared to
vertical configurations, as shown in Figure 3.5. The additional wave
height reduction is largest for the smallest KC, with horizontal
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Figure 3.5: Wave transmission coe�cient as a function of KC. Each plot shows
the evolution of the transmission coe�cient for the vertical configurations, from
one single cylinder (black dashed lines), to a single row (black solid lines), and
to a full configuration (solid blue lines, with lighter shades indicating a higher
number of rows) for (a) DD13R, with sx = sy = 1.5d, (b) DS7R, with sy = 1.5d

and sx = 3d, (c) SS13T, sx = sy = 3d in a staggered arrangement and (d) SS7R,
sx = sy = 3d in a regular arrangement. We also include the measurements with
a horizontal orientation for each full configuration (light blue dotted lines). The
plots show that the transmission rates are mostly influenced by the structure
configuration, rather than the wave excursion, and that most wave attenuation
takes place on the first rows of the structure. The results also indicate higher
wave height reduction for the horizontal arrangements compared to the vertical
orientations, especially for smaller wave periods.
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3. Effect of structures on waves

configurations having transmission coe�cients 10 ≠ 20% smaller,
whereas for KC > 15 horizontal and vertical arrangements show
similar wave transmission rates. Since the frames have the same
frontal and volumetric porosity for both orientations (resulting in
the same frontal area), and the measurements were collected for
intermediate water conditions (for which the vertical velocities are
still significant), the additional wave height reduction is likely due
to the work done by the vertical drag forces141.

3.4.2. Wave reflection

Wave height reduction behind the structures is partly due to wave
reflection. The wave reflection rates for the di�erent configurations
are illustrated in Figure 3.6, where Kr represents the ratio of the
reflected wave amplitude to the incoming wave amplitude. The
results of 1C (single cylinder) are representative of wave reflection
from the end of the flume, and show values oscillating between
Kr = 0.02 ≠ 0.07. We calculated Kr before the propagating wave
reached WG4 after being partly reflected at the wave absorber.
However, small oscillations were generated by the wave maker in
the beginning of the experiments, which explain the reflection rates
observed for 1C.

The reflection rates in front of the structures vary between Kr =
0.05 ≠ 0.4. Wave reflection in front of the cylinder arrays increases
with KC until KC = 15. Beyond this KC value, the reflection
rates show a slight decrease for most configurations except for DS7R
(Figure 3.6, b). The highest reflection rates are measured for the
least porous configuration, DD13R (Figure 3.6, a), and the smallest
reflection rates for the most porous configuration, SS7R (Figure 3.6,
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d).

Wave reflection also varies depending on the cylinder arrange-
ment. Using the same frontal area but increasing the number of
rows (Figure 3.6 a and 3.6 b respectively), results in higher wave
reflection. This is partly due to the increase in the number of cylin-
ders. However, DS5R and DD5R have the same number of elements
and the same frontal area, while DS5R (with a longer streamwise
spacing, and thus a longer structure width) experiences lower re-
flection rates. This suggests that increasing the streamwise spacing,
and the structure width in the direction of wave propagation, re-
duces wave reflection. Staggering the elements also reduces the
reflection rates, as it can be observed by comparing Figure 3.6 (b)
and (c).

3.4.3. Velocities and forces

Wave dissipation inside the structures is caused by the work done
by the forces acting on the elements. We consequently investigated
the magnitude of the forces and velocities measured inside di�er-
ent configurations in Figure 3.7. The measured velocity signals are
asymmetrical in all cases, with larger negative than positive veloc-
ities (Figure 3.7 a and b). This is caused by asymmetric placement
of the sensor, as illustrated in the upper sketches of Figure 3.7.

During the positive velocities the sensor measured the flow be-
fore it accelerated between the elements, whereas during the nega-
tive velocities it experienced the jet formed between the elements.
Return currents could also increase the negative velocities, but the
pronounced negative asymmetry is not observed in the measure-
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3. Effect of structures on waves

Figure 3.6: Wave reflection coe�cient in front of the structure as a function
of KC. Each plot shows the evolution of the reflection coe�cient from one
single cylinder, to a full configuration for (a) DD13R, with sx = sy = 1.5d, (b)
DS7R, with sy = 1.5d and sx = 3d, (c) SS13T, sx = sy = 3d in a staggered
arrangement and (d) SS7R, sx = sy = 3d in a regular arrangement. The
results show limited influence of the wave period on wave reflection, except for
the lowest KC values. The reflection measurements vary with the frontal area,
the number of rows and the spacing between rows. Wave reflection increases
cumulatively by adding downstream rows, but the e�ect of each successive row
is relatively smaller.
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ments of the EMF, placed 0.4 m upstream from the frame. The
negative velocities are thus indicative of how much the flow accel-
erates through the spacing between cylinders, whereas the positive
velocities do not include blockage e�ects.

For KC = 10 (Figure 3.7 a) the negative velocities for the single
row are 2.5 times larger than for a single cylinder. The first row
of DS7R has similar negative velocities to the single row (D). Fur-
ther into the structure the negative velocities reduce due to wave
attenuation. In the last row, the negative velocities are actually
comparable to those measured for a single cylinder. The velocities
for KC = 21 (Figure 3.7 b) show a similar behaviour for the dif-
ferent configurations, but the increase in the negative velocities for
the first row of the structure is smaller than for KC = 10, with
velocities being a factor of 2 times larger than for a single cylinder.

The force measurements are shown in Figure 3.7 (c-d). The force
signal for KC = 10 (Figure 3.7 c) has an almost 90¶ phase di�erence
with the velocity, indicating inertia-dominated conditions. This is
further shown in Figure 3.8, where the force coe�cients were fitted
for 1C (single cylinder) and D (single row with sy = 1.5d), and used
to estimate the contribution of the drag and inertia components to
the total force. For both 1C (Figure 3.8 a) and D (Figure 3.8 c)
with KC = 10 the inertia force is almost equal to the total force.
The forces for the single row of cylinders and the first row of the
structure are approximately 2 times larger than for a single cylinder,
as shown in Figure 3.7 (c). The relationship between the increase in
velocity and the increase in the forces is thus close to linear, which
is consistent with inertia forces being linearly proportional to the
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3. Effect of structures on waves

Figure 3.7: Forces and velocities measured for a single cylinder (1C), a sin-
gle row (D) and a full structure (DS7R) for KC = 10 and KC = 21. The
upper sketches show how the sensor placement a�ects the velocity measure-
ments. When the velocities were in the direction of wave propagation, the
sensor measured the flow before it accelerated between the cylinders. When
the flow reversed, the sensor received the jet formed between the elements. The
lower sketches show the location of the force (coloured dots) and velocity mea-
surements (crosses) for the di�erent configurations. Flow velocities increase
between multiple cylinders compared to the the case with a single cylinder
(a,b). Higher velocities also increase the forces acting on the elements (c,d).
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Figure 3.8: Comparison between measured and fitted forces for KC = 10, and
configurations (a) 1C and (c) D, and for KC = 21, and configurations (b) 1C
and (d) D. The measured force signal is shown in black, and the fitted signal
in dark blue. The fitted force is decomposed in the inertia component (red)
and the drag component (blue). For lowest KC = 10 (a,c) the force signal
is dominated by inertia, whereas for KC = 21 (b,d) it is driven by the drag
component.
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3. Effect of structures on waves

acceleration.

The force signal for KC = 21 (Figure 3.7 d) is in phase with
the velocity, indicating drag-dominated conditions. This can also
be seen in Figure 3.8 (b) and (d), where the the drag component
governs the total force. The forces for a single row and the first row
of the structure with KC = 21 are approximately 2 times larger
than for a single cylinder (Figure 3.7 d). If the drag forces were
fully driven by blockage between the cylinders, the factor of 2 in the
velocities would result in a factor of 4 in the forces, whereas the ratio
we measure is smaller. Using the velocities between the elements
in Equation 3.1 would consequently overpredict the drag forces for
the present configurations and KC range. A similar behaviour is
also found in the model results of Etminan et al.44.

Etminan et al.44 observed that bulk drag coe�cients of cylinder
arrays, which include the e�ect of the velocity changes on the drag
forces, increase from the value of a single cylinder from KC = 10,
until larger drag values between KC = 20 ≠ 60. For higher KC

numbers, the drag forces are well represented by the velocities be-
tween the cylinders due to mass conservation. Our measurements
fall on their intermediate KC range, where blockage increases the
drag forces compared to a single cylinder, but its e�ect is still re-
duced compared to KC > 20 ≠ 60. Parameterizing the character-
istic velocities for the drag forces in this KC range consequently
requires applying a reduction coe�cient to the velocities from mass
conservation.
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3.4.4. Drag coefficients

Drag coefficients from forces

The bulk drag coe�cients based on the undisturbed velocities from
the EMF of 1C, are shown in Figure 3.9. The drag coe�cients of
both the single cylinder and the single sparse row (in Figure 3.9 c
and d) correspond well with drag values for a single cylinder from
the literature, which decrease from cD ¥ 2 for KC = 10, to cD ¥ 1.7
for KC = 2172,50,112. The single denser row (in Figure 3.9 a and
b), has drag higher values, approximately 2.5 times larger than for
a single cylinder. These larger drag coe�cients are likely due to
blockage e�ects, as the flow contracts through the small openings
between the cylinders.

The drag coe�cients of the most porous configuration (SS7R)
and the staggered structure (SS13T) are similar to the drag coef-
ficients of a single cylinder, as shown in Figure 3.9 (c) and (d) re-
spectively. The drag coe�cients are higher for the structure formed
by rows with a small lateral spacing and a relatively longer stream-
wise spacing (DS7R, shown in Figure 3.9 b), with cD,b = 2 ≠ 4 at
the first row. The drag coe�cient decreases at the middle and last
rows of DS7R, since the undisturbed velocities do not include wave
attenuation through the structure.

The least porous configuration (SS7R, shown in Figure 3.9 a)
experiences smaller drag coe�cients than DS7R. This can be par-
tially explained by the higher reflection rates of the least porous
structure. However, DS7R and DD9R have similar reflection rates
for KC = 21, while the drag coe�cient of DS7R is twice as large.
This suggests that sheltering of downstream rows reduces the forces
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3. Effect of structures on waves

acting on the cylinders. Sheltering e�ects thus decrease the work
done per element, explaining the higher wave reduction e�ciency
of DS7R.

Figure 3.9: Bulk drag coe�cient for configurations formed by multiple rows of
cylinders as a function of KC. Each plot shows the evolution of the bulk drag
coe�cient from one single cylinder (dashed line), to a full configuration for (a)
DD13R, with sx = sy = 1.5d, (b) DS7R, with sy = 1.5d and sx = 3d, (c)
SS13T, sx = sy = 3d in a staggered arrangement and (d) SS7R, sx = sy = 3d

in a regular arrangement. The sparse (d) and staggered (c) arrangements have
bulk drag values similar to the results of a single cylinder. The configuration
formed by dense rows with a big streamwise spacing (b) has the highest bulk
drag coe�cients. When the dense rows are placed with a smaller streamwise
spacing (a), the bulk drag decreases.
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3.4.5. Predicting wave transmission

The expressions for wave dissipation (Equations 3.3 and 3.4) are
based on the assumption of undisturbed flow, which does not hold
for some of the configurations tested in the present study. How-
ever, we wondered whether these expressions could still provide
reasonable predictions if blockage and sheltering e�ects inside the
structure are accounted for.

Etminan et al.44 and van Rooijen et al.123 observed that the
bulk drag coe�cient for arrays mimicking natural vegetation was
well represented by mass conservation through a cross-section of
the array, as shown in Equation 3.13:

cD,b = cD

3
A

Ac

42
(3.13)

where cD is the drag coe�cient of a single cylinder, A is the total
area of the cross-section of the flume, and Ac is the total available
flow area between the cylinders. The wave transmission predictions
obtained by using the bulk drag from Equation 3.13 are shown in
Figure 3.10 (a).

We predicted wave transmission with Equation 3.3 for vertical
orientations and Equation 3.4 for horizontal elements. Measure-
ments and predictions are compared for the configurations tested
with both vertical and horizontal orientations. The measured trans-
mission rates were corrected to exclude the e�ect of wave reflection,
which is not calculated by Equations 3.3 and 3.4. Using the drag
coe�cient derived from mass conservation underpredicts the mea-
sured transmission (Figure 3.10 a), indicating that the work done
by the cylinders is overpredicted.

We also estimated wave transmission using the bulk drag val-
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3. Effect of structures on waves

ues derived from the force measurements, illustrated in Figure 3.9.
These predictions are shown in Figure 3.10 (b). For each config-
uration we used the bulk drag coe�cients fitted to the first row
of the structure. The bulk drag measurements of the middle and
back rows were calculated as a function of the undisturbed veloci-
ties, and they consequently include the e�ect of wave attenuation
through the structure. Implementing them in Equations 3.3 and
3.4 could thus result in an underprediction of the wave dissipation.

Using cD,b values derived from the forces to predict wave trans-
mission provides a better agreement with the measurements, but it
leads to an overestimation of the measured wave transmission, as
it can be observed in Figure 3.10 (b). Chen et al.28 also overpre-
dicted wave transmission measurements when they used the same
approach. This is discussed further in the following section.

Relating drag coefficient fitted from forces and dis-
sipation

The bulk drag coe�cients derived in the present study (Figure 3.9)
were fitted to the forces and they are consequently related to the
undisturbed velocity to the power of two:

cD,b ≥
Fd

u2 (3.14)

However, when the bulk drag coe�cient is used as an empirical
factor to reproduce wave transmission measurements, it relates to
the undisturbed velocity to the power of three:

cD,w ≥
‘v

u3 , (3.15)

where the subscript w denotes that the empirical drag coe�cient
is related to the wave dissipation rate. Considering the previous
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relationships, by using a bulk drag coe�cient derived from force
measurements to estimate wave dissipation we might underestimate
the e�ect of the velocity changes inside the structure.

In order to account for the power of the velocity, we related
the measured forces to the drag coe�cient of a single cylinder, cD,
and replaced the undisturbed velocity u by the characteristic drag
velocity uc, which includes the e�ect of the structure on the flow.
The relationship between uc and cD,b is given by Equation 3.16:

Fd ≥ cD,bu
2

≥ cDu
2
c (3.16)

Solving for uc results in:

uc

u
=

Û
cD,b

cD
(3.17)

Equation 3.17 expresses the bulk drag as a factor that multiplies
the undisturbed velocity. Assuming that the magnitude of the char-
acteristic velocity is the same for wave dissipation, but taking into
account that the dissipation is proportional to the velocity to the
third power, results in:

cD,w = cD

3
uc

u

43
(3.18)

This formulation expresses the characteristic velocity inside a canopy
as an empirical drag coe�cient that can be included in the dissi-
pation term ‘v. Introducing Equation 3.18 in Equation 3.3 would
result in:

‘v = 2
3fi

flcD

3
uc

u

43
dNv

A
kg

2Ê

B3 A
sinh3

kh + 3 sinh kh

3k cosh3
kh

B

H
3

(3.19)
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And for Equation 3.4 it results in:

‘v = 2
3fi

flcD

3
uc

u

43
dNv

A
kg

2Ê

B3 A
sinh3

kh + 3 sinh kh

3k cosh3
kh

+

cosh3
kh ≠ 3 cosh kh + 2
3k cosh3

kh

B

H
3

(3.20)

The wave transmission predictions from Equations 3.19 and 3.20 are
shown in Figure 3.10 (c) and (d). In Figure 3.10 (c) we estimated
the characteristic drag velocity uc from mass conservation in a cross-
section of the array, with uc/u = A/Ac, where A is the total cross-
section of the flume, and Ac the available flow area between the
cylinders. In Figure 3.10 (d) we estimated the characteristic drag
velocity uc from the the bulk drag measurements derived from the
forces, using Equation 3.17.

Using the velocities due to mass conservation to the power of
three also underpredicts the wave transmission measurements (Fig-
ure 3.10, c). The best agreement between predictions and mea-
surements is obtained when using the empirical characteristic drag
velocity to the power of three (Figure 3.10, d). These results suggest
that the bulk drag coe�cients derived from wave transmission mea-
surements and those derived from force measurements are related,
but they are not directly exchangeable. Using bulk drag coe�cients
from forces to predict wave dissipation requires expressing cD,b as
a characteristic drag velocity (as done in Equation 3.17), and in-
troducing it in the dissipation rate to the power of 3. The results
also show that the expression of Suzuki et al.141 as a function of the
characteristic velocity provides a good agreement with the trans-
mission rates observed for horizontal arrangements. This agreement
between observations and predictions supports that the additional
dissipation observed for horizontal structures is caused by the work
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Figure 3.10: Measured versus predicted wave transmission rates from Dalrym-
ple et al.32 for the vertical structures (circles), and from Suzuki et al.141 for
the horizontal configurations (triangles). (a) Results obtained using the bulk
drag cD,b derived from the constrained velocities (Equation 3.13). (b) Results
obtained using the cD,b values from the forces measured at the first row of
the structure (from Figure 3.9). (c) Results obtained using the constrained
velocities in the wave energy dissipation rate. (d) Results obtained using the
characteristic drag velocities uc from Equation 3.17 in the wave energy dissi-
pation rate. The best agreement with the measurements was obtained using
the characteristic velocity from the drag forces to the power of 3 (d).
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3. Effect of structures on waves

done by the vertical drag forces, and that the drag coe�cient does
not experience large changes when varying the cylinder orientation.

3.4.6. Model results

Applying the empirical model presented in section 3.3.2 requires
defining the empirical coe�cients for the drag forces, fKC , and cs,
and the empirical coe�cient for wave reflection, cR.

fKC was calculated using a linear fit through the laboratory
measurements, resulting in Equation 3.11:

fKC = 0.012KC + 0.44, (3.21)

We fitted cs such that we could reproduce the sheltering e�ects
observed in the present experiments. The bulk drag coe�cients of
downstream rows include the e�ect of wave attenuation, and using
them would overestimate sheltering e�ects. However, due to flow
reversal under waves the elements of the first row also experience
sheltering during half of the wave cycle. cs is thus obtained by
calculating the ratio of the cD,b value measured at the first row of
the full configurations (SS7R, DS7R and DD13R) to cD,b values of
the single rows (S and D), resulting in cs = 0.796.

The factor cR was obtained by fitting Equation 3.5 to the re-
flection measurements of configurations S and D, resulting in cR =
41.81. We subtracted the energy reflected from the end of the flume
from the measurements, since it is not accounted for in Equation
3.5.

The model can reproduce the trends observed in the reflection
and transmission measurements, as shown in Figure 3.11. The max-
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imum di�erences between modelled and measured wave heights are
0.019 m for the transmitted components, and 0.020 m for the re-
flected components. The deviations for di�erent wave periods are
probably linked to neglecting the influence of the wave length on
sheltering and wave reflection.

Including sheltering and reflection is important for design opti-
mization, since both processes influence how wave dissipation varies
with cylinder density. For instance, the original formulation of Dal-
rymple et al.32 gives lower transmission rates for higher cylinder
densities. The inclusion of blockage in their formulation would en-
hance this trend further, since higher densities would also lead to
higher dissipation per element.

Figure 3.11: Validation of conceptual model. The left plot shows the com-
parison between the measured and computed transmission coe�cient for SS7R
(dark blue circles), DS7R (light blue circles), and DD13R (brown circles). The
cylinder configuration is illustrated to the left of the results for all arrangements.
The right plots shows the comparison between the measured and computed re-
flection coe�cient for SS7R (dark blue circles), DS7R (light blue circles), and,
DD13R (brown circles). The black lines indicate a 20% deviation of the results.
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3. Effect of structures on waves

Sheltering would have the opposite e�ect, reducing wave dissi-
pation per element if the streamwise separation sx is small enough.
Wave reflection would also decrease the wave energy available for
dissipation. However, the relative influence of the previous pro-
cesses is not known. We thus compared the e�ect of wave reflection
and sheltering on wave transmission, and illustrated the results for
sx = 1.5d and sx = 10d in Figure 3.12. We analyzed structures
with a total width (in the wave direction) of w = 0.76 m, a cylin-
der diameter of d = 0.04 m, and varying lateral spacing sy, with
sy/d = 1.1 ≠ 10. The wave conditions were set to H = 0.13 m,
T = 3 s, h = 0.55 m, which corresponded with KC = 21.

Figure 3.12 (a) shows that both sheltering and wave reflection
have a small e�ect on wave transmission for sx = 10d. Wave re-
flection becomes non-negligible for densities larger than Nv = 20
elements/m2 (Figure 3.12 c), but it also has a small e�ect on wave
dissipation (Figure 3.12 e). The e�ects of sheltering are more pro-
nounced for sx = 1.5d, with the dissipation being reduced almost
by half for Nv = 100 elements/m2 (Figure 3.12 f).

The influence of wave reflection on wave dissipation is larger
for sx = 1.5d than for sx = 10d, but still smaller than sheltering.
This comparison suggests that accurate descriptions of sheltering
may be important to predict wave transmission. Including wave
reflection has a relatively smaller e�ect on the wave transmission
predictions, but precisely assessing its magnitude is necessary to
ensure the stability of the designs.

We also assessed the relative performance of di�erent configu-
rations in Figure 3.13, with downstream spacings varying between
sx = 1.2 ≠ 10d. The remaining model parameters were set equal
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Figure 3.12: Wave transmission rates for configurations with (a) sx = 10d and
(b) sx = 1.5d. Wave reflection rates for configurations with (c) sx = 10d and
(d) sx = 1.5d. Wave dissipation rates for configurations with (e) sx = 10d and
(f) sx = 1.5d. The blue lines are obtained using Equation 3.19 and uc/u = fb.
The black lines are obtained including the e�ect of reflection from Equation 3.5,
and without including sheltering. The yellow lines are obtained accounting for
reflection and including sheltering in the characteristic velocity (Equation 3.10).
Sheltering e�ects are very small for the configuration with a large streamwise
separation (a,c,e), whereas it reduces the wave dissipation coe�cient up to
50 % for the configuration with smallest spacing (f). Wave reflection has a
relatively smaller e�ect on wave transmission, but high reflection rates could
hinder structure performance in the field.
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3. Effect of structures on waves

Figure 3.13: (a) Wave transmission rates, (b) wave reflection rates, and (c)
wave dissipation rates for configurations with a downstream spacing between
sx/d = 1.2 ≠ 10, plotted with di�erent shades of blue (with lighter colours
indicating longer downstream separation). For each sx value the lateral spacing
varies between sy/d = 1.1 ≠ 10. The same wave transmission can be achieved
with di�erent cylinder densities, but higher densities are associated to higher
wave reflection rates.
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to those of Figure 3.12. Figure 3.13 shows that the same amount
of wave transmission can be reached over a fixed structure length
with di�erent cylinder densities. For instance Kt = 0.5 can be
obtained with Nv = 45 elements/m2 (for sx = 10d), and with
Nv = 308 elements/m2 (for sx = 1.2d). However, the reflection
rate is lower for Nv = 45 elements/m2, with Kr = 0.13, compared
to Nv = 308 elements/m2, with Kr = 0.44. Using less elements in
sparsely placed rows consequently increases wave dissipation and re-
duces wave reflection compared to a denser and more homogeneous
structure. The same trends were obtained with cylinder diameters
of d = 0.02 m and d = 0.08 m.

3.5. Discussion

3.5.1. Limitations of the experimental data

Our work provided insights on the factors a�ecting the drag coef-
ficients inside dense cylinder arrays within a limited range of con-
ditions, with KC = 10 ≠ 21 and two values of cylinder spacing.
Obtaining measurements for a wider range of KC values and spac-
ings is recommended to develop more generic parameterizations.
Moreover, additional physical processes could modify the bulk drag
coe�cients in the field compared to the values of this study

The combination of waves and local currents could be one fac-
tor influencing the bulk drag coe�cients. Coexistent currents gen-
erally decrease the drag coe�cient, with a more pronounced drag
reduction for a higher magnitude of the current compared to the
orbital velocities136. This e�ect is attributed to stronger currents
sweeping turbulence away from the cylinders, suppressing turbu-
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3. Effect of structures on waves

lence enhancement by waves.

Despite the drag coe�cient reduction, currents can also enhance
wave dissipation by increasing the flow velocities and the total work
(Equation 3.3). Hu et al.58 observed that the generation of wave-
driven return currents in pure wave flows increased flow asymme-
try, and thus wave dissipation. Their study showed that relatively
small currents counteracted the wave-driven return flows, reduc-
ing wave dissipation, while large currents increased the total work.
Wave-driven currents had a negligible e�ect on both drag coe�-
cients and wave dissipation for the conditions tested in the present
work. Wave-current interaction e�ects are also expected to be small
in Demak, where the structures are placed in shallow waters where
wave orbital velocities are one order of magnitude larger than the
mean flow. However, this factor could di�er at other sites.

Element roughness, due to irregularities from the bamboo or
barnacle growth, could also influence the drag coe�cients. Rough-
ness generally increases the drag coe�cient to higher values. How-
ever, it can also cause a drag reduction for Re ¥ 104, as shown in
Figure 4.20 of Sumer and Fredsoe136. The net e�ect of roughness on
the drag coe�cient will thus depend on the local flow and material
properties. Changes in diameter due to degradation of the bamboo
could also gradually decrease the drag forces on the poles.

Our work suggests that cD,w does not change significantly for
horizontal elements, but wave dissipation is higher for horizontal
arrays than for vertical arrays. The increase in wave dissipation
is attributed to the work done by the vertical velocities in rela-
tively deeper water. This additional dissipation term for horizontal
elements could also be relevant for modelling aquatic vegetation.
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Neglecting the vertical drag for horizontal roots, such as those of
red mangroves, or for horizontal branches, would lead to having to
fit higher values of cD,w to compensate the lack of one dissipation
term. However, this process will only be significant for relatively
short waves compared to the water depth.

3.5.2. Model limitations

The model presented in Section 3.3.2 can qualitatively reproduce
the influence of cylinder arrangement, but it should be further de-
veloped for its application in detailed designs. For instance, we
assumed that the expression of White166 for the drag coe�cient of
a single cylinder remains applicable for very small sy values. Con-
sidering an analogy with a cylinder close to a wall in uniform flow,
vortex shedding could be inhibited for very small lateral separations
between cylinders136. This would in turn reduce the drag coe�cient
compared to the values of White166, but this process has not been
investigated for wave flows.

The wake flow model represented by Equation 3.12 does not de-
scribe the changes in flow velocity as a function of sy, which would
be necessary for modelling staggered and random arrangements.
The model is also limited for turbulent flow, since Reynolds num-
bers in the field are of O(103

≠104). For applications where viscous
e�ects are significant, the velocity deficit in the wake will decrease
compared to the results of Equation 3.1238. Moreover, cs values
may vary for di�erent structure and wave properties. Predicting cs

for any cylinder arrangement, given its geometry and the local wave
conditions, requires a turbulence model that reproduces turbulence
enhancement by waves. For high KC values, the model developed

95



3. Effect of structures on waves

in Chapter 2 for dense cylinder arrays in a current could be applied
to estimate cs. For low KC values, the model should be expanded
to include the e�ect of flow reversal on the turbulent intensity.

Lastly, the present formulation for the wave reflection factor cR

neglects the influence of varying wave properties, since our wave
transformation measurements were mostly influenced by structure
configuration. However, this assumption should be verified for KC

values outside the range tested in this study.

3.5.3. Implications for design optimization

If waves approach the coastline from a relatively constant direc-
tion, placing the bamboo poles in dense rows with a relatively
longer streamwise spacing could maximize wave dissipation per ele-
ment. If the direction of wave incidence has considerable variability
over time, combining several structures with di�erent orientations
(based on the most frequent wave directions) or using staggered
arrangements may be preferable. However, additional aspects such
as the construction procedure or soil properties may also influence
design optimization.

The e�ect of the structures on coastal accretion will also depend
on the local sediment properties. The following chapter investigates
the influence of the structure location on the morphodynamics, in
order to find designs that protect and expand the mangrove habitat.
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4. Effect of structures on
morphodynamics

4.1. Introduction

Bamboo structures attenuate waves to promote sediment accu-
mulation on their land side, thereby creating an area for mangrove
establishment. The previous chapter thus investigated how to pre-
dict wave transmission through the structures based on laboratory
experiments. Designing a structure that stops coastline retreat re-
quires an additional step - linking changes in wave height to the
local morphodynamics. Moreover, sediment accumulation by bam-
boo structures may be limited by boundary conditions such as sed-
iment availability or the local subsidence rates. This chapter thus
focuses on the development of a morphodynamic model to predict
the e�ect of the structures on the coastline, and investigates in
which conditions bamboo structures can aid mangrove restoration.
The content of this chapter is included in the following publication:

A. Gijón Mancheño, A.J.H.M. Reniers, B.K. van Wesenbeeck, C.E.J. van

Bijsterveldt, S.A.J. Tas, T. Wilms, M. Muskanonfola, and J.C. Winterwerp

(2021). Restoring eroding mangrove coastlines using nature-based structures

(in preparation for submission).
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4.2. Mangrove restoration at retreating
coasts

Mangrove forests are formed by approximately 70 species of in-
tertidal trees and shrubs. Although mangroves can tolerate tidal
flooding, di�erent species have specific requirements in terms of
inundation height and duration161. Mangroves are thus directly
threatened by sea level rise, since they can die if their location
becomes a tidal flat or a subtidal area.

Mangroves can counteract rising sea levels by enhancing sedi-
ment accumulation and building up peat170,85,95,129,162. Historically,
vertical accretion by mangroves could compensate up to 7 mm/year
of sea level rise125. Nevertheless, climate change could induce larger
rates of sea level rise according to the high emission scenarios of
IPCC63, which estimate 10 mm/year. Locally, subsidence rates may
be even higher, and reach decimeters per year53,164. The threshold
that mangroves can survive may also be lower than 7 mm/year at
sites with limited sediment availability and low sediment transport
capacity by waves and currents85.

Under pristine conditions, when rising sea levels cannot be fully
compensated by vertical accretion, mangrove ecosystems can sur-
vive by migrating towards the land as the sea level rises. However,
today such shifting is often constrained by urban developments,
which threaten the long-term resilience of these ecosystems152. Con-
servation and restoration of existing mangrove forests is thus key
for their long-term survival and for coastal protection of the hin-
terland.

In deforested regions, mangroves are often restored by planting
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seedlings. Many of these e�orts fail due to a mismatch between
abiotic conditions and species selection118. Mangroves are often
planted at sites that are too low for their survival or growth79 and
this problem will worsen with subsidence and sea level rise. There-
fore, the Ecological Mangrove Restoration movement79 was devel-
oped, which focuses on restoring the abiotic conditions needed for
mangrove colonization. For open coastlines, several requirements
for mangrove establishment have been identified by Balke et al.12,
which are illustrated in Figure 4.1.

Figure 4.1: Diagrams illustrating mangrove establishment. (a) Mangrove seeds
float along the coastline, (b) until they find an emerged spot to fix their roots.
(c) Over time, if waves are high while the seedling is still growing, it can
be toppled over, or the soil where it stands can be eroded away. Seedling
survival thus depends on a long-enough window of opportunity with calm wave
conditions, during which the seedling can grow undisturbed.

Mangrove seeds float along the coastline, until they strand at
an emerged intertidal area where they can grow their roots120, as
illustrated in Figure 4.1 (a-b). The first requirement for mangrove
establishment is thus the local emergence time12,161. If an area has
experienced severe erosion and subsidence the water depth may be
too large for seedling survival174.

Secondly, when a mangrove seed settles at a location with the
right elevation with respect to the tide, it requires a period of low
wave action (also denoted as window of opportunity) to be able
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to grow undisturbed by waves and related sediment dynamics12.
If a location is exposed to high waves, they may dislodge small
seedlings, and prevent mangrove colonization, as shown in Figure
4.1 (c). Sediment erosion could also reduce the anchorage forces
acting on the seedlings, or even fully uproot them from the sea
bed.

Permeable structures have been built to restore the mangrove
habitat at retreating coastlines of Thailand, Vietnam, Indonesia,
Suriname and Guayana165,168,169. The structures usually consist
of a brushwood filling held by vertical bamboo poles, and they
dissipate wave energy and create sedimentation basins at their land
side. When suspended sediment is brought from o�shore by the
rising tide, the lower shear stresses behind the structures favour
sediment deposition168,169. Over time, the bed level builds up, and
drifting seeds can strand on the newly accreted land during low
tide. Wave attenuation by the structures also creates a sheltered
area that favours seedling survival.

Figure 4.2: (a) Increase of the water level at the coast due to subsidence and
erosion. (b) Foreshore restoration using permeable structures, which attenuate
waves and enhance deposition landwards from them. Since the structures only
restore the area behind them, in order to continue expanding the shoreline, a
new structure should be built o�shore from the old one in posterior stage. (c)
Photograph of a bamboo and brushwood structure in Demak, Indonesia.
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Existing designs are largely empirical, and a generic understand-
ing of system characteristics under which these structures perform
best, and where the limits of their performance lie, is yet lacking.
In subsiding coastlines, the increase in water level as the ground
sinks can only be compensated by a continuous sediment supply. If
the subsidence rates are very high and there is not enough sediment
available in the system, the presence of the structures will not stop
coastline retreat in the long term.

Previous research has investigated the e�ect of brushwood struc-
tures on waves34, and for alternative structures formed by bamboo
poles (Chapter 3). However, these studies did not explore how
di�erent designs and structure locations would impact the morpho-
dynamics. Here we thus test if permeable structures are a robust
method to mitigate erosion and trap sediment under several sce-
narios of relative sea level rise. We do this by combining field
measurements and the numerical model developed by Reniers et
al.121.

In order to validate the model, we collected field data in the area
of Demak, in north Java (Indonesia). We monitored wave transfor-
mation through structures built in this area, and collected data of
the local bathymetry, currents and sediment turbidity, which were
used to set up the model. We then evaluated the morphodynamic
e�ect of the structures, and investigated the qualitative impact of
the structure location on coastline migration. Lastly, structures
were modelled for several scenarios of sediment supply and relative
sea level rise.
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4. Effect of structures on morphodynamics

4.3. Field experiments and numerical model

4.3.1. Location description

The region of Demak is located at the North coast of Java, Indone-
sia (Figure 4.3 a). Its coastline is delimited by the Wulan river
delta in the north, and the city of Semarang in the south. The
local climate is monsoonal, driven by the North-West (NW) mon-
soon (November-March), and South-East (SE) monsoon (April-
November), with two transition seasons in between89. During the
NW monsoon the wind blows from the sea towards the land, re-
sulting in o�shore wave heights up to 2 m160. Conversely, during
the SE monsoon the wind blows from the land towards the sea,
producing smaller wave heights up to 0.4 m160. The tide in Demak
is mixed-diurnal, with a mean spring tidal of approximately 1.0 m,
implying a microtidal system149.

The coastal area is mostly formed by soft clay deposits, and it
experiences severe subsidence rates up to 0.16 m/year174 due to ex-
tensive groundwater extraction in Semarang and along the national
highway. Most of the coastal region was converted to aquaculture
ponds during the 20th century. A storm in 2007 eroded the pond
bunds, exposing aquaculture areas and coastal villages to flooding
by tides and to wave action. The shoreline has been retreating since
then due to erosion and subsidence, with maximum retreat rates of
215 m/year86.

Bamboo and brushwood structures have been built in a pilot
project in Demak to mitigate erosion and create a sheltered en-
vironment for mangrove restoration165,168,169. The structures were
placed between 2014-2020 with a shore parallel orientation at a dis-
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Figure 4.3: Evolution of the coastline of Demak, in North Java (Indonesia).
The location of Demak is shown in plot (a). The coastline evolution over time
is shown for (b) 1984, (c) 2000, and (d) 2016. The original coastline of 1984
is illustrated in orange, and the coastlines of following years are shown by
yellow lines. Mangrove deforestation and land subsidence due to groundwater
extraction in Semarang have resulted in severe coastline retreat, with maximum
retreat rates of 215 m/year.
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4. Effect of structures on morphodynamics

tance of approximately 100 m from the coastline. At this distance
the water depth varied between 0.2-1 m36 in 2019. The structures
had widths varying between 0.7-1.5 m in the cross-shore direction,
and an alongshore length of approximately 100 m, with 10 m-long
gaps between structures. These gaps were designed to enable sedi-
ment influx by the tide.

The structures induced 20-30 cm of accretion behind them com-
pared to control locations without structures, and initial mangrove
colonization was observed at some locations36. However, long-term
mangrove establishment was only observed behind 1 out of the 19
structures of the pilot project36, and the coastline continued to re-
treat after their construction156.

4.3.2. Field data collection

We conducted two field campaigns in Demak, one in July-August
of 2017 (T1) and another in November-December of 2018 (T2). In
each campaign, we monitored the impact of bamboo and brushwood
structures on waves, flow velocities, and water turbidity along a
transect (see Figure 4.4). Both locations T1 and T2 correspond
to nearby but di�erent bamboo and brushwood structures. The
structure we had monitored in T1 (August 2017) had collapsed
by November of 2018. T2 consequently monitors a new structure
placed 5 m seawards from the broken structure (Figure 4.4).

Two frames were placed in each monitoring transect, seawards
and landwards of a bamboo and brushwood structure. An acous-
tic Doppler velocimeter (ADV, from Nortek, measuring waves and
currents) and an optical backscatter sensor (OBS, from Campbell,
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Figure 4.4: (a) Top view of the transect locations, indicating the monitored
structures and the seaward and landward frames. (b) View of the bamboo and
brushwood structure of T1 (2017). (c) Top view of the bamboo and brushwood
structure of T2 (2018). The location of the 2018 transect had to be changed
due to the collapse of the structure shown in (a).

measuring the turbidity of the water) were mounted in each frame.
The ADVs and OBSs measured over 20 minute-long bursts, every
30 minutes, with a frequency of 16 Hz. The ADVs were oriented
towards the bed in 2017, and horizontally in 2018. The orientation
was modified to minimize sun exposure and heating of the sensor.
The OBSs were pointed horizontally towards the sampling volume
of the ADV. The height of all sensors with respect to the bottom
is shown in Table C.1 of Appendix C.

The bathymetry along the transects was collected by measuring
the distance between the water surface and the sea bed. This dis-
tance was determined by using a measuring pole with a flat ground
plate attached to it. The plate prevented the pole from sinking
into the soft sediment. The recorded depth measurements were
corrected and referred to the mean sea level of each period, using
data from the tidal station in Semarang. The bathymetry of the
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4. Effect of structures on morphodynamics

higher part of the profile (i.e. for z > -0.3 m with respect to MSL)
could not be measured since high tide took place in the middle of
the night during our field campaign, and this part of the profile was
always emergent during the day. The higher part of the profile was
extrapolated based on bathymetries measured at a nearby site in
Demak160.

4.3.3. Data analysis

Pressure measurements were processed to derive wave spectra over
periods of 20 minutes, at a frequency resolution of 0.04 Hz. Signif-
icant wave heights and mean wave periods were derived from the
energy density spectra. The mean water levels were calculated by
averaging the pressure signal over each 20-minute interval.

Horizontal velocity measurements collected by the ADV were
rotated to local coordinates of the transect, where the x-direction
is defined as perpendicular to the local coastline and the y-direction
is parallel to the coast. The rotated velocities were then averaged
over the burst duration (20 minutes) to compute the mean flow
velocities. For the ADV pressure measurements, the velocity infor-
mation was used to determine the wave direction using the Max-
imum Entropy Method87. This enabled separating the incoming
and outgoing energy fluxes through the structures.

4.3.4. Modelling

The morphodynamic processes along a coastal profile were repro-
duced using the model of Reniers et al.121, XMgrove, based on the
approach of Maan et al.88. XMgrove models the depth-averaged
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morphodynamic processes across a coastal transect (1D). The main
equations constituting the model are presented below.

Flow

Water level and tidal flow velocities are calculated from mass con-
servation (Equation 4.1), and from the momentum equation in the
cross-shore direction (Equation 4.2):

ˆ÷

ˆt
+ ˆqx

ˆx
= 0 (4.1)

ˆu

ˆt
+ u

ˆu

ˆx
= ≠g

ˆ÷

ˆx
≠

·b,cx

flwh
+ Kx (4.2)

where ÷ is the instantaneous surface elevation, and qx = hu is the
water flux in the cross-shore direction. h is defined as the total
water depth, u represents the cross-shore flow velocity, g is the
acceleration of gravity, flw is the water density, ·b is the bed shear
stress, and Kx represents turbulent mixing.

The bed shear stresses are modelled according to Equation 4.3:

·b,c = flw
g

C2 u|u| (4.3)

where the Chézy coe�cient is given a value of C = 57.

A Riemann boundary condition is implemented at the o�shore
boundary, given by:

u0(t) = (÷i ≠ ÷o)
Û

g

h0
(4.4)

where ÷i is the incoming tidal elevation at the boundary, and ÷0 is
the actual elevation at the boundary including reflections from the
domain.
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Waves

Cross-shore wave transformation is computed from the wave energy
balance:

ˆEcg

ˆt
+ ˆEcg cos ◊

ˆx
+ ˆEc◊

ˆ◊
= ≠Dw ≠ Ds (4.5)

where E is the wave energy per unit area, cg is the group celerity, ◊

is the mean wave direction, Dw represents wave dissipation due to
depth-induced breaking, and Dv represents wave dissipation by the
structures. Here we assume that wave dissipation by bed friction
is an order of magnitude smaller than the energy loss due to wave
breaking or due to wave dissipation by the structures.

Wave dissipation due to depth-induced breaking is computed
using the formulation of Baldock et al.9:

Dw = 0.25–Qbflwgfm(H2
b + H

2
rms) (4.6)

where – is a calibrated parameter, which is set to a value of 1
in the simulations. Qb is the fraction of breaking waves, fm is the
mean wave frequency, Hb is the breaking wave height, and Hrms is
the root mean square wave height. The fraction of breaking waves
is calculated as:

Qb = exp
A

≠

3
Hb

Hrms

42B

(4.7)

where the breaking wave height is modelled as:

Hb = 0.88
k

tanh
A

“
kh

0.88

B

(4.8)

with k being the wave length and “ an empirical parameter, which
is given a value of 0.7.
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Wave dissipation by brushwood structures is modelled using the
formulation of Suzuki et al.141:

Ds = 1
2

Ô
fiflwcD,bwdNv

A
kg

2Ê

B3 A
sinh3

kh + 3 sinh kh

3k cosh3
kh

+

cosh3
kh ≠ 3 cosh kh + 2
3k cosh3

kh

B

H
3

(4.9)

Where cD,bw is the bulk drag coe�cient under waves, d is the
diameter of the brushwood, and Nv is the brushwood density per
unit area. Here we assume that most of the dissipation caused by
a brushwood structure is produced by the brushwood filling, since
the vertical bamboo poles have a structural purpose and they are
therefore sparsely placed, which reduces wave attenuation through
them (see Chapter 3).

The wave-induced shear stresses are given by:

·b,w = 1
4flwfwu|u| (4.10)

with fw being the wave friction factor, defined as:

fw = min

A

exp
A

≠6 + 5.2
3

urms

2.5Dn50Êm

4≠0.19B

, 0.3
B

(4.11)

where the near-bed velocity urms is calculated from linear wave
theory.

Sediment

Morphological bed level changes are calculated from the balance
between sediment erosion and deposition, according to Equation
4.12:

ˆzb

ˆt
= Mf

D + E

fls
(4.12)
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where zb is the height of the sea bed, Mf is a morphological accel-
eration factor, and fls is the sediment density.

Sediment erosion is calculated using the approach of Mariotti
and Fagherazzi90, which considers two erosion terms:

E = Eshear + Ebreak (4.13)

The left erosion term, Eshear, is given by the shear stresses acting
on the bed due to waves and currents:

Eshear = max

3
me

3
·b,s

·cr
≠ 1

4
, 0

4
(4.14)

with me being a calibration coe�cient, ·b,s being the shear stress
at the bed, and ·cr being the critical shear stress for erosion of the
local sediment.

The shear stress at the bed is computed as the linear summation
of the shear stresses caused by waves (·b,w, given by Equation 4.3)
and currents (·b,c, given by Equation 4.10):

·bs = ·b,w + ·b,c (4.15)

The right erosion term in Equation 4.13, Ebreak, represents the
erosive e�ect of turbulence generated by wave breaking:

Ebreak = max

3
—

3
P

Pcr
≠ 1

4
/d, 0

4
(4.16)

where P is the wave power per unit area dissipated by wave break-
ing, Pcr the critical wave power threshold for erosion, and d is the
length over which Ebreak occurs, which is set equal to the cell length.

Sediment deposition is modelled as:

D = cws (4.17)
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with c being the depth-averaged sediment concentration and ws

the sediment fall velocity.

The sediment concentration is computed from the advection-
di�usion equation:

ˆch

ˆt
+ ˆuch

ˆx
≠

ˆKch
ˆc
ˆx

ˆx
= E ≠ D (4.18)

where Kc is the sediment di�usion coe�cient. The boundary con-
dition for Equation 4.18 is given by an equilibrium concentration
at the seaward boundary, obtained assuming a balance between
erosion and deposition.

In order to emulate the potential sediment supply by a local river
or creek, in a set of scenarios we impose several values of additional
sediment concentration along the cross-shore profile. These values
are linearly summed to the output of Equation 4.18, to calculate
their e�ect on the deposition flux, but they are not used as an
input in Equation 4.18. This additional concentration is given a
maximum value at the location of the minimum water depth (i.e.
c

ú
max at h = 0.1 m), and it decreases towards seaward locations

according to:
c

ú = cmaxhmin

h
(4.19)

where c
ú is the local concentration at a grid point with a water

depth equal to h. Thus, in the scenarios with an external sediment
supply the total deposition flux used in Equation 4.12 is given by:

D
ú = D + c

ú
ws (4.20)

The e�ect of subsidence on the profile is modelled by lower-
ing the bathymetry at every timestep, according to the prescribed
subsidence rates.
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4. Effect of structures on morphodynamics

4.3.5. Validation of wave transformation through struc-
ture

Predictions of wave dissipation by the structures in XMgrove were
validated against the field measurements. The wave measurements
of the seaward frame were propagated seawards until the o�shore
model boundary to extend the domain, and thus increase the dis-
tance between the model boundary and the structures. This was
possible because, for the validation test, we placed the o�shore
boundary at a location where the bathymetry locally became shal-
lower (so the seaward boundary had a smaller water depth than
the structure). The transect was modelled with a grid size of dx =
10 m and the dissipation by the structures was modelled using
Equation 4.9. The average branch size of the brushwood bundles
and the branch density were determined by counting the number
of branches and measuring their size. This resulted in a brushwood
density of Nv = 400 elements/m2, a mean brushwood diameter of
d = 0.025 m, and a structure width of w = 0.7 m. We used a drag
coe�cient of cD,bw = 2 based on the measurements of Chapter 3
for dense cylinder arrays. The bed level was assumed static in this
computation, since we modelled a short period of time with calm
conditions during which bed level changes were negligible.

4.3.6. Validation of the morphodynamic processes

The morphodynamic module was tested against the coastline change
measurements over a NW monsoon season by van Bijsterveldt et
al.156. Their study analyzed satellite images of Demak collected
at low tide, and classified every pixel as either water, mud, sand
or vegetation. This classification provided information of how the
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mudflats changed between 2015 and 2019, and of how the vegetation
responded to variations in mudflat width. Since the bathymetry
collected in November of 2018 was obtained at the same time as
the last satellite picture of 2018, we modelled the monsoon period
between November of 2018 and March of 2019.

The bathymetry was extended landwards 400 m from the last
measured point emulating the shape of a profile measured at a
nearby site160. The model domain was also extended 600 m sea-
wards until water depth of h = 6 m, in order to avoid wave breaking
at the model boundary. This seawards extension was done with a
bed slope of m = 0.002, based on the o�shore bathymetries col-
lected by Tas et al.149 in November of 2018. The time-series of o�-
shore wave data during this period were obtained from Wave Watch
III, and the o�shore wave heights were propagated from deep water
to the water depth the o�shore model boundary. Wave Watch III
data and field measurements of Demak were compared by Reniers
et al.121, who found a good agreement between them. The tide was
prescribed using the tidal constituents derived by Tas et al.149. The
sediment characteristics were chosen based on laboratory analyses
conducted in the Netherlands with mud samples from Demak37.
These analyses provided values for the sediment density, fls = 585
kg/m3, and for the fall velocity, ws = 0.07 mm/s. The grain size
was obtained from the average values measured in mudflats by van
Bijsterveldt et al.156, with d50 = 7µm. The di�usion coe�cient
was set to D = 0.01 m2/s, which was estimated as the product of
the maximum mean flow velocity and water depth in the domain.
The empirical parameters of the erosion term due to wave breaking
(Equation 4.16) were set to — = 5 10≠5 and Pcr = 0, as Reniers et
al.121 found these values suitable for Demak.
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4. Effect of structures on morphodynamics

The structure properties were set equal to those of Section 4.3.5.
Wave transformation through the structures was validated for rela-
tively calm conditions (Section 4.3.5), whereas the structure perfor-
mance could di�er for larger storm waves during the NW monsoon.
However, flume experiments with dense arrays of cylinders showed
that the drag coe�cient under relatively larger waves had a value
of approximately cD,bw = 2, which suggests that using this value is
a reasonable assumption for storms.

During the NW monsoon of 2018-2019 the coastline retreated
by 56 m at the low water line (for z = -0.3 m)156. The erodibility
parameter me was thus calibrated to reproduce a coastline retreat
of 50 m during the NW monsoon. We used a morphological accel-
eration factor of Mf = 5, since it provided comparable results to
Mf = 1 (Figure C.1 e and f in Appendix C).

4.3.7. Influence of structure design on its performance

Effect of structure location

After its calibration, the model was applied to investigate how to
optimize the structure design for the conditions of the NW monsoon
of 2018-2019. During this period the coastline retreated although a
structure was present in the profile. The model was used to test if
a di�erent structure location could have led to coastline expansion
during this period. The structure location was thus varied between
z = +0.25 m and z = ≠1 m with respect mean sea level (MSL).
The remaining structure properties were kept constant (w = 0.7
m, Nv = 400 elements/m2

,cD,bw = 2), and the wave conditions and
sediment properties were set equal to those of Section 4.3.6.
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4.3.8. Effect of structure width

In an additional set of runs we investigated the e�ect of structure
width in the cross-shore direction, which was varied between w =
0.25-5 m. All tested structures were located at 0.3 m below MSL,
and the remaining structure properties were kept equal to those of
Section 4.3.7.

4.3.9. Effect of brushwood density

The structures built in Demak experienced severe degradation as
their brushwood filling was lost due to wave action, which caused
high maintenance costs and the eventual collapse of the some of the
structures. We thus tested several element densities, ranging from
Nv = 50 elements/m2, until Nv = 800 elements/m2, to investigate
(1) the optimum brushwood density to cause coastline advance,
and (2) the potential e�ect of the loss of brushwood on structure
performance. All tested structures were located at 0.3 m below
MSL, and the remaining structure properties were kept equal to
those of Section 4.3.7.

4.3.10. Effect of chenier on structure performance

Several structures of the Building with Nature project were built
landwards from cheniers, which are dynamic sand lenses found in
the intertidal zone. Cheniers fully block waves during low water,
and break or dissipate them during high tide, reducing wave action
landwards. To test the e�ect of a seaward chenier on structure
performance, we modelled the e�ect of structures placed at 0.3 m
below MSL during a monsoon season with and without the presence
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of a chenier. The cheniers were represented as unerodible barriers
with a fixed height, since in its current version the model only
reproduces the transport of a single sediment fraction.

4.3.11. Effect of subsidence and sediment supply

Over timescales longer than a year the build-up of intertidal mud-
flat behind the structures may be strongly influenced by the sub-
sidence and the local sediment supply. Measured subsidence rates
in the Demak region vary between 0-0.16 m/year174. We conse-
quently tested several scenarios with subsidence rates between 0-
0.16 m/year. The sediment input into the area of Demak is not
known, and we thus studied several scenarios of sediment supply
across the profile (Equation 4.19), varying between 0-0.08 g/l. The
model was run for 4 consecutive years, since the structures are de-
signed to restore the bed profile within 2-5 years. The 4-year sim-
ulations were obtained by repeating the wave climate time-series
of 2017-2018 four times. We chose those wave conditions because
they corresponded to a particularly stormy year, which included the
largest storm during the interval 2015-2019 and the largest coastline
retreat rate observed by van Bijsterveldt et al.156.

4.4. Field measurements and model results

4.4.1. Field data

The hydrodynamic measurements seawards and landwards from
brushwood structures are shown for August of 2017 (T1) and Novem-
ber of 2018 (T2) in plots (b) to (i) of Figure 4.5. The time intervals
when the sensors were emerged (and thus not recording properly)
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are illustrated by blue shaded areas. We have also included the
full wave climate from Wave Watch III in Figure 4.5 (a) to contex-
tualize our measurements in the yearly wave climate. The Wave
Watch III data do not include local wave e�ects, which dominate
the wave climate during the SE monsoon season. However, locally
generated waves are much smaller than the monsoon waves of the
NW season2, which are present in the Wave Watch III dataset.

During August 2017, the wave height was approximately equal
to Hm0 = 0.05 m during most of the time, except for a period of
slightly higher waves (Hm0 = 0.07 m) on the 6th of August. The
di�erences in wave height in front and behind the structures were
almost negligible most of the time except for a short period during
the 6th of August. During November 2018, wave heights in front
of the structures reached values of approximately Hm0 = 0.05 m
during the morning, and higher values with maximum of Hm0 =
0.18 m in the afternoon, associated to the local sea breeze. The
wave transmission measurements showed similar behaviour as in the
summer; small waves travelled undisturbed through the structures,
whereas higher waves experience minimum transmission rates of
60% with respect to the incoming wave energy flux (Figure 4.6 b).
During November 2018 we aimed to measure storm waves caused by
the NW monsoon, since the first storm events usually take place in
this period, but unfortunately the conditions were unusually mild
until January.

The mean wave periods remained approximately equal to Tm =
5 s in the August 2017, and between Tm = 2-5 s in November 2018.
In both cases, waves were short, since the Java Sea is shallow and
sheltered, which prevents the propagation of swells into the sea.
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4. Effect of structures on morphodynamics

Figure 4.5: (a) O�shore significant wave height from Wave Watch III model
during 2017-2019. (b) Measured significant wave height, (d) mean wave period,
(f) water depth and (h) turbidity measured at T1 in August of 2017, seawards
(black) and landwards (blue) from a structure. (c) Significant wave height,
(e) mean wave period, (g) water depth and (i) turbidity measured at T2 in
November of 2018, seawards (black) and landwards (blue) from a structure.
The periods when the sensors were emergent (and thus not recording properly)
are shown by blue shaded areas. Both field campaigns took place during rela-
tively calm periods, where the e�ect of the structures on waves was small.
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Figure 4.6: (a) Instantaneous velocity (dark blue) and average over 20-minute
intervals (light blue) at T1, measured by an ADV placed at the seaward side
of a structure, at a distance from 0.33 m from the bed. (b) Fraction of the
wave energy flux that is transmitted (dark blue line) and reflected (brown line)
through the structure of T2. The lowest transmitted ratios (60 %) are observed
just after low water, when the highest waves occurred due to the local sea
breeze. The drop in wave transmission corresponded with the periods when
the landward sensor was emergent. The wave flux reflection rates oscillated
around 5 %.
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The water depth was very similar landwards and seawards from
the bamboo and brushwood structure (T1) monitored in August
2017. For the brushwood structure monitored in November 2018
(T2), the front side of the structure was 0.2 m deeper than the land
side. This di�erence in water depth cannot directly be attributed
to erosion or subsidence between 2017 and 2018, as the location
of these two transects is not identical due to the collapse of the
structure of 2017.

The mean flow velocities are an order of magnitude smaller than
the total velocities (Figure 4.6 a), which were mostly wave-driven.
The turbidity measurements also displayed the same behaviour as
the significant wave height, with lower turbidity values during low
waves and more stirring associated to larger wave heights. We esti-
mated the wave-driven shear stresses at the bottom using Equation
4.10, calculating the flow velocities from the measured wave prop-
erties using linear wave theory. Comparison of the shear stress
estimates and the turbidity time series suggests that local erosion
occurs for local shear stresses larger than ·cr =0.02 N/m2

.

4.4.2. Model results

Wave transformation through structures

The model validation is shown in Figure 4.7. We tested the results
of the model without modelling the structures (yellow line) and by
modelling wave dissipation by the structures (brown line) against
the measured waves (black dots).

The model was able to reproduce the wave height seawards
from the structure (Figure 4.7). Neglecting the wave dissipation by
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Figure 4.7: Comparison between measurements (black dots) and predictions
of wave transformation of XMgrove, neglecting the presence of a brushwood
structure (yellow) and including wave dissipation by the structure (brown).

the structures resulted in a (maximum) 38% over-prediction of the
wave height, with the largest di�erence corresponding to the high-
est waves (between 15.00-18.00 on the 16th of November), which
experienced most wave attenuation. Since the structures had a
negligible e�ect on waves during calmer conditions, the results of
the model with and without structures are similar after the 17th of
November at 19.00.

Validation of morphodynamic processes

The erodibility parameter that reproduced the a coastline retreat
of 50 m in the model was equal to me = 2.0 10≠4 kg/s/m2. The
results obtained with this me value are illustrated in Figure 4.8.
The upper subplots of Figure 4.8 show the mudflat area at Demak
before the NW monsoon (left), and after the monsoon (right). The
modelled shape of the profile after this period is shown in Figure
4.8 (c). Coastal erosion in this period was dominated by the bot-
tom stresses due to waves and currents (Equation 4.15), while the
erosion term due to wave breaking-induced turbulence (Equation
4.16) had a negligible e�ect on the bed level. The model sensitivity
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to di�erent values of the sediment properties is shown in Figure C.2
of Appendix C.

Figure 4.8: Processed satellite images of Demak from van Bijsterveldt et al.156

in (a) November of 2018 and (b) February of 2019. Plot (c) shows the initial
bathymetry of the model, measured in November of 2018, and the model results
for February 2019. The change in coastline position at low tide (i.e. at z =
-0.3 m with respect to MSL) from the model is shown in plot (d).
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Influence of structure location on the coastline posi-
tion

The influence of the water depth at the structure is shown in Figure
4.9 (a) and (b).

Erosion is predicted seawards of the structures for all conditions,
and accretion at their land side (Figure 4.9, a). This behaviour is
caused by the di�erence in wave height at both sides of the struc-
ture, which generates a gradient in concentration, and a net land-
wards sediment flux by the tide (see Figure C.1 a of Appendix C).

The structure placed 0.3 m below MSL is the most e�cient
during a NW monsoon season, although it is still insu�cient to
stop coastline retreat (Figure 4.9, b). Structures at deeper water
cause significant accretion behind them, but their accretive e�ect
has a relatively smaller influence on the coastline position (here
defined as the location where z = 0 m), resulting in more retreat.
Structures located above MSL are submerged during a relatively
small fraction of the tidal cycle, and leave seaward areas exposed
to the erosive action of waves.

Influence of structure width

The e�ect of varying the structure width for a structure placed at
the most optimal depth for a NW monsoon season (-0.3 m with
respect to MSL) is shown in Figure 4.9 (c) and (d). Widths smaller
than 1 m cause coastline retreat (Figure 4.9, d), whereas larger
widths lead to coastline expansion.
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Figure 4.9: E�ect of di�erent structure designs for the monsoon season of 2018-
2019. Plots (a) and (b) show the e�ect of varying structure locations, where
the location of the structures is shown in colored dashed lines, plots (c) and
(d) show the e�ect of varying the structure width, and plots (e) and (f) show
the e�ect of varying the brushwood density. The structure location in plots (c)
and (e) is shown by a light brown line. The left plots illustrate the impact of
the structures across the profile, whereas the right plots show their influence
on the position of MSL over time.
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Influence of material degradation on structure per-
formance

A structure with a density of Nv = 800 elements/m2 can stop
coastline retreat during a NW monsoon (Figure 4.9, e), whereas
sparser structures cannot fully counteract it. The most pronounced
reduction in e�ciency is predicted for densities below Nv = 50
elements/m2, which result in an almost negligible e�ect of the struc-
tures on the coastline position (Figure 4.9, f).

Effect of cheniers on structure performance

The influence of cheniers on structure performance is shown in Fig-
ure 4.10. Without a structure (Figure 4.10 a) the shoreline retreats
over a monsoon season. A chenier with a top height of 0.06 m causes
44 m of coastal expansion. A higher chenier with a top elevation
of 0.26 m produces practically the same coastline expansion, with
di�erences of the order of decimeters.

In the absence of cheniers, coastline retreat can be mitigated
over a monsoon season by building a structure at 0.3 m below MSL
with a width of 1 m (Figure 4.10 b). When the structure is built
landwards from a chenier with a top height of 0.06 m, the coastline
expands 47 m seawards and its response is dominated by the influ-
ence of the chenier. The presence of the highest chenier makes the
e�ect of a structure negligible, as wave attenuation is fully (during
low water) or mostly (during high water) caused by the chenier.
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4. Effect of structures on morphodynamics

Figure 4.10: E�ect of cheniers on structure performance. The reference situa-
tion without chenier and structure (illustrated by brown lines) is shown in (a),
and the model results without chenier and with a structure placed 0.3 m below
MSL are shown in (b). The e�ect of a chenier with a top height of 0.26 m is
shown in plots (c) and (d). The e�ect of a chenier with a top height of 0.06 m
is shown in plots (e) and (f). In both cases, the presence of a chenier made the
e�ect of a structure at 0.3 m below MSL practically negligible. The intertidal
areas are shown with blue shaded areas.
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Influence of subsidence and sediment concentration on
structure performance

The coastline change at MSL for 4-year long scenarios with varying
subsidence and sediment supply is shown in Figure 4.11.

Figure 4.11: Evolution of the coastline of Demak over 4 years for several sce-
narios of subsidence and external sediment supply, such as rivers. The set-up of
the runs is shown in plot (a). The results are presented for a situation without
structures (b), with a structure placed at 0.3 m below MSL (c), and with a
structure placed 0.9 m below MSL (d).

The coastline erodes in the reference situation without exter-
nal sediment supply and without subsidence (Figure 4.11, b). This
retreat mostly happens during the stormy NW monsoon, whereas
during the calmer SE monsoon, the shoreline either remains at the
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same location or it partly recovers its original position by expand-
ing seawards (see Figure C.1 g of Appendix C). Higher subsidence
rates induce coastline retreat and flooding. Conversely, higher sed-
iment supplies cause accretion and coastline progradation. The net
coastline response thus depends on the relative magnitude of the
subsidence rate and the ambient sediment concentration.

Structures can mitigate shoreline retreat, as they retain the sed-
iment close to the coast (Figure 4.11 c-d). However, the optimum
design varies with the boundary conditions and with the lifetime
chosen for the structure. During a NW monsoon season, a struc-
ture built 0.9 m below MSL induces sediment deposition but its
accretive e�ects do not reach the MSL line (Figure 4.9 a). Over
longer time scales, the accretion induced by the structure generates
a wide shallow area near MSL where sediment is deposited, lead-
ing to coastline progradation in the 4-year scenarios. For example,
without a structure, the coastline would retreat -193 m without
subsidence nor external sediment input (Figure 4.11 b), whereas a
structure placed at a water depth of 0.9 m causes 134 m of progra-
dation for the same conditions (Figure 4.11 d). Conversely, for
high subsidence scenarios structures placed at 0.9 m below MSL
actually cause more retreat than in the reference situation without
structures (upper left corner of Figure 4.11 d).

Structures placed at a shallower location, 0.3 m below MSL,
provide a relatively poorer performance over 4-year scenarios with
low subsidence and sediment supply. They still mitigate coastline
retreat compared to a situation without structures, for instance
without subsidence nor sediment input, the coastline retreats -15
m at the land side of the structure, which corresponds with a 92%
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reduction in coastline retreat. However, net progradation is only
obtained for external sediment supplies larger than 0.013 g/l. Struc-
tures at 0.3 m below MSL are more e�cient in reducing coastline
retreat than deeper structures for subsidence rates higher than 0.08
m/year and no sediment supply. Nonetheless, they do not stabi-
lize the coastline nor expand it seawards in any of the subsidence
scenarios without an external sediment input.

Brushwood structures can be counterproductive in scenarios of
low subsidence and high sediment supply, as they reduce coast-
line progradation compared with the reference situation without
structures (see lower right corners of Figure 4.11, b, c and d). Such
scenarios of high sediment concentration would not require the pres-
ence of a structure, since there would not be any retreat to prevent.
Nevertheless, they indicate that a structure at MSL could block
sediment transport towards the higher part of the profile during
periods of large ambient concentration.

4.5. Discussion

4.5.1. Optimizing structure design

Satellite images show that the permeable structures analyzed in this
study were unable to stop coastline retreat during the NW mon-
soon season of 2018-2019. XMgrove also predicts that the structure
design implemented in the field in 2018 does not stop coastline re-
treat during its first monsoon season. However, the design causes
coastline progradation over a 4-year period in modelling scenarios
with subsidence rates below 0.05 m/year without external sediment
supply, and for higher subsidence rates when the ambient sediment
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concentration exceeds 0.015 g/l. Since Google Earth images show
that the coastline of Demak continued to retreat behind the struc-
tures between 2018-2022, the subsidence rates in Demak are likely
larger than the threshold that can be compensated with the local
sediment input.

The bamboo and brushwood structures implemented in Demak
were designed to redistribute the sediment at sites where mangrove
deforestation altered the local balance between erosive and accre-
tive process. Nevertheless, they cannot address structural sedi-
ment losses. Sites with high subsidence and low sediment supply
conditions would require other coastal protection strategies, such
as nourishing the coast or management realignment. Evaluating
the feasibility of using structures to create new mangrove habitat
thus requires estimating the local sediment budgets and subsidence
rates, and assessing how these factors a�ect the profile evolution.

The optimum design may also vary depending on the morphody-
namic timescales of the system compared to the desired mangrove
restoration time frame. For instance, structures built 0.3 m below
MSL were most e�cient in stopping retreat over a NW monsoon
season, but structures built 0.9 m below MSL were more optimal
over 4-year periods. Structures at other locations could lead to
better results over decades and/or at sites where the profile adjusts
faster (e.g., due to di�erent forcing and/or sediment properties).
Moreover, although erosion due to turbulence generated by wave
breaking (Ebreak) had a negligible e�ect on the scenarios modelled
in this study, this process was found relevant for longer timescales
by Reniers et al.121. Changes in the relevant sediment transport
mechanisms could also influence the profile evolution at the scale
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of decades.

4.5.2. Model limitations

The actual threshold values of subsidence and sediment supply for
which the coastline either retreats or advances likely di�er from the
values of Figure 4.11, as the model results are limited by several
assumptions. For instance, the 4-year long model runs were ob-
tained by simulating the wave climate of 2017-2018 four consecutive
times. Since the NW monsoon season of 2017-2018 was particularly
stormy, this would in principle imply that the threshold concentra-
tions in the field may be lower than the ones predicted in Figure
4.11, but other assumptions and processes may also influence these
values. One of the most influential factors in the profile evolution
is the initial morphology.

The initial profile illustrated in Figure 4.9 shows a sudden de-
crease in slope from o�shore to nearshore, which in turn causes a
abrupt change in the computed morphodynamic processes. The
same structure design causes a very di�erent e�ect in the bed level
when smoother convex and concave profiles are used as the ini-
tial bathymetry (see Figure C.1 c of Appendix C). Additional runs
where we keep the same bathymetry except for the nearshore slopes
also show variations in the coastal changes (Figure C.1 b of Ap-
pendix C). For instance, more coastline retreat is predicted for a
shallower nearshore slope. This implies that predictions of coastal
change at one site and the optimum structure design will strongly
depend on the local morphology.

The presence of cheniers can also shift the threshold values of
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subsidence and concentration with respect to those of Figure 4.11.
As shown in Figure 4.10, if a chenier with a top height of 0.26 m
above MSL is present seawards from a structure the coastline evo-
lution is dominated by the e�ect of the chenier, to such extent that
the influence of the structure is negligible. However, in the runs
of Section 4.4.2 we assume cheniers unerodible as a first approxi-
mation. In reality, cheniers can be very dynamic even during calm
conditions, as shown by Tas et al.149. The model by Tas et al.148 for
chenier migration and growth could be implemented in XMgrove,
in order to investigate how changes in the chenier would a�ect the
structure performance and the coastline evolution.

Cheniers and other coastal features, such as rivers, can also
induce 2D e�ects in the flow and sediment transport. In the case of
Demak, severe flooding of the aquaculture ponds has formed tidal
basins that fill and empty through narrow creeks. Measured mean
velocities were small at the location of T1-T2 (Figure 4.6 a), but
close to areas of large flow exchange, currents are likely to reduce
the accretive e�ect of the structures compared to the results of
Figure 4.9 and Figure 4.11. At other sites, deposition may actually
enhance accretion even further. Such processes can be investigated
with a 2D model of the region that includes alongshore variations
in the morphology, tidal creeks and rivers. This approach could
provide more accurate estimates of the sediment supply needed to
compensate subsidence at a regional level.

Assumptions in the sediment transport module can also influ-
ence the model results. We assume an equilibrium concentration
as an o�shore boundary, whereas using a constant or time-varying
sediment influx, could change the timing and magnitude of the
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sediment brought into the system. In a separate set of runs we
test having three values of constant concentration at the o�shore
boundary (Figure C.1 d of Appendix C). Varying the concentration
a�ects the results within the first 750 m of the domain (for a total
domain length of 3,500 m), but it does not have a significant ef-
fect on the nearshore region. However, knowledge of the sediment
input is particularly important for the alongshore boundary condi-
tion for the sediment concentration, as the evolution of the profile
was highly influenced by the external ambient concentration (Fig-
ure 4.11). This would require long-term data of the flow velocities
and sediment concentrations along the coastal area.

Longer time series of wave transformation through the struc-
tures would also indicate whether the assumptions used in Sections
4.3.7-4.3.11 hold for storm waves. We also assumed that the struc-
ture remained intact during the model simulations, whereas par-
tial or total loss of the brushwood filling could occur during storm
events. Including wave reflection by the structures would also in-
fluence their morphodynamic performance.

Lastly, there are inherent model inaccuracies due to neglecting
changes in flow and sediment properties along the vertical coor-
dinate. For example, sediment consolidation would decrease the
erodibility of the sediment deeper into the ground. Sediment con-
solidation would also decrease bed level height over time, reducing
the e�ect of the structures compared to the predictions of Figure
4.11. These processes could decrease the bed level behind the struc-
tures, which would shift the thresholds for coastline expansion of
Figure 4.11.
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Additional ecologic requirements

Our work focused on maximizing coastline expansion to ensure
mangrove recovery, but in reality additional bio-physical require-
ments will limit mangrove establishment. Natural mangrove colo-
nization can be limited by factors such as low seed availability79,
seedling dislodgement due to wave action12,11,10, or seedling uproot-
ing and burial12,11,10.

Van Bijsterveldt et al.158 installed a network of seed traps along
the coast of Demak, which demonstrated high seed availability
throughout the area. Pulling experiments with Avicennia marina
seedlings, the pioneer species in Demak, showed that their anchor-
ing forces were two order of magnitudes larger than the local wave
forces during calm conditions. However, seedlings younger than 1
month, with lower anchoring forces, could be particularly vulner-
able to dislodging during storm events12. Seedlings could also be
uprooted due to erosion, even in scenarios where structures stop
coastline retreat. For example, without subsidence and without
sediment supply, a structure at 0.9 m below MSL can mitigate
shoreline retreat and cause 134 m of progradation (Figure 4.11, d),
but there are still 12 cm of vertical erosion along the higher part of
the profile.

The largest peek in seed production of Avicennia marina in De-
mak coincides with the NW monsoon, when the wave attack and the
erosion rates are largest. Sowing seedlings after the NW monsoon,
by April-May, could give mangroves approximately 6-7 months to
develop in undisturbed conditions until the next NW monsoon sea-
son. During this calmer period, mangroves could grow their roots,
which would enable them withstand higher loads and higher ero-

134



sion depths during the next NW monsoon. This potential strategy
could be investigated by applying XMgrove with a dynamic vegeta-
tion model that reproduces vegetation establishment, growth, and
mortality. Mangrove colonization would also decrease the shear
stresses on the bed and increase its shear strength, reducing ero-
sion in the following years162.

Besides including vegetation dynamics in morphodynamic mod-
elling, another important step towards implementation is the de-
velopment of mangrove mapping tools for eroding coastlines. In-
cluding mangrove restoration in coastal management requires sys-
tematic ways to find potential mangrove sites. However, existing
mangrove mapping methodologies disregard eroding coastlines and
classify them as unrestorable, which leaves out a considerable num-
ber of potential restoration sites. The following chapter explores
how to find potential sites for restoring mangroves with structures
using open-access data sets.
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5. Mapping mangrove
opportunities

5.1. Introduction

Integrating mangrove restoration and management in coastal pro-
tection plans requires tools to identify potential mangrove sites.
Existing mapping methods have classified eroding coastlines as un-
suitable for restoration, which neglects many areas that could po-
tentially be recovered with bamboo structures. The aim of this
chapter is thus to develop a mangrove mapping methodology, which
is applied to the case study of Bangladesh. This chapter was made
possible with financial support from the Japan World Bank Pro-
gram for Mainstreaming Disaster Risk Management in Developing
Countries, and technical support from its implementing arm, Dis-
aster Risk Management Hub, Tokyo. The content of this chapter
is included in the following publication:

A. Gijón Mancheño, P.M.J. Herman, S.N. Jonkman, S. Kazi, I. Urrutia,

and M. van Ledden (2021). Mapping Mangrove Opportunities with Open Access

Data: A Case Study for Bangladesh. Sustainability, 13(15).
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5.2. Mangrove ecosystem services and
restoration

5.2.1. Coastal protection in Bangladesh

Bangladesh was the 7th most-a�ected country by extreme weather
events between 1999-2018 due to a confluence of reasons39. Cy-
clones regularly sweep the coastline of the Bay of Bengal, and funnel
into the narrowing shape of the bay at Bangladesh73. The coun-
try is also low-lying and densely inhabited, which exposes a large
population to the e�ect of surges. Besides cyclones, massive rains
during the monsoon have also caused floods across the country67.
This vulnerability to weather events is only likely to increase over
the next century due to climate change and the expected population
growth, setting a strong need for coastal defence measures.

The coastal zone of Bangladesh is currently protected by a sys-
tem of 139 polders. These are surrounded by approximately 6,000
km of peripheral embankments, which were built in the 1960-1970s
to prevent tidal flooding135. Their construction protected lives and
livelihoods114, and increased agricultural production by 200% to
300% in some areas110. Over time, river siltation combined with
poor infrastructure maintenance caused drainage problems and wa-
ter logging at some polders105,7. Moreover, since the embankments
were not designed to contain surges, breaching events have taken
place during some cyclones64. The embankment system is thus
being upgraded to a higher safety standard by the Coastal Em-
bankment Improvement Project – Phase 1 (CEIP-1), as the first
phase in a potential series of projects to upgrade all polders along
the coastal zone in Bangladesh.

138



The CEIP-1 project has several components, such as the re-
inforcement of 10 polders to a 25-year level of protection, and
a�orestation schemes seawards from embankments65. The scope
of the a�orestation works includes planting commercial species for
economic purposes, and planting mangroves for coastal protection.
Mangroves attenuate waves and currents93,13,91,56, but have a lim-
ited e�ect on storm surges76,99. Since surge heights in Bangladesh
often range between 3-5 m70,175, embankments are necessary to fully
protect coastal polders from flooding. However, by reducing wave
impacts and wave run-up on embankments, mangroves provide ad-
ditional coastal resilience, and potentially reduce the costs of up-
grading embankments153,154.

Bangladesh is home of the largest continuous mangrove forest in
the world, the Sundarbans, and it has a long history of mangrove af-
forestation. Mangrove planting schemes have stabilized 150,000 ha
of coastal land since 1966, and additional a�orestation opportuni-
ties may be present along the coastal system124. However, existing
methodologies for mangrove opportunity mapping are limited for
the case of Bangladesh. For instance, Worthington and Spalding171

identify mangrove areas lost all over the world since 1996, and esti-
mate their restoration potential depending on the local conditions.
However, most of the mangrove losses in Bangladesh happened be-
tween 1873-193362, and they are thus neglected by their mapping
methodology. A�orestation opportunities (i.e., planting in areas
not previously inhabited by mangroves) would not be identified by
this method either.

The aim of this work is thus to develop a systematic screen-
ing method to map mangrove opportunities seaward from embank-
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ments, which we applied to the case-study of Bangladesh. The
methodology is conceived as a first screening technique based on
readily available data, which helps identify sites to be investigated
in subsequent more detailed studies. This methodology could also
be valuable for other tropical countries facing increasing challenges
with rising sea levels109. The following sections discuss the potential
and limitations of coastal protection by mangroves, and the factors
to consider in the screening methodology.

5.2.2. Coastal protection by mangroves

The protective role of mangrove vegetation against coastal hazards
results from the combination of several mechanisms, illustrated in
Figure 5.1. Mangroves exert resistant forces against waves and
currents93,92, and fix coastal sediments in the sea bed with their root
system. The lower erosive forces combined with higher sediment
stability reduce erosion and favor sediment deposition151. Sediment
accumulation also reduces the water depth, limiting the highest
waves that can propagate into the forest without breaking.

The wave attenuation e�ciency of mangroves depends on several
factors, such as wave characteristics, tree species, tree geometry,
and the total extent of the vegetation93,13. In practice this implies
that the forest width required to dissipate waves is site-specific. For
instance, a minimum value of 100 m is often used as a reference for
coastal protection168, but Bao13 observed that the required width
for wave attenuation depended on the forest structure, with smaller
widths being necessary for taller and denser forests, as shown in
Figure 5.2.
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Figure 5.1: Diagram illustrating coastal protection by mangroves. Waves at-
tenuate as they propagate through the forest. As a consequence, any sediment
particles transported by the flow can deposit between the trees. The mangrove
root system stabilizes the soil, further enhancing an increase in the bed level.

Figure 5.2: (Left) Wave transmission rates through four mangrove forest sites
in Vietnam, adapted from Bao13. (Right) Pictures of the main species identified
by Bao et al.13 in the monitored transects: (a) Avicennia marina (by Alison
Klein, CC0 1.0 from Flickr), (b) Rhizophora mucronata (by Bernard Dupont,
CC BY-SA 2.0 from Wikimedia), (c) Sonneratia caseolaris (by Shagil Kannur,
CC BY-SA 4.0 from Wikimedia), (d) Aegiceras corniculatum (by Vengolis, CC
BY-SA 3.0 from Wikimedia).
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Wave attenuation also varies with wave length, as illustrated in
Figure 5.3. Wind waves, i.e., locally generated storm waves, can ex-
perience higher wave height reduction over a 100 m belt than swell
waves, which are longer waves generated hundreds or thousands of
kilometers away from the shoreline. Figure 5.2 also suggests that
a mangrove belt width of 1 km would probably be more similar to
the distance required to fully attenuate the longer swell waves, and
even longer widths would be required to dissipate a tsunami, with
wave lengths of hundreds of kilometers.

This does not imply that mangroves do not provide any protec-
tion against relatively longer waves. Vegetation can stabilize and
maintain a sediment level that would be unstable without vegeta-
tion, a�ecting both the height and the form of the coastal profile.
The presence of the vegetation can also decrease the run-up height
and flow velocities under tsunamis, mitigating their e�ects, as ob-
served in south-east Asia after the tsunami of 2004145,143,71.

Surges can be considered as waves with very long periods, from
a few hours to several days99. Following the reasoning illustrated
in Figure 5.3, extensive mangrove forests would be needed to ef-
fectively dampen surges. Field observations have also shown lim-
ited surge reduction by mangroves, with attenuation rates of 9.4-24
cm/km through vegetated areas76,100.

Since surge heights between 3-5 m are frequent in Bangladesh175,
some form of structure at the land side will always be needed to
protect against flooding. However, surges can occur simultaneously
with locally generated wind waves, with heights of 3 m at the ex-
posed coastline119. The attenuation of these shorter waves by a
mangrove belt would reduce the run-up height on coastal embank-
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Figure 5.3: Diagram illustrating the amount of wave reduction for fixed value of
incoming wave height and varying wave periods through a 100 m-wide mangrove
belt. The diagram was derived using the model of Mendez and Losada97 with
mangrove vegetation parameters obtained from Suzuki139; vegetation density
of 1.1 trees/m2 and tree diameter of 0.27 m. The results were obtained with
a water depth of 1.5 m and a wave height of 0.8 m (maximum wave height
possible with a breaking ratio of 0.55). The wave lengths indicated in the
figure are also calculated for a water depth of 1.5 m.
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ments, potentially decreasing the costs of slope and bank protec-
tion, and the required crest height of the structures. The economic
benefit of including mangroves for coastal protection will depend on
site-dependent aspects like the costs of mangrove restoration and
maintenance, or the land value.

5.2.3. Finding suitable locations for mangroves fore-
shores

Identifying opportunities for mangroves along the coastal system
relies on knowledge of their habitat. Mangroves grow at deposi-
tional intertidal areas with low wave action and freshwater input4.
Natural recruitment can take place on newly accreted land that
satisfies the physical conditions required by mangroves (Figure 5.4
a), as long as there is a nearby supply of mangrove seedlings.

Similarly, if mangroves are removed at one site but the local
conditions remain suitable for them, the vegetation may also re-
colonize naturally80. For instance, natural regeneration has taken
place after deforestation in mangrove forests of Baja California163

and Kenya66. When a mangrove site is degraded and the habitat re-
quirements are no longer satisfied, the habitat should be restored to
enable vegetation recruitment80. The required technique depends
on the cause of mangrove absence, as illustrated in Figure 5.4.

If human activities reduce seedling availability, planting schemes
can accelerate mangrove establishment80 (Figure 5.4 d). Such plant-
ing e�orts should be planned based on knowledge of the local ecology80.
Although mangroves are generally present between mean sea level
(MSL) and the highest astronomical tide (HAT), di�erent species
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Figure 5.4: Diagram illustrating several mangrove restoration techniques. Man-
groves grow at sheltered intertidal areas with freshwater input (a). If human
or natural actions degrade a mangrove forest by changing the freshwater in-
put or the local hydroperiod, hydrologic restoration measures can restore the
original conditions (b1-b3). When a site becomes too exposed to wave action,
leading to erosion, structures can be built to shelter the coastline and enable
mangrove recovery (c). If the seedling availability is low at one site, planting
can accelerate natural recruitment (d).
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tend to grow in bands parallel to the coastline depending on their
relative tolerance to physical factors like salinity, soil type, or nu-
trient content133. This relative distribution of the species changes
from place to place.

For the case of Bangladesh, clear distribution patterns were
not identified in the Sundarbans41, although the species Sonneratia
apetala and Ceriops decandra were generally associated to higher
levels of salinity (i.e., to areas with more inundation), while Heri-
tiera fomes (also known as Sunder or Sundri), was linked to lower
salinity levels (i.e. to areas with less tidal inundation). The combi-
nation of multiple species, at once or in several stages of planting,
is also a factor to consider in mangrove restoration designs, since
biodiverse forests formed by multiple species are more resistant to
pests and have higher chances of long-term survival124.

Other forms of habitat degradation can require additional steps
for mangrove establishment. Human interventions such as sedi-
ment disposal, excavation or coastal infrastructure can alter the
emergence time needed by mangroves, which should be restored
to enable mangrove establishment84 (see Figure 5.4 b2 and b3). At
sites where tributaries bringing freshwater have been blocked, man-
grove establishment requires restoring the freshwater input (Figure
5.4 b1).

Some sites require restoring the morphodynamic conditions at
the coast. At locations where high wave exposure has led to coast-
line retreat, bamboo and brushwood structures have been built to
attenuate waves and enhance coastline accretion and create new
mangrove habitat169 (Figure 5.4 c). This solution may not be fea-
sible at sites with low sediment availability and high local sea level
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rise, since some rates of relative sea level rise may be too high to be
compensated by local accretion (see Chapter 4). Lastly, pollution
can alter the biochemical conditions of the soil to levels that are
not acceptable for mangroves84.

Mapping all of the relevant variables to diagnose the cause of
mangrove absence (land use history, tides, waves, topography, fresh
water influx, sediment properties, and soil biochemistry) is not
straightforward since it requires high-resolution data that is of-
ten scarce. Worthington and Spalding171 developed a large-scale
map indicating potential areas for restoration all over the world by
identifying areas of recent mangrove loss, excluding eroded areas
and urban areas, and classifying the remaining potential locations
based on aspects such as proximity and size of remaining vegetation
patches, and local relative sea level rise.

Since the maps developed by Worthington and Spalding171 dis-
play locations of recent loss, they limit the restoration options in
countries like Bangladesh, where mangrove degradation has taken
place for a long time. For example, historical maps show that in
1775 the Sundarbans forest extended over the southwestern coast
of Bangladesh until Lakshmipur22. However, the forest area de-
creased from 7,500 km2 to 6,000 km2 between 1873 and 193331,19

and its limits have remained approximately the same ever since61.
Such losses cannot be considered recent, and excluding their poten-
tial recovery would leave out a considerable portion of the coastal
system.

The classification by Worthington and Spalding171 also defines
eroded areas as unrestorable, while erosion mitigation measures are
being investigated in countries like Indonesia, Vietnam, Thailand,
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and Surinam171,139. Their method could also be improved by ac-
counting for the flood risk of landward areas, to focus the e�orts
on the most vulnerable locations. We consequently (1) made an
inventory of open access data, based on which we (2) developed
a screening methodology to map potential mangrove areas for the
case-study of Bangladesh.

5.3. Mangrove mapping method

5.3.1. Description of the study area

Bangladesh is located at the north of the Bay of Bengal, bounded
by India at the west, north, and east, and by Myanmar at the
southeast. The country lies on the Gangetic delta, formed by the
deposition of sediment transported by the Ganges, Brahmaputra,
and Meghna rivers8. The eastern part of the coastal system is cov-
ered by the Bangladeshi side of the Sundarbans, the largest contin-
uous mangrove forest in the world (Figure 5.5). The central part of
the coastal system most consist of low-lying polder area, whereas
the western coastal region consists of relatively narrower polders
developed over steeper ground, e.g., as it can be seen in Figure 2.3.
of Dasgupta35.

5.3.2. Open access data bases

Figure 5.6 summarizes the open access sources identified in the
present study, including digital elevation data77, tidal data23, rel-
ative sea level rise data63, and GIS data providing the location of
rivers, tidal flats104, and mangroves. Both wave and bathymetric
data were scarce, and we could not identify data sources covering
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Figure 5.5: Coastal system of Bangladesh, showing mangrove areas (green)
and embanked polder areas (grey). The large green area at the west is the
Bangladeshi part of the Sundarbans, the largest continuous mangrove forest
in the world. The Sundarbans is shared by Bangladesh and India, and the
Bangladeshi side constitutes approximately 60% of the total area of the forest.
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the full coastal zone.

Figure 5.6: Open access data sources identified in the present study.

5.3.3. Screening methodology

Based on the existing data sources, we developed a method to iden-
tify potential mangrove sites along the coastline. The criteria for
site selection are explained below, and schematized in Figure 5.7:

1. Suitability of a site as potential habitat: we considered sites
within 10 km of existing mangroves as potentially suitable for col-
onization. This limit is based on dispersal distances observed by
Clarke29 for Avicennia marina seedlings. In practice, the disper-
sal distances will vary between mangrove species, and will depend
on the local hydrodynamic processes. However, this value provides
a preliminary indication of the areas that could recruit naturally.
The existing mangrove sites were obtained from the maps by the
Global Forest Watch (Figure 5.6).

2. Method needed to implement vegetation: the techniques
needed to vegetate a site were based on the rates of coastline change
from the Aqua-monitor tool86. We assumed that natural coloniza-
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tion would happen at locations with expanding coastlines near ex-
isting mangroves, and if seedling availability was low, or natural
processes were too slow compared to coastal protection targets,
they could be complemented by planting e�orts. At sites with re-
treating coastlines, erosion mitigation measures such as bamboo
structures or nourishments would be needed.

3. Prioritization criterion based on vulnerability: we evaluated
the level of priority based on the flooding risk of landward areas us-
ing the ground elevation measurements from CoastalDEM®77, and
3 scenarios of relative sea level rise (RSLR) from IPCC63; +0.3 m
(expected value in 2050), +1 m (worst case scenario in 2050) and
+2 m (worst case scenario in 2100). Since polders comprise in-
habited areas and valuable assets, their protection was prioritized
compared to non-polder areas. Moreover, polders are blocked from
any sediment input by the tide, which means that, unlike unem-
banked areas, they have no mechanisms to accrete and keep up
with rising sea levels. Polders that would be below MSL in the
RSLR scenario of +1 m in 2050 were given the highest flooding
risk, and we prioritized vegetated foreshores seawards of them.

5.4. Potential mangrove sites in Bangladesh
The sites identified as potentially suitable for foreshore a�orestation
are shown in Figure 5.8. Our method suggests that approximately
600 km of coastal stretches seawards from embankments are located
within 10 km of existing mangrove patches. Out of those 600 km,
we prioritized 6 sites based on their flood risk, which constitute
approximately 140 km of coastline. Their location, polder, and the
techniques recommended to implement mangrove vegetation are
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Figure 5.7: Criteria for mapping mangrove opportunities. (1) Coastal sites
located less than 10 km away from existing mangroves are considered as poten-
tially suitable for mangrove recruitment. (2) The technique needed to vegetate
a site is chosen based on the coastline behavior. Expanding coastlines could be
colonized naturally, and planting schemes could be conducted if more detailed
studies show the need to do so (e.g., if seedling availability is too low, or if the
natural establishment is too slow for coastal protection purposes). Retreating
coastlines would require erosion mitigation measures. (3) Vegetating foreshores
fronting polder areas with low ground elevations is prioritized.
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indicated in Figure 5.9. The specific sites where erosion mitigation
measures are needed are shown in Figure 5.10, Figure 5.11, and
Figure 5.12.

Figure 5.8: Map showing mangrove development opportunities in Bangladesh.

Figure 5.9: Selected sites for mangrove-vegetated foreshores, including the
polder number, and general technique recommended to vegetate each area.

The Sundarbans forest (western limit of Figure 5.8) was not in-
cluded in the analysis since mangroves have natural mechanisms
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to keep up with rising sea levels, and we assumed that natural re-
cruitment processes will continue there without any need for human
interference. The polder area east from the Sundarbans, along the
coast of Barguna, had low vulnerability to relative sea level rise, so
it was given low priority and excluded from the site selection.

Figure 5.10: Potential sites for vegetated foreshores (west).

Locations 1-4 correspond with expanding coastlines fronting
polder areas of low ground elevation. These four sites are placed
near existing mangrove patches, so the newly accreted land could
be colonized naturally by mangroves. Erosion mitigation measures
may be needed at some specific stretches of sites 1 to 4 (see Figure
5.10 and Figure 5.11). Locations 5 and 6 also front areas vulnera-
ble to flooding, but they require erosion mitigation measures along
most of the coastline.
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Figure 5.11: Potential sites for vegetated foreshores (center).

The coast at the eastern side of the country is mostly eroding
and mangrove vegetation is almost completely absent. Sites 7-8 are
relatively more sheltered from waves due to the presence of Ma-
heshkhali island (Figure 5.12), and they correspond to expanding
coastlines seaward from polders with high vulnerability to rising sea
levels. Mangroves are already present close to these sites, so both
locations have high potential for natural recruitment or planting
schemes.

Implementing mangrove foreshores at the locations illustrated
in Figures 5.8-5.12 could reduce the loads on embankments, de-
creasing their upgrading costs. In order to explore the impact of a
vegetated foreshore on the design of a dike, here we estimate the
required dike height with and without a mangrove belt seaward of
the embankment. The crest height of a dike is designed so that the
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Figure 5.12: Potential sites for vegetated foreshores (east).
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maximum discharge over the structure does not exceed a maximum
threshold during design conditions. Figure 5.13 shows the needed
embankment height to obtain a maximum overtopping discharge of
5 l/m/s, where the discharge is calculated with the equation of Van
der Meer159:

q =
Ò
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where q is the overtopping discharge per meter, g is the gravita-
tional acceleration, Hm0 is the spectral wave height, – is the angle
of the outer slope, ›m≠1.0 is the breaker parameter, “b is the in-
fluence factor for a berm, “f is the influence factor for roughness
elements on the slope, “— is the influence factor for oblique wave
attack, “‹ is the influence factor for vertical wall, Hcrest is the crest
level, and H is water level.

For coastal embankments, slopes of 1:8, armour layers (corre-
sponding with “f = 0.55), and berms (with “b for a 5 m wide
berm placed at the still water level) are often implemented. We
assume perpendicular wave incidence (so “— = 1), and no vertical
walls (“‹ = 1). The dark blue line is calculated with a design wave
height of Hm0 = 3 m, and a surge height of H = 5 m, which result
in a minimum crest height of Hcrest = 6.1 m.

The lighter blue line is obtained by reducing the wave height
to simulate the e�ect of mangroves while keeping the surge height
constant. Wave attenuation rates range from 5% to 100%93,13 over
100 m of mangrove forest (see McIvor94, or Horstman56 for a full
review). Assuming 8% reduction over 100 m, and that the wave
height reduces linearly with the distance into the forest over the
first 500 m (see Figure 4.1. in Barbier14), a mangrove belt of 500
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Figure 5.13: (a) Design water levels of an embankment. (b) Required embank-
ment height to have a maximum discharge of 5 l/m/s, with and without wave
attenuation by a mangrove belt.

m could cause a 40% reduction of the wave height, decreasing the
minimum necessary height of the embankments from 6.1 m to 5.5 m.
This crest height reduction would directly translate into a decrease
of the building costs.

5.5. Discussion
By reducing the wave loads on the structure, mangroves would not
only reduce the necessary crest height of a structure but they also
could decrease the costs for slope and bank protection, or even com-
pletely eliminate the need for revetments. However, implementing
vegetated foreshores requires addressing several considerations.

Firstly, we identified areas with potential for mangrove estab-
lishment, but the suitability of potential sites should be investigated
in more detail. Our model did not include relevant factors such as
the local hydrology, soil properties or wave action at the coast.
These factors should be assessed locally and compared to the man-
grove habitat requirements12,24. Remote sensing techniques may
constitute a valuable source for these parameters. The combina-
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tion of datasets of the physical parameters with maps indicating
the presence of mangroves and deep learning methods could pro-
vide mode accurate habitat identification techniques. Expanding
the mapping methodology with additional restrictions may limit
the presence of mangroves at some of the locations highlighted in
Figure 5.13, but it could also identify new mangroves opportuni-
ties. For example, our approach focused on mangrove opportuni-
ties along open coastal areas, but there may be additional potential
sites at more upstream locations. Identifying those would require
tidal and DEM data with higher resolution and accuracy than those
listed in Figure 5.6.

Secondly, bed level changes seawards from the embankments
could change the wave run-up height, and the required crest height
with respect to the estimates of Figure 5.13. Process-based models17

could estimate how the coastline is likely to change over time under
di�erent scenarios, and how the vegetation could develop. This ap-
proach would require more detailed morphodynamic data, and in-
formation about the local mangrove species and soil properties. The
estimated coastline morphology and vegetation properties could be
implemented in probabilistic design models such as Vuik153,154, in
order to assess impact of mangroves on other structure failure mech-
anisms, such as erosion of the dike cover.

Thirdly, although mangroves can reduce the loads on coastal in-
frastructure, a�orestation involves an economical investment, and
mangroves occupy areas that could have other productive appli-
cations. A complete cost-benefit analysis would require pondering
the construction and maintenance costs of raising the embankments
versus developing and maintaining a mangrove belt, and comparing
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the benefit derived from productive land uses, such as farming or
aquaculture, with the mangrove ecosystem services. This type of
analysis could also indicate which mangrove belt width could be
most cost-e�ective. Moreover, it is also important to assess how
other ecosystem services could a�ect the protective role of the veg-
etation, for instance for activities like wood harvesting78.

Mangroves can also be physically degraded during extreme events,
for example due to breakage or uprooting by waves or currents. The
possibility of vegetation failure should thus be considered in dike
designs, due to both mechanical and biological causes. Low diver-
sity has been associated to large-scale death event due to pests in
single species stands of mangroves167,26,27, but this aspect has re-
ceived relatively less attention in planting schemes. Spatial statisti-
cal techniques can o�er powerful tools to evaluate risk associated to
low biodiversity173, and to create more resilient a�orestation plans.

Implementing mangroves in coastal protection plans would also
require more accurate ways to estimate the flood risk. Our method
indirectly evaluated flood risk by prioritizing polder areas (enclosing
valuable assets) and low elevation polders (with potentially larger
flooding depths), but it did not estimate the value of the assets nor
the flood characteristics in case of dike failure. Hotspot detection
tools172 would be particularly valuable for policy makers, as they
would provide quantitative ways to identify the most vulnerable
areas. More accurate flooding models, including the potential ef-
fect of surges, would also be necessary for precise predictions of the
flooding depth and speed, e.g. as done in Jonkman69. The com-
bination of such tools would provide more accurate assessments of
the risk reduction by a mangrove belt.
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Once an optimum mangrove width is selected, it will take time
for mangroves to grow. The growth period will depend on the lo-
cal species and the a�orestation technique, and the embankments
should provide enough safety against wave attack while the man-
grove belt is developing. Due to the inherent uncertainties in the
evolution of the bed level and the vegetation, the foreshore should
be monitored regularly by measuring (1) bathymetries, and (2) veg-
etation properties such as number of seedlings, and their geometry.

The monitoring data would enable readjusting the restoration
strategy if necessary, or protecting the profile in case of erosion by
building bamboo structures or nourishing sediment. If the restora-
tion targets are not satisfied after the expected growth time, the
embankment could then be reinforced to ensure the safety of land-
ward areas.

The natural adaptability of mangroves to rising sea levels151,126

in combination with grey infrastructure and robust monitoring sys-
tems, can provide a resilient tool to protect coastal areas. Our
methodology o�ers a systematic approach to integrate vegetated
foreshores and embankments in coastal protection schemes, which
compensates data scarcity by using open access data sources. This
mapping method could thus be applied to identify potential man-
grove sites in data-scarce areas, constituting a useful tool to inte-
grate nature-based flood defenses in coastal protection and adap-
tation plans.
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6. Synthesis

This dissertation investigates how to aid mangrove restoration
at eroding coastlines using bamboo structures. The first chapters
explore how structures a�ect currents (Chapter 2), waves (Chapter
3) and sediment transport (Chapter 4). A methodology was also
developed to find locations where mangrove belts may be developed
seawards from dikes (Chapter 5).

This chapter discusses the outcome of each chapter by reiterat-
ing the main research objective, and providing its main scientific
conclusions and their implications. Recommendations for future
research are also provided for each chapter. The section concludes
with a general reflection on the challenges of conserving and restor-
ing mangrove coastlines all over the world.

6.1. Effect of bamboo structures on
currents

Previous restoration e�orts were limited by the lack of models to
predict the e�ect of bamboo structures on currents. The aim of
Chapter 2 is thus to develop a predictive method to estimate the
resistance exerted by bamboo structures on a current.
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Laboratory experiments were conducted to explore the processes
driving the resistance by arrays of cylinders (representing the bam-
boo poles of a structure), and the experimental results guided the
derivation of a model to predict their resistance. The flume ex-
periments confirmed that the forces acting on regular cylinder ar-
rangements vary with the spacing between poles. Narrower lateral
spacings (in the direction perpendicular to a current) cause flow ac-
celeration, which increases the forces acting on the poles (an e�ect
denoted as blockage). Inversely, small distances between cylinders
in the flow direction reduce the velocity acting on downstream ele-
ments, and the forces acting on them (an e�ect described as shel-
tering).

The resistance (drag) forces exerted on bamboo poles in a cur-
rent are thus predicted using a quadratic drag formulation, in which
the velocity upstream from a structure is multiplied by a blockage
factor (fb) and a sheltering factor (fs) (Figure 6.1). The blockage
factor is determined from mass conservation over a cross-section
of the structure, as suggested by Etminan et al.43,44. The shel-
tering coe�cient depends on the turbulence intensity38, which is
calculated from a balance between turbulence production and dis-
sipation, following the approach of Nepf106.

This approach is limited by several simplificative assumptions
during its derivation, which are valid for the present case but may
not hold in other applications. The model assumes that the forces
acting on the poles are dominated by the form drag, caused by
the turbulent wakes behind the poles. Vortex shedding can occur
within a structure at high Reynolds numbers and for lateral spac-
ing between cylinders larger than 1.3 times the diameter. However,
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Figure 6.1: Parameterization of the drag forces acting on a cylinder in a current.
The velocity upstream of the cylinders is multiplied by a blockage factor (fb),
which accounts for flow acceleration between cylinders, and by a sheltering
factor (fs), which accounts for the velocity reduction on downstream cylinders
due to wake development.

smaller spacings may inhibit vortex shedding, and very dense cylin-
der arrangements may thus fall outside the range of applicability
of this model. The method also assumes small di�erences in wa-
ter level just upstream and in between the cylinders, and relies on
the value of empirical parameters. Several potential adaptations to
expand the model’s applicability are presented in Chapter 2.

For the bamboo structures, this method constitutes a very flex-
ible tool to predict the structure resistance. The inclusion of the
sheltering and blockage factor enables testing many di�erent reg-
ular geometries without having to derive empirical coe�cients for
each configuration, and model predictions also showed a reasonable
agreement with measurements for random arrays of cylinders. As
a next step, this method can be integrated into a larger-scale 2DH
model, and applied to explore how di�erent designs a�ect local cur-
rents and sediment transport.
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6.2. Effect of bamboo structures on waves
The objective of Chapter 3 is twofold: (1) developing methods to
predict wave reflection and dissipation by bamboo structures, and
(2) assessing which designs could replace brushwood structures in
Demak. The discussion on each objective is presented below.

6.2.1. Predictive models for wave reflection and dissi-
pation by bamboo structures

Chapter 3 presents a model to predict the e�ect of bamboo struc-
tures on waves, based on measurements from wave flume experi-
ments. Wave transmission through the structures is calculated by
schematizing them as parallel rows of cylinders, and subtracting
the wave energy dissipation and reflection row by row. Wave dissi-
pation is computed as the work done by the drag forces.

In oscillatory wave flows, the drag forces are also calculated by
multiplying the velocity upstream from the structure by a blockage
(fb) and a sheltering factor (fs), but a factor dependent on the
Keulegan-Carpenter number (fKC) is also included to represent the
transition between inertia and drag dominated conditions (Figure
6.2). Wave reflection is calculated with an empirical expression that
depends on the fluid area occupied by cylinders.

The model provides good results for the conditions of the flume
experiments but depends on empirical parameters derived from a
relatively narrow set of experimental conditions. The wave experi-
ments of Chapter 3 only cover KC values between KC = 10 ≠ 22,
where the drag coe�cient had not yet approached the limit of
steady flow values. This implies that the full behaviour of fKC

166



Figure 6.2: Parameterization of the drag forces acting on a cylinder in a wave
oscillatory flow. The velocity upstream from the cylinders is multiplied by a
blockage factor (fb), which accounts for flow acceleration between cylinders,
and by a sheltering factor (fs), which accounts for the velocity reduction on
downstream cylinders due to wake development. A factor dependent on the
wave excursion (fKC) is included to represent the e�ect of wave length on the
flow field. The asterisk is meant to indicate that in waves the flow direction
reverses every half cycle.
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cannot be described from the measurements. For oscillatory wave
flows the sheltering coe�cient is empirically fitted to experimental
data, instead of determined with a turbulence model. The wave
reflection coe�cient is assumed to be uniquely dependent on the
cross-section of the structures, whereas in reality it will also depend
on wave properties such as the wave period. In order to make the
method as general as possible, it is thus recommended to expand
the experimental range of wave conditions and structural geome-
tries to find more complete expressions for fs and fKC , to expand
the turbulent model of Chapter 2 for wave flows, and to develop
the expression for wave reflection.

Despite these shortcomings, the present method constitutes a
physics-based framework that accounts for the di�erent processes
influencing flow velocity changes inside groups of cylinders. This
is a significant step compared to the traditional approach of gath-
ering all e�ects into a single bulk drag coe�cient. The separate
predictions for the processes of sheltering and blockage are espe-
cially useful when comparing di�erent structure configurations to
optimize designs. An example of model application is thus provided
in the next section.

6.2.2. Cost-optimum structure designs for wave atten-
uation

As hypothesized based on the existing literature, wave flume ex-
periments show that bamboo pole arrangements with small lateral
spacings (perpendicularly to waves) and long separation in the wave
direction maximize forces and wave dissipation rates per element
(Figure 6.3 a-b). Horizontal beams also cause more wave attenua-

168



tion compared to vertical poles (Figure 6.3 c), as they produce form
drag forces both vertically and in the direction of wave propagation.
The additional dissipation by horizontal beams becomes relevant
for deep water waves, whereas in shallow water conditions horizon-
tal and vertical poles provide comparable forces and dissipation.
Structures formed by horizontal bamboo beams could therefore be
an alternative to brushwood structures in deep and intermediate
waters, whereas both horizontal beams and vertical bamboo poles
could be implemented in shallow water (Figure 6.4 a-c).

Figure 6.3: Strategies to increase wave attenuation of a group of bamboo poles:
(a) decreasing the lateral spacing (perpendicular to the wave direction) to maxi-
mize flow acceleration, (b) increasing the spacing in the wave direction to min-
imize sheltering on downstream elements, and (c) placing the bamboo poles
horizontally in intermediate and deep water to induce wave energy dissipation
by a vertical and a horizontal drag force component.

169



6. Synthesis

The cost-e�ectiveness of a structure does not only depend on
finding optimum cylinder arrangement, but also on material, con-
struction and maintenance costs. These aspects are examined here
for the case of Demak, using unit costs provided by Witteveen and
Bos (Figure 6.4 e). These values were used to calculate the initial
investment costs of the structures, and their maintenance over time.
Bamboo poles are wrapped in polyethylene sheets to expand their
durability from two to five years, whereas the brushwood filling has
to be replaced twice a year at exposed locations, and once a year
at more sheltered sites.

The cumulative costs (initial investment plus yearly mainte-
nance) are calculated for structures with a transmission rate of 50%
for waves of H = 0.25 m and T = 3.5 s, assuming a water depth
of 0.5 m with respect to mean sea level (MSL). The structure di-
mensions are calculated using the model presented in Chapter 3,
for three types of configurations: a structure formed by brushwood
(Figure 6.4 c), a structure formed by vertical bamboo poles only
(Figure 6.4 a), and a structure formed by horizontal rows of bamboo
(Figure 6.4 b). For the structures formed by brushwood and hor-
izontal beams, additional vertical poles are included for structure
stability (2 per row and per m of structure in the alongshore direc-
tion). The resulting structure properties are summarized in Figure
6.4 (d). Although all structures provide 50% transmission for the
chosen wave condition, the wave reflection rates are not identical
and they are equal to 14% (for vertical cylinders only), 10% (for
horizontal beams), and 22% (for brushwood), respectively.

Structures formed by only vertical bamboo poles are the most
expensive option (as shown in the first year of Figure 6.4 f). Since

170



Figure 6.4: Cost comparison of di�erent structure designs: (a) structures
formed by vertical poles, (b) structures built with horizontal beams, and (c)
brushwood structure. Table (d) shows the structure geometry, where D is the
pole or brushwood diameter, sy is the spacing between elements in the along-
shore direction, sx is the spacing between elements in the wave direction, Nr

is the number of rows, and N the number of elements per m of structure. The
unit costs of structure materials and construction are shown in (e). The total
costs per meter in the alongshore direction are shown in (f) for vertical, hori-
zontal, and brushwood structures, with brushwood maintenance once a year (1
m/y), and twice a year (2 m/y). These costs are only indicative as unit costs
may change for di�erent providers, and they may also change over time.
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every pole must be driven into the soil, vertical poles have to be at
least 2 m longer than if they were placed horizontally, increasing
their material as well as labor costs. Structures formed by hori-
zontal beams are the second cheapest alternative, as they minimize
the required material and their investment costs are relatively lower
than for structures uniquely formed by vertical poles. Brushwood
structures are the cheapest option, as they have less vertical poles
than the other two alternatives, and due to the low cost of the
brushwood filling.

When long-term maintenance costs are factored in (see years
2-5 of Figure 6.4 f), where the costs are expressed in euros of 2021
correcting for steady 2% inflation over the following years), brush-
wood structures become increasingly expensive over time. With
one maintenance operation per year (third row in Figure 6.4, f),
brushwood structures still remain the most economical option for
all years despite their repair costs. With two maintenance opera-
tions per year (fourth row in Figure 6.4, f), brushwood structures
are the cheapest alternative for lifetimes smaller than three years.
After 4 years, horizontal beams and brushwood structures become
comparable options. Horizontal structures are more economical
for a lifetime of 5 years. The choice of structure configuration is
thus largely dependent on the desired structure lifetime and on the
maintenance frequency.

The cost estimates of Figure 6.4 are presented to discuss how
additional factors besides cylinder placement can a�ect structure
optimization. However, a full cost-comparison requires ensuring
that the designs remain stable during design conditions - an aspect
that was not considered in the designs of Figure 6.4. The timing
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of structure failure is also a limiting factor since maintenance op-
erations are limited by the weather. A structure failing during a
storm in the beginning or in the middle of a NW monsoon may
not be accessible for repair until early March, exposing the coast-
line to larger waves during the storm season. Modelling results of
Chapter 4 indicate that if the density of the brushwood filling falls
below Nv = 50 elements/m2, a structure has almost no e�ect on
the coastline position. Monitoring of the pilot study also showed
that significant damage in the brushwood filling led to a negligible
e�ect on the coastline (compared to control locations).

The brushwood filling was the most vulnerable component of the
structures in the pilot study, but structures formed vertical poles
and horizontal beams can also fail during a storm, especially since
the spacing between elements is kept small in Figure 6.4 to maxi-
mize the drag forces and the wave energy dissipation per pole. The
stability of the brushwood filling and the contribution of the local
geotechnical conditions to structure integrity are outside the scope
of this work but they should be integrated in structure designs.
Since the geotechnical properties, the wave climate, the material
availability and prices will di�er between sites, the choice of the
optimal structure should be based on site-specific cost-assessments.

Lastly, the plans for structure design should also include envi-
ronmental assessments and their clean-up costs (Figure 6.5). Exist-
ing designs disregarded the environmental e�ect of structure degra-
dation under the assumption that bamboo and brushwood struc-
tures are biodegradable. However, polyethylene sheets will disin-
tegrate over time and pollute the coast, and debris from deteri-
orated bamboo and brushwood structures was found to damage
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fringe mangroves in Vietnam117. The breaking down of bamboo
poles can also be a hazard for swimmers and fishermen at coastal
areas - broken poles can become sharp razors that cannot be seen
through the murky waters. Assessing environmental impacts and
quantifying the structure dissembling costs are thus recommended
for future designs117.

Figure 6.5: Aspects to consider in hydrodynamic structure design: (1) finding
the structure configuration that provides the amount of wave reduction needed
to mitigate erosion and cause sediment accretion (according to a morphody-
namic model), (2) while ensuring the designs are stable under design loads and
(3) structure removal after its lifetime.

6.3. Effect of bamboo structures on
morphodynamics

Chapter 4 aims to investigate the e�ect of brushwood structures
on sediment transport and on the coastline position for the case of
Demak. Field data was thus collected to validate XMgrove, a mor-
phodynamic model developed by Reniers et al.121. Once validated
the model was applied to evaluate scenarios with di�erent structure
configurations and di�erent boundary conditions. The discussion
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on the model results contain four parts: (1) on the lessons learnt
for Demak, (2) on the limitations of the model results based on the
knowledge of the local ecology, (3) on how to minimize erosion sea-
wards from the structures, and lastly (4) on how optimum designs
could change at other coastal systems.

6.3.1. Optimising restoration with structures in Demak

Bamboo and brushwood structures were developed to enhance sed-
iment accumulation at sites where human interventions have desta-
bilized the balance between erosion and deposition, leading to coast-
line retreat. This imbalance can be compensated by a local redis-
tribution of sediment by the structures. However, local sources can
become depleted after some time, and compensating rising water
levels requires a continuous supply of sediment. Modelling scenarios
suggest that the structure monitored in Chapter 4 may have failed
to stop coastline retreat because the subsidence rates in Demak are
too high to be counteracted by the local sediment sources.

Assessing whether structures can be implemented to cause ac-
cretion and create new mangrove habitat, in Demak and other man-
grove coastlines, thus requires: (1) knowledge of the history of the
area and the causes of mangrove degradation, (2) quantifying the
local morphodynamic conditions (e.g.: waves, water levels, cur-
rents, sediment properties, local bathymetry), (3) quantifying the
local rates of relative sea level rise (RSLR), and (4) estimating the
local sediment budget. Some physical properties, such as the wave
climate or the sediment input by rivers, may vary on a seasonal
or yearly basis, and these variations should be investigated by pre-
liminary assessments. The collected data can then be used in a
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Figure 6.6: E�ect of bamboo structures on bed level for di�erent rates of
relative sea level rise (RSLR) and sediment supply. (a) Without RSLR and
without sediment supply, structures cause a redistribution of sediment which
can produce mudflat expansion landwards from the structure. (b) With RSLR
and without subsidence, local sediment sources will be depleted at some point
and the coastline will retreat. (c) With RSLR and sediment supply, structures
may be able to counteract RSLR depending on the relative magnitude of the
sediment input versus the rates of change of the water levels.

morphodynamic model, in order to assess the feasibility of using
structures to stop coastline retreat. At sites where retreat can-
not be compensated by sedimentation, sediment nourishing may
be considered as an alternative measure to restore the mangrove
habitat.

6.3.2. Additional bio-physical requirements for mangrove
colonization

Although the modelling approach followed with XMgrove can guide
e�orts to cause coastline progradation and create new mangrove
habitat, mangroves have additional requirements to establish and
grow over time (see Section 6.4). Assessing whether the vegeta-
tion will colonize the newly accreted land requires modelling the
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windows of opportunity of mangrove establishment. The numerical
design tool XMgrove includes a dynamic vegetation model based
on criteria for establishment and growth rates provided by Balke et
al.12 for Avicennia marina seedlings, which is the pioneer species in
Demak. In the future, the model will be expanded to include the
growth and failure of mature trees over time (Figure 6.7). Moreover,
additional species could follow after the establishment of Avicennia
seedlings. Including several types of mangroves would thus enable
reproducing the dynamics of a natural mangrove forest.

Figure 6.7: Potential failure mechanisms of mature mangrove trees. (a) Root
failure, (b) erosion of the seabed, and (c) soil failure.

Even though Chapter 4 did not explore the processes of man-
grove establishment, growth and mortality, ecologic studies suggest
that subsidence is the main limiting factor for mangrove rehabil-
itation in Demak. Local soil conditions and water quality were
measured and found suitable for mangroves157. Mangrove seeds
are also available across the coastal system, and remote sensing
studies have shown that mangroves occasionally have established in
Demak during periods of large sediment deposition and low wave
action18. Mechanical pulling experiments of seedlings showed that
the forces needed to uproot them cannot not be produced by local
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waves, except for seedlings less than one month old18. However,
most seedlings established during the pilot project were not able to
survive in the long run, probably due to the continuous coastline re-
treat caused by subsidence and erosion. This is further supported
by the spatial distribution of mangrove mortality; mangrove loss
was found highest towards the south, at locations that are furthest
away from the Wulan river and closest to the city of Semarang18,
where the subsidence rates are largest and the sediment input low-
est.

Cheniers are able to generate some windows of opportunity for
mangroves. These intertidal sand lenses promote fine sediment de-
position on their land side, and shelter small seedlings from wave ac-
tion. Analysis of satellite images thus showed that cheniers reduce
the minimum mudflat width required for mangrove expansion in
Demak. Without cheniers, the tipping point between mangrove re-
treat and expansion is found for a mean mudflat width of 110 m156.
With cheniers, the tipping point is observed for mudflat widths be-
tween 16-70 m156, depending on the stability of the chenier. These
minimum mudflat widths could serve as targets for future mod-
elling work with bamboo structures. Moreover, they support the
positive e�ect of cheniers on mangroves. However, chenier presence
is temporary, as they are dynamic features that migrate through
the coast149,147. With large subsidence rates and low sediment sup-
plies, cheniers are likely insu�cient to cause long-term mangrove
expansion along the coast.
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6.3.3. Minimizing scour seawards from the structures

Modelling scenarios with XMgrove predicted accretion landwards
from the structures, but also erosion at their sea side. This ero-
sion is induced by wave attenuation by the structures. The sudden
decrease in wave height through a structure causes a drop in the
sediment concentration, leading to an asymmetry in the sediment
transport as more sediment travels landwards with the infilling tide
than seawards with the falling tide. This imbalance in the sediment
fluxes leads to erosion at the sea side of the structure and accretion
at its land side.

Structures in the field also display erosion on their seaward side,
which on average reached values around 20 cm. This value has
the same order of magnitude in the model results. For example,
XMgrove predicts 35 cm of erosion on the sea side of a structure
placed 0.9 m below MSL over its first storm season. However,
additional mechanisms could cause erosion in the field such as wave
reflection and flow acceleration due to the presence of the structures
(Figure 6.8).

The di�erent mechanisms driving erosion in front of structures
should thus be investigated for more accurate morphodynamic pre-
dictions. This requires integrating all processes into to a large-
scale model that comprises the overall sediment balance and links
all mechanisms, and evaluating their relative importance in a set of
modelling scenarios. Such exercise would also enable finding strate-
gies to minimize erosion seawards from the structures.

With respect to wave reflection, wave flume experiments already
provide useful insights on how to reduce it. For instance, rows of
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Figure 6.8: Causes from erosion seaward from a structure. (a) Wave height
reduction by the structure causes a gradient in sediment concentration, and
higher tidal sediment transport in the landwards direction. This results in
sediment erosion at the sea side and accumulation at the land side of the
structure. (b) Wave reflection increases the flow velocities near the bed at the
sea side of the structure, enhancing erosion. (c) Acceleration of local currents
near the structures can also induce erosion.
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bamboo with a larger spacing in the wave direction induce less
reflection than identical rows built closer to each other, which is
also observed in the modelling work of Alferink2. Spreading rows
of bamboo poles perpendicularly to waves could also reduce wave
reflection, but the wave dissipation per element would decrease as
well. The choice of configuration thus depends on a cost-benefit
analysis considering the total material costs, the structure stability,
and how erosion seawards from the structures will a�ect coastline
expansion in the long term.

6.3.4. Optimum structure design for coastline expan-
sion

At locations with su�cient sediment supply to stop coastal erosion,
the rates of accretion behind the structures depend on how sedi-
ment is distributed by waves and currents. The classic literature
on tidal flats identifies higher tidal ranges, associated to stronger
tidal currents as the drivers of coastal progradation and convex
profiles47 whereas larger wave action erodes the profile, which de-
velops a concave shape47. Since di�erent physical conditions influ-
ence the coastal morphology, the optimal structure configuration
and placement are most likely case-dependent.

In order to test how designs may vary in di�erent circumstances,
the optimum structure configuration is here investigated for a schema-
tized coastal transect of French Guiana. Mangrove dynamics in
French Guiana are linked to the migration of mud banks along the
coast48. Mud banks are fine sediment deposits with a thickness
between 5-10 m and widths between 10-20 km in the cross-shore
direction. Whenever mud banks are present in front of the coast
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(Figure 6.9 b), they attenuate waves and enhance sediment accu-
mulation, leading to coastal progradation and mangrove expansion.
Once the mud banks migrate away from a site, erosion and man-
grove retreat take place (Figure 6.9 c)48.

Mangrove degradation can be unfavorable for coastal protection
purposes, especially at sites where the width of the mangrove forest
has already been squeezed by human interventions. Bamboo and
brushwood structures can also serve as a way to mitigate retreat
when mudflats disappear from a site. The modelling approach of
Chapter 4 is thus applied for a profile nearby Sinnamary, French
Guiana, which experienced an average erosion rate of 117 m/year
between 2000-201286. In the model, a situation with an alongshore
uniform stretch of coastline is assumed, where the alongshore sed-
iment transport can be neglected, and with negligible subsidence
and no external sediment supply. Scenarios with and without struc-
ture are considered, in order to find structure designs that halt
coastline retreat and create new mangrove habitat, as illustrated in
Figure 6.9 (d).

The input data and model parameters are obtained from a
combination of open access datasets and literature of the area.
The bathymetry of the site is obtained from the Blue Earth tool
(https://blueearthdata.org), and the average monthly wave condi-
tions of 2012 from Wave Watch III. The local tide is semi-diurnal,
with a tidal range of 2.5 m, and it is represented using a sine com-
ponent with the period of M2. The critical shear stress is set to a
default value of 0.05 N/m2, and the fall velocity is set to 0.1 mm/s51.
The erodibility parameter is adjusted to me = 0.8 10≠4kg/s/m2, in
order reproduce a coastal retreat of 100 m over one year. The di�u-
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Figure 6.9: When mud banks migrate along mangrove coastlines (a), they
shelter the coast from wave action, enhancing sediment accretion and man-
grove colonization (b). When mud banks migrate away, shoreline retreat and
mangrove loss take place (c). Structures could mitigate erosion and reduce
mangrove mortality (d).
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sion coe�cient was estimated as the product between the maximum
flow velocities (up to 0.5 m/s) and water depth (2 m) in the do-
main, resulting in D = 1 m2/s. The modelled profile evolution
after 1 year considering di�erent brushwood structures locations
(for structures with a width of 1 m, and a brushwood density of
Nv = 400 elements/m2) is shown in Figure 6.10.

The higher tidal range and the larger di�usion spread the sed-
iment accumulation induced by the structures towards the upper
part of the profile. For instance, a structure placed approximately
-1 m with respect to MSL is already successful in causing coastal
expansion after its first year, whereas in Demak coastline retreat
was only mitigated by a similar design after 2 years. These scenar-
ios consequently suggest that the performance of a design is heavily
dependent on the local morphodynamic conditions.

Moreover, in the modelling scenarios of French Guiana, struc-
tures below and at MSL cause similar rates of wave height reduc-
tion. Their di�erent e�ect on the coastline position was mostly due
to their location and to the way sediment was locally distributed.
Designs uniquely based on wave attenuation, without evaluating
the morphodynamic processes, may thus fail in creating mangrove
habitat.

6.4. Mapping mangrove opportunities
The first 3 chapters focus on the developing tools to design struc-
tures for mangrove restoration. Including these structures in coastal
protection plans requires methods to systematically find the lo-
cations where they can be implemented. In Chapter 5 a map-
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Figure 6.10: E�ect of di�erent structure designs for a schematized situation
inspired in French Guiana. Plots (a-b) show the modelled cross-shore profile
after 1 year for structures placed at di�erent water depths. Plot (c) shows
the change in the shoreline position (defined as the locations where the profile
elevation is equal to MSL) over time for the di�erent structures.

185



6. Synthesis

ping methodology is developed and applied for a case study of
Bangladesh, as part of a World Bank project. The mapping tool
identifies accreting coastal areas nearby existing mangroves, and
prioritizes potential mangrove sites depending on the flood risk of
the hinterland (with more vulnerable areas having higher priority).

This identification provides a first selection of areas for further
investigation. However, the methods has limitations, some of them
related to the conditions for mangrove suitability. Mangroves have
specific requirements for the hydrology, freshwater input, and soil
quality42 that could not be investigated due to lack of data. The
method is further based on the assumption that coastlines that on
average expanded (i.e., moved seawards) over the last years are
suitable for mangrove colonization.

In reality extreme events causing shear stresses (wave, current,
or wind-driven) above the maximum thresholds of mangrove sur-
vival likely result in mangrove dislodgement or uprooting - even
if the coastline expands in a year-averaged sense. Since the shear
stresses will be largest during storm events, the timing of the bi-
ologic and physical processes is thus very important for mangrove
colonization. For example, in Demak, Indonesia, the largest peak
in seed production of the local pioneer species occurs during the
stormiest and rainiest season. Fruiting during this period hinders
mangrove establishment due to large wave action and erosion at
the coast. For the case of Demak, this implies that large-scale
mangrove colonization is episodic, and occurs during years with
unusually calm monsoon seasons156.

At locations where waiting for such episodes does not match
the timeline set for coastal protection, planting during calm con-
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ditions or using erosion-mitigation interventions could be options
to accelerate the process. However, assessing the magnitude and
time-evolution of the shear stresses at the coast of Bangladesh,
or modelling its potential morphodynamic evolution is limited by
data-scarcity (for example, it was not possible to identify pub-
lished nearshore wave measurements along the coastal system, and
datasets for the subsidence, sediment concentration, and bathymetry
were also lacking).

The development of remote sensing tools over the next years
will probably overcome some of these limitations, as they can po-
tentially provide spatial and temporal distribution of physical vari-
ables like wave height, water levels, currents, and sediment turbid-
ity, which in turn can lead to a deeper system understanding and
more accurate mangrove suitability maps. Coupling those datasets
with models like XMgrove (Chapter 4) can provide useful tools to
investigate scenarios with di�erent interventions and find those that
would facilitate mangrove colonization.

Figure 6.11: The combination of datasets of the relevant biophysical parameters
for mangroves from remote sensing techniques and morphodynamic models like
XMgrove will provide systematic ways of mapping mangrove opportunities
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6.5. Mangrove conservation and management
This work investigates how to mitigate the e�ects of human inter-
ventions like deforestation or groundwater extraction, but it does
not addresses the causes of the problem. The coastline of Demak, as
many others, was almost fully deforested, excavated, and it is con-
tinuously sinking due to ground water extraction in and around Se-
marang. Mangroves were cut to build fish ponds that could only be
exploited for 5 years, but with detrimental e�ects that last decades.
Land subsidence also has catastrophic e�ects on local communities.
Although structures can locally help to stop retreat and compen-
sate some of the e�ects of ground subsidence, they depend on a
local supply of sediment. The experience of the pilot and the cur-
rent behavior of the coastline suggests that the subsidence rates in
Demak are too high to be counteracted with structures.

This situation results from a lack of awareness of the value of
mangroves, combined with a prioritization of short-term economical
developments regardless of their long-term impacts - a frequent rea-
soning approach along coastlines all over the world. Wider aware-
ness of the protective value of mangroves should be raised through
education, and communication campaigns via social and digital me-
dia. Further research can also strengthen existing arguments to
protect mangroves, and create new economic opportunities that in-
centivize nature preservation. At the governmental and legal level,
large steps can be made to protect mangroves, such as legislation
that protects mangrove areas, taxation of activities that damage
them, and subsidizing activities that protect them.

These measures are key since Timbulsloko is not an isolated
case, but a glimpse into the future of many areas. The road towards
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Timbulsloko crosses an empty landscape, mostly water and sky. On
stormy days the scenery is quite desolate, but during sunny days
the road is surprisingly lively. People walk, cycle and ride in the
only two possible directions. Buildings squeeze along two rows, one
at each side of the road; tokos, schools, mosques. Both the road
and the buildings are rebuilt every few years to o�set subsidence,
and the villagers resiliently adapt to every change.

One day there may be a limit to their adaptability, and Timbul-
sloko may become a modern Atlantis18, but the resilience showed
by its inhabitants is in some way hopeful. Humans can be impres-
sively resourceful, and we will probably find ways to co-exist with
climate change. However, adaptation and technological develop-
ments will take time. Every day that we waste in stopping relative
sea level rise and protecting coastal ecosystems endangers the lives
of millions of people in the future. It is in our hands to decide the
type of world we hand down to future generations.
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A. Appendix A

Validation data

The data that support the findings of this study were directly ob-
tained from the graphs of Tanino and Nepf146 and Tinoco and
Cowen150, and from the dataset collected by Jansen68. Jansen68

conducted laboratory experiments in the wave and current flume
at Delft University of Technology, in order to measure the hydrody-
namic forces acting on groups of cylinders with varying geometrical
configurations with currents and waves. His report68 focuses on the
description of flume experiments with waves, and we have thus in-
cluded a more detailed explanation of the experiments with currents
in the present section.

The flume is 40 m long, 0.8 m wide and 0.8 m high. A continuous
inflow of water was pumped into the flume, while the water level
upstream from the cylinder array was kept at a constant level of h =
0.55 m. The pumping rates were adjusted to obtain three di�erent
depth-averaged flow velocities of 0.1, 0.2 and 0.4 m/s. These values
corresponded with Re values of 4,000, 8,000 and 16,000, where Re

is the Reynolds number based on cylinder diameter and incoming
velocities upstream from the structure. A frame with cylinders was
placed in the middle of the flume, as illustrated in Figure A.1 (a).
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The physical model consisted of a grid of 0.76 x 0.76 m, where
aluminum cylinders could be introduced in di�erent arrangements.
The elements were held together by a top and a bottom plate. The
tested volumetric porosities ranged between n = 0.64 ≠ 0.9. The
cylinder diameter was d = 0.04 m for all experiments. The tested
configurations are illustrated in Figure A.1 (b). The properties of
the configurations are summarized in Figure 2.3.

The locations of the instruments used during the experiments
are presented in Figure A.1 (a). All the instruments were measur-
ing continuously with a frequency of 100 Hz. An electromagnetic
flow meter (EMF) was placed at a distance of 0.4 m upstream
from the structure, at a fixed height of 0.4 m from the bottom.
The EMF measured with an accuracy of 1%60. The instantaneous
flow velocities were measured with a Nortek Vectrino acoustic ve-
locimeter (ADV) at a fixed height of 0.4 m from the bottom. The
ADV probe was installed 0.04 m upstream from the gap between
two elements. The ADV measured the approaching flow before it
was accelerated between two elements, and it had an accuracy of
approximately 1%111. The output of both velocity sensors was in
volts, and the velocities were obtained from linear regression, using
separate calibration factors for each instrument.

The hydrodynamic loads acting on one single cylinder were
recorded with a SCAIME load cell mounted on the upper part of the
element, measuring in volts with 0.017% accuracy130. The load cells
were calibrated using known weights, and fitting a linear relation-
ship between weight and voltage output. The forces were calculated
by multiplying the sensor output by the calibration factor, and by
the acceleration of gravity.
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Figure A.1: (a) Side view of the instrument set-up in the flume, consisting of
an electromagnetic flow meter (EMF), a Nortek Vectrino acoustic velocimeter
(ADV) and a SCAIME load cell mounted on the upper part of the element
(FT). (b) Configurations tested in the experiments. An oblique view of the
structure is shown at the top left side of the plot, where the flow direction is
indicated by a blue arrow. The top view of the structure is marked by a dashed
black line, and it is illustrated for each of the tested arrangements: (C1) single
cylinder with d = 0.04 m, (C2) single row with spanwise spacing between
the elements of sy = 3d, (C3) single row with spanwise spacing between the
elements of sy = 1.5d, (C4) multiple rows with sy = 1.5d and sx = 3d in
uniform arrangement, (C5) multiple rows with sy = 1.5d and sx = 1.5d in
uniform arrangement, (C6) multiple rows with sy = 3d and sx = 3d in uniform
arrangement, and (C7) multiple rows with sy = 3d and sx = 3d in staggered
arrangement.
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The bulk drag coe�cients were determined by using Equation
2.1 with the mean force measured at the center of each configura-
tion, and the mean incoming velocity recorded by the EMF. The
average forces and velocities were calculated using a moving average
over intervals of 20 s.
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Reconstructing the velocity profile

In the present appendix we have provided plots for the intermedi-
ate steps for reconstructing the velocity profile. We calculated the
moving average of the time series over an interval of 0.25s. The
resulting signal for the velocity measured by the EMF for 1C and
T = 3s is shown in Figure B.1. For each wave condition and struc-

Figure B.1: (a) Measurements for 1C and T = 3 s before doing a moving average
over 0.25 s. (b) Measurements for 1C and T = 3 s after doing a moving average
over 0.25 s

ture configuration the velocities at di�erent elevations from the bed
were measured in separate tests. In order to build the velocity pro-
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file, we calculated the time shift between the di�erent experiments
to ensure that the velocities at di�erent elevations corresponded to
the same phase of the wave. The time shift was calculated by max-
imizing the correlation between the measurements at WG2 of two
experiments. The correlation function is given by Equation B.1:

R(÷1(t), ÷2(t + �ts)) =
qT/�t

j=1 ÷1j(t)÷2j(t + �ts)Ò
(qT/�t

j=1 ÷1j(t)2)(qT/�t
j=1 ÷2j(t + �ts)2)

(B.1)

Where ÷1 and ÷2 are the surface elevations for the experiment with
velocity measurements at z = 0.15 m (which we arbitrarily chose
as the reference case) and at a height z, respectively. T is the wave
period, �t is the time-step and �ts is the time shift. The velocity
time series with and without correcting for the time shift are shown
in Figure B.2 for 1C and T = 3 s. For 1C the mean velocities
were extracted from the instantaneous velocity time series using
the detrend function in Matlab. The velocities at the mean water
level and at the bottom were extrapolated by doing a hyperbolic
cosine fit of the measurements. The results for 1C and all wave
periods are shown in Figure B.3.
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Figure B.2: The upper plots show the surface elevation (a) and the flow veloc-
ities (b) at tests where the velocity measurements were collected at di�erent
heights from the bed for 1C and T =3 s, prior to shifting the time series. The
lower plots show the surface elevation (c) and velocity (d) measurements after
time shifting the time series.
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Figure B.3: Velocity measurements (black) and fitted hyperbolic cosine profile
(green) for 1C and the six wave periods tested in the flume.
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Sensor height

The height from the bed of the ADV and OBS sensors is shown in
Table C.1.

Table C.1: Elevation of the sensors with respect to the bed, defined as the top
of the soft mud layer.

Transect Side Sensor Height from the bed [m]
T1 Seaward ADV 0.28

OBS 0.13
T1 Landward ADV 0.36

OBS 0.12
T2 Seaward ADV 0.33

OBS 0.33
T2 Landward ADV 0.33

OBS 0.24

Effect of sediment transport by tide

The e�ect of the sediment transport by tidal currents on the bed
level changes is shown in Figure C.1 (a). Tidal currents had a
significant role transporting sediment between areas with di�erent
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sediment concentration, such as at both sides of a structure. When
the transport of sediment due to the tide (second term from the
left in Equation 4.18) was set to zero, the erosion seawards from
the structure became significantly smaller, and the sediment accu-
mulation at the landward side disappeared.

Effect of the nearshore slope

The e�ect of varying the initial nearshore slope is shown in Figure
C.1 (b) for the input parameters and hydrodynamic conditions of
Section 4.4.2. Varying the slope largely influences the modelled
morphology. A milder nearshore slope results in a larger water
depth for a given distance with respect to the o�shore boundary,
and causes larger changes in the bed level compared to a steeper
slope.

Effect of the profile shape

The e�ect of varying the initial profile shape on the morphody-
namic changes over a monsoon period is shown in Figure C.1 (c)
for the input parameters and hydrodynamic conditions of Section
4.4.2. The profile shape strongly influences the bed level changes.
For instance, the e�ect of a structure on the morphology is more
pronounced on a convex profile than on the measured bathymetry.

Effect of the concentration in the offshore boundary

The e�ect of varying the o�shore sediment concentration on the
morphodynamic changes over a monsoon period is shown in Figure
C.1 (d) for the input parameters and hydrodynamic conditions of
Section 4.4.2.
Using fixed values of the sediment concentration of c = 0 g/l and
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Figure C.1: Comparison of e�ect of a NW-monsoon period on the bed level
with a structure placed at MSL (a) with and without the sediment transport
by the tidal current, (b) for three di�erent values of nearshore slope (defined
between x = 3050 m and x = 3450 m), (c) for three di�erent bathymetries, (d)
for three di�erent o�shore boundary conditions for the concentration: with an
equilibrium concentration c = ceq, with c = 0 g/l, and with c = 0.5 g/l. E�ect
of varying the (e) grid size and (f) the morphological acceleration factor over
a monsoon period. The initial bathymetries are shown by black dashed lines.
(g) Coastline change over time without a structure, with cmax = 0 0 g/l and
no subsidence.
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c = 0.5 g/l caused erosion over the most o�shore part of the domain,
but it barely a�ected the results at the nearshore in comparison to
using an equilibrium concentration at the boundary.

Effect of grid size and of the morphological acceler-
ation factor

The e�ect of varying the grid size and the acceleration morpho-
dynamic factor is shown in Figure C.1 (e) and (f) for the input
parameters and hydrodynamic conditions of Section 4.4.2.
Grid sizes larger than dx = 20 m and morphological acceleration
factors larger than me = 10 induced significant changes in the final
morphology, and we thus chose dx = 20 m and me = 5 to optimize
the duration of our simulations.

Sensitivity analysis

The sensitivity of the model to variations of the sediment input
parameters is shown in Figure C.2. The reference (default) values
were equal to those used in Section 4.4.2. The period of the simula-
tions corresponded with a 2-day storm with an o�shore significant
wave height of Hs = 2 m and a mean period of Tm = 7 s.
The model results were most sensitive to the critical shear stress,
soil density, fall velocity, and erodibility parameter. This is consis-
tent with these four parameters driving the erosive and depositional
fluxes, and thus the bed level changes. The grain size and the dif-
fusion coe�cient had relatively smaller influence on the model re-
sults. The grain size had an indirect e�ect on the wave friction
factor, whereas the e�ect of the di�usion coe�cient was small due
to the relatively low tidal velocities across the coastal profile.
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Figure C.2: Sensitivity analysis of the results for a 2-day storm period with
Hs = 2 m and Tm = 7 s with respect to (a) the erodibility parameter me, (b)
the critical shear strength ·cr, (c) the mean grain size Dn50, (d) the di�usion
coe�cient D, (e) the soil density fls, (f) and the fall velocity ws.
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Coastline change over time

The changes in the coastline position over a 4-year long simula-
tion without a structure, without sediment supply (cmax = 0 g/l)
and without subsidence, are shown in Figure C.1 (g). The sedi-
ment input parameters were equal to those used in Section 4.4.2.
The hydrodynamic parameters corresponded to those used in Sec-
tion 4.4.2. The profile shows a pattern of erosion during the NW
monsoon, followed by some recovery and a mostly stable coastline
position during calm conditions. The recovery after the NW mon-
soon is not complete, and the coastline shows a residual retreat over
the 4-year period.
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