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Abstract 
Intertidal areas worldwide are threatened by man-made basin alterations, boat-wakes, and sea-level 
rise, resulting in changed sediment dynamics and a process called sediment starvation. Traditionally, 
hard and impermeable structures are constructed on intertidal foreshores to attenuate wave energy 
and restore the disbalance in sediment dynamics. However, wave reflection and scouring in front of 
the structure are reasons why there is a growing consensus toward more permeable and biogenic 
structures in coastal defence schemes. The assessment of the interaction of waves with these 
permeable structures is limited in the literature. This flume study quantified and compared wave 
attenuation, reflection, and scouring potential of different-sized gabions filled with empty oyster 
shells, empty mussel shells, loose brushwood, and bundled brushwood to a hard brick stone 
structure under varying hydrodynamical conditions. The results show that consistent differences in 
wave attenuation were hardly observed between hard and biogenic materials. The emerged mussel 
structure even attenuated wave energy best for low submergence ratios. Emerged hard structures 
with low submergence ratios did generate up to 46.2% more wave reflection than the various 
biogenic structures for incident short-period waves. There was also a higher bed shear stress under 
wave action measured just before the emerged hard structure. Additionally, the correlation between 
wave reflection/attenuation and relative submergence showed a large spread, highlighting the 
importance of incident wave characteristics in describing this correlation. The findings demonstrate 
why there is increasing attention to using biogenic structures to protect intertidal areas from 
sediment starvation and can be used as guidelines for implementation under natural conditions. 
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List of symbols 
Abbreviation Definition Unit 

B Crest width cm 

d Rock diameter cm 

ds Depth of submergence cm 

f Frequency  Hz 

fw Friction parameter - 

H0 Incident wave height cm 

Hr Reflected wave height cm 

Hs Spectral significant wave height cm 

Ht Transmitted wave height cm 

h Water depth cm 

hs Structure height cm 

k Wave number cm-1 

k Intrinsic permeability  m2 

Kl Dissipation coefficient  - 

Kr Reflection coefficient - 

Kt Transmission coefficient - 

L Wavelength cm 

n Porosity - 

p Pressure Pa 

ρ Density  kg m-3 

q Flow velocity m s-1 

RS Relative submergence - 

SR Submergence ratio - 

t Wave period s 

𝜏 Bed shear stress J m-3 

TKE Turbulent kinetic energy J m-3 

Vp Pore volume m3 

Vt Total volume m3 

u Flow velocity (x-direction) m s-1 

v Flow velocity (y-direction) m s-1 

w Flow velocity (z-direction) m s-1 

𝜇 Fluid viscosity Pa s 

𝜔 Angular velocity rad s-1 
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1 Introduction 

There is a growing consensus on the importance of intertidal areas due to their high ecological and 

economic value (Borsje et al., 2011; Bouma et al., 2014; King & Lester, 1995; Morris et al., 2018; 

Temmerman et al., 2013; Walles et al., 2016). Simultaneously, sea-level rise, boat-wakes, and man-

made basin alterations put pressure on those areas (Boersema et al., 2015; Herbert et al., 2018). The 

construction of dams, storm surge barriers, and other artificial interventions often lead to decreased 

sediment supply from the sea to the tidal inlets (Boersema et al., 2015). A decrease in tidal energy 

further limits the resuspension and transport of sediment from the gullies to the tidal flats and 

marshes (Boersema et al., 2015). Reduced fluvial deposits due to upstream man-made interventions 

are, in some cases, also a driver for a reduced sediment supply to coastal areas (Xue et al., 2009; 

Yang et al., 2017). Concurrently, erosion, mainly driven by wave action, has stayed the same and is 

expected to grow due to stormier seas (Masson-Delmotte et al., 2021). This results in sediment 

starvation, where tidal flats and salt marshes require sediment to prevent them from eroding. This 

disbalance in sedimentation and erosion leads to volume and elevation decrease of tidal flats and salt 

marshes (Santinelli & Ronde de, 2012). Elevation decrease in these areas can become problematic 

since dikes with significant foreshores dissipate incoming wave energy and stabilize the shoreline 

(Gedan et al., 2011; Möller et al., 2014; Vuik et al., 2019). The reduced sediment supply to tidal flats 

and salt marshes is furthermore a critical factor limiting their adaptability to sea level rise (Ladd et al., 

2019). Moreover, salt marshes have high ecological value, and they have a function in the 

sequestration of blue carbon (van Belzen et al., 2020). Hence, losing these valuable functions will 

result in costly interventions to maintain them. 

 

However, the disbalance in sediment dynamics may be restored by integrating coastal engineering 

solutions on intertidal foreshores that reduce wave energy and limit erosion. Traditionally, hard and 

impermeable structures, such as seawalls or stones, are used to attenuate waves and prevent 

erosion (Hamm et al., 2002). Although they fulfil their function as wave-breaker, they often generate 

adverse effects like loss of biodiversity, scouring in front of the structure, and disturbed sediment 

dynamics (Fauvelot et al., 2009, 2012; Gracia et al., 2018; Griggs, 2005). This is because the 

environment in front of a hard structure is exposed to the same or even higher energetic conditions 

as before the construction. This generates a lot of wave reflection and turbulence and, therefore, a 

lack of natural gradient from pioneer- to low- and middle salt marsh zone with corresponding rare 

biodiversity (Lefeuvre et al., 2003; van der Wal et al., 2008) (see Figure 1). These are reasons why 

there is a growing consensus toward the application of more permeable and biogenic designs. 

Examples of artificial biogenic structures are brush-filled breakwalls, gabions filled with shells, BESE 

elements (Biodegradable EcoSystem Engineering Elements) (BESE-Elements, n.d.), and geotextile. 

The choice of which biogenic structure to use depends on several factors and is site-specific. Still, the 

modular behaviour of filled gabions makes it a promising method for implementation in field 

situations. Due to their porousness and more permeable character, they can mitigate wave energy, 

facilitate sediment deposition, reduce scour, and develop into self-sustaining reefs by offering 

substrate for shellfish to settle on (Herbert et al., 2018; Walles et al., 2016). However, the 

assessment of the interaction of waves with more permeable and porous structures is restricted and 

is considered to be the biggest knowledge gap in describing wave transmission and reflection (Safak 

et al., 2020).  
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1.1 Research question and objectives  

The main focus of this empirical research is to gain more insight into the wave attenuation potential 

and adverse generating effects of four permeable, biogenic materials: loose brushwood, bundled 

brushwood, empty oyster shells, and empty mussel shells. This will be compared to an impermeable, 

hard coastal engineering solution in the form of brick stones. The main research question of this 

study is: 

 

How does wave transformation differ between hard and various biogenic materials in 

coastal engineering solutions? 

 

To answer this question, four sub-questions have been formulated: 

 

1. Are there differences in wave attenuation potential between hard and the various biogenic 

coastal engineering solutions? 

2. Are there differences in the adverse generating effects of wave reflection and scouring 

between the hard and various biogenic coastal engineering solutions? 

3. What is the influence of structure geometry and wave characteristics on wave reflection and 

attenuation? 

4. Is there a link between the permeability of the structure and wave attenuation, reflection, 

and scouring? 

 

The results will help decision-makers better understand the possibilities of different structures that 

can be applied on intertidal foreshores to counteract sediment starvation. 

Figure 1. Gradient of a salt marsh ecosystem with ecological engineering in the form of a mussel or oyster reef. The reef 
stabilizes and protects the coast. Arrows indicate positive interactions.  From Schoonees et al. (2019). 
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1.2 Overview and approach 

This study starts with a more detailed comparison of the advantages and disadvantages of hard and 

biogenic structures in coastal defence schemes. Hereafter, an explanation of the wave 

transformation process over a wave damping structure is given, which is a function of structure 

geometry, wave characteristics, and water level. Comprehensive studies will be used to compare 

existing knowledge on wave transformation of the various materials. Wave energy attenuation, 

reflection, and bed shear stress will be quantified in an experimental race-track flume at the Royal 

Institute for Sea Research (NIOZ) in Yerseke. The various materials will be tested in different heights 

and exposed to an extensive range of near-shore wave characteristics and water levels. Additionally, 

an experiment will be performed to quantify the permeability using Darcy’s law, which can be linked 

to the different materials' wave energy attenuation, reflection, and scouring potential.   
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2 Theoretical framework 

2.1 Hard and biogenic materials   

 

Coastal engineering solutions are divided into a large variety of categories (Morris et al., 2018). This 

study categorized them into hard, impermeable and biogenic, permeable structures.  

 

2.1.1 Hard, impermeable structures 
The traditional way of offering coastal safety by counteracting erosion is the deployment of hard 

coastal engineering solutions, like breakwaters, riprap, bulkheads, or groynes (Hamm et al., 2002). 

Hard coastal engineering solutions usually consist of almost impermeable and non-biogenic material, 

such as concrete or stones (see Figure 2). They are constructed to dissipate wave energy and 

withstand extreme environmental conditions. In several densely populated areas, it is still the only 

alternative (Pranzini, 2018; Rangel-Buitrago et al., 2018). Often, there is no or insufficient space in 

those areas for nature creation or restoration (Bouma et al., 2014). An example of successful 

implementation of a hard structure was in The Netherlands, where the construction of stone dams 

has reduced salt marsh retreat at the Oosterschelde, Terschelling, and Ameland (Teunis & Didderen, 

2018; van Loon-Steensma & Slim, 2013). The implementation of hard structures is expected to 

increase in response to stormier seas and sea-level rise (Masson-Delmotte et al., 2021; Michener et 

al., 1997). Hard coastal engineering structures, however, can also generate unintended, 

disadvantageous effects, such as: 
 

1. Changed hydrodynamics. The construction of any offshore structure generates alterations in 

hydrodynamics and other processes such as water flow, depositional processes, wave 

regime, and sediment dynamics (Dugan et al., 2012). Hard structures generate increased 

wave reflection, leading to active erosion or scouring in front of the structure (Irie & 

Nadoaka, 1985; Pearce et al., 2007). Scouring leads to instability or sinking of the structure 

and is an important reason for the failure of many coastal engineering solutions (Ranasinghe 

& Turner, 2006). Moreover, the reflected currents may generate changed sediment dynamics 

and, therefore, beach reduction or erosion of adjacent coastal areas (Rangel-Buitrago et al., 

2018; Schoonees et al., 2019). The negative sediment balance induced by the construction of 

hard engineering solutions may be mitigated by periodically shore nourishment. This, 

however, has negative environmental effects at both the extraction and deposition location, 

such as biota burial, increased turbidity, and sedimentation (Schoonees et al., 2019). 

2. Loss or damage of natural landforms and corresponding biodiversity. The sudden transition 

in hydrodynamic forces caused by the construction of a hard structure often leads to 

steepening of the slope and hence a lack of natural gradient from the sea to the coast 

(Masselink et al., 2020). Additionally, ponding of seawater due to poor drainage may lead to 

a lack of vegetation development. This was observed in the abovementioned example of the 

stone dam construction at the Oosterschelde (van Belzen et al., 2020). 

Salt marshes are a good example of this, where the pioneer- to low- and middle salt marsh 

zone includes a large variety of rare biodiversity and connectivity (Dugan et al., 2012; van der 

Wal et al., 2008).  
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3. The unnatural visual appearance. The hard structures may also be dangerous for boats, 

swimmers, and other recreational activities.  

 

2.1.2 Biogenic, permeable structures 
Biogenic coastal engineering solutions consist of material of ecological or biological origin. Due to the 

obtained porousness and more permeable structure, they can mitigate wave energy, facilitate 

sediment deposition and reduce scouring (Herbert et al., 2018). A distinction is made between 

natural and artificial biogenic structures. Natural biogenic structures result from natural or biological 

processes (i.e., oyster reefs, mussel beds, seagrass, or salt marshes). Artificial biogenic structures are 

man-made (i.e., brush-filled breakwalls, biodegradable geotextile, or BESE elements) (Safak et al., 

2020). Temporary materials that facilitate the settlement of shellfish, from which a self-sustained 

reef can develop, are also seen as artificial structures (i.e., gabions filled with shells, reef balls, or 

oyster castles) (Safak et al., 2020; Theuerkauf et al., 2015). 

2.1.2.1 Brush-filled breakwalls 
Brush-filled breakwalls are wooden piles or fences filled with bundles of branches, brush, or tree 

trunks (see Figure 3). They are widely implemented for land reclamation and to protect salt marshes. 

Besides their ability to attenuate waves, they also facilitate fine suspended sediment deposition 

while the erosion of accumulated sediment is hampered (Herbert et al., 2018; Hofstede, 2003). The 

Netherlands has a long history of using brush-filled breakwalls. They were originally used for land 

reclamation in Groningen and Friesland. Currently, they are also used on a smaller scale in Zeeland 

for land reclamation and to protect salt marshes. Brush-filled breakwalls can also be used in 

combination with other biogenic structures. During a study by Safak et al. (2020), brush-filled 

breakwalls were used to successfully protect gabions filled with shells. Due to the high wave energy, 

unprotected gabions were uplifted and pushed back into the adjacent salt marsh.  

Another advantage of brush-filled breakwalls is their relatively low construction- and material cost. 

However, The wood-rotting makes the maintenance of brush-filled breakwalls a labour-intensive 

process. It includes the reparation of flush holes, piles, wire, and refilling of the wood. 

Figure 2. Two examples of coastal protection by the integration of hard structures. a)  breakwater that stimulates sediment 
accretion at Colonial National Historic Park, Virginia (Steve Simons, 2012). b) groin structure along the coast of New Jersey 
(NPS photo, n.d.) 

a b 
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2.1.2.2 Oysters and mussels 
Oysters and mussels are bivalve shellfish species and are commonly known as ecosystem engineers. 

They alter their environment in such a way that other species can benefit from it. They are 

economically valuable because they deliver a lot of important ecosystem services, such as water 

quality improvement, shoreline stabilization, habitat provision for epibenthic fauna and other fish 

species, increased biodiversity, and enhanced oyster production (Grabowski et al., 2012; van der 

Schatte Olivier et al., 2020). Their ability to attenuate wave energy, trap- and stabilize sediment, and 

to keep up with rising sea level are the main reason why more artificial oyster reefs are proposed in 

coastal defence schemes (Borsje et al., 2011; Bouma et al., 2014; Morris et al., 2018; Temmerman et 

al., 2013; Walles et al., 2016). Artificial oyster reefs are implemented and used in different forms and 

configurations (see Figure 4): 

 

1. Gabions and mats (Figure 4a). Gabions with oysters are cage-shaped structures, usually made 

from steel wire. An important advantage of gabions is their modularity, making it possible to 

locate them in different configurations spatially. They can basically be filled with lots of 

different materials, such as stones, mussels, and oysters. Mussels and oysters are often 

preferred since they offer substrate for other shellfish to settle on (Walles et al., 2016). This 

increases friction and consequently wave attenuation.  

2. Concrete rings (Figure 4b). Under more extreme environmental circumstances, gabions filled 

with loose shells are not stable enough to withstand extreme environmental conditions. 

Chowdhury et al. (2019) used more robust structures in the form of 0.6-meter-high concrete 

rings to prevent salt marshes on an island near Bangladesh from disappearing. Oysters 

successfully settled on these structures.  

3. Reefballs (Figure 4c). Another type of wave damper that also offers substrate for oysters are 

reefballs. They can be constructed in different sizes and shapes but generally look like curved 

balls with holes. They are designed to attract marine life (KOJANSOW et al., 2013; Saleh et 

al., 2018). 

Figure 3. Examples of brush-filled breakwalls. a) Friesland, The Netherlands(van Duin et al., 2007). b) 
Louisiana coastal marshes (Boumans et al., 1997). c)  Ponted Bedra Beach, Florida (Herbert et al., 2018). d) 
Friesland, The Netherlands (de Leeuw et al., 2018). 

a 

c 

b 

d 
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4. Oyster castles (Figure 4d). Oyster castles are prefabricated substrates consisting of a mixture 

of concrete, limestone gravel, and crushed oyster shell (Theuerkauf et al., 2015). They can 

also be constructed in different sizes and shapes but generally consist of parapets on top of 

blocks with a tower-like shape. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Artificial oyster reefs are used in different forms and configurations. a)  gabions filled with empty oyster 
shells at the Eastern Scheldt, The Netherlands (Oyster Reefs, 2009). b) concrete rings used to protect salt marshes 
at an island of Bangladesh (Chowdhury et al., 2019). c) reefballs at Sabah, Malaysia (Saleh et al., 2018)). d) oyster 
castles at cheasapeake bay, North of united states (Theuerkauf et al., 2015). 

a b 

c d 
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2.2 Theory on wave transformation of a wave damping structure 

The wave energy balance of a wave which is interacting with a structure in a closed environment and 

a constant water level is described by the law of conservation of energy (as in Koley et al., 2020; 

Neelamani & Rajendran, 2001): 

 

(1) 

 

𝐾𝑡
2 + 𝐾𝑟

2 + 𝐾𝑙
2 = 1   

 

(2) 

 

𝐾𝑙 = √1 − 𝐾𝑟
2 − 𝐾𝑡

2 

 

 

Part of the incident wave energy will be transmitted through the structure (Kt
2), part of the incident 

wave energy will be reflected (Kr
2), and part of the incoming wave energy will be dissipated by the 

structure (Kl
2) (see Figure 5). 

 

Kt and Kr are, in most empirical studies, described as a function of wave height (Seabrook & Hall, 

1998; Srineash & Murali, 2019; van der Meer et al., 2005): 

 

(3) 

 

𝐾𝑡 =
𝐻𝑡

𝐻0
  

 

 

(4) 

 

𝐾𝑟 =  
𝐻𝑟

𝐻0
 

 

 

Where Hi, Ht and Hr are incident wave height, transmitted wave height, and reflected wave height 

respectively.  

 

2.2.1 Structure variables and wave characteristics 
The hydrodynamic performance of a wave damping structure is a function of the structure geometry 

and characteristics of the incident waves (Seabrook & Hall, 1998): 

 

(5) (𝐾𝑟, 𝐾𝑡 , 𝐾𝑙) = 𝑓(ℎ𝑠,, ℎ, 𝑑𝑠, 𝐻0, 𝐵, 𝐿, 𝑛)    
    

Figure 5. Part of the incident wave energy is reflected, part of the wave energy is transmitted and part of the wave 

energy is dissipated. 
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Where hs is the height of the wave damping structure, h the water level, ds the depth of 

submergence, H0 the incident wave height, B the width of the wave damping structure, L the 

wavelength, and n the porosity (see Figure 6). 

 

 

 

 

 

 

 

 

 

In most empirical studies, some of the parameters of equation (5) are brought in extensive varieties 

of non-dimensional forms to scale them to field situations and to relate them to processes 

responsible for wave dissipation by wave damping structures (Seabrook & Hall, 1998; Srineash & 

Murali, 2019; van der Meer et al., 2005). For example: 

(6) 

 

(𝐾𝑟, 𝐾𝑡 , 𝐾𝑙) = 𝑓 (
ℎ

ℎ𝑠
,

𝑑𝑠

𝐻0
, 𝑛) 

 

The parameters of equations (5) and (6) are discussed in the section below. 

 

2.2.1.1 Structure height (hs) 
The structure height is an important parameter describing wave attenuation and reflection by a wave 

damping structure. Two ways of expressing the structure height in non-dimensional form are in 

means of the submergence ratio and the relative submergence. 

 

2.2.1.1.1 Submergence ratio 

The submergence ratio is the ratio between the water depth (h) and the structure height (hs): 

(7) 
𝑆𝑅 =  

ℎ

ℎ𝑠
 

 

In intertidal areas, submergence ratios of wave damping structures differ significantly due to varying 

water levels. A distinction is made between four different conditions: emergent where SR ≤ 1, near-

emergent where 1 ≤ SR ≤ 2, transitional submerged 2 ≤ SR ≤ 10, and deeply-submerged where SR > 

10 (Augustin et al., 2009). The effects of wave damping structures in microtidal areas (tidal difference 

< 2m) are less variable over time than in meso- (tidal difference 2-4m) or macrotidal areas (tidal 

difference >4m). Thus, the relation between submergence ratio and wave attenuation is for decision-

makers an important correlation in deciding the height or elevation location of the wave damping 

structure on the intertidal foreshore. 

 

2.2.1.1.2 Relative submergence 

In most literature about submerged wave damping structures, the structure height is expressed as 

the relative submergence, which is the ratio between the depth of submergence (ds) and the incident 

Figure 6. Structure variables and wave characteristics of a wave damping structure 
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wave height (H0) (Blenkinsopp & Chaplin, 2008; Briganti et al., 2003; Seabrook & Hall, 1998; Srineash 

& Murali, 2019; van der Meer et al., 2005): 

(8) 
𝑅𝑆 =

𝑑𝑠

𝐻0
 

 

Different analytical studies found clear correlations between relative submergence and wave 

transmission and described it as the most important parameter affecting wave transmission by 

submerged wave damping structures (Blenkinsopp & Chaplin, 2008; Briganti et al., 2003; Seabrook & 

Hall, 1998; Srineash & Murali, 2019; van der Meer et al., 2005). Those studies also indicate that 

relative submergence is the dominant parameter responsible for breaking the waves. 

 

2.2.1.2 Porosity and material properties 
The porosity of the structure is described as the amount of open space within the structure and is 

closely related to the density and permeability. It is the ratio between the pore volume Vp and the 

total volume Vt.  

(9) 

 

𝑛 =  
𝑉𝑝

𝑉𝑡
 

 

Some empirical studies describe the wave transmission of a submerged breakwater to be 

independent of the porosity of the structure (d’Angremond et al., 1997; Medina et al., 2020; van der 

Meer et al., 2005). Other studies relate the rock size of a rubble mound breakwater to flow within 

the structure and, therefore, indirectly to the porosity (Seabrook & Hall, 1998; van der Meer & 

Daemen, 1994).  

 

Most studies that take the porosity or permeability into account base their essence on the 

Forchheimer equation, which is an extension of Darcy’s law with an additional second-order term 

that accounts for the resistance of unsteady flow (Engelund, 1953; Safak et al., 2020). Madsen. 

(1974) derived empirical relations for reflection and transmission coefficient as: 

 

(10) 

 

𝐾𝑡 =  
1

1 +  𝜆
 

 

(11) 

 

                                                                          

𝐾𝑡 =  
𝜆

𝜆 +  1
 

 

 

Where: 

   

 

(12) 

 

𝜆 =  
𝑘 ∗  𝐵 ∗ 𝑓𝑤

2 ∗  𝑛
 

 

 

In which k the wave number is and n the porosity. fw is defined as the linearized friction parameter: 
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(13) 

 
𝑓𝑤 =  

𝑛

𝑘 ∗ 𝐵
[− (1 − 

𝑘 ∗ 𝐵 ∗ 𝑎

2 ∗  𝜔
) + √(1 +

𝑘 ∗ 𝐵 ∗ 𝑎

2 ∗ 𝜔
)

2

+
16 ∗ 𝛽

3 ∗ 𝜋
∗ 𝑎𝑖 ∗

𝐵

ℎ
] 

 
In which 𝜔 the angular velocity is. 𝛼 and 𝛽 are parameters representing laminar and turbulent 

resistance of the porous structure respectively. Engelund. (1953) suggested that those parameters 

are a function of porosity n, and a measure of the particle size (d) in the porous medium. The laminar 

part is furthermore a function of the fluid viscosity 𝑣: 

 

(14) 

 

𝛼 = 𝛼0  
(1 − 𝑛)3

𝑛2
∗  

𝑣

𝑔 ∗  𝑑2
  

 

(15) 

 

𝛽 =  𝛽0 ∗  
(1 − 𝑛)

𝑛3
∗

1

𝑑
  

 

Engelund. (1953) found out that there’s a wide range of 𝛼0 and 𝛽0 values, dependent on material 

properties such as shape or size distribution. For a more detailed description of the derivation of 

these equations, the reader is referred to Madsen. (1974). 

 

More specifically, the wave transmission and reflection is, contrary to most described empirical 

relations in literature, not only a function of structure geometry, wave characteristics, and water 

levels but also of material characteristics (i.e., stiffness, structure, size distribution, porosity, and 

permeability) (Safak et al., 2020).   

 

2.2.1.3 Wave properties 
Wave transformation is, besides material properties, also a function of wave characteristics. Incident 

wave height and wave period are important parameters determining wave attenuation.  

 

2.2.1.3.1 Incoming wave height (H0) 

The incident wave height influences wave attenuation significantly, which makes intuitive sense since 

waves with higher incoming wave heights will be dampened more. The incident wave height is in the 

majority of studies in literature expressed in the relative submergence (see equation (8))  

(Blenkinsopp & Chaplin, 2008; Briganti et al., 2003; Seabrook & Hall, 1998; Srineash & Murali, 2019; 

van der Meer et al., 2005). 

 

2.2.1.3.2 Wave period (t) 

Contradictory to structure geometry and incident wave height, the influence of wave period on 

attenuation is not fully understood yet (Anderson et al., 2011). One study by Möller et al. (1999) 

concluded that waves with different wave periods were attenuated equally at a salt marsh in 

England. Other laboratory studies about wave attenuation by vegetation concluded that shorter-

period waves were attenuated more (Bradley & Houser, 2009; Lowe et al., 2007). The wave period 

can also be linked to wavelength and water depth. This was done by a study of Fonseca & Cahalan. 

(1992), where they made a distinction between three different conditions: shallow water (h/L < 

0.05), intermediate water (0.05 < h/L < 0.5) and deep water (h/L > 0.5). They concluded that the 

waves in the shallow water regime were attenuated more effectively. 
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2.2.2 Wave transformation of hard structures 
Most empirical relations about wave transformation by structures are based on hard coastal 

engineering solutions (d’Angremond et al., 1997; Medina et al., 2020; Seabrook & Hall, 1998; van der 

Meer et al., 2005; van der Meer & Daemen, 1994). Hard structures attenuate wave energy especially 

by the sudden decrease in water depth that develops. This leads to wave breaking; hence the height 

of the structure largely determines the amount of wave attenuation (Kamath et al., 2017). Higher 

structures can attenuate a lot of wave energy, automatically leading to more wave reflection. This 

confirms that the design of the submerged hard breakwater plays an important role in the wave 

attenuation process.  

 

2.2.3 Wave transformation of brush-filled breakwalls 
Different field studies have been performed on the ability of brush-filled breakwalls to attenuate 

waves (Boumans et al., 1997; Ellis et al., 2002; Safak et al., 2020). Boumans et al. (1997) investigated 

the influence of breakwalls filled with Christmas trees on wave characteristics, sedimentation, and 

vegetation development in two Louisiana coastal marshes. They concluded that the fences reduced 

wave energy on average by 50% for limited water levels and wave heights. Depth variation was not 

considered. They also found sediment aggradation rates of an order magnitude higher close to the 

fences than at the control sites. 

Ellis et al. (2002) studied the influence of brush-filled breakwalls to protect levees at the San Joaquin 

River Delta in California. They showed that brush-filled breakwalls reduced on average 60% of 

incoming wave energy, with water levels fluctuating around 50 cm. The bundles were completely 

submerged at high tide, while they completely emerged during low tide. They also concluded that 

the wave energy attenuation was strongly depth-dependent.  

A more recent study from Safak et al. (2020) analyzed the potential of brush-filled breakwalls in 

reducing boat wake energy at two locations within the Atlantic Intracoastal Waterway in Northeast 

Florida. As an additional experiment, they investigated the influence of the porosity of the breakwall 

in reducing incoming wave energy. They concluded that in the design where the branches were 

bundled and a porosity of 0.7 was maintained, wave energy transmission was on average 53% with a 

strong depth dependence. In the design where the branches were not bundled, a higher porosity of 

0.9 could be obtained. This more porous breakwall transmitted on average 83% of incoming wave 

energy with a less depth dependency. 

 

The different field studies show that the amount of wave attenuation by brush-filled breakwalls is 

depth-dependent and largely determined by material properties, such as branch diameter 

distribution, packing, porosity, and roughness (Herbert et al., 2018). Although a low porosity seems a 

good property in withstanding extreme environmental conditions, it could also result in breakwalls 

acting as hard structures, inducing scour and instability (Herbert et al., 2018; Pearce et al., 2007). 

Flume studies about the wave attenuating potential of brush-filled breakwalls, where the influence 

of environmental circumstances can be reduced and regulated, are lacking in literature.  

 

2.2.4 Wave transformation of artificial oyster reefs 
Different studies have been performed on the ability of oyster structures to attenuate waves (Allen & 

Webb, 2011; Armono & Hall, 2003; Chowdhury et al., 2019; Manis, 2013). Allen & Webb. (2011) 

obtained wave transmission values for bags filled with oysters of different dimensions. They found a 

correlation that was comparable to a relation found by van der Meer et al. (2005) for low crested 
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hard breakwaters. Wave transmission over those oyster bags increased with increasing submergence 

ratio.  

Manis. (2013) studied the effectiveness of mats filled with oysters to protect the shoreline from boat 

wakes at three sites in the Mosquito Lagoon in Florida. He showed that 1-year established oyster 

reefs attenuated over two times more wave energy than newly deployed shells. Wave transmission 

coefficients also decreased from 0.93 to 0.74. This can be assigned to the average 8.1 cm vertical 

accretion and 4.06 cm average sedimentation during this one year. 

Armono & Hall. (2003) studied wave attenuation over submerged reef balls. They found on average a 

wave attenuation of 60% for varying wave conditions and water depths up to 0.6m. Also, this study 

found a relationship between the submergence ratio and transmission coefficient. Wave 

transmission increased with increasing submergence ratio. 

Wave attenuation by concrete rings on an island of Bangladesh was studied by Chowdhury et al. 

(2019). They found that waves were attenuated almost completely at water levels below the 

structure's height (0.6 m). Large waves (40-50cm) were still attenuated at water levels above 1m. 

This in contrast to smaller waves (10-30cm), which were not dissipated anymore for water levels 

above 1m. They concluded that the concrete rings have a high potential to protect the coast against 

erosion. The overall effect of the construction of these rings has led to an erosion reduction of 54%. 

 

The different studies show high potential for using oysters as a wave damping material. Their wave 

attenuation potential can increase over time due to increased friction induced by oyster growth and 

attachment. Their ability to keep up with sea-level rise makes it furthermore a promising method for 

protecting salt marshes and tidal flats. However, using hard substrates, such as concrete rings, oyster 

castles, and reefballs can also result in these structures behaving like hard structures. 

 

2.2.5 Wave transformation of artificial mussel reefs 
There is limited knowledge and experience about wave transformation over artificial mussel 

structures. On a smaller scale, they have similar effects on sediment deposition and currents as 

oyster beds (Folkard & Gascoigne, 2009; van Leeuwen et al., 2010). However, natural mussel beds 

are less effective in wave attenuation than natural oyster beds (Borsje et al., 2011). 
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3 Material and methods 

Three different experiments were conducted. The purpose of the first experiment was to determine 

the intrinsic permeability of the materials by using Darcy’s law. In the second experiment, The 

materials were exposed to short- and long-period waves to quantify their wave attenuation potential 

and reflection. This also allowed us to find the frequently-used correlation between the relative 

submergence and the wave energy change (Blenkinsopp & Chaplin, 2008; Briganti et al., 2003; 

Seabrook & Hall, 1998; Srineash & Murali, 2019; van der Meer et al., 2005). The last experiment was 

performed to compare the materials in bed shear stress, which is an indicator of the disadvantageous 

scouring. All data analysis was done in python 3.8.  

3.1 Experimental flume 

The experiments were conducted in a 17-meter-long, oval-shaped race-track flume at the Royal 
Netherlands Institute for Sea Research (NIOZ) in Yerseke. The flume has a width and height of 0.6 and 
0.4 meters respectively (see Bouma et al. (2014) for a more extensive description of the flume 
properties). The flume was filled with saline water from the Eastern Scheldt with a temperature of 
8.4 degrees. Measurements were performed at the downstream end of the working section, where a 
2-meter-long test section with adjustable bottom and transparent walls was present for visual 
observations (see Figure 7). The test section was flushed to the bottom with a 2-meter-long wooden 
plate. Waves were generated by a wave paddle with adjustable frequency settings, and currents of 
different velocities could be generated with a conveyor belt system working as a paddle wheel. A 
permeable ramp with artificial grass was installed at the end of the working section, which absorbed 
wave energy and therefore prevented high waves from topping over the edge of the bending part of 
the flume. Therefore, a small part of the wave energy was reflected to the test section. This effect 
was excluded by integrating a control run. It furthermore happens in field situations where wave 
damping structures are applied on the intertidal foreshore in front of a dike. 

 

3.2 Materials  

Four duplicate steel gabions were filled with different hard and biogenic materials. All gabions had a 

mesh size, length, and width of 2.5, 57.5, and 57.5 cm respectively. This relatively small mesh size 

was chosen to prevent small mussels from spilling out during the experiments. The four duplicates 

Figure 7. Racetrack flume where the experiments were conducted (adapted from Bouma et al., 2005). 
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differed in height: 10, 20, 30, and 40 cm, which allowed us to generate different submergence ratios 

(see 3.3.2.1). The gabions were filled with the following hard and biogenic materials (see also 

appendix 8.1 for a more extensive description of material properties): 

1. Bricks. For the hard structure, limestone bricks with the size of 21 by 10 by 5 cm were used 

(Figure 8a). The remaining empty spaces were filled up with smaller brick pieces. In this way, 

an almost impermeable structure could be established.  

2. Loose brushwood. Willow branches were cut to a length smaller than the gabion width, 

making them fit straight in the gabion (57.5 cm, see Figure 8b). This was positioned 

perpendicular to the wave propagation direction in the flume. The branch diameter lies 

between 1.1 and 3.3 cm, with an average of 1.8 cm (n=20). This is slightly lower than the 

wood diameters used in previous experiments on wave attenuation by brushwood(Herbert 

et al., 2018; Safak et al., 2020). 

3. Bundled willow branches. The multifaceted nature of using willow branches to attenuate 

waves makes it a material that can be tested in several configurations. The wave attenuation 

will depend on material properties like branch diameter, size distribution, and way of packing 

or bundling. In most field situations and experiments, the willow branches are bundled (Ellis 

et al., 2002; Herbert et al., 2018; Safak et al., 2020). For this reason, a second configuration 

of the willow wood branches is tested in the flume. The same branches are tested in another 

configuration, bundled in 15 branches with elastic tie tubes (diameter 3 mm) (see Figure 8c). 

4. Empty oyster shells. The empty oyster shells used for the experiments were a waste product 

of a fish conservation company (see Figure 8d). This makes it a sustainable and cheap way of 

reusing this material for larger field applications. Different types of shells were used; some of 

them were still closed. Their shell length differed from 7.0 to 16.0 cm, with an average of 

11.0 cm (n=20). Their shell width, measured at the widest part, ranged between 4 and 10 cm, 

with an average of 6.3 cm (n=20). 

5. Empty mussel shells. The empty mussel shells were also a waste product of the same fish 

conservation company (see Figure 8e). Their size distribution range was narrower than the 

oyster shells. Their shell length ranged from 5.0 to 6.0 cm, with an average of 5.5 cm (n=20). 

Their shell width, measured at the widest part, ranged between 1.7 and 2.9 cm, with an 

average of 2.3 cm (n=20). Some of the smaller shells were spilt out of the gabion during the 

experiments. This is not influencing the results since the run time of the experiments was 

low, and refilling was possible between the experiments. 
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Figure 8. Five different materials were tested in the flume. a) brickstones. b) loose 
brushwood. c) bundled brushwood. d) oysters. e) mussels 
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3.3 Set-up and analysis  
 

3.3.1 Experiment 1: permeability 
The permeability of small-grained structures is obtained by using Darcy’s law (Darcy, 1856). Darcy’s 

law describes laminar flow through a porous medium. According to this law, the discharge rate (q in 

m s-1) is a function of the intrinsic permeability of the medium (k in m2), the viscosity of the fluid (𝜇 in 

Pa s), and the pressure gradient (dp/dx in Pa m-1). It is described as: 

(16) 
𝑞 =

𝑘

𝜇
∗ 

𝑑𝑝

𝑑𝑥
 

 

More specifically, a pressure gradient will arise 

when viscous fluid flows through a porous medium 

(see Figure 9). This pressure gradient is a function of 

intrinsic permeability. An important implication is 

that Darcy’s law is only valid under laminar flow and 

is generally applied to sediments. Flow through the 

larger-sized materials of this experiment rather 

generates turbulence, which will give an offset. In 

our experiments, we assume that this offset is equal 

between the materials, making comparison 

possible. 

3.3.1.1 Set-up 
The water level of the flume was set to 22 cm. Pressure differences before and after the structure 

were measured with pressure sensors. Water flow was generated by the conveyor belt system 

working as a paddle wheel. This system could generate different flow velocities by adjusting the 

number of rounds per minute (RPM). A calibration 

was carried out by manually increasing the amount 

of RPM in the flume without any structure from 

100 to 700 with steps of 100. At each step, the 

horizontal water velocity was continuously 

measured for 300 seconds with an ADV (Nortek 

AS© Vectrino Field Probe) positioned 5 cm under 

the water surface with a sampling frequency of 

200 Hertz. After filtering out the measurement 

points with a beam correlation <= 80, a linear 

interpolation was applied to convert flow velocity 

in RPM to m s-1 (see appendix 8.4.1).  

After the calibration, the gabion of 40 cm height was filled with every single material and positioned 

in the test section of the flume. Pressure differences were measured with pressure sensors 10 cm 

before and 10 cm after the structure for 100 seconds with a frequency of 100 Hertz (see Figure 10). 

Permeability was determined for three different water flow velocities: 150, 300, and 450 RPM.  

3.3.1.2 Analysis 
The pressure differences were used to calculate intrinsic permeability (m2) using equation (16), 

where q the flow velocity of the water is (m s-1) and µ the viscosity of seawater (0.00145 Pa s). 

 

Figure 9. A pressure gradient arises when a viscous fluid flows 
through a porous medium. 

Figure 10. Set up of the permeability measurements. 
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3.3.2 Experiment 2. Wave attenuation and reflection 

3.3.2.1 Set-up 
Wave attenuation and reflection experiments were carried out on water levels of 22 and 30 cm. In 

this way, seven different submergence ratios (SR) were generated (see Table 1).  

Both emerged (SR < 1) and submerged situations (SR > 

1) conditions were mimicked, which is also realistic for 

intertidal areas where water level fluctuates 

throughout the day. 

For each material, two gabions of the same dimensions 

were filled up to equal weights (appendix 8.1). In the 

case of the two willow wood tests, the gabions were 

filled with ~ the same number of branches. The gabions 

were positioned 32 cm apart in the test section of the 

flume. Each pair of gabions were exposed to four 

different wave conditions (wave period = 2.0, 2.6, 3.4, 

and 5.1 s) by adjusting the frequency settings of the 

wave paddle. A distinction is made between short-period waves (t < 3.0 s) and long-period waves (t = 

3.0 and 8.0 s) (Rupprecht et al., 2017). Short-period waves are common in intertidal areas, while 

long-period waves are found during storm surges (Wolf & Flather, 2005). 

Wave parameters were measured with three pressure sensors which measure pressure changes in 

Voltage with a frequency of 100 Hertz. The sensors were calibrated every day since day-to-day air 

pressure differed significantly. This was done by lowering them into a cylindrical glass tube 

containing measuring tape. Pressure values were read from the monitor at five different depths. 

Linear regression was applied to convert Voltage units to centimetres.  

The pressure sensors were attached to the wall of the flume at a water depth of ~ 5cm. The incident 

and reflected wave parameters were obtained from a sensor 16 cm in front of the structure. One 

sensor measured the wave parameters after the first structure, and the last sensor measured the 

wave characteristics after the second structure. See Figure 11. 

 
 

 

 

 

 

 

 

 

 

Table 1. Overview of the different water levels, structure 
heights and corresponding submergence ratios 

Water level (cm) Gabion height 
(cm) 

SR (-) 

22 10 2.2 

22 20 1.1 

22 30 0.73 

30 10 3.0 

30 20 1.5 

30 30 1.0 

30 40 0.75 

 

b

 

c

 

Figure 11. Wave attenuation and reflection set-up. 

a

bc
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3.3.2.2 Analysis 
Quantifying wave properties directly from the time domain was difficult due to the wave reflection 

induced by the first structure. That’s why the datasets of the different runs were transformed into 

the frequency domain using a Fast Fourier Transform (Welch, 1967). This allowed the calculation of a 

power spectrum. From this power spectrum, the peak frequency of the waves was determined. The 

spectral significant wave height at the tree indicated positions in Figure 11a was calculated as: 

(17)   

𝐻𝑠 = ∑ 4 ∗  √𝑆(𝑓𝑛) ∗ ∆𝑓

𝑁

𝑛=1

 

 

 

 
In which S(fn) the energy spectral density is (cm2 Hz-2), ∆𝑓 the frequency bandwidth of the spectrum 

and N the total number of measurements.  

The wave energy change was calculated as the difference in spectral significant wave height between 

the run with structure and the control run, relative to the spectral significant wave height of the 

control run: 

(3) 
𝑊𝑎𝑣𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐ℎ𝑎𝑛𝑔𝑒 (%) =

𝐻𝑠,𝑥,𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 − 𝐻𝑠,𝑥,𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐻𝑠,𝑥,𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗ 100  

 

This was done for the three positions (x) (see Figure 11a). A wave energy change > 0 would mean a 

boosting of wave energy compared to the control, while a wave energy change < 0 would indicate 

damping of wave energy compared to the control run.  

 

3.3.3 Experiment 3. Scouring potential 

3.3.3.1 Set-up 
The water level of the flume for this experiment was set to 22 cm. The gabion of 30 cm was 

positioned in the test section of the flume in which the wave paddle generated waves with a wave 

period of 2.7 seconds and spectral incident wave heights of 8.6 cm. Water flow velocity in x, y, and z-

direction was continuously measured with an Acoustic Doppler Velocity meter (Nortek AS© Vectrino 

Field Probe, ADV), functioning in a 3D positioning system. Where the x-direction is defined as the 

wave propagation direction, the y-direction is the direction across the flume, and the z-direction is 

the vertical. The ADV was positioned with its beam 5 cm above the bottom to measure near-bottom 

flow velocities for 200 seconds with a frequency of 200 Hz. This was done for four positions in front 

of the structure: 5, 25, 45 and 65 cm to see how far the spatially extended effects of the induced 

turbulence reach and might affect scouring in the proximity of the structures (see Figure 12). 
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3.3.3.2 Analysis  
A 5th order Butterworth low pass filter of 12 Hz was applied to the x, y, and z velocity signal to filter 

out the part of the spectrum that was dominated by noise. Hereafter,  a high pass filter of 4 Hz was 

applied to separate the wave signal from the turbulence signal (Stapleton & Huntley, 1995). The 

turbulent kinetic energy was calculated from this turbulent signal as: 

(18) TKE = 
1

2
∗ 𝜌 ∗ ((𝑢′)2̅̅ ̅̅ ̅̅ ̅ + (𝑣′)2̅̅ ̅̅ ̅̅ ̅+ (𝑤′)2̅̅ ̅̅ ̅̅ ̅) 

 

 

Where ρ the density of seawater is (1024 kg m-3). (𝑢′)2̅̅ ̅̅ ̅̅ ̅, (𝑣′)2̅̅ ̅̅ ̅̅ ̅ and  (𝑤′)2̅̅ ̅̅ ̅̅ ̅ (m2 s-2) are the square of 

the standard deviation in the x, y, and z-direction, respectively. The near-bottom bed shear stress is 

then proportional to the turbulent kinetic energy (Soulsby, 1983): 

(19) 𝜏 = 0.19 ∗ 𝑇𝐾𝐸   

 

The bed shear stress is an indicator for scouring (Maclean, 1991). 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Set-up for the experiments for determination of bed shear stress. Bed 
shear stress was calculated just abovethe bed (5cm) at five different positions 
before the structure (5, 25, 45 and 65 cm). 
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4 Results 

4.1 Permeability   

The hard structure has the lowest permeability for all three flow velocities (see Figure 13). 

Furthermore, the configuration where the brushwood was bundled shows for all tests the highest 

permeability. Personal, visual observation confirms that water flowed quite easily through these 

bundles of brushwood.  

Differences in permeability between the other three materials are clearest observed in the tests 

performed at lower flow velocities, where the mussels have the second-highest permeability after 

the hard structure. Hereafter, the loose brush structure and the oysters. 

 

For comparison, the intrinsic permeability of gravel ranges in laminar conditions between 10-10 and 

10-7 m2 (Jasim et al., 2019).  

 

 

 

Figure 13. Intrinisic permeability determined for three different flow velocities. 
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4.2 Wave attenuation and reflection for short-period waves 

 

4.2.1.1 Wave reflection in front of the structure (position 1) 
There is in general boosting of wave energy observed for incident short-period waves at the position 

before the structure (fig.Figure 14aFigure 14dFigure 14g, and Figure 14j). This boosting is a result of 

wave reflection by the first structure. Furthermore, wave boosting increases with decreasing 

submergence ratio.  

 

Looking at the differences between the materials, we observe that boosting at low submergence 

ratios (0.73, 0.75, 1.0, 1.1, and 1.5) is highest for the hard structure. This difference can reach up to 

46.2 % for the emerged structure with a submergence ratio of 0.73 (figFigure 14a).  

 

The tests of the gabions with high submergence ratios (2.2 and 3.0) show a maximum range of wave 

energy change between the materials of only 12.8%. Wave energy-boosting becomes less dependent 

on material choice for higher submergence ratios.  

 

Moreover, it is remarkable that the mussels at submergence ratios 1.0 and 1.1 generate the lowest 

boosting of all materials, in general even less than the mussel tests performed at lower submergence 

ratios. Lower submergence ratios do not always generate more boosting.  

 

Differences between the two configurations of brushwood are small, but bundled branches seem to 

have a slightly higher boosting of wave energy than the configuration with loose branches.  

 

4.2.1.2 Wave attenuation behind the first structure (position 2) 
There is in general damping of wave energy observed for short-period waves at position 2 (fig.Figure 

14b, Figure 14e, Figure 14h, and Figure 14k). This damping is a result of wave energy attenuation of 

the first structure. In these graphs, we also see that wave damping increases with decreasing 

submergence ratio.  

 

Looking at the differences between the materials, it is seen that the hard structure does not 

attenuate waves best for low submergence ratios. Instead, damping at low submergence ratios (0.73, 

0.75, and 1.0) is highest for the gabions filled with mussels. Personal observations during the 

experiment reveal that the mussels do not overtop but absorb the waves.  

 

Differences between the other materials are small and remarkable results are inconsistent between 

the test performed at t = 2.0 and 2.6 s. 

 

4.2.1.3 Wave attenuation behind the second structure (position 3) 
For all measurements performed at position 3, wave energy damping was observed (fig.Figure 14c,  

Figure 14f, Figure 14i, and Figure 14l). This damping is caused by the wave energy attenuation of 

both structures. 

 

The damping at this position is compared to position 2 especially higher for high submergence ratios. 

It seems that the emerged structures (low submergence ratio) attenuated most of the wave energy 

at position 2 already.  
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The differences between the materials per submergence ratio also lie within a range of a maximum 

25%. 
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a b c 

d e f 

g h i 

j k l 

Figure 14. Wave energy change compared to the control run at the three indicated positions for different submergence ratios for short wave periods. a. position = 
1,  t= 2.0 s, h = 22 cm, b. position = 2, t = 2.0 s, h = 22cm, c. position = 3, t = 2.0 s, h = 22 cm, d. position = 1, t = 2.0 s, h = 30 cm, e. position = 2, t = 2.0 s, h = 30 cm, 
f. position = 3, t = 2.0 s, h = 30 cm, g. position = 1, t = 2.6s, h = 22 cm, h. position = 2, t = 2.6 s, h = 22 cm, i. position = 3, t = 2.6 s, h = 22 cm, j. position = 1, t = 2.6 s, 
h = 30 cm, k. position = 2, t = 2.6 s, h = 30 cm, l. position = 3, t = 2.6 s, h = 30 cm. 
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4.3 Wave attenuation and reflection for long-period waves 

 

4.3.1.1 Wave reflection in front of the structure (position 1) 
We also observe in the tests for long-wave periods that the hard structure induces the highest 

boosting for all tests performed with low submergence ratios (0.73, 0.75, 1.0, and 1.1). The biggest 

outlier is at a submergence ratio of 0.73 in fig.Figure 15g. Here, a boosting of the hard structure of 

179.8% compared to the control run is observed. This boosting of more than 100% is not an 

exception for the test performed with a wave period of 5.1 seconds and is also observed for the 

other materials (see fig.Figure 15j). This is because the test of 5.1 seconds generated incident wave 

heights of only 5.1 and 6.1 cm for water levels of 22 and 30 cm, respectively, making it more likely for 

the spectral significant wave height to increase more than 100 % at this position. These small 

incident wave heights are also the reason for the relatively large spread between the materials (fig. 

Figure 15g andFigure 15j). 

 

4.3.1.2 Wave attenuation behind the first structure (position 2)  
At position 2 (fig.Figure 15bFigure 15eFigure 15h, and 15k), a damping of wave energy is expected 

compared to the control run. This is, however, in general not observed. The correlation with 

submergence ratio is also less explicit compared to the test performed with shorter-wave periods. 

Looking at the differences between the materials, the same finding as the test performed with short-

wave periods are observed, where the mussels are attenuating waves best at submergence ratios of 

0.73, 0.75, and 1.0 for both water levels (see fig. Figure 15b,Figure 15e, and Figure 15k).  

Another remarkable finding is the lower damping of the hard structure at a submergence ratio of 

0.73 in figureFigure 15b. Differences between the two configurations of brushwood are small, and 

oysters also do not generate large differences compared to the other materials.   

4.3.1.3 Wave attenuation behind the second structure (position 3) 
At position 3 (Figure 15c, Figure 15f, Figure 15I, and Figure 15l), a damping of wave energy is 

observed for all tests, indicating that the presence of two structures causes a decrease in wave 

energy compared to the control run. Differences between the materials are small. 
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Figure 15. Wave energy change compared to the control run at the three indicated positions for different submergence ratios for long wave periods. Be aware 
of the different y-axis for the graphs at t = 5.1 s. a. position = 1,  t = 3.4 s, h = 22 cm, b. position = 2, t = 3.4 s, h = 22cm, c. position = 3, t = 3.4 s, h = 22 cm, d. 
position = 1, t = 3.4 s, h = 30 cm, e. position = 2, t = 3.4 s, h = 30 cm, f. position = 3, t = 3.4 s, h = 30 cm, g. position = 1, t = 5.1 s, h = 22 cm, h. position = 2, t = 5.1 
s, h = 22 cm, i. position = 3, t = 5.1 s, h = 22 cm, j. position = 1, t = 5.1 s, h = 30 cm, k. position = 2, t = 5.1 s, h = 30 cm, l. position = 3, t = 5.1 s, h = 30 cm. 
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4.4 Relative submergence 

The correlation between the relative submergence and the wave energy boosting/damping at the 

position before and after the first structure has a large spread and therefore a low R2 when plotting a 

linear regression (see Figure 16). The tests of 5.1 s generated large outliers particularly. 

  

However, it was also observed that some findings were consistent in all tests. For example, the 

higher boosting in front of the hard structure for low submergence ratios. It is, therefore, seen that 

at this position the slope of the hard structure is almost three times as high as the other materials 

(see Figure 16a).  Differences between the other materials at other positions are small.
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Figure 16. Correlation between the relative submergence (ds/H0) and the wave energy change for the three different positions. a) hard, b) 
brush loose, c) brush bundled, d) oysters, e) mussels. 

a 

b c

d
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4.5 Scouring Potential 

At 5 cm before the structure, the largest differences are found in bed shear stress, where the hard 

structure generates the highest from all materials (See                                 Figure 17). From the 

biogenic materials, the oysters create the highest bed shear stress at this position. After that, the two 

configurations brushwood and the mussels generate an even lower bed shear stress than the control 

run, which is difficult to declare. At 65 and 45 cm before the structure, the presence of the structure 

is hardly measured in means of bed-shear stress. 

 

 

 

                                Figure 17. Bed shear stress was measured 5 cm above the bed at 4 different positions before the  
             structure (5, 25, 45 and 65 cm). The control run is the run without a structure. 

  



 

29 
 

5 Discussion 

This flume study quantified and compared the wave attenuation potential between a hard, 

impermeable structure and various biogenic, permeable structures. The results show that the hard 

structure did not attenuate more wave energy than the various biogenic structures. It was even 

observed that gabions filled with mussels attenuate wave energy better for low submergence ratios. 

This can partly be attributed to the minimalization of the overtopping of water.  

Another comparison was made regarding the adverse generating effects in the structure's proximity. 

Those effects of wave reflection and bed shear stress were higher for the hard structure than the 

various biogenic structures, especially for emerged situations.  

In addition, the importance of structure geometry and wave characteristics was explored. The 

correlation with the relative submergence showed that the influence of wave characteristics is crucial 

in describing wave attenuation and reflection. 

 

5.1 Negative effects of hard, impermeable structure 

The results of this experimental study confirm why there is a growing consensus toward the 

implementation of more permeable instead of hard materials in coastal defence schemes to protect 

salt marshes and tidal flats from eroding (Borsje et al., 2011; Bouma et al., 2014; Morris et al., 2018; 

Temmerman et al., 2013; Walles et al., 2016). The main reason for this widespread agreement 

among researchers was the generation of unintended, disadvantageous effects like wave reflection 

and scouring in front of a hard structure, which leads to instability and often even failure (Ranasinghe 

& Turner, 2006). This study confirms that these adverse generating effects are more pronounced for 

emerged hard structures than the various biogenic structures. Simultaneously, the wave attenuation 

potential of the hard structure did not show remarkable differences compared to the various 

biogenic structures. Allen & Webb. (2011) obtained a similar result for a flume experiment about the 

wave transmission of oyster-filled bags of different dimensions. They found a correlation that was 

comparable to a relation found by van der Meer et al. (2005) for low crested hard breakwaters. 

 

5.2 Comparison with previous studies 

Furthermore, this study is to the best authors’ knowledge the only research where a comparison is 

made between hard and various biogenic materials in means of wave attenuation and reflection 

under controlled and similar hydrodynamical conditions. Using artificial mussel structures in coastal 

defence schemes is new and little developed. The wave attenuation potential of brush filled 

breakwalls was only explored in field situations, where water depth dependency was hard to 

consider (Boumans et al., 1997; Ellis et al., 2002; Safak et al., 2020). Wave attenuation of oyster shells 

in coastal defence has mainly been studied using hard substrates, such as concrete rings or reef balls 

(Armono & Hall, 2003; Chowdhury et al., 2019). Comparing these studies is nearly impossible due to 

differences in hydrodynamic conditions, structure geometry, and other site-specific parameters. 

Small differences in, for example, wave characteristics generate already notable differences in means 

of wave attenuation and reflection.  

Moreover, the majority of those earlier mentioned studies only focus on wave attenuation potential 

and not on the adverse generating effects that might occur in the vicinity of these structures. The 
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quantification of these adverse generating effects in means of wave energy-boosting and bed shear 

stress is to the best authors’ knowledge also unique in this study. 

Furthermore, the influence of the incident wave period on wave transformation was not fully 

understood yet (Anderson et al., 2011). Möller et al. (1999) concluded that waves of different wave 

periods were attenuated equally at a salt marsh in England. Our experiments showed that short-

period waves were already attenuated after the first structure, while the long-period waves were 

only attenuated after the second structure. This would indicate that long-period waves are more 

difficult to attenuate, as also concluded by Bradley & Houser. (2009) and Lowe et al. (2007). 

5.3 Limitations 

It also became evident that this topic has a multifaceted nature that impacts results, considering: 

• Material size. Branch diameter, shell size, shell size distribution, and roughness are 

all parameters that would influence the performance of a wave dampening 

structure. 

• Way of packing/bundling. Branches of brushwood can be bundled in different 

configurations and positioned in different directions relative to the wave 

propagation direction. Furthermore, shells can be compressed or packed together, 

making the establishment of other shellfish feasible. However, compressed shell 

structures could also behave as hard structures inducing wave reflection and 

scouring. In our experiments, wave action led to the rearranging of the material, 

which was especially evident for mussels. This could also be one of the reasons why 

mussels attenuated waves best. 

• Breaking of the material. Mussel shells were breaking and therefore leaking due to 

wave action. This was not influencing the results since the run time of the 

experiments was short, and refilling was possible. In field situations, this is, however, 

not beneficial.  

5.4 Recommendations 

Overall, the results of this study make a valuable contribution to existing literature showing the 

benefits of using biogenic instead of hard materials in coastal defence schemes. Therefore, we 

advocate further investigation of the behaviour of biogenic structures under natural conditions with 

irregular waves. The performance of a wave damping structure depends on local hydrodynamic and 

meteorological conditions, making its behaviour site-specific. Furthermore, it is possible to do more 

direct measurements of scouring and other important processes in field situations, such as sediment 

trapping or slope steepening. Such experiments would further develop the knowledge and 

experience of using biogenic structures to protect salt marshes and tidal flats against sediment 

starvation.    
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6 Conclusion 

This study conducted various measurements regarding the wave attenuation potential, reflection, 

and bed shear stress of hard and various biogenic materials. The section below describes the most 

important conclusions concerning the main research question and the four sub-questions.  

Are there differences in wave attenuation potential between hard and various biogenic coastal 

engineering solutions? 

The hard structures did not attenuate more wave energy than the various biogenic structures. It was 

even visually observed and measured that the emerged mussel structure attenuated wave energy 

best at the position right after the first structure. This effect can partly be attributed to the 

minimalization of the overtopping of water due to the relatively small material size of the mussels. It 

can also partly be due to the rather loose way of packing the mussels, as described in the discussion.  

Differences between the two configurations of brushwood and oysters were generally small, and 

remarkable findings were inconsistent over the various experiments.  

 

Are there differences in the adverse generating effects of wave reflection and scouring between 

the hard and various biogenic coastal engineering solutions? 

Wave reflection and bed shear stress in the structure's proximity were highest for the emerged, hard 

structure. Since wave reflection and bed shear stress are indicators and estimators for the 

unintended, disadvantageous scouring before a structure, it can be concluded that adverse 

generating effects were more pronounced for the hard structure compared to the various biogenic 

structures. 

It should be noted that the spatially extended effects of turbulence were nearly not measured 

anymore at a distance of 45 cm before the structure. 

 

What is the influence of structure geometry and wave properties on wave reflection and 

attenuation? 

A linear regression poorly described the correlation between the relative submergence and the wave 

energy change. This indicates that the influence of wave properties is essential in describing wave 

attenuation and reflection. Wave attenuation of short-period waves (2.0 and 2.6s) was already 

measured after the first structure, while wave attenuation of long-period waves (3.4 and 5.1s) was 

only measured after the second structure. This would indicate that longer-period waves are 

attenuated less easily.  

 

Is there a link between the permeability of the structure and wave attenuation, reflection, and 

scouring? 

As expected, the highest permeability was found for the hard structure. It was also found that the 

emerged, hard structure generated the highest wave reflection and bed shear stress. For the other 

biogenic structures, differences and remarkable findings were inconsistent over the various 

experiments. For this reason, it was not possible to link permeability with wave attenuation, 

reflection and bed shear stress for the various biogenic structures.  

 

How does wave transformation differ between hard and various biogenic materials in coastal 

engineering solutions? 
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It turned out that wave transformation between hard and the various biogenic materials did not 

show striking differences in wave attenuation, except slightly for the mussel structure. The 

differences are most pronounced in the adverse generating effects in front of emerged structures. 

Wave reflection and near-bottom bed shear stress were notably higher for the hard structure. These 

effects were only measured for tests with low submergence ratios. At higher submergence ratios, 

wave transformation becomes independent of material choice. Moreover, in order to describe wave 

transformation in means of structure geometry (relative submergence), the importance of wave 

characteristics, such as wave period should be considered.  
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8 Appendix 

8.1 Material properties 

The material properties are given in the table below. 

 

The weights of the gabions are given in the table below. 

 

 

8.2 Data 

For all the data, the reader is referred to code,results&data and readme.txt 
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8.3 Code 

The python codes are given below (descriptions are included in the code). For a more extensive 

description see code,results&data and readme.txt 

8.3.1 Experiment 1 
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8.3.2 Experiment 2 
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8.3.3 Experiment 3 
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8.4 Results 

For a more extensive description of the results, the reader is referred to code,data&results and 

readme.txt 

8.4.1 Experiment 1 
The calibration line is given in the table below. RPM manual = manual adjusted number of RPM, RPM 

actual = number of RPM read from the display and Velocity (m/s) = measured velocity with the 

vectrino. 

 

 

 

The results of experiment 1 are given below. 
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8.4.2 Experiment 2 
The results of experiment are given in the table below. 
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8.4.3 Experiment 3 
The results of experiment 3 are given in the table below. 

 


