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Abstract 

Recently, coastal protection has developed to one of the most crucial and urgent issues, resulting in a 

significant number of research studies on the role of vegetation in shore protection. In addition, vegeta-

tion fields in coastal area have the capability to provide a habitat for a variety of valuable organisms, 

result in sedimentation and stabilization of the bed and hence, could be important not only in coastal 

protection but also in coastal eco-system conservation. There is a growing interest in utilizing soft struc-

tures as well as a combination of hard and soft structures for coastal protection. Though the potential of 

coastal vegetation in shoreline protection has long been recognized, many biotic and physical factors 

interact to affect the protective capacity of vegetation. Therefore, numerous studies have been conducted 

to understand the wave-vegetation interactions and the damping effects of vegetative fields. From the 

review of published studies about vegetation effects on wave attenuation, there is a general agreement 

that many complex physical processes are involved in the interaction of waves and currents with vege-

tation. Hence, there is still a need for further research of wave and/or current-vegetation interactions to 

improve the understanding of eco-hydraulic processes.  

In most previous studies, the effect of underlying currents on wave energy dissipation by vegetation was 

generally omitted because of its complexity. However, in the natural environment, most vegetation 

meadows are exposed to waves superimposed on a tidal flow and the presence of underlying currents 

may affect the wave-damping capacity of vegetation. To the best of the author's knowledge, there are 

only very few studies that address the effect of currents on wave attenuation by vegetation. From these 

studies, it is concluded that an underlying current should be taken into account for evaluating wave 

attenuation by vegetation; ignoring that the effect of underlying currents may result in incorrect predic-

tions of the wave-attenuating capacity of vegetation in tidal environments. Therefore, further research 

is necessary to enhance the knowledge of wave-current-vegetation interaction and to quantify the effect 

of underlying currents on wave attenuation by vegetation. This study therefore aims to improve the 

understanding of the highly complex hydrodynamic processes involved in the attenuation of waves and 

currents by flexible vegetation, including a more precise and systematic identification of the key param-

eters affecting the wave attenuation. 

For this purpose, a new porous-media based approach for the modelling of wave attenuation by vegeta-

tion is applied using the CFD solver “PorousWaveFoam” in the frame of OpenFOAM®. This model 

solves the Volume-Averaged Reynolds-Averaged Navier–Stokes (VARANS) equations for the simula-

tion of flow in porous media without representing the exact geometry of the pores forming the porous 

media. For the determination of flow resistance, an equivalent porosity (𝑛𝑒𝑞), developed based on the 

frontal area per bed area (Afront*), and the distance between the plants (ΔS), as the characteristic length 

scale, are utilized in the VARANS equations. For flexible vegetation, the most suitable empirical for-

mulation for the deflected plant height within a meadow is introduced in the model, and the extended 

model is systematically validated against laboratory tests under pure wave and wave-current conditions. 

A systematic parameter study using the extended model is performed to better understand the relative 

contribution of the physical processes to the attenuation of waves by vegetation and thus, to provide a 

substantially larger dataset for the development of new formulae for the prediction of wave attenuation 

by flexible vegetation under pure wave and wave-current conditions. The results show that the proposed 

porous media approach and the developed formulae perform relatively well for predicting wave attenu-

ation by flexible vegetation.  

Moreover, recommendations are provided to extend the range of applicability of the proposed model 

and the new formulae, and to further improve the understanding of the physical processes underlying 

wave-attenuation by flexible vegetation.  



 
  

 

Kurzfassung  

Küstenschutz hat sich in jüngster Vergangenheit zu einer der kritischsten und dringlichsten Herausfor-

derungen in den Ingenieur- und Naturwissenschaften entwickelt. Dies brachte eine Vielzahl an wissen-

schaftlichen Studien zur Bedeutung der Vegetation für den Küstenschutz hervor. Vegetation begünstigt 

Sedimentation und die Stabilisierung der Gewässersohle. Darüber hinaus haben Vegetationsfelder das 

Potential ein Habitat für eine Vielzahl an wertvollen Organismen zu bieten. Sie sind somit nicht nur von 

hoher Bedeutung für den Küstenschutz, sondern auch für den Erhalt küstennaher Ökosysteme. Das In-

teresse, weiche Maßnahmen oder eine Kombination von starren und weichen Strukturen für den Küs-

tenschutz zu nutzen, steigt. Das Potential der küstennahen Vegetation für den Küstenschutz ist bereits 

lange anerkannt. Eine Vielzahl an biotischen und physikalischen Faktoren interagieren und beeinflussen 

die Schutzwirkung von Vegetation. Daher wurden bereits zahlreiche wissenschaftliche Studien zur Er-

forschung der Interaktion zwischen Wellen und Vegetation durchgeführt um die wellendämpfende Wir-

kung von Vegetationsfeldern zu beschreiben. Aus der Literaturstudie zum Einfluss der Vegetation auf 

die Wellendämpfung geht hervor, dass generell Übereinstimmung über die Komplexität der physikali-

schen Wirkzusammenhänge in der Interaktion zwischen Wellen und Strömung mit Vegetation besteht. 

Um das Wissen über die Öko-hydraulischen Prozesse zu verbessern besteht daher weiterer Forschungs-

bedarf zur Interaktion zwischen Wellen und/oder Strömung und Vegetation. 

Durch die Komplexität wurde in einer Vielzahl bisheriger Studien der Einfluss von Strömung auf die 

Dissipation der Wellenenergie durch Vegetation vernachlässigt. Die meisten Vegetationsfelder sind un-

ter natürlichen Bedingungen jedoch Seegang und überlagernden Gezeitenströmungen ausgesetzt. Eine 

überlagerte Strömung kann jedoch die Wellendämpfung durch Vegetation beeinflussen. Nach bestem 

Wissen der Autorin liegt nur eine geringe Anzahl an Studien über den Effekt der Strömung auf die 

Wellendämpfung durch Vegetation vor. Aus diesen Studien geht hervor, dass eine Strömung für die 

Beurteilung der Wellendämpfung durch Vegetation berücksichtigt werden sollte - diesen Einfluss nicht 

zu berücksichtigen führt potentiell zu fehlerhaften Einschätzungen der Wellendämpfungskapazität von 

Vegetation in tidebeeinflussten Bereichen. Aus diesem Grund besteht weiterer Forschungsbedarf um 

das Wissen zur Wellen-Strömungs-Vegetations-Interaktion zu verbessern und um den Einfluss von Strö-

mung auf die Wellendämpfung durch Vegetation zu quantifizieren. Das Ziel dieser Arbeit ist daher, die 

Erkenntnisse der hoch komplexen hydrodynamischen Prozesse bei der Dämpfung der Wellen und Strö-

mung durch flexible Vegetation zu verbessern. Dies beinhaltet die präzise und systematische Identifi-

kation der Schlüsselparameter, die eine solche Wellendämpfung beeinflussen. 

Aus diesem Grund wurde ein neuer Ansatz für die Wellendämpfung durch Vegetation basierend auf der 

Modellierung von porösen Medien verwendet. Hierfür wurde der CFD Löser “PorousWaveFoam” in 

OpenFOAM genutzt. Das Modell löst die Volumen-gemittelten Reynolds-gemittelten Navier-Stokes 

Gleichungen (Valume-averaged Reynolds-averaged Navier Stokes equations - VARANS) für die Simu-

lation von Strömung in porösen Medien ohne dabei die Geometrie der Porenräume im Medium aufzu-

lösen. Zur Berücksichtigung des Strömungswiderstands der Vegetation wir ein empirischer Ansatz für 

die “äquivalente Porosität” (𝑛𝑒𝑞) als Funktion des Blattflächenindex (BFI, engl.: Afront*) eingeführt, und 

als charakteristische Längenskala der VARANS-Gleichungen wird der Abstand (ΔS) zwischen den 

Pflanzen verwendet. Für flexible Vegetation wird die geeignetste empirische Funktion zur Berechnung 

der Höhe der durchgebogenen Pflanze verwendet. Das erweiterte Modell wird anschließend systema-

tisch mit Hilfe von Laborversuchen unter Welleneinwirkung und kombinierter Wellen-Strömungs-Ein-

wirkung validiert. Unter Verwendung des erweiterten Modells wird eine Parameterstudie durchgeführt, 

um so ein besseres Verständnis über den relativen Beitrag der physikalischen Prozesse zur Wellendämp-

fung durch Vegetation zu erzielen und folglich um einen größeren Datensatz zur Entwicklung von neuen 

Funktionen für die Abschätzung der Wellendämpfung durch flexible Vegetation unter Einwirkung von 

Wellen allein sowie von Wellen und Strömung kombiniert zu generieren. 



 
  

 
Die Ergebnisse verdeutlichen, dass der neu entwickelte Ansatz unter Verwendung des Modells für po-

röse Medien die Wellendämpfung durch flexible Vegetation relativ gut wiedergibt. Abschließend wer-

den Empfehlungen zur Erweiterung des Geltungsbereichs des entwickelten Modells einschließlich der 

neuen Formel ausgesprochen. Dies geht einher mit dem Bedarf, das Wissen um die physikalischen Pro-

zesse, die der Wellendämpfung durch flexible Vegetation unterliegen, weiter zu verbessern.
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1 Introduction 

1.1 Motivation 

Coastal areas are important residential, commercial and industrial areas and hence, it is particularly 

important to protect these areas from coastal hazards. In this respect, natural coastal defence systems 

have been recently considered in addition to conventional coastal engineering. Nature-based solutions 

might be more sustainable and cost-effective than hard structures, which accommodate the creation of 

ecosystems with the natural capacity to protect from extreme events. Coastal vegetation can act as a 

natural buffer zone by dissipating wave/current energy, thus providing shore protection during storms. 

Therefore, recently, an evolution from hard structures to a more adaptive shore protection schemes and 

a combination of hard and soft solutions is increasingly observed in coastal engineering. 

Among coastal vegetation, seagrasses help assessing the overall health of coastal ecosystems due to 

their ability to provide food, habitat and nursery areas for other marine organisms and also maintain 

water quality. Seagrasses are one of the well-known forms of submerged aquatic plants, which have the 

potential to attenuate wave energy and thus to protect the shoreline against erosion. 

Given the significant protective role of coastal vegetation in the context of climate change and eco-

system management of coastal zones, and given the high complexity of the processes underlying the 

interactions of vegetation with waves and currents (Figure 1-1), understanding and modelling the mech-

anisms associated with these interactions are increasingly becoming the research focus in several coastal 

countries worldwide. Despite the recognition of the major role of coastal vegetation as a natural shore 

protection, the engineering evaluation or design related information on plants exposed to waves are still 

not sufficient. 

 

Figure 1-1. The interaction of waves and seaweeds (https://flic.kr/p/7wfqgk) 

1.2 Objectives 

Since the processes underlying the interaction between hydrodynamics and plants structures are highly 

complex, there is an increasing demand to enhance the understanding of the physical processes taking 

place in vegetated areas and of the associated modelling approaches. Therefore, the primary objective 

of this PhD study is to improve the understanding of the highly complex hydrodynamic processes in-

volved in the attenuation of waves and currents by flexible vegetation, including a more precise and 
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systematic identification of the key parameters affecting the deflection of the plants and thus the wave 

attenuation.  

Based on this prospective knowledge, the ultimate objectives of the proposed research are summarized 

in Figure 1-2. 

 

Figure 1-2. Objectives of the proposed PhD study 

1.3 Methodology 

The methodology of the entire PhD thesis is summarized in Figure 1-3. This methodology will be spec-

ified precisely in Section 2.5 based on the results of the analysis of the current knowledge. 

In WP1, a comprehensive review/analysis of the current knowledge is conducted with the aim to identify 

the knowledge gaps, the missing data and the limitations of the available models. Moreover, the most 

appropriate cases/data for the benchmarking/validation of the prospective models are collected (Chapter 

2).  

In WP2, a computational fluid dynamic (CFD) model by applying a porous media approach for the rigid 

vegetation field in the frame of OpenFOAM is improved/adjusted and validated by the data collected in 

WP1. The validated model is then applied to additional cases in order to test the applicability of the new 

approach for modelling wave attenuation by rigid vegetation (Chapter 3).  

In WP3, the validated CFD model is developed/extended/adjusted and validated for a field of flexible 

vegetation by introducing an empirical formula for the dynamic response of flexible vegetation subject 

to water waves/currents (Chapter 4).  

A systematic parameter and comparative studies are performed in WP4 using the developed/extended 

and systematically validated model system in order to identify most relevant parameters affecting the 

wave attenuation performance of flexible vegetation, and develop simple formulae for wave/current 

attenuation by vegetation (Chapter 5).  
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Finally, the key results and achievements are summarized and concluding remarks are drawn in WP5, 

including the limitations of the model and recommendations for further research and development 

(Chapter 6).   

 

Figure 1-3. Tentative methodology and work phases (WP) of the proposed PhD study 
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2 Review and analysis of current knowledge and models for wave 

attenuation by vegetation   

In this chapter, a comprehensive review and analysis of the current knowledge on the characteristics of 

coastal vegetation affecting the hydrodynamic processes as well as and the current numerical, theoretical 

and empirical models related to the interaction of vegetation with water waves, currents and combined 

waves and currents is performed to identify the specific gaps in both knowledge and modelling. 

The importance of coastal vegetation in wave attenuation and coastal protection is discussed in Section 

2.1. In this section, different types of coastal vegetation are classified and their main characteristics in 

terms of hydraulic resistance, which are relevant for wave attenuation, are analysed. In Section 2.2, the 

hydrodynamics of water waves on coastal vegetation are analysed and different approaches of wave 

energy dissipation are reviewed. In Section 2.3, semi- and analytical models of wave attenuation by 

coastal vegetation is reviewed. In Section 2.4, the numerical modelling of wave-vegetation interaction 

is assessed, and the flow characteristics in porous media are examined. Based on the results of this 

review and analysis, the most relevant parameters affecting the wave-current-vegetation interaction as 

well as the knowledge gaps and modelling weaknesses are identified, and the objectives and methodol-

ogy of the PhD thesis are finally specified more precisely in Section 2.5. 

2.1 Importance of Coastal Vegetation in wave attenuation 

Coastal areas are very complex and sensitive regions, which are extremely important in terms of eco-

nomic, social and environmental values. Hence, providing coastal protection becomes one of the most 

significant current issues and considerable research efforts have been dedicated to the development of 

shore protection solutions. Generally, wave protection can be classified based in two fundamental ap-

proaches: wave blocking or wave attenuation (Tobiasson and Kollmeyer, 1991). The more common 

approach is to construct hard structures such as conventional seawalls, dikes and revetments along the 

shorelines to dissipate and reflect the waves. These hard structures may affect the dynamic balance of 

ecosystems, disrupt water circulation, regional and local sediment transport, and alter aquatic and near-

shore habitats. In addition, the installation/maintenance costs of these structures are very high (Bray et 

al. 1995; Van der Weide et al. 2001). 

In recent decades, an evolution from hard structures to more flexible shore protection schemes and a 

combination of hard and soft structures are increasingly observed in coastal engineering (Sorensen, 

1997; Tschirky, 2000). There is a growing interest in utilizing vegetation for shoreline protection rather 

than large armour stones, concrete and steel walls. Such a protection not only contributes to reduce 

shoreline hardening, but also provides a natural habitat for diverse species of fish, shellfish, amphibians, 

insects and birds. In this scope, an understanding of wave hydrodynamics, vegetation behaviour and the 

interaction of waves with vegetation is required. Although it is known that coastal vegetation can play 

an important role as a natural solution for shore protection, the engineering evaluation of plants under 

waves and their protective function are still not well understood. Therefore, the integration of ecology 

and engineering and the related hydrodynamics need to be further investigated. 

Despite the growing interest in utilizing the vegetation as an alternative to hard structures for shore 

protection, the disadvantages and possible risks of the use of vegetation are necessarily needed to be 

investigated for each case depending on the local conditions. For example, vegetation can show spatial 

and temporal variation due to environmental parameters leading to uncertainty. Moreover, non-native 



 
 21 

 
species may have a negative effect on the local ecosystem. Vegetation is highly vulnerable before ma-

turity and even afterwards, the risks of plant breaking and damages also are crucial. In this respect, 

hybrid solutions combining hard and soft structures to support each other for controlling wave energy 

and sediment transport might represent the most promising alternative.   

2.1.1 Classification of coastal vegetation 

Coastal vegetation types, with the capability of damping waves, can be classified in four categories of: 

algae, saltmarshes, mangroves and seagrasses based on the biological characteristics. They have differ-

ent growth form, habitat, size and biological characteristics. For instance, seagrasses and algae are 

aquatic vegetation, while mangroves and saltmarshes are terrestrial in origin and belong to wetland eco-

systems. Although the main focus of this study is on the effect of flexible vegetation and specially 

seagrasses, a brief description of the other types of coastal vegetation and their role in wave attenuation 

are outlined in the following subsections. In fact, a combination of different plant types generally pre-

vails in the coastal environment, including stiff vegetation which also needs to be considered accord-

ingly.     

a) Mangroves 

Mangroves are defined as various large and extensive types of trees and shrubs growing in shallow and 

muddy salt water or brackish waters, especially along sheltered coastlines and in estuaries. Mangroves 

are among the most common coastal forests, which can be found mainly in the tropical and sub-tropical 

intertidal regions. They are generally considered as natural protection against tsunamis and storm waves 

(Forbes and Broadhead, 2007). The remarkable capacity for saltwater tolerance and the ability to survive 

in waterlogged and anoxic (no oxygen) soil are mentioned as two key adaptation features of mangroves. 

Mangroves can be classified based on their general appearances, reproduction mechanisms and their 

habitat characteristics. Mangroves commonly grow around sheltered areas, but some of them are well 

adapted to open sea environments. Asia contains the largest diversity of mangrove species where the 

main species are Avicenna sp., Rhizophora sp., Bruguiera sp., and Sonneratia sp. (Duke, 1992). 

Given the field evidence of the performance of mangroves as shore protection in the recent tsunami 

events, considerable research has long been directed towards improving the assessment of wave attenu-

ation by mangroves, and their potential as a natural shoreline protection against extreme tsunami waves 

(e.g. Mazda et al., 1997; Harada and Kawata, 2005; Latief and Hadi, 2006; Tanaka et al. 2007; Hashim 

and Catherine, 2013; Strusinska-Correia et al., 2013; Husrin, 2013; Pudjaprasetya et al., 2014; Bhaska-

ran, 2017). In this scope, mangrove species, forest width, age, trunk stiffness and dimension, density of 

mangrove roots as well as water depth, incident wave height and length, wave breaking location and 

shore topography were found as the most significant parameters affecting the hydraulic performance of 

mangroves in wave attenuation. 

b) Algae 

Algae, which are simple plants without true roots, leaves, or flowers, can be attached to the bottom. 

Marine macroalgae (or seaweeds) are simple plants without true roots, leaves, or flowers that generally 

live attached to rock or other hard substrates in coastal areas. They have been empirically classified into 

three groups: red algae, brown algae and green algae. They can be found in many sizes, from unicellular 

and 3-10 microns to giant kelps up to 70 meters long. Red and brown algae are almost exclusively 

marine, whilst green algae are also common in freshwater and even in terrestrial settings. 
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Different laboratory and field studies (Price et al., 1968; Jackson, 1984; Dalrymple et al., 1984; 

Andersen et al., 1996; Mork, 1996; Løvås and Tørum, 2001; Rosman et al., 2007; Gaylord et al., 2007) 

were carried out to find the effects of seaweed on wave attenuation. Generally, seaweeds appeared to 

contribute to wave attenuation and reduction of wave breaking. It was observed that the kelp fronds can 

have a greater effect than the kelp stipes on wave energy dissipation. Stem stiffness, shoot density, length 

of the kelp forest as well as incident wave height, length and tidal conditions were found to affect wave 

energy dissipation. 

c) Saltmarsh  

Coastal saltmarsh is a wetland ecosystem in the upper coastal intertidal zone between land and open salt 

water or brackish water that is flooded and drained by salt water brought in by the tides. Saltmarsh is 

dominated by a community of plants, such as rushes, herbs, grasses and low shrubs that can tolerate 

high soil salinity, and occasional inundation with salt water. 

Saltmarsh can range from narrow fringes on steeper shorelines to a width of hundreds of metres in flat 

expanses, which can be dominated by a single plant species or multiple species. Combination of eleva-

tion, salinity and inundation frequency affect the distribution of saltmarsh species. Salt marshes may 

play a significant role in coastal protection by absorbing the energy of wind and wave. These plants are 

terrestrial in origin and provide a buffer between terrestrial and aquatic environments. They help to trap 

and stabilise sediments, reduce erosion, reduce flooding by slowing and absorbing rainwater, and main-

tain water quality. Regarding the risk of rising sea levels and increasing storm surge as a result of climate 

change, saltmarshes are increasingly considered as protecting foreshores. 

Great efforts have been made in field observations, numerical modelling and scale-modelling ap-

proaches to understand the energy dissipation capacity of saltmarshes. It was found that saltmarshes are 

significantly able to increase wave attenuation in comparison with unvegetated flats (e.g. Möller et al. 

2001; Möller and Spencer, 2003; Koch et al., 2009; Shepard et al., 2011; Gedan et al., 2011; Temmerman 

et al., 2013 ; Möller et al., 2014) and also decrease unidirectional tidal flows (e.g. Leonard and Reed, 

2002). Overall, saltmarshes are known as an efficient wave energy buffer depending on the inundation 

depths, incident wave conditions, vegetation cover and meteorological conditions (Möller et al., 1999; 

Möller et al., 2001; Möller, 2006; Möller et al., 2011).  

d) Seagrasses 

Seagrasses are submerged flowering plants in shallow marine waters, such as bays and lagoons. They 

live in saltwater and are anchored to the bottom by their roots. Seagrasses need a sufficient amount of 

light (approximately 10 % of the surface irradiance), a suitable temperature (e.g. optimal growth tem-

perature between 11.5 °C and 32 °C) and a small amount of nutrients (the median ratio of Carbon: 

Nitrogen: Phosphorus as 474: 24: 1) to survive and grow varying among species. 

Seagrasses can be found along coastlines in shallow water, since they need sunlight in order to survive 

through photosynthesis. Therefore, water clarity, which determines the amount of light that penetrates 

the water column to reach submerged seagrass blades, limits the depth at which seagrass can be found. 

Under normal conditions, seagrasses trap silt, dirt and other suspended sediments in the water column 

and help to maintain water clarity (Figure 2-1). 
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Figure 2-1. Some types of seagrasses: a) Manatee grass (Syringodium filiforme), b) posidonia oceanica, c) Eelgrass 

bed beneath the waters of Great Bay, d) Posidonia oceanic meadow in Formentera island, Spain 

Today, more than 60 seagrass species are known to exist. Most species of seagrasses have long green, 

grass-like leaves. Seagrasses have roots, stems and leaves, which are able to produce flowers and seeds. 

They are among the most productive ecosystems and help providing shelter and food to a large diversity 

of animals, which can be found in many parts of the world. Seagrasses are mainly considered in this 

study as they represent one of the most important types of submerged flexible coastal vegetation. 

Seagrasses might be divided into four major groups: Zosteraceae, Hydrocharitaceae, Posidoniaceae 

and Cymodoceaceae. However, seven seagrass species are found in Europe: Posidonia oceanica, Zos-

tera marina, Zostera noltii, Halophila decipiens, Halophila stipulacea, Cymodocea nodosa and Ruppia 

maritima, while only four species are native of European temperate waters and easy to identify 

(Ondiviela et al. 2014; Borum et al. 2004): Zostera marina (eelgrass), Zostera noltii (dwarf eelgrass), 

Posidonia oceanica, Cymodocea nodosa. 

Ondiviela et al. (2014) reviewed the existing knowledge to evaluate the seagrass contribution to coastal 

protection and concluded that it is affected by some physical and biological factors such as incident 

energy flux, density, standing biomass and plant stiffness. Though seagrasses may not be able to protect 

shorelines in every location, they can enhance shoreline protection in shallow waters and low wave 

energy environments with high interaction surface between water flow and seagrasses.    
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2.1.2 Main vegetation characteristics in terms of flow and wave attenuation especially by 

seagrasses 

Wave attenuation due to vegetation is a very complex process. In order to understand the potential of 

coastal vegetation for shore protection, it is essential to investigate wave/flow attenuation characteristics 

of coastal vegetation. In this scope, different laboratory and field measurements have been conducted to 

understand the wave-vegetation interactions showing that energy dissipation by vegetation is affected 

not only by vegetation characteristics (e.g. geometry, stem density, stiffness and buoyancy), but also by 

wave/flow parameters (e.g. water depth, incident wave height and period, wave direction and current 

velocity). In this subsection, the most significant/common vegetation parameters of both single plants 

(e.g. stiffness and buoyancy) and vegetation meadows (e.g. plant height, plant density and length of the 

vegetation field) affecting wave attenuation are summarized. 

a) Stiffness 

Stiffness is the flexural rigidity of a plant, which resists deflection in response to an applied force acting 

to it, and determines a plant how much and in which way can move under the waves. Flexural rigidity 

depends on the Young's bending modulus (E) and second moment of area (I). The former is a mechanical 

property of the plant material and the latter is a geometrical property dependent on the plant's morphol-

ogy (i.e. the cross-sectional dimensions that the force is acting on) (Niklas, 1992). Depending on the 

plant stiffness, the type of plant motion will be determined. Stiff plants move like a cantilever and flex-

ible ones are whip-like. By increasing the applied wave force (Manca, 2010) the cantilever motion can 

change to the whip-like motion, and the rate of this change depends on stiffness. The effect of the type 

of plant motion on wave attenuation is still not fully clear. Yet, a stiff plant may break under external 

forces if flow velocities increase and hydrodynamic forces overcome the ability of plant to maintain an 

upright position. 

For some aquatic plants, Young's bending modulus has been specified (Harder et al. 2006; Feagin et al. 

2011; Miler et al. 2012). The main focus of the studies is on plant stems; a constant stiffness along the 

whole stem length was assumed despite the complex composite structures of plants (Miler et al. 2012). 

Chatagnier (2012) determined the effective stiffness of vegetation as a function of shape, size, elastic 

stiffness and biomass distribution along the plant stem.  

The effect of vegetation stiffness on wave attenuation has been investigated in a number of studies, and 

it was observed that wave attenuation increases if the stiffness increases (Denny and Gaylord, 2002; 

Stewart, 2006; Bouma et al., 2005; Bouma et al., 2010; Paul et al., 2012; Hadadpour et al., 2016). For 

instance, Bouma et al. (2005) conducted the flume experiments and measured wave attenuation by a 

saltmarsh Spartina anglica and a seagrass Zostera noltii. They concluded that the stiffer saltmarsh is 

able to dissipate wave energy up to three times more than the flexible seagrass under the same wave 

conditions. 

Paul et al. (2012) studied the effect of vegetation on wave height dissipation through experimental tests 

using surrogates with an even vertical biomass distribution. It was found that the motion type of different 

strips depends on the stiffness and wave attenuation increases with increasing stiffness. Stiff strips 

showed a cantilever motion while flexible ones showed a whip like motion under the same wave forcing 

(Figure 2-2). They concluded that shoot stiffness represents a significant parameter affecting wave at-

tenuation.    
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Figure 2-2. Plant motion under waves: (a) The stiff plant moves back and forth like a cantilever, and (b) the flexible 

plant has a whip-like motion. (Paul et al., 2012) 

b) Buoyancy 

Beside stiffness, buoyancy is the other mechanism, which determines the ability of aquatic vegetation 

in maintaining upright postures in the water column. Buoyancy, which is a function of the density of the 

immersed plant relative to the density of the water, maintains and restores the plants in an upright posi-

tion by providing an upward force, when it is pushed over by an external force such as waves or flow 

(Stewart, 2006). Buoyancy is known as an important parameter which is highly correlated with plant 

motion under hydrodynamic forcing, and hence affects bio-physical interactions and energy dissipation 

by vegetation (Stewart, 2006; Luhar and Nepf, 2011). Due to an uneven buoyancy distribution along the 

entire plant length, the buoyancy effect on plant posture is negligible near the base, while it is high 

towards the blade tips (Luhar and Nepf, 2011).  

In Luhar and Nepf (2011), two dimensionless parameters, which control the plant posture, were defined 

as the buoyancy parameter (B) and Cauchy number (Ca). The former represents the ratio of the restoring 

force due to buoyancy and the restoring force due to stiffness, and the latter represents the relative mag-

nitude of the hydrodynamic drag force and the restoring force due to stiffness.  

𝐵 =
∆𝜌𝑔𝑑𝑡ℎ𝑝

3

𝐸𝐼
                                                                                                                                                    (2.1) 

𝐶𝑎 =
1

2

𝜌𝐶𝐷𝑑𝑈𝑥
2ℎ𝑝

3

𝐸𝐼
                                                                                                                                         (2.2) 

where 𝜌 is the water density and ∆𝜌 is the density difference between the water and the plant; g is the 

gravitational acceleration; d, t and hp indicate width, thickness and height of plants, respectively; E and 

I are the elastic modulus and second moment of area, respectively; Ux is the horizontal flow velocity 

and CD is the drag coefficient.  

Although the effect of buoyancy varies along the plant height, plant bending increases with decreasing 

buoyancy (Dijkstra and Uittenbogaard, 2010). However, the effect of buoyancy on bio-physical inter-

actions is not yet fully understood. 
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c) Plant height 

Previous studies showed that the vegetation fields may be more effective with respect to wave height 

dissipation when more of the water column is occupied by them. In this aspect, the submergence ratio 

(h/hp) (i.e. the ratio of the water depth to canopy height) was taken into account as an effective parameter 

in numerous studies. In general, the submergence ratio showed an inverse relationship to the wave 

damping, which results in higher wave energy attenuation for lower submergence ratios. Some of the 

previous studies, which examined the effect of submergence ratio on wave attenuation, are summarized 

in this subsection. 

Fonseca and Cahalan (1992) evaluated four species of seagrass to find their ability to reduce wave en-

ergy under various combinations of shoot density and water depths. They found wave energy reduction 

of 40% per meter of seagrass bed when the height of the seagrass was equal to the water depth. 

Laboratory experiments on artificial wetland have been carried out by Augustin (2007) for both emer-

gent and submerged plant conditions. It was found that the wave attenuation for emergent conditions is 

higher than for submerged conditions. The effect of the submergence ratio on the wave height reduction 

were found to be larger than those of the wave parameters. 

Coutu (2008) performed different laboratory experiments to evaluate the wave damping over a surrogate 

model of seagrass Zostera marina. The submergence ratio was found as the most significant parameter 

affecting the wave damping coefficients. It was observed that the wave amplitude reduction becomes 

much more important when the submergence ratio decreases. Results showed that the damping de-

creases exponentially as the water depth increases linearly with a constant plant height.  

In most of the previous studies, the effect of submergence ratio on wave attenuation has been recognized 

as an important parameter which should be taken into account (Méndez et al., 1999; Tschirky, 2000; 

Bouma et al., 2005; Prinos et al., 2010; Stratigaki et al., 2011; Anderson and Smith, 2014; John et al., 

2016; Mattis et al., 2018). In all aforementioned studies, increasing the submergence ratio h/hp has led 

to less damping of the incident wave height. However, it should be noted that in these studies the effect 

of the submergence ratio on wave attenuation has been investigated by considering a constant height of 

vegetation located in various depths of water despite the influence of changing water depth on wave 

parameters. Therefore, it was not clear whether the results have been affected just by the submergence 

ratio or also due to the hydrodynamics associated with the wave transformation over the sloping bottom. 

Hence, Paul et al. (2012) investigated the effect of submergence ratio on wave attenuation for different 

heights of vegetation located in a constant water depth. Their results confirmed previous findings that 

submergence ratio affects wave dissipation for a given incident wave forcing. They suggested that shoot 

density and meadow height can compensate each other, it means that a higher meadow at a lower density 

has the same wave-attenuating effect as a shorter one at a higher density. However, it may be only valid 

for shallow water condition in which waves feel the bottom and interact more uniformly with the entire 

plant canopy. While, in the case of deeper water, a higher meadow is expected to have a higher attenu-

ating effect due to the orbital wave motion which does not reach the bottom and hence waves only 

interact with the upper parts of the canopy. 

d) Plant density 

Plant density or shoot density (N) as described by the number of stems per square meter (stems/m2) is 

known from numerous studies to significantly affect the interaction of wave/current and vegetation. In 
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addition, an overall trend was observed indicating that wave dissipation increases with increasing veg-

etation density. However, this relationship might be complicated by the effect of other parameters such 

as the plant submergence ratio. 

Tschirky (2000) investigated the influence of plant density on wave attenuation over the bulrush wetland 

through a field study complemented by a series of experimental tests in a wave flume. It was found that 

increasing plant density led to wave transmission reduction because for higher plant density, waves 

encounter more plants while they pass through vegetation and result in more friction and turbulence and 

hence reduced wave transmission. The stem density showed a significant influence on wave decay in 

Lima et al. (2006) who studied experimentally wave damping through artificial vegetation fields 

simulating Brachiaria subquadripara using very flexible mimics. The results showed much more wave 

height decay with higher stem densities. 

Augustin et al. (2009) investigated the effect of stem density on wave dissipation over flexible and rigid 

vegetation models. They observed that wave attenuation increased in the model with denser vegetation. 

Paul and Amos (2011) assessed the effect of shoot density on wave attenuation in a field study on the 

seagrass Zostera noltii. It was observed that waves were attenuated only if shoot density exceeded a 

certain threshold. The effect of seagrass density on the wave propagation was also evaluated through a 

large-scale laboratory experiments using a meadow of artificial Posidonia oceanica by Stratigaki et al. 

(2011). Wave heights measured along the meadow exhibited that wave attenuation increased with the 

seagrass density.  

In Paul et al. (2012), the relationship between shoot density and wave attenuation was studied 

considering a broader range of vegetation densities similar to those found in the natural Zostera noltii 

environment. For the tested conditions, the trends for shoot densities ≤2000 m−2 did not change 

significantly. This confirms the field observations by Paul and Amos (2011) in which a minimum shoot 

density was required to observe wave attenuation in Zostera noltii. They considered the frontal area per 

bed area (Afront*= plant height hp × plant width d × plant density N, m2 m−2) as a combination of plant 

height and density to evaluate wave attenuation and concluded that density and canopy height can 

compensate each other. 

Laboratory experiments in a large wave flume were performed by Koftis et al. (2013) to evaluate the 

effects of a Posidonia oceanica seagrass meadow on wave attenuation. It was concluded that wave 

damping increases with increasing stem density and plant height. The effect of stem density on wave 

attenuation was also tested by Anderson and Smith (2014) in large-scale laboratory experiments over a 

bed of idealized Spartina alterniflora with a range of plant density which was representative of natural 

meadows. For all tested wave conditions, the decay coefficient increases with stem density, which means 

that the waves tend to be more attenuated through denser mimic meadows.  

Maza et al. (2015) analyzed the flume experiments using two real salt marsh species: Puccinellia mari-

tima and Spartina anglica for both regular and irregular waves under both pure wave and wave-current 

conditions. They found that, among different flow and vegetation parameters, vegetation density 

strongly influences wave damping: higher density resulted in higher wave decay for both species. 

Hadadpour et al. (2016) performed a series of flume experiments for regular waves propagating over an 

artificial seaweed field with two different vegetation densities. More wave attenuation was observed for 

higher vegetation density.  

Lei and Nepf (2019a) evaluated the effect of plant density on wave dissipation through laboratory ex-

periments using a model seagrass meadow. It was observed that the wave decay coefficient increases 

linearly with stem density and thus with frontal area N*d, due to the constant number of blades per stem. 

Moreover, they concluded that the sheltering between the blades was negligible for the tested range of 
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plant density N=300-1800 stem/m2. In addition, it was concluded that the influence of stem configura-

tion on wave damping is not noticeable by comparing the wave decay coefficient over stems in a regular 

staggered arrangement and in a random arrangement. 

It has to be mentioned that in all aforementioned studies, the density was assumed to remain constant in 

vertical direction. However, considering the detailed vegetation data, including different number of 

leaves per stem as well as varying thickness along them, the vegetation density may not be constant over 

the depth. Changing density may induce changes in the drag coefficient and thus drag force. Figure 2-3 

provides an illustration comparing both approaches of uniform and non-uniform distribution of density 

along vertical direction; the horizontal thickness of the leaves is assumed to be equal to the stem thick-

ness for avoiding complexity (Mol, 2003). 

 

Figure 2-3. Schematic of the density distribution over the depth, the left one shows the uniformly distributed and 

the right one is the non-uniformly distributed density assuming a constant horizontal thickness along 

the leaves and stem (adopted from Mol, 2003) 

e) Length of vegetation field 

The length of the vegetation field is also known to affect wave attenuation. Generally, the wave height 

attenuation by vegetation results in an exponential decline of wave height with distance across the veg-

etation field (Möller et al., 1999; Bouma et al., 2005, 2010; Ysebaert et al., 2011; Mattis et al., 2018; 

Phan et al., 2019). 

Möller et al. (1996) evaluated wave attenuation through saltmarshes in Norfolk, England. The results 

demonstrated a sharp reduction in total wave energy of 47 to nearly 100% across the saltmarsh. A mean 

wave energy loss of 80% was found over the 180 m transect of the saltmarsh with no consideration to 

plant density. 

Tschirky (2000) showed that wave transmission has an inverse relationship with the length of the plant 

bed. He observed a wave height reduction up to 45% through 2.5 - 10 m and up to 80% through 30 - 

120 m of bulrush wetland in the laboratory and the field, respectively. In the larger length of plant bed, 

waves encounter more plants while they pass through vegetation and result in more friction and turbu-

lence and hence wave transmission reduces.  

A field study carried out by Ysebaert et al. (2011) to investigate the wave attenuating capacity of two 

saltmarsh species of Scirpus mariqueter and Spartina alterniflora. In all measurements, wave heights 
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decreased with distance propagated within the saltmarsh vegetation up to a reduction of 80 % over a 

distance of 50 m. 

Yang et al. (2012) observed that wave attenuation decreases exponentially with distance over the marsh 

vegetation and mentioned the distance of 80 m as the length over which significant wave height was 

eliminated. Husrin (2013) found that the relative forest length affects the rate of the force reduction 

within the forest due to the greater energy dissipation over a longer wave propagation distance.  

John et al. (2016) observed that wave height decreases exponentially within the seagrass meadow. They 

observed a wave height reduction of 28% over the 1 m seagrass bed increased to 40% over the longer 

meadow of 2 m. Moreover, a higher wave height reduction was found for higher plants (i.e. lower sub-

mergence ratio): a wave height reduction of 42% over the 1 m seagrass bed and 52% over the 2 m 

seagrass bed.     

Moreover, in Phan et al. (2019), the wave height reduction was presented over the number of wave-

lengths instead of the length of the vegetation forest. It was concluded that the transmitted wave heights 

decreased as the waves propagate the longer distance within the vegetation. However, the wave height 

reduction was the most effective over the first wavelength (15–20 %). 

f) Combined effects of diverse parameters  

Given the complexity of the physical processes involved in the interactions of flow and vegetation the 

high variety of coastal plants and the high diversity of the parameters affecting wave attenuation, a high 

variability of wave attenuation by vegetation is obvious. The literature review shows that the vegetation-

induced dissipation can hardly be defined by a single parameter. For instance, the impact of submerg-

ence ratio and that of shoot density on wave attenuation are closely interlinked. The influence of shoot 

density decreases as the submergence ratio increases (Fonseca and Cahalan, 1992; Bouma et al., 2005; 

Augustin et al., 2009; Koftis and Prinos, 2010). Moreover, combining the effect of other parameters 

such as shoot density and meadow height may diminish the differences in wave attenuation between 

flexible and stiff vegetation (Bouma et al., 2010).  

Therefore, more investigation is required to analyse the underlying processes and provide an improved 

insight into the mutual interaction of the individual effects of the aforementioned parameters on wave 

attenuation.  
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2.2  General characteristics of waves and flow through vegetation 

The role of coastal vegetation in wave attenuation has been recognized in many studies and hence they 

may be used for coastal protection purposes (e.g. Feagin et al., 2009; Feagin et al., 2011). Coastal veg-

etation has the capability of reducing fluid velocities by imposing a blockage and causing drag (Miler 

et al. 2012), generating turbulence and enhancing roughness (Ghisalberti and Nepf, 2002; Nepf and 

Ghisalberti, 2008).  

Most of the studies, however, have been focused on either unidirectional flow or on waves only, though 

coastal vegetation is typically exposed to the combined effect of waves and currents. However, the stud-

ies related to the wave attenuation performance of flexible vegetation under the combined action of both 

waves and currents are rare. Therefore, the studies related to current through vegetation and to wave 

through vegetation are first considered before embarking in the review of combined wave-current 

through vegetation. 

2.2.1 Current through vegetation 

The flow within the vegetation meadow can be classified depending on the submergence ratio defined 

as the ratio of water depth (h) to canopy height (hp), which influence the vertical velocity profile behav-

iour under steady flow conditions (Nepf, 2012a). In this scope, three classes of canopy flow were defined 

in Nepf (2012a): deeply submerged or unconfined vegetation (h/hp> 10), shallow submerged vegetation 

(h/hp < 5), and emergent vegetation (h/hp = 1) (see Figure 2-4). 

Previous studies have shown that wave attenuation by coastal vegetation is affected notice-

ably by vegetation characteristics summarized as follows: 

- Plant height: the higher the plant height/or the smaller the submergence ratio h/hp, 

the higher the wave dissipation  

- Plant density: the higher the plant density, the higher the wave dissipation 

- Plant stiffness: the more the plant rigidity, the higher the wave dissipation 

- Length of the vegetation field: the longer the vegetation field, the higher the wave 

dissipation 

- Plant buoyancy: the greater the plant buoyancy, the less the plant bending and con-

sequently the higher the wave dissipation 

Given the high complexity of the processes and the high diversity of the parameters affecting 

wave attenuation, and given the different conditions and approaches in the reviewed exper-

imental studies, it is indeed difficult to come up with generic conclusions. Therefore, it may 

be necessary to perform a systematic parameter study and consider both different hydrody-

namic conditions and vegetation characteristics to provide an improved insight not only into 

the effects of individual parameters but also into the mutual interaction of the individual 

effects of the parameters on wave attenuation. 
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In the deeply submerged vegetation, the flow velocity is delayed in the deeper part, while near the free 

surface it is not affected by the vegetation. The velocity profile becomes logarithmic over the depth 

when the water level is high enough.  

Due to the limitation of light penetration, most submerged aquatic canopies occur in the range of shallow 

submergence (Nepf, 2012a), for which the flow within a canopy is driven by both turbulent stress and 

potential gradients.  

In emergent conditions, flow is only driven by the potential gradients and the mean velocity sufficiently 

far away from the bed becomes uniform. This is because of the fact that near the bed the velocity is 

slowed down due to the bed roughness, whereas in the upper part it can be a constant over the entire 

water column due to the canopy drag (Baptist et al., 2007). 

 

Figure 2-4. Flow velocity profiles for (a) deeply submerged, (b) shallow submerged, (c) emergent vegetation 

(Xiaofeng, 2014) 

Within the submerged canopies, there are two limits of flow pattern depending on the relative im-

portance of the vegetation drag and the bed drag:  

- The sparse canopy limit: the vegetation drag is smaller than the bed drag, and thus the velocity 

follows a turbulent boundary-layer profile and the vegetation contributes to the bed roughness 

(Figure 2-5a). In this limit, the turbulence near the bed increases with increasing stem density.  

- The dense canopy limit: the canopy drag is larger than the bed drag, and thus a discontinuity in 

drag occurs at the top of the canopy resulting in a free shear layer with an inflection point near 

the top of the canopy (Figure 2-5b, c).  

The transition between the sparse and dense regimes occurs at the frontal area per bed area = 0.1 (Belcher 

et al., 2003), where frontal area per bed area Afront*= plant height (hp) × plant width (d) × plant density 

(N) where plant density (N) is the number of plants per unit bed area. If the canopy is dense enough 

(Afront*≥0.23, Figure 2-5c), the penetration length scale becomes smaller than meadow height (δ e < hp), 

and the bed is shielded from the canopy-scale turbulence. Stem-scale turbulence (or wake turbulence) 

can be generated within the meadow (Nepf, 2012b). 
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Figure 2-5. Vertical profiles of longitudinal velocity and dominant turbulence scales for (a) a sparse canopy (Af-

ront*<<0.1), (b) a transitional canopy (Afront*≈0.1), and (c) a dense canopy (Afront*>>0.1), where δe is 

the penetration length scale, which describes the distance over which turbulent stress penetrates the 

canopy from above. For Afront*≥0.1, a region of strong shear at the top of the canopy generates canopy-

scale turbulence. Stem-scale (element-scale) turbulence is generated within the canopy (Nepf, 2012a) 

The formula for penetration depth (δe), based on energy balance, is shown by Nepf et al. (2007) (see 

Figure 2-4): 

δ𝑒 =
0.23 ± 0.06

𝐶𝐷𝑁𝑑
                                                                                                                                               (2.3) 

where, 𝐶𝐷  is the drag coefficient, N and d are the plant density (stems/m2) and plant width (m), respec-

tively.  

Note that Equation (2.3) only applies to the dense canopies that form a shear layer (i.e. Afront*>0.23). For 

0.1< Afront*<0.23, the canopy scale turbulence penetrates to the bed (δe= hp) and generates a highly tur-

bulent flow over the entire canopy height. For a sparse canopy (Afront*<0.1), the shear layer is not formed 

and boundary layer turbulence dominates. Furthermore, this equation is only valid for the submergence 

ratio 2<h/hp<5. For submergence ratio h/hp<2, the interaction with the water surface may diminish the 

strength and scale of the canopy-scale vortices (Nepf and Vivoni, 2000). On the other hand, for sub-

mergence ratio h/hp>5, large-scale boundary layer turbulence will develop, and the canopy-scale vorti-

ces will thus be no longer predominant in the turbulence within and above the canopy (Ghisalberti and 

Nepf, 2004). 

Flow structure through and above submerged dense canopy has commonly been viewed as a mixing 

layer rather than a boundary layer for quantifying the key hydraulic characteristics such as velocity 

profiles as well as large-scale coherent turbulent structures. Despite this theory is considered for both 

semi-rigid and flexible vegetation, the latter is more complicated due to different morphology and bio-

mechanical properties, which affects plant posture and thus plant-flow interaction. 

Marjoribanks et al. (2017) reviewed the mixing layer model for semi-rigid vegetation and its differences 

for highly flexible vegetation. A field of semi-rigid vegetation acts as a porous blockage, which lets the 

flow pass through it but restricts the flow. In this way, a 3-zone velocity profile is created, where a 

mixing zone is formed between two different velocity regimes of low longitudinal velocity zone within 

the vegetation and the log-law zone above it (Figure 2-6). This S-shaped velocity profile which has an 

inflection point has been observed both in semi-rigid (e.g. Raupach et al., 1996) and flexible vegetation 

(e.g. Ghisalberti and Nepf, 2002). 
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Figure 2-6. Schematic model of canopy flow. The difference between the velocity within (U1) and above (U2) the 

vegetation leads to the development of an inflected velocity profile (dashed line). The velocity profile 

is defined in three different zones: (i) the canopy zone, (ii) the mixing zone and (iii) the log law zone. 

Kelvin–Helmholtz instabilities form (dotted line) at the inflection point, which develop into roller vor-

tices propagating downstream along the water-vegetation interface. These vortices are stretched and 

form pairs of head up (H-U) and head down (H-D) hairpin vortices which induce ejection and sweep 

events respectively (blue arrows) (Marjoribanks et al., 2017) 

Turbulent flow through vegetation are characterized by three coherent vortical structures corresponding 

to the different velocity profile zones: (i) the von Karman vortices in the lower vegetation layers, (ii) the 

Kelvin-Helmholtz and attached vortices near the vegetation top, and (iii) the vortices far above the veg-

etated layer (Figure 2-7).  

 

Figure 2-7. The key vortical structures in different regions of a vegetated zone in a wide channel where the vege-

tation is submerged. The vegetation height hv and the water depth hw are also presented. The surface 

(i.e. vegetation free zone) and vegetation layers are defined here (Wang et al., 2019) 
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Fine-scale wake turbulence associated with the von Karman vortices plays an important role in defining 

the scale of canopy mixing layer turbulence; however, it accounts for only a small amount (approxi-

mately 10%) of the in-canopy turbulence intensity. Besides, the turbulence intensity within the sub-

merged vegetation is dominated by the large-scale turbulent structures, which scale with the depth of 

the boundary layer generated from the Kelvin-Helmholtz instability. 

As seen from Figure 2-6, the developed pairs of head-up (H-U) and head-down (H-D) vortices resulting 

from the interaction between the vortices, induce ejection and sweep events, respectively. It is recog-

nized that the periodical generation of these sweeps and ejections, which dominate the canopy zone and 

the flow above, respectively, governs the energy and momentum transfer over the vegetation interface. 

In case of highly flexible vegetation, flow structure and flow-vegetation interactions are much more 

complex than that within rigid vegetation due to plant motion induced by the mean and turbulent flow. 

In particular, the Kelvin-Helmholtz vortices, which are generated due to instability of flow velocity at 

the interface of vegetation and flow, cause a coherent waving motion of flexible vegetation known as 

the monami (Okamoto et al., 2016) (see Figure 2-8). Okamoto and Nezu (2009) found that the coherent 

structure associated with the monami do not penetrate through the lower part of the canopy layer and 

thus the penetration of momentum into the flexible vegetation layer is smaller than that into rigid vege-

tation. This implies that flexible vegetation is able to absorb more momentum near the interface com-

pared to rigid vegetation. 

 

Figure 2-8. A monami is produced (green canopy) under a strong current and thus vegetation shows a coherent 

waving motion, relative to a weaker current when no monami occurs (orange canopy) and vegetation 

elements bend but not wave. h and hpd show water depth and deflected plant height, respectively (Nepf, 

2012a) 
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2.2.2 Waves through vegetation 

Waves propagating through vegetation lose energy mainly due to the work done by drag force on veg-

etation resulting in smaller wave height (Dalrymple et al., 1984). In deep water, under non-breaking 

waves, the individual fluid particles under the waves move in circular orbits. While the water gets shal-

low, the orbits become increasingly elliptical with depth until they are reduced to a back and forth mo-

tion at the bottom (Figure 2-9). Therefore, flexible plants attached to the bottom sway back and forth 

under surface waves which is essentially an alternating current (Vogel, 1981). The mentioned swaying 

motion makes the drag calculations more complicated. Since the highest orbital velocities tend to pass 

over the submerged canopy, less drag is generated due to the slower wave velocities at the lower part of 

the water column. Hence, the smaller vegetation leads to less wave attenuation compared to higher veg-

etation where the larger portion of velocity profile is occupied by vegetation.   

 

Figure 2-9. Orbital motions of small-amplitude wave in (a) deep water, (b) intermediate water and (c) shallow 

water (modified from Roberts, 2012) 

Paul et al. (2012) described wave attenuation by vegetation by three mechanisms: (i) Plants provide skin 

friction due to their surface structure, (ii) form drag is imposed on the flow by plants, and (iii) wave 

energy is absorbed by plants via converting it into plant movement. Skin friction is generally influenced 

by the size of the wetted plant area, which can be changed by bending the flexible vegetation. The form 

A significant number of  published studies on flow through vegetation consider unidirectional 

flow. In this respect, one of the two following approaches to characterize the vegetation effect 

on flow resistance is generally considered: either drag or friction coefficient; i.e. due to the 

complexity of turbulent flow through/above vegetation, all the complex mechanisms underlying 

flow resistance are gathered into a friction factor or drag coefficient. It is found that the drag 

coefficient varies with flow velocity, viscosity, plant shape and density. Flexible vegetation 

shows less drag coefficient than rigid vegetation.  

The structures of the flow through and above vegetation are analysed to understand how the 

layer-wise effects of vortical structures may affect drag and thus vegetation performance in flow 

attenuation. Though the vegetation mixing layer is observed for both rigid and flexible cases, 

flexible vegetation displays different shear layer characteristics and turbulent processes. 
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drag, which depends on the shape of plants, leads to energy dissipation by generating turbulence behind 

the plant. Plants are able to move freely under pure wave condition and transform wave energy into 

plant movement depending on their stiffness. 

The Morison equation (Morison et al., 1950) has been used in many studies to quantify the total hydro-

dynamic forces (F) acting on the vegetation due to waves consisting of the drag force (FD) and inertial 

force (FI): 

𝐹 = 𝐹𝐷 + 𝐹𝐼 =
1

2
𝜌𝐶𝐷𝑑ℎ𝑝𝑤𝑈𝑤|𝑈𝑤| +

1

4
𝜌𝐶𝑀𝜋ℎ𝑝𝑤𝑑2

𝜕𝑈𝑤

𝜕𝑡
                                                                      (2.4) 

Where 𝜌 is the fluid density, d is the cylinder diameter, ℎ𝑝𝑤  is the height of the stem immersed in the 

water (i.e. for submerged plants ℎ𝑝𝑤 = ℎ𝑝). 𝑈𝑤  is the orbital wave velocity in oscillatory flow. CD and 

CM are the drag and inertia coefficient, respectively, determined by experiments.  

However, drag is known as the largest wave-induced hydrodynamic force and the dominant environ-

mental stress in sites exposed to wave action. Hence, in most studies, only the drag force is considered 

and the inertia force is ignored because the inertia term acts out of phase with the velocity (Dalrymple 

et al., 1984; Kobayashi et al., 1993; Mendez and Losada, 2004). This is a direct consequence of the 

phase shift between velocity and acceleration (90 degrees) in an oscillatory motion, in which the inertia 

coefficient value is insignificant and the force is drag dominated when the maximum horizontal velocity 

occurs under the wave crest or trough. 

Consequently, drag coefficient CD has been considered as an important parameter in evaluating wave 

energy dissipation by vegetation. Since CD is highly dependent on hydrodynamic and plant characteris-

tics, some empirical formulas has been examined to predict an appropriate CD as a function of nondi-

mensional flow parameters for specific plant types. CD has been expressed in previous studies as a func-

tion of the vegetation Reynolds number (𝑅𝑒 =
𝑈𝑤𝑑

𝜗
) and/or the Keulegan-Carpenter number (𝐾𝐶 =

𝑈𝑤𝑇

𝑑
), where 𝑈𝑤 is the orbital wave velocity, d the plant width, 𝜗 is the kinematic viscosity, and T is the 

wave period.  

The value of bulk drag coefficient for a vegetation field can be directly calculated with direct measure-

ment of drag force and flow velocity (Hu et al., 2014). However, it has been commonly assessed based 

on calibration approach in many studies (e.g. Mendez and Losada, 2004; Augustin et al., 2009; Bradley 

and Houser, 2009; Sanchez-Gonzalez et al., 2011; Jadhav and Chen, 2012; Koftis et al., 2013) using the 

idealized analytical models described in Section 2.3. In this way, the drag reduction due to plant flexi-

bility cannot be taken into account. Flexible vegetation can move passively with waves and thus the 

relative velocity between the water and the vegetation diminishes which results in a less drag. Therefore, 

due to the strong interaction of waves and flexible vegetation, it is necessary to consider the effect of 

plant flexibility for modelling wave-vegetation interaction through a suitable and practically feasible 

coupling method.  

Hence, there is a growing interest in quantifying the effect of vegetation flexibility on plant motion and 

thus the effect of this motion on wave attenuation. Several researchers have tried to consider the relative 

velocity in the drag formulation, which is significantly affected by the degree of plant flexibility. For 

example, Mendez et al. (1999) modelled the plants as flat plates considering the plant excursion as a 

linear function along the blade length. The plants have been treated as cantilever beams in Bradley and 

Houser (2009), using the recorded plant excursion with a camera to estimate motion along the blade 

length. Maza et al. (2013) calculated the relative velocity assuming a linear deformation of the plant. 
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The N-pendula approach has also been used in some studies (e.g. Abdelrhman, 2007; Dijkstra and Uit-

tenbogaard, 2010; Zeller et al., 2014) to obtain the plant motion by modelling an individual plant by a 

series of elements connected together. Luhar and Nepf (2016) obtained the relative velocity using the 

recorded blade motion and the blade velocity in the laboratory. The deflection analyses for flexible 

vegetation subject to waves will be reviewed precisely in Chapter 5 in order to select the most appropri-

ate modelling approach for this PhD study.  

Another approach has been investigated by Luhar and Nepf (2016) to examine the impact of reconfigu-

ration on the drag force and thus wave decay on an individual blade under pure waves. Since plant 

bending due to its flexibility led to significantly lower drag and hence smaller wave decay compared to 

upright rigid plants, they employed an effective plant height (ℎ𝑒) defined as the rigid plant height which 

leads to equivalent wave-energy dissipation to that by flexible plant of total height ℎ𝑝. The effective 

plant height (ℎ𝑒) has been characterized as a function of three dimensionless parameters of the Cauchy 

number (𝐶𝑎), the buoyancy parameter (B) and relative plant length, i.e. the ratio of plant height to wave 

orbital excursion (𝐿 =
ℎ𝑝

𝐴𝑤
), which govern the plant motion. The Cauchy number 𝐶𝑎 defines the ratio of 

hydrodynamic drag to the restoring force due to plant rigidity. In this respect, for 𝐶𝑎 ≪ 1, when the 

hydrodynamic forcing is smaller than the restoring force due to stiffness, the plant remains upright in 

the flow. While, for the cases with 𝐶𝑎 > 1, the plant begins to move and bend. With increasing the 

hydrodynamic forcing, the plant motion increases, which results in a smaller relative velocity, hence 

reduced drag and wave dissipation.  

Luhar et al. (2017) used this approach to study the effects of wave parameters on wave dissipation and 

found that the wave dissipation decreases with decreasing wave period and increases with increasing 

wave height. This might be attributed to the larger wave-induced velocities resulting from the higher 

and longer waves, which yields to an increase in the energy dissipation. 

This approach was further extended by Lei and Nepf (2019a) for the prediction of the effective plant 

height in a meadow-scale model (ℎ𝑒,𝑚). The meadow-scale model has been developed to predict wave 

attenuation over a meadow accounting for both the rigid and flexible parts of individual plants. The 

effective meadow height, ℎ𝑒,𝑚, was described as the sum of the effective length of the flexible segment 

ℎ𝑒 based on the scaling law for individual plants, and the rigid segment ℎ𝑟. The rigid segment ℎ𝑟 was 

defined as the stiffer sheath of a real seagrass, which restricts the blade motion obtained from measure-

ments (see Figure 2-10).  
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Figure 2-10. Comparison of blade motion for a single, isolated blade (upper row) to that within a meadow located 

at mid-length of the meadow (lower row). Red dots trace the blade motion at different positions along 

the blade and over the wave cycle. The thin white line indicates the wave-cycle-average blade position. 

Wave period is T =2 s. From left to right across each row wave amplitude increases from 0.01 to 0.033 

m; wave orbital velocity increases from 0.065 to 0.14 m/s (Lei and Nepf, 2019a) 

It has to be taken into account that the difference of blade movement (red dots in Figure 2-10) in isolation 

and in meadow is different from the wave-cycle-average pronation (white line in Figure 2-10). Despite 

the difference between the wave-cycle-average pronation in isolation and in a meadow increases with 

increasing wave height H, there is also a significant difference between the blade movement in isolation 

and in meadow, which may affect the energy dissipation. In addition, the deflected height of a plant, 

which is shown as the wave-cycle-average pronation in Figure 2-10, is different from the effective plant 

height (he), which is defined as the length of a rigid vertical blade that generates the same drag as the 

flexible blade of length hp (see section 3.3 in Lei and Nepf (2019a) for more details). 

 

2.2.3 Combined wave–current through vegetation 

In the presence of a current, flexible plants bend and change their shape resulting in a reduction of the 

frontal area that poses drag on the flow (Boller and Carrington, 2006). In comparison with rigid struc-

tures, this streamlining allows flexible plants to decrease form drag when the flow increases (Koehl, 

The role of vegetation in wave attenuation has been proven for several plant communities 

through laboratory experiments, field studies as well as theoretical and numerical modelling. 

Furthermore, a highly coupled and non-linear interaction between waves and vegetation has been 

identified, especially for wave interaction with flexible vegetation due to plant reconfiguration. 

In the energy dissipation process, the drag force on vegetation due to waves, which can be de-

scribed by a drag coefficient, represents the largest wave-induced hydrodynamic force. Conse-

quently, drag coefficient CD has been considered in different studies as an important parameter 

in evaluating wave attenuation by vegetation. 
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1996), and may contribute to the reduction in wave attenuation in the presence of a current. Besides, the 

streamlined shape of flexible plants does not remain steady over the wave cycle due to the orbital flow, 

which reduces the effect of bending on wave attenuation. Vegetation also transforms wave energy into 

plant movement resulting in wave energy reduction and thus a reduced wave height. However, in the 

presence of a current, plant movement gets restricted due to bending and they cannot move freely and 

absorb the same amount of wave energy in comparison with pure waves.   

In most previous studies, the effect of currents (i.e. following and opposing current when current veloc-

ity is in the same and opposite direction as wave propagation, respectively) on wave energy dissipation 

by vegetation was generally omitted because of its complexity. As most seagrass meadows in the natural 

environment are exposed to waves superimposed on tidal currents, the latter can affect the wave damp-

ing capacity of vegetation. Yet, only a few studies addressed the effect of currents on wave attenuation 

by vegetation (Li and Yan, 2007; Paul et al. 2012; Hu et al. 2014; Losada et al., 2016), which are re-

viewed below. 

Li and Yan (2007) developed a fully 3D numerical model (RANS) to simulate the effect of rigid vege-

tation on pure waves, pure current, and combined waves and following currents. In the numerical model, 

vegetation was modelled as a sink in the momentum equation validated using data from physical exper-

iments. From both numerical simulations and physical experiments, it was found that the wave attenu-

ation by vegetation in the presence of currents is greater than that in pure wave conditions due to non-

linear current–wave interaction based on the computed vertical velocity profiles. 

Paul et al. (2012) investigated the effect of a tidal current on wave attenuation by submerged model 

seagrass. For this purpose, a series of flume experiments has been carried out using simple but mechan-

ically realistic seagrass mimics. The results showed that in the presence of a tidal current, the wave-

attenuating capacity of seagrass was strongly reduced. It might be attributed to the plant bending in the 

presence of a current which causes a smaller plant height subjected to slower orbital wave velocities 

over the lower part of the water column, which results in a less drag and thus less wave attenuation. 

Consequently, in the studies of wave attenuation by vegetation, the presence of tidal currents needs to 

be taken into account. Previous studies carried out under pure waves may have overestimated the effect 

of seagrass on wave attenuation in tidal regions where the underlying current propagates in the same 

direction as the waves.  

To clarify the contradicting conclusions of the two aforementioned studies (i.e. Li and Yan, 2007; Paul 

et al. 2012) about the effect of following currents on wave attenuation by vegetation, Hu et al. (2014) 

evaluated the effect of following currents on wave attenuation by vegetation through flume experiments. 

They found that following currents can either increase or decrease wave dissipation depending on the 

ratio of the current velocity and the horizontal orbital flow velocity component (α =
𝑈𝑐

𝑈𝑤
). Therefore, 

they attributed the mentioned inconsistency to the  difference in velocity ratio α with α = 1.5–3.5 in Li 

and Yan (2007), and α <0.5 in Paul et al. (2012). Hu et al. (2014) explained that there is a threshold 

value, which varies from 0.65 to 1.25 depending on the test conditions. For small α values, less than the 

threshold value, wave attenuation by vegetation can be reduced in the presence of following current, 

while for sufficiently high α, larger than the threshold value, wave attenuation can be enhanced due to 

following current. This is likely due to the non-linearity effect caused by wave deformation in wave-

current interaction as well as the attenuation effect of vegetation. 

Since wave dissipation by vegetation is closely related to vegetation drag coefficients, they applied a 

direct force measurement approach to obtain the drag coefficients under combined wave-current condi-

tions. In addition, they proposed an empirical relation between drag coefficient and Reynolds number 

for all the data obtained from pure wave and wave-current cases. However, the proposed model for 
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wave-current has some limitations since the wave and current velocities were linearly superposed with-

out accounting for their interaction. Furthermore, the results might not be directly comparable because 

Hu et al. (2014) changed the generated incident wave height in the wave-current tests for different cur-

rent velocities, which may affect the wave attenuation.  

Maza et al. (2015) as well as Losada et al. (2016) analyzed laboratory tests to evaluate flow interaction 

with two real saltmarsh vegetation species of Spartina anglica and Puccinellia maritima under waves 

combined with following and opposing currents. These two species have different biophysical properties 

and hence behave differently under identical flow conditions. The stiff Spartina anglica moves like a 

cantilever while the flexible Puccinellia maritima exhibits a whip-like motion (see Figure 2-11).  

 

Figure 2-11. Schematic representation of the motion of both species under both pure wave conditions and com-

bined waves and currents: cantilever-like for the stiff Spartina anglica and whip-like for the flexible 

Puccinellia maritima. Deflected plant height hpd differs for each species and depends on hydrodynamic 

conditions (Losada et al., 2016) 

 

Losada et al. (2016) presented that the mean bending angle for the stiffer S.anglica was almost zero. 

While, for P. maritima, the calculated deflected plant height based on the bending angle (θ), was 80% 

of the total plant height under pure wave conditions, which decreased to 60% in the presence of currents. 

It was therefore concluded that the combined effect of waves and currents lead to a reduction in drag. 

As seen in Figure 2-11, the effect of current velocity on the motion of the flexible P.maritima results in 

a strong bending. Hence, the deflected plant height defined as the actual plant height affecting the flow 

has to be considered in the estimation of the dissipation produced by flexible vegetation. Therefore, not 

considering the reduced drag forming area due to bending may lead to an overestimation of energy 

dissipation.  

Moreover, they obtained different drag formulation in terms of the deflected Reynolds number for each 

flow condition including pure waves, waves and currents in the same direction as well as opposite di-

rection. Overall, a lower energy damping for following current and a higher energy damping for oppos-

ing current were observed in different flow conditions compared to pure wave conditions. They pro-

posed a new description for wave dissipation considering the plant deflection affected by the current. In 

this respect, the measured deflected plant height hpd was replaced by the total height of the flexible plant 

hp in the description of wave energy dissipation. 
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Based on this description, Lei and Nepf (2019b) made some efforts to provide a way for prediction of 

the deflected height hpd without the need for measurements (see Figure 2-12). In this respect, they ex-

tended further the proposed approach in subsection 2.2.2, for the prediction of the effective plant height 

he in combined wave–current conditions. The modified drag due to flexible plant reconfiguration can be 

obtained utilizing the effective plant height he defined as the height of a rigid plant, which yields the 

same drag as a flexible plant of height hp. The plant motion and hydrodynamic drag were identified as 

wave-dominated and current-dominated for current velocity 𝑈𝑐 < 0.25𝑈𝑤 and 𝑈𝑐 > 2𝑈𝑤 , respectively, 

and a new wave–current equation was determined for 0.25𝑈𝑤 < 𝑈𝑐 < 2𝑈𝑤 . 

 

Figure 2-12. Blade motion over one wave cycle based on digital images of real blades, where current velocity 

increases from left to right (0, 0.2, 0.4, 0.6, 0.8 and 0.1 m/s) (Lei and Nepf, 2019b) 

 

 

2.3  Analytical and semi-analytical modelling of wave attenuation by coastal 

vegetation  

Some theoretical models have also been developed to examine wave damping by vegetation based on 

theoretical and empirical relationships (e.g. Dean, 1978; Dalrymple et al. 1984; Asano et al. 1993; Chen 

and Zhao, 2012; Zhu and Chen, 2017). For example, Asano et al. (1993) and Kobayashi et al. (1993) 

developed an analytical mode1 to describe wave damping due to submerged vegetation and compared 

Coastal vegetation has the capability of reducing flow velocities by imposing a blockage and 

causing drag, and by generating turbulence and enhancing roughness. Yet, the main impact of 

vegetation on flow is drag force, which results in momentum losses for the mean flow. In this 

scope, drag is considered as a significant factor and hence most the research efforts have fo-

cused on specifying drag coefficient CD as a function of hydrodynamic and plant characteris-

tics.  

Under pure current condition, CD is related to the Reynolds number (Re) and tends to decrease 

slightly with increasing Re. 

Under pure wave conditions, CD is related to not only the Reynolds number (Re), but also the 

Keulegan-Carpenter number (KC). 

Under combined current-wave conditions, the CD-KC relation depends on the relative im-

portance of wave and current, i.e. for small underlying current, the flow could be regarded as 

oscillatory-dominated and for larger underlying current, the flow condition is similar to pure 

current.  
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the solution to some laboratory tests. They found that the model matched the observed data and the 

predicted wave transmission was within ± 10% of the observed one. 

As the waves propagate through a vegetation field, they lose their energy due to dissipation produced 

by vegetation resulting from the work done on the vegetation. Overall, different models for wave dissi-

pation by vegetation are proposed based on either the bottom friction or the vegetative drag. Drag plays 

a significant role in the wave damping by vegetation and has been considered as the largest wave-in-

duced hydrodynamic force in many studies. Consequently, drag coefficient CD, highly dependent on the 

hydrodynamic and plant characteristics, is an important parameter in evaluating wave energy dissipation 

by vegetation. The dynamic nature of the forcing and the spatial variation of vegetation properties lead 

to a complex interaction between the vegetation and the waves. Hence, the bulk drag coefficient in terms 

of mean quantities has been presented considering some approximations.  

The value of bulk drag coefficient for a vegetation field can be directly calculated with direct measure-

ment of drag force and flow velocity (Hu et al., 2014); however, it has been commonly assessed based 

on calibration approach in many studies. In the calibration approach, the bulk drag coefficient can be 

obtained using the wave heights measurement in front and behind the vegetation field. For obtaining CD, 

the following equations described by Dalrymple et al. (1984) based on the linear wave theory and Mo-

rison equation for waves propagating through a vegetation field on a horizontal bottom have been used: 

𝐻𝑥

𝐻𝑖
=

1

1 + 𝛾𝑥
                                                                                                                                                        (2.5) 

𝛾 =
4

9𝜋
𝐶𝐷𝑏𝑣𝑁𝐻𝑖𝑘

sinh3𝑘ℎ𝑝 + 3 sinh 𝑘ℎ𝑝

(sinh 2𝑘ℎ + 2𝑘ℎ) sinh 𝑘ℎ
                                                                                            (2.6) 

where 𝐻𝑥  and 𝐻𝑖  are the wave height at propagation distance in the meadow and the incident wave 

height at x=0 (meadow front edge), respectively. CD indicates the bulk drag coefficient. 𝑘 = 2𝜋 𝐿𝑤⁄  is 

the wave number (𝐿𝑤 is the wavelength), N is the number of plants per unit horizontal area, ℎ𝑝 is the 

plant height, and 𝑏𝑣 is the vegetation frontal area per unit height. 𝛾 (m-1) has been obtained by fitting 

Equation (2.5) to the wave height measurements. 

𝛾 (m-1) has been obtained based on the wave energy conservation equation, assuming linear wave theory 

for regular waves through a flat bed, as follows: 

𝜕𝐸𝑤𝑐𝑔

𝜕𝑥
= −휀𝑣                                                                                                                                                        (2.7) 

𝐸𝑤 =
1

8
𝜌𝑔𝐻2                                                                                                                                                      (2.8)  

𝑐𝑔 =
𝜕𝜔𝑤

𝜕𝑘
=

1

2
[1 +

2𝑘ℎ

sinh 2𝑘ℎ
] √

𝑔

𝑘
tanh 𝑘ℎ                                                                                                  (2.9) 

where Ew is the energy density, 𝑐𝑔 is the group velocity, 𝑥 is the along vegetation coordinate and 휀𝑣 is 

the time-averaged rate of energy dissipation per unit horizontal area induced by vegetation. 𝜌 is the fluid 

density, 𝑔 is the gravity acceleration, 𝐻 is the wave height, 𝜔𝑤 is the wave angular frequency, h and k 

are the water depth and the wave number, respectively. 

According to several authors (Dalrymple et al., 1984; Kobayashi et al., 1993; Mendez and Losada, 

2004), the drag force has been considered as the dominated hydrodynamic force ignoring the plant 
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swaying and inertial force. Hence, a Morison-type equation has been used for the vegetation induced 

forces as: 

𝐹𝐷 =
1

2
𝜌𝐶𝐷𝑑𝑁𝑈𝑥|𝑈𝑥|                                                                                                                                      (2.10) 

𝐹𝐷 shows the horizontal drag component, N is the plant density (stems/m2), d is the plant width, Ux is 

the horizontal velocity, which is given as follow for pure wave conditions: 

𝑈𝑥 =
𝐻

2

𝑔𝑘

𝜔𝑤

cosh 𝑘(𝑧 + ℎ)

cosh 𝑘ℎ
cos(𝑘𝑥 − 𝜔𝑤𝑡)                                                                                                (2.11) 

The depth-integrated and time-averaged energy dissipation per unit horizontal area 휀𝑣 is given by: 

휀𝑣 = ∫ 𝐹𝐷

−ℎ+ℎ𝑝

−ℎ

𝑈𝑥dt
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

                                                                                                                                      (2.12)  

ℎ𝑝 is the plant height and the bottom is at 𝑧 = −ℎ. Therefore, the energy dissipation for waves propa-

gating through vegetation field is given as: 

휀𝑣 =
2

3𝜋
𝜌𝐶𝐷𝑑𝑁 (

𝑔𝑘

2𝜔𝑤
)

3 sinh3𝑘ℎ𝑝 + 3 sinh 𝑘ℎ𝑝

3𝑘cosh3𝑘ℎ
𝐻3                                                                         (2.13) 

For combined wave-current flow, the vegetation drag coefficient 𝐶𝐷𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡  is expected to change. 

The value of 𝐶𝐷𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡  can be characterized by considering the horizontal velocity Ux as: 

𝑈𝑥 = 𝑈𝑐 +
𝐻

2

𝑔𝑘

𝜔𝑤−𝑐

cosh 𝑘(𝑧 + ℎ)

cosh 𝑘ℎ
cos(𝑘𝑥 − 𝜔𝑤−𝑐𝑡)                                                                             (2.14) 

where 𝑈𝑐 is the uniform current velocity, 𝜔𝑤−𝑐 represents the frequency of the wave-current, 𝜔𝑤−𝑐 =

𝜔𝑤 − 𝑘. 𝑈𝑐.   

Many previous studies have identified that the vegetation drag coefficient CD in oscillatory flows, in-

cluding pure wave and wave-current conditions, depends on Reynolds number Re as follows: 

𝐶𝐷 = 𝛼𝐷 + (
𝛽𝐷

𝑅𝑒
)

𝛾𝐷 

                                                                                                                                         (2.15) 

where 𝛼𝐷, 𝛽𝐷 and 𝛾𝐷 are the constant, coefficient and exponent of the best fitted function depending on 

the plant characteristics (shape of leaves, length and thickness of leaves, density, modulus of elasticity, 

and stiffness). The drag coefficient is observed to exponentially decrease with the Reynolds number Re; 

however, the vegetation drag coefficient CD is highly dependent on both hydrodynamic and plant char-

acteristics. Moreover, there are some uncertainties in determining vegetation drag coefficient CD such 

as the uncertainty related to the applied method in deriving CD, i.e. the calibration approach or the direct 

measurement approach, and the uncertainty related to the flow conditions, i.e. wave-only or wave-cur-

rent. For flexible vegetation, plant swaying causes a negative effect on the drag force through the reduc-

tion in plant frontal area and the relative velocity between plant and flow. Therefore, the impact of plant 

flexibility and the associated swaying needs to be taken into account for introducing a new drag coeffi-

cient formula by considering the coupling of flow and plant motion. Further details on the derivation of 

the drag coefficient might be seen in Houser et al. (2015), who investigated the effect of plant stiffness 

on the vegetation drag coefficient CD under pure wave conditions, and Chen et al. (2018), who compared 
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the direct measurement and calibration method for deriving the drag coefficient CD and derived a CD-

KC relation for both pure wave and wave-current conditions. 

The aforementioned three parameters found in previous studies, based on the calibration method, are 

listed in Table 2-1.  

Table 2-1. A review of three parameters 𝛼𝐷, 𝛽𝐷  and 𝛾𝐷 in relationship between the drag coefficient CD and the 

Reynolds number Re in previous studies considering regular waves 

Study 
Constant 

𝜶𝑫 

Coeffi-

cient 𝜷𝑫 

Exponent 

𝜸𝑫  

Vegetation 

type 

Flow 

condi-

tion 

Range of the Reynolds num-

ber Re 

Kobayashi 

et al. (1993) 
0.08 2200 2.4 

Polypropyl-

ene strips 

Pure 

waves 
2200 < 𝑅𝑒 < 18000 

Mendez et 

al. (1999) 

0.08 2200 2.2 
Polypropyl-

ene strips 

Pure 

waves 

200 < 𝑅𝑒 < 15500 

No swaying 

0.40 4600 2.9 
2300 < 𝑅𝑒 < 20000 

Swaying 

Koftis et al. 

(2013) 
0 2400 0.77 PVC foam 

Pure 

waves 
1000 < 𝑅𝑒 < 3200 

Maza et al. 

(2013) 

0.87 2200 0.88 

PVC foam 
Pure 

waves 

2000 < 𝑅𝑒 < 7000 

No swaying 

1.61 4600 1.9 
2000 < 𝑅𝑒 < 7000 

Swaying 

Anderson 

and Amith 

(2014) 

0.76 744.2 1.27 
Polyolefin 

tubes 

Pure 

waves 
533 < 𝑅𝑒 < 2296 

Ozeren et al. 

(2014) 
2.1 793 2.39 

Rigid 

wooden cyl-

inders 

Pure 

waves 
400 < 𝑅𝑒 < 4300 

Hu et al. 

(2014)† 
1.04 730 1.37 

Rigid 

wooden cyl-

inders 

Wave +  

Current 
300 < 𝑅𝑒 < 4700 

Losada et al. 

(2016)‡ 

0.08 50000 2.2 
Real  

S. anglica 

and  

P. maritima. 

Pure 

waves 
0.4 × 105 < 𝑅𝑒𝐷 < 1.6 × 105 

0.25 75000 9 
Wave +  

Current 
1.5 × 105 < 𝑅𝑒𝐷 < 2 × 105 

0.5 50000 9 
Wave – 

Current 
1.3 × 105 < 𝑅𝑒𝐷 < 1.75 × 105 

Notes: 

†The direct measurement method was applied to derive the drag coefficient CD by quantifying the work done by 

the drag force over one wave period in Hu et al. (2014). 

‡In Losada et al. (2016), the drag coefficient CD was derived as a function of the deflected Reynols number 𝑅𝑒𝐷 =
ℎ𝑝𝑑𝑢

𝜗
 including the biomechanical properties of the different species indirectly by the consideration of 

the deflected plant height (hpd) as the characteristic dimension in the Reynolds number. where 𝜗 is the 

kinematic viscosity, u is the characteristic velocity defined as the maximum horizontal velocity at the 

top of the first plant of the meadow in pure wave conditions, and the wave velocity affected by currents 

in wave-current conditions. 



 
 45 

 
It can be mentioned that there are also other semi-analytical solutions such as: (i) Laplace equation using 

linearized relation for energy losses for matching conditions, which proved very efficient for assessing 

the hydraulic performance of submerged wave absorbers (e.g. Oumeraci and Koether, 2009), and (ii) 

linear wave theory with  poro-elastic models based on Biot’s equation using a linearized friction re-

sistance, which  proved very efficient for waves propagating over submerged poro-elastic bodies (e.g. 

Lan and Lee, 2010). However, they are not considered as possible candidates for the modelling approach 

in this study since they are not commonly used for wave dissipation by vegetation and thus further 

research may be required to evaluate their applicability for vegetation meadows. 

 

2.4 Numerical modelling of wave attenuation by flexible vegetation 

There are different techniques for modelling water waves and wave-vegetation interaction, their ad-

vantages and limitations depend on the application purposes. There are a significant number of field 

studies providing data under realistic conditions on the effects of coastal vegetation under lower-energy 

wave conditions, because performing field experiments during such storm events has proven to be very 

difficult. Moreover, they have some limitations such as controlling hydrodynamic conditions and vege-

tation characteristics or replicating the tests. Therefore, several laboratory studies have been carried out 

using real vegetation or surrogates. These include attempts to quantify the effects of stiff and flexible 

vegetation in submerged conditions. In the laboratory experiments, one of the main difficulty is design-

ing appropriate plant mimics, which are able to properly simulate the mechanical properties of plants 

and hence their behaviour under different hydrodynamic conditions, or keeping real vegetation healthy 

and alive in the flume for the tests with live plants. In addition, laboratory effects and scale effects are 

also presented as important limitations of physical modelling due to the difficulty in reproducing sim-

ultaneously realistic hydrodynamic/plant conditions in the laboratory and in fulfilling the similitude law 

for their transfer to prototype conditions, respectively. Because of these difficulties, various numerical 

models have been developed to quantify wave-vegetation interaction. Numerical models are usually 

based on the Reynolds averaged Navier–Stokes (RANS) equations (Li and Yan, 2007; Marsooli and 

Wu, 2014; Maza et al., 2013), the Boussinesq wave equations (Augustin et al., 2009), the mild slope 

equation (Cao et al., 2015) or the shallow-water equations (Wu and Marsooli, 2012). There has been a 

growing interest in understanding of the interaction processes between hydrodynamics and flexible veg-

etation and improving model approaches. Generally, these approaches are based techniques to couple a 

flow model with a vegetation deflection model.  

Lin (2008) classified the numerical water wave models into seven types, namely wave spectral model, 

mild-slope equation model, Boussinesq equation model, shallow-water equation model, quasi-three-di-

mensional hydrostatic pressure model, full Navier-Stokes equation model, and potential flow model. 

There are different analytical and semi-analytical solutions for modelling of wave attenuation by 

coastal vegetation. Overall, different models are proposed based on either the bottom friction or 

the vegetation drag. In many studies, drag has been considered as the largest wave-induced hy-

drodynamic force. Consequently, drag coefficient CD, which is highly dependent on the hydro-

dynamic and plant characteristics, represents a crucial parameter in evaluating wave attenuation 

by vegetation.  

It is found that the flow conditions and the applied method for deriving drag coefficient CD as 

well as the plant flexibility are crucial for the prediction of vegetation drag coefficient CD. 
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Each type of model is able to simulate different physical processes, and a specific physical phenomenon 

can also be simulated by more than one type of model. The suitability of each model for the simulation 

of different physical processes is summarized in Table 2-2 (Lin, 2008). 

Table 2-2. Suitability of wave models for the simulation of different physical processes (Lin, 2008) 

Wave models 
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Spectral 

Wave Energy 
0.5
 

4 4 2 2   2   4 

Wave Action 
0.5
 

4 4 2 2.5   2  3 4 

Mild-slope 
equation 

Elliptic 4 4 4 1 1   0.5 1.5 2 2.5 

Hyperbolic 4 4 4 1 1   0.5 1.5 2 2.5 

Parabolic 3 2 3.5 1 1   0.5 0.5 1 3.5 

Boussinesq 
Standard 4 4 2 2.5 2.5 3 1.5 1.5 1.5 2 2.5 

High-order 4 4 3 3 3 3 1.5 1.5 1.5 2 2.5 

Shallow-wa-
ter equation 

FDM or FEM 4 4  3 2 3 1.5 1.5 1.5 1.5 3.5 

Quasi-3D FDM or FVM 4 4  2    3  2 2 

Navier-

Stokes equa-

tion 

FVM or FEM 4 4 4 4 4 4 4 4 4 4 1 

FDM 4 4 4 4 4 4 4 4 3 4 1.5 

SPH 4 4 4 4 4 4 4 4 4 4 0.5 

Potential 
flow 

BEM 4 4 4 3 1 3 1  3  2.5 

FEM 4 4 4 3  3 1  3  2 

FDM 4 4 4 3  3   2  2 

Notes: 

* The number of  shows the level of model suitability for the corresponding physical process. 

** The ‘Numerical efficiency’ in the last column has two implications: (a) the size of the computational domain 

the simulation can possibly cover (e.g. global, regional or local) (b) for the same computational domain 

discretization the CPU time required.  

*** See Lin (2008) for more details and comments. 

 

Water wave models can be classified based on the level of their theoretical completeness (see Figure 2-

13).
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Figure 2-13. Classification of water wave models 

Depth-resolved models are able to determine depth varying flow information in the simulations. In prin-

ciple, most of the water wave problems can be modeled with the assumption that the fluid is incom-

pressible. Generally, NS equations are the governing equations for fluid flows including water waves. 

For water wave models solving NSEs it is essential to track accurately the free surface. The Lagrangian 

and the Eulerian methods are two common types of approaches for free surfaces tracking. The Lagran-

gian method distinguishes the exact location of free surface within a computational cell, this is in con-

trast to the Eulerian method, which determines the free surface only approximately in a computational 

cell.  

Depth-averaged models reduce greatly the computational cost. However, the applications of these mod-

els are relatively limited due to their assumptions of the vertical flow structure. When the vertical flow 

motion is negligible, only the depth-averaged horizontal velocities can be calculated. The well-known 

Shallow-water equations (SWE) based on a further assumption that the horizontal velocities are uniform 

in the vertical direction can be applied for long-wave problems. In the case of shorter waves that both 

vertical acceleration and vertical flow variation are important consideration, Boussinesq equations can 

be applied, while they are not proper to very deep waters. Mild-slope equation (MSE), which is based 

on the assumption of a monochromatic linear wave, can deal with problems in both deep and shallow 

waters. 

2.4.1 CFD models for wave-structure interaction modelling 

Wave-structure interaction has been widely investigated in coastal and offshore engineering. The study 

of wave-structure interaction contains the understanding of the fundamental flow characteristics and 

wave scattering within the interaction with the structure. However, the important goal is generally mod-

elling the wave load on the structure on order to analyse the structure response and its stability based on 

the wave load. Although the total flow force on a body can be theoretically obtained by surface integra-

tion of pressure and stress, it is difficult to measure directly in practice. Thus, the simple empirical or 

water wave models

Depth-resolved models

full NSE 

NSE with hydrostatic pressure 
assumption (quasi-3D)

Potential flow

Depth-averaged models

Shallow-water equation

Boussinesq

Mild-slope equation

Wave spectral
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semi-empirical approach (e.g. Morison equation or the Froude-Krylov (F-K) method) is mostly em-

ployed in the engineering designs. 

Both pressure and viscous stress under waves are generally depth dependent with the exception of very 

long wavelength. Moreover, the surface configuration of coastal or offshore structures is usually depth 

dependent. Hence, the depth-resolved wave models should be used to accurately model wave loads on 

a structure. Due to the importance of vertical acceleration along the vertical surface of the body within 

the interaction of wave with structure, the models must be able to simulate non-hydrostatic pressure. 

Therefore, only two types of the aforementioned models are applicable for modelling wave-structure 

interaction: (i) the potential flow models for inviscid and irrotational flows (ii) the NSE models for 

viscous and turbulent flows. Figure 2-14 shows an overview of types of models which can be applied 

for the numerical modelling of wave-structure interaction. 

* Notes:BEM: Boundary Equation Method, FEM: Finite Element Method, FVM: Finite Volume Method, FDM: 

Finite Difference Method 

Figure 2-14. A summary of types of water wave models applicable in the numerical modelling of wave-structure 

interaction. 

Models for inviscid and potential flows 

In wave-structure interaction, flow separation may take place around the body where vortical flow mo-

tion predominates and the flow field is rotational. In this scope, the main contribution of wave force on 

a small body is the form drag resulting from the low pressure in the vortex. Hence, the potential flow 

theory is only valid when the flow separation is limited to a very small area compared with the body 

size (i.e. KC<<1), which the wave loads on the structure are mainly caused by the contribution of the 

irrotational flow part. Total forces on the body can be derived from the velocity potential distribution 

around the body obtained from solving the Laplace equation.  
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Models for viscous and turbulent flows 

The models, which are capable of solving general viscous and turbulent flows, are generally based on 

the NSE or the extension of that such as Reynolds equations. In the situation that a body is located inside 

the computational domain, handling the possibly complex and irregular body surface is the difficulty 

for the numerical model. The body surface can be treated by either (a) boundary fitted meshes or (b) 

Cartesian meshes including irregular boundary effect. When a body moves within the computation, the 

body surface, which has the similar characteristics of a free surface, can be handled similarly by (a) 

using a moving adaptive mesh based on the Lagrangian approach to ensure the boundary conformal 

mesh at all time (b) keeping the grid fixed but updating the surface location/ information in each cell 

(Lin, 2008).  

The NS equations are a set of non-linear Partial Differential Equations (PDE), which can be used to 

determine the velocity vector field that applies to a fluid, in addition to the free surface boundary con-

ditions. The NS equations are the basic mathematical expressions that are capable of modelling water 

wave motions. There are several numerical models based on the solution of the NS equations by making 

assumptions and considerations, such as time and volume averaging techniques, to simplify these equa-

tions. For instance, the Reynolds Averaged Navier-Stokes equations (RANS), and the Volume-Aver-

aged RANS equations (VARANS), which are able to solve practical problems, are derived by simplifi-

cation of the original NS equations.  

Decomposing the Navier-Stokes equations into the RANS equations, proposed by Osborne Reynolds in 

1894, makes it possible to analyse wave motion and wave structure interactions with great detail and 

accuracy. This decomposition (known as the Reynolds decomposition) is based on the assumption that 

the time-dependent turbulent velocity fluctuations can be separated from the mean flow velocity. The 

mean flow velocity is calculated directly through the set of equations, while the fluctuating component 

is modelled by the turbulence models as closure of the RANS equations. As an advantage of using the 

RANS equations for steady fluid flow simulation, it can be mentioned that the mean flow velocity is 

calculated as a direct result and there is no need to average the instantaneous velocity over a series of 

time steps. 

In several studies, the RANS equations have been applied for modelling the wave-structure interaction 

because they can result a higher qualitative and quantitative description of the hydrodynamics conditions 

developed close to a structure (Lara et al. 2006). Moreover, the RANS equations have been applied in 

numerical models with impermeable structures (e.g. Lin and Liu, 1998; Li et al. 2004). 

From recent development, it was found that NSE based models are also capable to simulate more com-

plicated structures, such as porous structures and vegetation structures, by spatial averaging the RANS 

equations called Volume-Averaged Reynolds Averaged Navier-Stokes equations (VARANS) model. 

There are two different approaches have been derived from the VARANS equations: (i) through time- 

and volume- averaging of the NS equations (Liu et al. 1999; Hsu et al. 2002), (ii) through volume- and 

then a time- averaging of the NS equations (de Lemos and Pedras, 2001).  

2.4.2 Modelling approaches for the interaction of waves/flow with flexible-vegetation  

The interaction of surface water flows with coastal vegetation is an extremely complicated environmen-

tal process. This process is dependent on many factors such as water depth, flow conditions, vegetation 

parameters including height, width, flexibility and vegetation spacing. Flow in coastal regions is com-

plicated by the presence of vegetation, which causes resistance to the flow, altering the mean flow and 
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turbulence characteristics, attenuating waves and increasing mixing. The most important effect of veg-

etation on the flow is to increase flow resistance, mostly in the form of form drag, and decrease flow 

speed within the vegetation (Nepf, 1999; Shi et al. 2012). 

In some numerical studies of vegetated open channel flow, vegetation was ideally modeled as rigid 

vertical cylinders and swaying motion as well as vortex-induced vibrations was neglected (e.g., Shimizu 

and Tsujimoto, 1994; Neary, 2003; Cui and Neary, 2008). However, plant rigidity represents one of the 

key mechanical properties of vegetation which affect wave attenuation. Flow-induced motion of flexible 

vegetation associated with energy dissipation through different mechanisms such as transforming wave 

energy to plant movement, and reducing drag area due to bending. Therefore, not considering the recon-

figuration of flexible vegetation in the prediction models may lead to wrong results in estimating energy 

dissipation. Hence, many numerical models have been developed to assess the effect of vegetation mo-

tion on wave damping, which is significantly affected by plant flexibility.  

For flexible vegetation deflection, a common approach is to model vegetation as simple cantilever beams 

proposed by Kutija and Thi Minh Hong (1996) using the standard Timoshenko’s beam theory (Timo-

shenko, 1955), which has been applied in several studies (Saowapon and Kouwen, 1989; Darby, 1999; 

Ikeda et al., 2001; Erduran and Kutija, 2003; Velasco et al., 2008; Kubrak et al., 2012). However, this 

theory is limited to small deflections of a cantilevered beam and hence in case of highly flexible vege-

tation, the model may not predict the effective vegetation heights accurately due to the more complex 

interactions. Therefore, some studies attempted to develop models to handle large deflections (e.g. Zeller 

et al., 2014; Zhu and Chen, 2015; Luhar and Nepf, 2016; Chen et al., 2016; Tahvildari, 2017; Mattis et 

al., 2018). More details in this respect will be analysed in Chapter 4 to specify the most suitable model-

ling approach for this PhD study.  

Much of the effort in the numerical modelling of flow through vegetation has been made to develop 

turbulence closure schemes to the governing equations. For this purpose, two main approaches are ca-

pable of providing turbulence closure. The first method uses the Reynolds Averaged Navier–Stokes 

(RANS) equations in which a model for Reynolds stresses is required to provide turbulence closure (e.g. 

Lara et al., 2008; Losada et al., 2008; Maza et al., 2013; Wu et al., 2013; Marsooli and Wu, 2014). The 

second one uses Large Eddy Simulation (LES) turbulence models to solve the filtered Navier–Stokes 

equations (e.g. Cui and Neary, 2008; Stoesser et al. 2006; Stoesser et al. 2009; Palau et al. 2007; Mattis 

et al., 2015; Mattis et al., 2018).   

The two-equation methods are the most commonly used RANS closure schemes involved solving two 

transport equations for turbulent kinetic energy and dissipation whose solutions define an eddy viscosity. 

The k-epsilon (k-ε) and k-omega (k-ω) turbulence models are common two-equation turbulence models 

used as a closure for RANS equations. Both models attempt to predict turbulence by two partial differ-

ential equations for two variables k and ε/ or ω. The first transported variable, i.e. k, determines the 

energy in the turbulence called turbulent kinetic energy, while the second transported variable, i.e. ε in 

the former and ω in the latter, is the turbulent dissipation, which determines the rate of dissipation of 

the turbulent kinetic energy. Lopez and Garcia (1997) and (2001) presented a full analysis of these 

schemes and determined that they are able to predict 3D flow patterns.  

LES can be used as an alternative to RANS models to solve the filtered Navier–Stokes equations and 

provide an almost complete description of the flow. In this approach, the eddies that are smaller than the 

size of the filter, which is usually taken as the mesh size, are removed and the large eddies are computed 

in a time-dependent simulation that uses a set of filtered equations. Although LES can be more accurate 

than the RANS approach in capturing flow qualities, it may require a significantly higher resolution 

associated with a significant increase in computational cost. Hence, the most appropriate approach for 
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turbulence modelling should be selected depending on the research goal, required accuracy and available 

facilities. 

Furthermore, a hybrid model combining RANS and LES solvers has been developed by Li and Yu 

(2010) for the effective simulation of open channel flows through vegetation. At the interface of the 

LES and RANS regions, a virtual momentum sink was imposed to dissipate the undesirable LES veloc-

ity fluctuations transported into the RANS region, and to shorten the transition region. 

Regarding the modelling of vegetated flow, it is found from literature that the vegetation induced re-

sistance force generally is represented by sink terms in the momentum equation. The different formula-

tions of the sink terms in previous studies are summarized in Table 2-3. 

Table 2-3. Comparison of the different formulations of the sink terms in the momentum equation 

Study The sink term formulation Parameters 

Li and Zeng 

(2009) 
𝐹𝑖 = 𝑁𝑓𝑖 =

1

2
𝜌𝐶𝐷𝑑𝑁𝑢𝑖√𝑢𝑗𝑢𝑗 

𝐹𝑖: resistance force compo-

nents per unit volume 

𝑢𝑖: velocity components in 

x, y and z directions 

Li and Yu 

(2010) 
𝐹𝑖 = 𝑁𝑓𝑖 =

1

2
𝜌𝐶𝐷𝑑𝑁𝑢𝑖√𝑢𝑗𝑢𝑗 

𝐹𝑖: resistance force compo-

nents per unit volume 

𝑢𝑖: velocity components in 

x, y, and z directions 

Li and Xie 

(2011) 

𝐹𝑖 = 𝑁𝑓𝑖 =
1

2
𝜌𝐶𝐷𝑑𝑁𝑢�̃�√�̃�𝑗�̃�𝑗 

𝐴𝑝0: projected area of the 

foliage perpendicular to 

the flow  

𝐴𝑝: total projected area of 

the foliage 

CD0: drag coefficient for 

the foliage perpendicular 

to the flow 

CD: drag coefficient for the 

foliage  

ℎ𝑝𝑑: deflected plant height 

ℎ𝑝: plant height perpendic-

ular to the flow 

 

𝐹𝑖 = 𝑁𝑓𝑖 =
1

2
𝜌𝐶𝐷0𝑑

𝐶𝐷𝐴𝑝

𝐶𝐷0𝐴𝑝0

ℎ𝑝𝑑

ℎ𝑝

𝑁𝑢�̃�√𝑢�̃�𝑢�̃� 

Maza et al. 

(2013) 
�̅�𝐷,𝑖 =

𝐹𝐷,𝑖
𝜌⁄ =

1

2
𝐶𝐷𝑑𝑁�̅�𝑟𝑒𝑙,𝑖|�̅�𝑟𝑒𝑙,𝑖| 

𝑢𝑟𝑒𝑙: relative velocity be-

tween the velocities of 

plant and flow 

Zhao and 

Chen (2014) 
𝜏𝑣 =

1

2
𝜌𝐶𝐷𝑁𝑑ℎ𝑝𝑤𝑉2 

𝜏𝑣: vegetal stress 

V: depth-averaged velocity 

ℎ𝑝𝑤: height of the stem 

immersed in the water 
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Huang et al. 

(2015) 

𝐹(𝑢) =
1

2
𝐶𝐷𝑁𝑑𝑢√𝑢2 + 𝑣2 

u: local time-averaged ve-

locity in longitudinal di-

rection 

v: local time-averaged ve-

locity in lateral direction 

𝐹(𝑣) =
1

2
𝐶𝐷𝑁𝑑𝑣√𝑢2 + 𝑣2 

Mattis et al. 

(2015) 
𝐹𝑖(𝑥) = 𝑁𝑓𝑖 = −𝐶𝐷

1

2
𝜌(𝑥)𝑑(𝑥)𝑁𝑉𝑖(𝑥)√𝑉𝑗(𝑥)𝑉𝑗 (𝑥) 

V: mean velocity over the 

length of the plant 

Li and Li 

(2015) 
〈𝐹𝑖〉 =

1

2
𝜌𝐶𝐷𝑁𝑑〈𝑢�̅�〉√〈𝑢�̅�〉〈𝑢�̅�〉 

〈𝑢�̅�〉: double-averaged ve-

locity components in x, y 

and z directions 

〈𝐹𝑖〉: double-averaged re-

sistance force components 

per unit volume induced 

by vegetation in x, y and z 

directions 

Mattis et al. 

(2018) 

𝐹�̃�(𝑥)

= ∑ 𝐹𝑖
𝑘(𝑥)

𝑛𝑏𝑒𝑎𝑚

𝑘=1

= ∑ −𝐶𝐷
𝑒𝑓𝑓(𝑥)

1

2
𝜌(𝑥)𝑣𝑖

𝑟𝑒𝑙(𝑥)√𝑣𝑗
𝑟𝑒𝑙(𝑥)𝑣𝑗

𝑟𝑒𝑙(𝑥)

𝑛𝑏𝑒𝑎𝑚

𝑘=1

 

𝑣𝑖
𝑟𝑒𝑙: relative velocity be-

tween the fluid and vegeta-

tion 

𝐶𝐷
𝑒𝑓𝑓

: effective drag coeffi-

cient for a single vegeta-

tive obstacle 

 

* Notes: 

𝜌: fluid density; d: plant width; N: number of stems per unit area; 𝐶𝐷: the drag coefficient 
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Much of the effort in the numerical modelling of flow through vegetation has been made 

to develop turbulence closure schemes to the governing equations. The vegetation induced 

turbulence can be described by additional terms in the equations of turbulence in the Reyn-

olds Averaged Navier–Stokes equations (RANS), while, it can be included in the sub-grid 

scale model in the Large Eddy Simulation (LES). For engineering purposes, it is important 

to select the best model to fit the case of study in order to optimize the simulations. In this 

aspect, the advantages as well as limitations of both models are summarized as follows:  

 Advantages Limitations 

RANS 

- Relatively easy implementation in the 

governing equations  

- Computationally inexpensive 

- Fast 

- Providing proper results for the mean 

flow 

- They are not universal (i.e.  they re-

quire calibration of drag and model 

coefficients) 

- Providing only limited descriptions 

of turbulence statistics 

- Simplistic approach: lumping all mo-

mentum losses resulting from the in-

teraction of the flow with vegetation 

and bed friction may result in large 

scatter between different studies 

LES 

- Simulating highly turbulent flows 

more accurately 

- Providing the time trace of the flow 

variables at interested locations in the 

flow field 

- Inability to predict near the wall with 

accuracy where the turbulent eddies 

are too small to resolve 

- Grid dependency, i.e. the less mesh 

sizes, the more accuracy 

- Limited to moderate Reynolds num-

bers  

- High computational and program-

ming costs 

 

In modelling vegetated flow in a large-scale computational domain, LES models will be 

computationally prohibitive. Moreover, in most cases, complicated flow structures only 

occur at relatively small regions (e.g. the channel junctions, or partly vegetated regions). 

Consequently, despite the limitations of the RANS model, it might represent an appropri-

ate choice for the present study, because of its accuracy to simulate average statistics of 

the flow. 

Moreover, for modelling vegetated flow, the vegetation induced resistance force is gener-

ally represented by sink terms in the momentum equation. 
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2.4.3 Vegetation field as a porous medium 

An appropriate alternative is to consider the vegetation field as a porous medium and make use of porous 

media flow models. This approach is justified by the fact that in a large-scale simulation (i.e. at canopy-

scale), modelling the effects on flow from each individual plant is impractical due to the very high 

computational resolution required for this type of simulation. This porous media approach has been used 

in a few studies for the RANS-modelling of vegetation (e.g. Zinke, 2012; Mattis et al., 2012). 

Mattis et al. (2012) considered a bed of rigid vegetation as a porous medium and parametrized the drag 

coefficient in terms of nonlinear upscaling laws. They used high resolution large eddy simulation using 

the Smagorinsky eddy viscosity model to consider the effects of turbulence at high Reynolds number 

flows and describe the flow. They modelled vegetation structures as simple domains of arrays of cones 

and cylinders to analyse the drag effects of vegetative resistance over a wide range of Reynolds numbers 

including slow, viscous flow to fully turbulent flow. It was shown that wetlands behave similarly to 

porous media at low Reynolds numbers and Darcy’s Law is valid. While, with moderately increasing 

Reynolds number, Darcy’s Law is no longer a valid approximation and hence Darcy–Forchheimer 

model can be used. For high Reynolds numbers, full Navier–Stokes models must be used. 

Zinke (2012) presented a porous-media approach based on a Forchheimer type equation for vegetation 

flow resistance in emergent canopies. The flow resistance was determined using a pore Reynolds num-

ber based on the mean void nearest neighbour distance between vegetation elements and the mean pore 

velocity. The Volume-averaged RANS equations (VARANS) has been utilized for modelling of vege-

tation at a canopy scale in which the source term was calculated using a pore friction coefficient. The 

porous media approach was described based on typical macroscopic pore structure parameters, consist-

ing of porosity, solid fraction, specific surface area and specific permeability. Although the mentioned 

method showed good results, but this study was restricted to steady uniform flow through emergent 

canopies and tested for only a very few cases. Therefore, more research is needed to test the performance 

of this method and to improve this approach. More details of the simplified momentum equation and 

the expressions for different terms as well as the formulations for pore friction factor and pore Reynolds 

number can be seen in Zinke (2012). 

The porous media approach seems to be promising, however more research is required to fully under-

stand whether using porous media based approaches can be applied to reliably assess wave height atten-

uation through a vegetation field. Therefore, in this study, the porous media approach is investigated to 

examine whether the vegetation field can be considered as a porous medium and whether a porous media 

based approach can be applied to describe the flow in a vegetation field. It has to be mentioned that it 

was initially intended to consider a CFD model strongly coupled with flexible vegetation models em-

ploying an immersed-boundary method (IBM). However, it could not be considered due to the time 

constraint in the frame of the PhD study, and also to the required time and resources for the planned 

extensive parameter study and thus, the simpler porous medium approach is adopted. In this respect, the 

theory of porous media flow is reviewed briefly in this subsection to improve the understanding of the 

specific requirements for modelling the flow in porous media.     

a) Theory of flow in porous media 

For higher velocity flows where a nonlinear relationship occurs between the flux and the pressure gra-

dient, the Darcy’s law becomes invalid and thus “non-Darcy” models may be used. Forchheimer (1901) 

proposed an extension of Darcy's law, which is valid for higher Reynolds numbers described as Darcy-

Forchheimer equation:  
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𝐽 = 𝐴𝑖𝑈 + 𝐵𝑖|𝑈|𝑈                                                                                                                                            (2.16) 

where J is the hydraulic gradient, U is the flow velocity, coefficients 𝐴𝑖 (depends on the properties of 

both porous medium and fluid) and 𝐵𝑖 (depends on the properties of porous medium) are dimensional 

coefficients determined in some studies (see Table 2-4). In this model, the hydraulic gradient was de-

scribed by two components including linear (a viscous loss) and non-linear (an inertial loss), which 

represent laminar and turbulent flow, respectively. 

Table 2-4. A review of Darcy-Forchheimer equation coefficients 𝐴𝑖 and 𝐵𝑖  

Study 𝑨𝒊 (s/m) 𝑩𝒊 (s
2/m2) considerations 

Carman (1937) 𝛼
(1 − 𝑛)2

𝑛3

 𝜗

𝑔𝐷2
 0 𝛼 = 180 

Ergun (1952) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 150 

𝛽 = 1.75 

Engelund (1953) 𝛼
(1 − 𝑛)3

𝑛2

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 780 

𝛽 = 1.8 − 3.6 

Ward (1964) 𝛼
𝜗

𝑔𝐷2
 𝛽

1

𝑔𝐷
 

𝛼 = 360 

𝛽 = 10.44 

Kovacs (1981) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 144 

𝛽 = 2.4 

Koenders (1985) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷15
2  𝛽

1

𝑛5

1

𝑔𝐷15

 
𝛼 = 290 (confidence levels 95%: 250-330) 

𝛽 = 1.4 

Den Adel (1987) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷15
2  𝛽

1

𝑛2

1

𝑔𝐷15

 
𝛼 = 160 (confidence levels 95%: 75-350) 

𝛽 = 2.2 (confidence levels 95%: 0.9-5.3) 

Shih (1990) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷15
2  𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷15

 

𝛼 = 1684 + 3.12 × 10−3 (
𝑔

𝜗2
)

2
3⁄

𝐷15
2  

𝛽 = 1.72 + 1.57𝑒𝑥𝑝 [−5.1

× 10−3 (
𝑔

𝜗2
)

1
3⁄

𝐷15] 

van Gent (1995) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷2
 

𝛽 (1

+
7.5

𝐾𝐶
)

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 1000 

𝛽 = 1.1 

Kadlec and 

Knight (1996) 
𝛼

1 − 𝑛

𝑛3.7

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 255 

𝛽 = 2 

Hsu et al. (2002) 𝛼
(1 − 𝑛)2

𝑛3

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 200 

𝛽 = 1.1 

Lin and Karuna-

rathna (2007) 
𝛼

1 − 𝑛

𝑛3

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛3

1

𝑔𝐷
 

𝛼 = 126 

𝛽 = 0.51 
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Zhao et al. (2019) 𝛼
(1 − 𝑛)2

𝑛2

𝜗

𝑔𝐷2
 𝛽

1 − 𝑛

𝑛2

1

𝑔𝐷
 

𝛼 = 100 

𝛽 = 2 

𝜗 =kinematic viscosity, n=porosity, D=characteristic length scale, g= gravitational acceleration   

Moreover, the extended Darcy–Forchheimer equation including a time-dependent term has been devel-

oped for non-stationary flows: 

𝐽 = 𝐴𝑖𝑈 + 𝐵𝑖|𝑈|𝑈 + 𝐶𝑖

𝑑𝑈

𝑑𝑡
                                                                                                                            (2.17) 

where 𝐶𝑖 =
1+𝛾(

1−𝑛

𝑛
)

𝑛𝑔
 considers the effect of added mass (𝛾), which is the inertia added to a system due 

to the fluid movement induced by moving an accelerating or decelerating body through it (van Gent, 

1991). 

In this study, the formulation proposed by van Gent (1995) is favoured, since, the influence of oscillatory 

flow conditions (i.e. the dependency on the KC-number) has been incorporated in the expression for the 

porous flow friction coefficients.  

b) Porous media flow modelling 

In order to describe the flow in porous media, the volume averaging technique has been widely utilized 

as a good implementation. This is due to the fact that the internal morphology of the porous media is 

too complex and for solving the governing equations for flow through the porous media, not only the 

knowledge of the pore structure, but also a very fine computational mesh for modelling this geometry 

are required. In this scope, the Volume-Averaged Reynolds-Averaged Navier-Stokes equations (VA-

RANS) have been derived by applying the volume averaging procedure on the RANS equations for 

including the effect of the porosity in several numerical models. For this purpose, a porous media was 

defined as shown in Figure 2-15 in which Vf  is the volume of fluid phase; V is the total volume; Lpor and 

lpor are the macroscopic length scale and pore length scale, respectively. The superficial and intrinsic 

volume average of property ∝ are described as follows: 

〈∝〉𝑉 =
1

𝑉
∫ ∝ 𝑑𝑉

𝑉𝑓

                                                                                                                                           (2.18) 

〈∝〉𝑓 =
1

𝑉𝑓
∫ ∝ 𝑑𝑉

𝑉𝑓

                                                                                                                                         (2.19) 

where 〈∝〉𝑉 and 〈∝〉𝑓 denote the property average over the entire volume and fluid volume, respectively. 

The relationship of these averages is:  

〈∝〉𝑉 = 𝑛〈∝〉𝑓                                                                                                                                                     (2.20) 

where 𝑛 =
𝑉𝑓

𝑉
⁄  is the porosity.  

The volume averaged continuity and momentum equations for porous media flow will be presented in 

Chapter 3. 
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Figure 2-15. Definition of volume average areas and length scales (Jensen et al.,2014) 

 

2.5 Specification of objectives and methodology 

The tentative objectives and methodologies of the PhD thesis are described in chapter 1. Based on the 

results of the review and analysis of the current knowledge, the objectives and the methodology of the 

PhD research study are specified more precisely in this section. To this end, some assumptions and 

simplifications have been made which may result in the expected limitations of the modelling approach 

and results, which can be overcome by further research in the future, such as uniform vertical/horizontal 

biomass distribution, one phase-flow through vegetation, regular waves, following current in the same 

direction as wave propagation. Moreover, some processes such as “monami”, the interactions between 

neighbouring plants and the sheltering between them are neglected for developing the modelling system, 

which will be discussed in the last section of this PhD thesis, including some recommendations for 

further research.  

The interaction of wave/current with flexible vegetation is an extremely complex problem 

where depth dependent processes play a crucial role; hence depth-resolved models based on 

Navier-Stokes equations for viscous and turbulent flows, which are able to simulate non-hy-

drostatic pressure, are suitable for modelling these processes. Different techniques based on the 

main goal of the study have been applied for simplification in modelling the involved processes. 

In this respect, the simulation of the wave attenuation and flow through vegetation based on 

porous media approach considering VARANS-VOF models seems promising to provide fairly 

accurate results at low computational costs and within an acceptable amount of time.  

Among available numerical models for flow in porous media, OpenFOAM can be selected as 

one of the most appropriate models due to its numerous advantages. There is a growing interest 

of using OpenFOAM as an open source toolbox which allows full access to the source codes 

and hence modifications/improvements/extensions of the different available solvers to cor-

rectly simulate the processes which are under investigation. 
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2.5.1 Specification of objectives 

The main objective of this PhD study is to develop a detailed understanding of the highly complex 

hydrodynamic processes involved in the interaction between waves/currents and flexible vegetation. 

The objectives of this research can be mentioned as follows: 

(i) Development of an extended numerical model system for flexible vegetation to simulate the hydro-

dynamic processes in the wave-current-vegetation interaction. For this purpose, the following steps are 

required: 

 Identification of the capabilities and limitations of the wave models available for wave-current-

vegetation simulation. 

 Identification of the most suitable formula for obtaining the deflected plant height based on the 

review of the different deflection analyses employed for vegetation subject to water waves/cur-

rents.  

 Identification of the most suitable and practically feasible coupling method and its requirements 

for coupling of the validated wave model and the dynamic response of flexible vegetation. 

 Improvement/ further development of the selected CFD model by applying a porous media ap-

proach to reproduce the relevant hydrodynamic processes involved in the interaction of wave 

and current with a stiff vegetation field. 

 Improvement/ extension of the validated CFD model by introducing the selected empirical for-

mula for a field of very flexible vegetation with large deformations such as seagrasses. 

 Combining waves and currents to simulate the real condition in most coastal areas and analysis 

the effect of current presence on the wave-attenuating capacity of vegetation. 

(ii) Performance of a systematic validation of the numerical model system, including: 

 Calibration of the CFD model to develop an equivalent porosity (𝑛𝑒𝑞) in order to apply a porous 

media approach for modelling vegetation field. 

 Validation of the CFD model with laboratory tests under pure wave conditions.  

 Validation of the CFD model with laboratory tests under wave-current conditions.  

 Validation of the extended model system with laboratory tests under pure wave conditions. 

 Validation of the extended model system with laboratory tests under wave-current conditions. 

 (iii) Comprehensive and systematic parameter study based on numerical simulations: 

 Applying the validated model system for a parameter study on wave attenuation by rigid and 

flexible vegetation under pure waves, and combined wave-current conditions. 

 Analysing the results of the parameter study in order to better understand the relative effects of 

wave and vegetation parameters on wave attenuation under pure waves and wave-current con-

ditions.  

 (iv) Derivation of simplified formulae for the wave attenuation performance of flexible vegetation: 

 Systematic and comprehensive analysis of the physical processes involved in the interaction of 

waves with vegetation. 

 Development of a new prediction formula for wave attenuation performance of flexible vegeta-

tion under pure wave conditions. 

 Development of a new prediction formula for wave attenuation performance of flexible vegeta-

tion under wave-current conditions. 
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2.5.2 Specification of methodology 

The overall methodology relies on the development a numerical model system, which will be imple-

mented/validated and applied for a systematic parameter study in the proposed PhD study. In order to 

achieve the aforementioned objectives, the methodology of the entire PhD thesis is proposed, including 

the following five distinct Work Phases (WP1-WP5) summarized in Figure 2-16. 

In WP1, the comprehensive review/analysis of the current knowledge as described in this chapter the 

aims to identify the knowledge gaps, the missing data and the limitations of the available models. This 

also includes the collection/analysis of the most appropriate cases/data for the benchmarking/validation 

of the prospective models.  

In WP2, a computational fluid dynamic (CFD) model by applying a porous media approach for the stiff 

vegetation field in the frame of OpenFOAM is improved/extended/adjusted and validated by the data 

collected in WP1. In this scope, a parameterization of a plant meadow is carried out in order to define 

the required parameters of the porosity properties for a meadow and the model is calibrated to find an 

equivalent porosity 𝑛𝑒𝑞 as a function of the frontal area per bed area (Afront*). The validated model is 

then applied to additional cases in order to test the applicability of the new approach for modelling wave 

attenuation by rigid vegetation. 

In WP3, the CFD model, which is validated for a stiff vegetation field, is improved/extended/adjusted 

and validated for a field of flexible vegetation. For this purpose, the behaviour of flexible vegetation 

subject to water waves/currents is analysed to identify the most appropriate formula capable to simulate 

flexible vegetation with very large deformations. The validated CFD model is then extended by intro-

ducing the selected formula for the dynamic response of seagrass subject to water waves/currents. 

A systematic parameter and comparative studies is performed in WP4 using the developed/extended and 

systematically validated model system in order to identify most relevant parameters affecting the wave 

attenuation performance of flexible vegetation. Based on the results of the parameter study, new predic-

tion formulae for wave height dissipation by flexible vegetation under pure wave and combined wave-

current conditions are developed. 

Finally, the key results are summarized and concluding remarks are drawn in WP5, including the limi-

tations of the model and recommendations for further research and development. 
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Figure 2-16. Specified methodology and work phases (WPs) of the PhD study. 
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3 Implementation in OpenFOAM of a CFD model based on a po-

rous media approach for a stiff vegetation field 

The application of CFD (Computational Fluid Dynamics) models to different practical problems in 

coastal engineering has increased tremendously in the last years due to their level of detail and accuracy. 

Moreover, given the unprecedented advances in computational power, larger and more complex prob-

lems can increasingly be handled using CFD modeling based on solutions of the NS equations.  

In this chapter, a numerical wave flume based on a multi-phase (air-water) CFD modelling approach in 

the frame of OpenFOAM (Open source Field Operation and Manipulation), which is a free and open 

source toolbox, is implemented for the problem of wave-vegetation interaction. First, a brief overview 

of the OpenFOAM framework and governing equations used for the numerical modelling of wave-veg-

etation interaction are presented in Section 3.1. The set-up of a numerical wave flume and grid inde-

pendent tests for wave generation and propagation are performed in Section 3.2. Moreover, a porous 

media approach is applied for a vegetation field using an existing CFD solver. In this scope, a plant 

meadow is parameterized to define the hydraulic properties of the vegetation meadow required for the 

CFD model. Then, the model is calibrated using the laboratory data to develop an equivalent porosity 

𝑛𝑒𝑞. In Section 3.3, the CFD model using 𝑛𝑒𝑞 is validated against laboratory tests under pure wave 

conditions  and under wave-current conditions in Section 3.4. Finally, the key results are summarized 

and concluding remarks are drawn in Section 3.5. 

3.1  Short description of the selected CFD Model in OpenFOAM 

The open-source CFD library OpenFOAM solves free surface Newtonian flows using the Reynolds 

averaged Navier–Stokes equations coupled with a Volume Of Fluid (VOF) method through discretiza-

tion of the governing equation based on the Finite Volume Method (FVM). For the use of OpenFOAM 

in coastal engineering problems, the“waves2Foam” toolbox for the wave generation and absorption of 

several wave types (e.g. regular waves, stream function, solitary waves and irregular waves) was imple-

mented in OpenFOAM by Jacobsen et al. (2012). 

3.1.1 Governing equations 

In this study, a porous media approach is applied for a vegetation field using the developed CFD solver 

“PorousWaveFoam” (Jensen et al., 2014) in the frame of OpenFOAM, which solves 3D Reynolds Av-

eraged Navier-Stokes (RANS) equation using the Volume Of Fluid (VOF) method for free surface track-

ing. For the wave generation approach based on prescribing boundary and initial condition for velocity 

and water levels, the “waves2Foam” toolbox is used.  

The “PorousWaveFoam” model is based on the Navier–Stoke equations that were transformed to the 

Volume-Averaged Reynolds-Averaged Navier–Stokes (VARANS) equations for the simulation of flow 

in porous media at a macro scale, i.e. without representing the exact geometry of the pores forming the 

porous media (see Jensen et al. (2014) for more details). That was achieved by the inclusion of resistance 

terms based on drag and inertia effects in the Navier–Stokes equations to include interaction with porous 

media.  

Mass conservation (Equation 3.1) and momentum conservation (Equation 3.2) are applied: 
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𝜕⟨𝑢�̅�⟩

𝜕𝑥𝑖
= 0                                                                                                                                                               (3.1) 

In which ⟨𝑢�̅�⟩ denotes the volume averaged ensemble averaged velocity over the total control volume 

including the solids of the porous media. 

(1 + 𝐶𝑚)
𝜕

𝜕𝑡

𝜌⟨𝑢�̅�⟩

𝑛
+

1

𝑛

𝜕

𝜕𝑥𝑗

𝜌⟨𝑢�̅�⟩⟨𝑢�̅�⟩

𝑛
= −

𝜕⟨�̅�⟩𝑓

𝜕𝑥𝑖
+ 𝑔𝑗𝑥𝑗

𝜕𝜌

𝜕𝑥𝑖
+

1

𝑛

𝜕

𝜕𝑥𝑗
𝜇𝑒 (

𝜕⟨𝑢�̅�⟩

𝜕𝑥𝑗
+

𝜕⟨𝑢�̅�⟩

𝜕𝑥𝑖
) + 𝐹𝑖         (3.2) 

where ρ is the density of the fluid, ⟨�̅�⟩𝑓
denotes the intrinsic volume averaged (pore) pressure over the 

pore volume only, n is the porosity given as the ratio of the pore volume to the total volume, 𝑔𝑗  is the 

jth component of the gravitational vector, t is the time, 𝐶𝑚 is the added mass coefficient, 𝜇𝑒=𝜇𝑡+ 𝜇  is 

the efficient dynamic viscosity (the sum of molecular dynamic (μ) and turbulent dynamic eddy viscosity 

(𝜇𝑡)), 𝐹𝑖   is the resistance force term, 𝑥𝑖 and 𝑥𝑗  are the Cartesian coordinates.  

The Darcy–Forchheimer equation including linear and non-linear forces (through 𝐹𝑖), as well as inertia 

forces (through 𝐶𝑚), are considered as sink terms in the momentum equation:  

𝐹𝑖 = 𝐴𝑖𝜌〈𝑢�̅�〉 + 𝐵𝑖𝜌√⟨𝑢�̅�𝑢�̅�⟩〈𝑢�̅�〉                                                                                                                       (3.3) 

𝐶𝑚 = 𝜑𝑝

1 − 𝑛

𝑛
                                                                                                                                                    (3.4) 

where 𝐴𝑖 and 𝐵𝑖 are resistance coefficients, with their formulations by van Gent (1995) applied in the 

model, and 𝜑𝑝 is a non-dimensional empirical coefficient, which takes the value of 0.34. 

𝐴𝑖 = 𝛼
(1 − 𝑛)2

𝑛3

𝜇

𝜌𝐷2
                                                                                                                                         (3.5) 

𝐵𝑖 = 𝛽 (1 +
7.5

𝐾𝐶
)

1 − 𝑛

𝑛3

1

𝐷
                                                                                                                                 (3.6) 

where 𝛼 and 𝛽 are empirical coefficients for viscous (Darcy) and inertial resistance, respectively; D is 

a characteristic length scale, and 𝐾𝐶 = 𝑢𝑚𝑇 𝑛𝐷⁄  the Keulegan-Carpenter number in which 𝑢𝑚 is the 

maximum oscillating velocity and T is the period of the oscillation.  𝜌 and  𝜇 are the water density and 

dynamic viscosity, respectively. 

The resistance coefficients applied in the present model are the recommended values 𝛼 = 500 and 𝛽 =

2.0 by Jensen et al. (2014) obtained from the valid calibration including the extensive parameter inves-

tigations, which cover all flow regimes. The parameter investigations have been applied for (i) Forch-

heimer flow (10 < 𝑅𝑒𝑝 < 150) where the linear coefficient, 𝛼, was most dominating, (ii) transitional 

flow (150 < 𝑅𝑒𝑝 < 300) where 𝛼 was dominating while also there was a dependency on the non-linear 

coefficient, 𝛽, and (iii) fully turbulent flow (𝑅𝑒𝑝 > 300) where the non-linear coefficient, 𝛽, was most 

dominating. Flow regimes were defined based on the pore Reynolds number 𝑅𝑒𝑝 =
〈𝑢〉𝐷

𝑛𝜗
 in which 𝜗 is 

the kinematic viscosity. They concluded that the proposed coefficients could be applied for different 

porous structures with different pore parameters, as well as for different flow regimes.  

It has to be noted that the aforementioned formulae including porosity n (i.e. equations 3.2, 3.4-3.6) 

were developed for flow interaction with coarse granular porous media with a much smaller porosity 

than the one find in vegetation fields. Vegetation fields are naturally characterized by high porosities 
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(often more than n=0.97) and low solid fractions. Hence, in this study, a more practical parameterization 

is carried out and an equivalent porosity 𝑛𝑒𝑞 is developed to be replaced by porosity n in these equations 

(see Section 3.2) using the recommended values of 𝛼 and 𝛽 coefficients by Jensen et al. (2014) and 

keeping them constant for the calibration process. However, it should be kept in mind that these coeffi-

cients were obtained for coarse granular porous media and they might be different for other media with 

different porosities. Therefore, a sensitivity analysis would be suggested for future research to better 

understand the possible effect of these parameters on the fit function.   

3.1.2 Water surface capturing 

In order to track the two-phase flow interface, the Volume Of Fluid (VOF) method is used by Open-

FOAM (see Berberović et al., 2009). Jensen et al. (2014) also revised the original formulation of free 

surface interface tracking in OpenFOAM to enable the model to track the free surface movement inside 

the porous media. This revised version is based on the introduction of an additional convective term in 

the transport equation for phase fraction, resulting in a sharper interface resolution: 

𝜕∅

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(

1

𝑛
〈𝑢�̅�〉∅) +

𝜕

𝜕𝑥𝑖
(

1

𝑛
〈𝑢𝑖

𝑟̅̅ ̅〉∅(1 − ∅)) = 0                                                                                      (3.7) 

where ∅ = 0 and ∅ = 1 represent air and fluid phases, respectively. 𝑢𝑟  shows the relative velocity be-

tween the fluid and the air. The last term on the left-hand side is the compression term to keep a sharp 

interface between the phases and hence is only active in the interface region of the free surface and is 

equal to zero in cells with one phase (i.e. in the fluid ∅ = 1 and in the air ∅ = 0). 

3.1.3 Turbulence modelling 

For turbulence modelling in OpenFOAM, incompressible CFD solvers are able to perform direct nu-

merical simulation as well as several alternatives such as RANS type (Reynolds Average Navier–

Stokes), LES type (Large Eddy Simulation) and DNS type (Direct Numerical Simulation). These three 

approaches are compared briefly in Table 3-1.  

Table 3-1. Comparison of different computational approaches for turbulence modelling 

 RANS LES DNS 

D
es

cr
ip

ti
o
n
 

- Modelling all turbulent length 

scales by solving of time-aver-

aged Navier-Stokes equations 

- Resolving large eddies while 

modelling small eddies (smaller 

than the grid resolution) by 

solving of the spatially averaged 

Navier-Stokes equations 

- Resolving all turbulent phe-

nomena at all length and time 

scales by numerical solving of 

Navier-Stokes equations   

A
d
v
an

ta
g
es

 

- The least computationally ex-

pensive method that is used for 

turbulent modelling 

- The most widely used tool in 

industrial design 

- Reproducing an entire un-

steady flow field for 2D and 3D 

simulations  

- Not as expensive as DNS 

- Reproducing an entire un-

steady flow field for 2D and 3D 

simulations 

- Producing very good results 

that may be considered as 

equivalent to experimental data 
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D

is
ad

v
an

ta
g
es

 

- Not very good for modelling 

unsteady processes which can't 

be averaged, such as instabilities 

or acoustic waves  

- Requiring a large amount of 

computational resources and ef-

forts for most practical applica-

tion 

- Overwhelming requirement for 

computer power in a sense of 

both processor’s speed and 

memory size 

- Computationally intractable 

for most problems 

 

Based on the overview summarized in Table 3-1, LES models have the ability to provide better results 

than RANS models, while they cause a higher simulation complexity and a much larger computational 

cost. Although LES could yield good results at sufficiently high grid resolutions, it may even yield less 

reliable results than RANS due to the errors and uncertainties in parameters specified by the user. More-

over, it has been shown that RANS could provide sufficiently accurate results for several practical ap-

plications in which the details of the turbulent fluctuations are not required. In conclusion, turbulence 

model selection should be based on the research goal and criteria of prediction accuracy as well as the 

limits of computation. In this study, RANS model enabling to calculate the mean flow and the effects 

of turbulence on the mean flow for 2D simulations in acceptable computing time is selected. 

In order to simulate the effects of turbulence, the Reynolds stress has to be modelled. For this purpose, 

as it was concluded in the 2nd chapter, the RANS type of the k-ω-SST (Shear Stress Transport) turbulence 

model is implemented due to its ability to provide results of acceptable accuracy through its faster per-

formance. The k-ω-SST turbulence model, first presented by Menter (1994), is a two-equation eddy-

viscosity model based on a simultaneous use of the k-ε and the k-ω models. Hereby, the model accuracy 

is improved by using k-ε in the free-flow region far from the walls and k-ω for the boundary layer flow 

with high performance in these regions. k is the turbulence kinetic energy, ε is the energy dissipation 

rate caused by viscous effects and ω is the specific dissipation rate. 

The original equations including the turbulence kinetic energy k and the turbulence specific dissipation 

rate ω are given as follows: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝑃𝑘 − 𝑐3𝜌𝑘𝜔 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]                                                                       (3.8) 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
=

𝑐1

𝜗𝑡
𝑃𝑘 − 𝑐2𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)𝜎𝜔2

𝜌

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
               (3.9) 

There is also a production limiter used to prevent build-up of turbulence in stagnation regions: 

𝑃𝑘=𝑚𝑖𝑛 (𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
, 10𝑐3𝑘𝜔)                                                                                                                            (3.10) 

Reynolds stresses (𝜏𝑖𝑗) are assumed to be directly proportional to the mean strain-rate tensor (𝑆�̅�𝑗): 

𝜏𝑖𝑗 = 2𝜇𝑡𝑆�̅�𝑗 −
2

3
𝜌𝑘𝛿𝑖𝑗                                                                                                                                    (3.11) 

𝑆�̅�𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)                                                                                                                                       (3.12) 

And the turbulence viscosity given by: 
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𝜇𝑡 =
𝜌𝑎1𝑘

𝑚𝑎𝑥(𝑎1𝜔, 𝑆𝐹2)
= 𝜌𝜗𝑡                                                                                                                           (3.13) 

A smooth switch between both models happens by the blending function 𝐹1, which gradually changes 

from the k-ω behaviour in the boundary layer to the k-ε behaviour in the free flow region. The transport 

equations are equivalent to the k-ε and k-ω models when 𝐹1 = 0 and 1, respectively. 

𝐹1 = tanh [(𝑚𝑖𝑛 [max (
√𝑘

𝑐3𝜔𝐿𝑦
,
500𝜗

𝐿𝑦
2𝜔

) ,
4𝜌𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝐿𝑦
2])

4

]                                                                        (3.14) 

𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
, 10−20)                                                                                                  (3.15) 

where 𝐿𝑦 is the distance to the nearest wall.  

𝑆 is the modulus of the strain-rate tensor and 𝐹2 is the second blending function defined as: 

𝐹2 = tanh [(max (
2√𝑘

𝑐3𝜔𝐿𝑦
,
500𝜗

𝐿𝑦
2𝜔

))

2

]                                                                                                        (3.16) 

The constants of the SST model (∝), listed in Table 3-2, are calculated from the constants of the original 

model k-ω (∝𝑘−𝜔 ) and the transformed k-ε model (∝𝑘−𝜀) using the first blending function 𝐹1 as follows: 

∝= 𝐹1 ∝1+ (1 − 𝐹1) ∝2                                                                                                                                 (3.17) 

 

Table 3-2. Constants of k-ω and k-ε models for using in the SST turbulence model 

Constant 𝜎𝑘 𝜎𝜔 𝑐1 𝑐2 𝑐3 𝑘 𝑎1 

k-ω model 0.85 0.5 5
9⁄  0.075 0.09 0.41 0.31 

k-ε model 1 0.856 0.44 0.0828 0.09 0.41 0.31 

 

The k-ω-SST turbulence model was successfully implemented by del Jesus et al. (2012) for porous media 

based on a volume-averaging approach of the Reynolds-Averaged Navier–Stokes (RANS) equations. 

They assumed an incompressible two-dimensional flow in a heterogeneous porous media, which its 

properties are independent of time. Then, it was further extended to three‐dimensional simulations of 

wave interaction with porous coastal structures by Higuera et al. (2014a, b). The model was successfully 

validated against the laboratory measurements for a wide range of cases including a dam break and wave 

interaction with porous structures both in two and three dimensions.  

Regarding the proposed porous media approach in this study, the complex processes involved in the 

wave-vegetation interaction are assumed to be simplified by using the Volume-Averaged Reynolds-

Averaged Navier–Stokes (VARANS) equations. Hence, the VARANS solver with the k-ω-SST turbu-

lence model in del Jesus et al. (2012) is used in this study to correctly account for porous media effects 

with very complex flow and geometric conditions. More details on the derivation of the equations can 

be found in del Jesus (2011). 



 
 66 

 
3.1.4 Wave generation and absorption 

For the wave generation approach based on prescribing boundary and initial condition for velocity and 

water levels, the “waves2Foam” toolbox (Jacobsen et al., 2012) is used. A relaxation zones approach is 

implemented in this toolbox for generation/absorption of waves. A boundary condition is introduced to 

generate waves at the domain inlet according to different wave theories. Inside the inlet relaxation zone, 

the VOF method allows to impose the required wave profile by smoothly transforming the analytical 

solution at its start to a fully non-linear CFD solution at its end. Similarly, at the outlet boundary, the 

computational solutions are replaced to no-wave (constant current) condition through outlet relaxation 

zone. For this purpose, a weighting parameter (𝑤𝜖[0,1]) is introduced to generate or to diminish waves 

according to a relaxation function, which increases exponentially from 0, at the inlet, to 1 at the end of 

inlet relaxation zone and decreases exponentially from 1 at the start of outlet relaxation zone to 0 at 

outlet boundary. The velocity and fluid phase fraction (VOF) are imposed as: 

𝑓 = 𝛼𝑅𝑓𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 + (1 − 𝛼𝑅)𝑓𝑡𝑎𝑟𝑔𝑒𝑡                                                                                                            (3.18) 

where f indicates either the velocity (u) or the (VOF) phase fraction (η), 𝑓𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑  shows the calculated 

value by the momentum and continuity equations, while 𝑓𝑡𝑎𝑟𝑔𝑒𝑡  is the prescribed value at the boundary, 

𝑋𝑅 is defined to have 𝛼𝑅 = 1 at the interface between the non-relaxed part of the computational domain 

and the relaxation zone in which 𝛼𝑅 is the relaxation function. In the outlet relaxation zone, 𝑢𝑡𝑎𝑟𝑔𝑒𝑡 = 0 

m/s, and 𝜂𝑡𝑎𝑟𝑔𝑒𝑡  is determined based on the position of the still water level. 

 

Figure 3-1. A sketch of the variation of the relaxation function (𝛼𝑅) for both inlet and outlet zones in the 

“waves2foam” toolbox (Jacobsen et al., 2012).  

For the modelling of wave propagation through vegetation, the CFD solver “PorousWaveFoam” 

in the frame of OpenFOAM® is selected as the most appropriate feasible option for numerical 

modelling given the resources and time frame of this PhD study. This model solves the Volume-

Averaged Reynolds-Averaged Navier–Stokes (VARANS) equations for the simulation of flow 

in porous media without representing the exact geometry of the pores forming the porous media 

using the Volume Of Fluid (VOF) method for free surface tracking and the k-ω-SST model for 

turbulence. For wave generation, the “waves2Foam” toolbox, an approach based on prescribing 

boundary and initial condition for velocity and water levels, is applied.  
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3.2 Model set-up and model calibration for stiff vegetation   

In order to apply the porous media flow concept for a vegetation field, the porosity properties, including 

porosity (n) and the characteristic length scale (𝐷), are required to be defined in the selected CFD model. 

Though the VARANS equations contain a porosity term (see equations 3.2-3.6), the effect of porosity 

is often neglected for a vegetation field naturally characterized by low solid fractions and hence high 

porosities (often more than n=0.97). To avoid uncertainty resulting from this description and to obtain 

a more practical parameterization, an equivalent porosity (neq) is developed to replace porosity n in the 

aforementioned equations. For this purpose, the model is calibrated using laboratory data to develop neq 

as a function of dimensionless frontal area per bed area (Afront*), which is a physically well-defined 

parameter of the vegetation field including both plant height and density, to make the model feasible for 

meadow scale. Since the interaction of waves with flexible vegetation is more complicated than rigid 

vegetation, the model is firstly calibrated and implemented for rigid vegetation and then extended for 

flexible vegetation.  

The main objective of this section is to develop a relationship for neq as a function of the most relevant 

vegetation parameters. In this respect, the CFD model is set up based on the laboratory experiments. In 

this section, firstly, the overall setup in terms of domain size, computational mesh and boundary condi-

tions are described. Since the accuracy on the numerical simulation results depends on the mesh quality, 

the sensitivity analysis for regular wave generation and propagation in the computational wave flume is 

then performed to obtain the optimum mesh parameters. A plant meadow is parameterized and the po-

rosity properties required for the CFD model are defined. Then, the model is calibrated using laboratory 

data to develop the relationship for neq as a function of dimensionless frontal area per bed area (Afront*). 

3.2.1 Numerical wave flume set-up 

The numerical wave flume was setup as a two-dimensional (2D) domain with a flat bottom. In order to 

simulate a 2D domain in OpenFOAM, it is required to simulate a 3D domain with a very small, one cell 

thickness as compared to other dimensions with empty boundary conditions on the side walls, which 

prevents the fluid flow along the third dimension and hence flow behaves like a 2D flow. Moreover, at 

the inlet and outlet boundary a relaxation zone is used for generating and absorbing the waves, respec-

tively to minimize the wave reflection back through the flume (Jacobsen et al., 2012). 

Regarding the model setup in terms of boundary conditions, a no-slip condition at the bottom boundary 

and a free surface condition at the atmosphere boundary are imposed. At the inlet boundary, a Dirichlet 

condition is applied for the velocity and volume phase fraction while a Neumann condition is applied 

for the pressure. At the outlet boundary, a Dirichlet condition is applied for the velocity while a Neu-

mann condition is applied for the pressure and volume phase fraction. Figure 3-2 illustrates definition 

of the boundaries in numerical wave flume and boundary conditions are defined in the embedded table 

in this figure. 
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Figure 3-2. Definition of the boundaries in the numerical wave flume and boundary conditions for velocity, pres-

sure and volume phase fraction on each boundary surface. 

 

Acceleration due to gravity g = 9.81 [m/s2], water density ρ = 1000 [kg/m3], air density ρa = 1 [kg/m3], 

water kinematic viscosity ν = 1.0 × 10−6 [m2/s] and air kinematic viscosity νa = 1.48 × 10−5 [m2/s] are 

considered in the numerical simulations. For each test, the total simulation time is 20 wave cycles se-

lected based on previous studies, which was found to be long enough provide stationary solution.  

3.2.2 Mesh definition and sensitivity analysis and grid independence tests 

The sensitivity analysis is performed on regular waves propagation in the 2D numerical wave flume in 

order to achieve an optimum mesh size (∆𝑥, ∆𝑧) leading to the mesh independent solution, which its 

accuracy does not increase with the refinement of mesh. For this purpose, a numerical wave flume is 

setup as a two-dimensional domain with uniform grid resolution in the entire domain. The length of the 

relaxation zones (𝛿𝑋𝐼𝑁 , 𝛿𝑋𝑂𝑈𝑇) and the computational cells aspect ratio (𝐴𝑅 =
∆𝑥

∆𝑧
) defined as the ratio 

between the length of the computational cell in the horizontal and vertical direction are examined to find 

their optimum which result in an acceptable solution without increasing the computational cost. 

In addition, a refinement zone around the free surface is applied to test how it improves the result and 

find the suitable refinement ratio (𝑅𝑅 =
∆𝑥

∆𝑥𝐹
=

∆𝑧

∆𝑧𝐹
) defined as the ratio between the length of the com-

putational cell in the unrefined zone (away from the free surface) and refined one (around the free sur-

face). At the inlet and outlet boundary a relaxation zone is used for generating and absorbing the waves, 

respectively based on Jacobsen et al. (2012). A sketch of the model setup is shown in Figure 3-3.  
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Figure 3-3. Sketch of the model setup of the numerical wave flume and mesh parameters for the sensitivity analysis 

 

For the simulations, the reference wave with a height of Htarg=0.06 m and a period of Ttarg =1.2 s is used 

and a constant water depth of h=0.5 m is set to the numerical wave flume. According to the classical 

graph by Le Méhauté (1976), stokes second order wave theory is the appropriate one to prescribe bound-

ary and initial conditions for wave generation. 

To evaluate the effect of the relaxation zone and determine the minimum length of the inlet and outlet 

boundaries required to achieve a proper generation/absorption of the incident wave, different simula-

tions are performed by varying relaxation zones length, 𝛿𝑋𝐼𝑁 and 𝛿𝑋𝑂𝑈𝑇, in a range of 0.5 Lw - 2.5 Lw 
(see Table 3-3). 

The wave reflection in the computational wave flume is quantified by applying the method of Goda and 

Suzuki (1977). In this method, the time series of surface elevation recorded at the two wave gauges are 

required to determine the reflection coefficient (Kr). It has to be noted that the distance of the two wave 

gauges (∆𝑥𝑊𝐺𝑠) is a significant parameter in this method and the reflection calculations became inter-

mediate when this distance is equal to half the wavelength or an integer multiple of half the wavelength 

(i.e. ∆𝑥𝑊𝐺𝑠 =
𝑛𝐿𝑤

2⁄ , where n=0, 1, 2, … and Lw is the wavelength). Moreover, the wave gauges are 

recommended to be located within a range of 0.05 <
∆𝑥𝑊𝐺𝑠

𝐿𝑤
⁄ < 0.45.  

Values of the reflection coefficient (Kr) are shown in Table 3-3 for different length of relaxation zones. 

For all tested lengths of the relaxation zones, Kr is less than 8%, which decreases to less than 5% for 

lengths greater than 2Lw. In addition, a reflection coefficient Kr lower than 5% is obtained when the inlet 

relaxation zone length, 𝛿𝑋𝐼𝑁 = 1𝐿𝑤 , is smaller than the length of outlet, 𝛿𝑋𝑂𝑈𝑇 = 2.5𝐿𝑤. 
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Table 3-3. Comparison of the reflection coefficient 𝐾𝑟for different length of relaxation zones with the target wave 

Htarg=0.06m, Ttarg=1.2s using the time series of surface elevation recorded at the distance of 0.2m. For 

all cases, uniform grid resolution of 12 cells per wave height with the cells aspect ratio AR=2 is applied.   

Mesh parameter 
Inlet relaxation 

zone length 𝜹𝑿𝑰𝑵 

Outlet relaxation 

zone length 𝜹𝑿𝑶𝑼𝑻 

Reflection coeffi-

cient Kr (%) 

H/cells=12 

AR=2 

0.5 Lw 0.5 Lw 7.9 

1 Lw 1 Lw 6.1 

1.5 Lw 1.5 Lw 5 

2 Lw 2 Lw 4.8 

 2.5 Lw 2.5 Lw 4.4 

 1 Lw 2.5 Lw 4.8 

 

The effect of the mesh size is analysed by changing the number of cells per wave height (H/cells) and 

wavelength (Lw /cells) in vertical and horizontal direction, respectively. In order to determine the average 

wave height H and wave period T of generated waves, zero crossing analysis is applied and the relative 

error on the wave height, EH, and wave period, ET, are calculated as 

𝐸𝐻 =
𝐻 − 𝐻𝑡𝑎𝑟𝑔

𝐻𝑡𝑎𝑟𝑔
× 100         𝐸𝑇 =

𝑇 − 𝑇𝑡𝑎𝑟𝑔

𝑇𝑡𝑎𝑟𝑔
× 100                                                                                (3.19) 

Different parameters for each test case are summarized in Table 3-4. In all considered test cases, the 

relative error on the wave period ET is less than 1% and hence is not shown in this table. 

Table 3-4. Mesh parameters (cells per wave height, H/cells, cells per wavelength, Lw /cells, cells aspect ratio, AR, 

ratio between cell length in unrefined and refined zone, RR) and relative error on the wave height 𝐸𝐻 

respect to the target wave (Htarg=0.06m). Average values recorded at the center of the computational 

wave flume. The constant values of 𝛿𝑋𝐼𝑁 = 1𝐿𝑤 and 𝛿𝑋𝑂𝑈𝑇 = 2.5𝐿𝑤 are used in all test cases. 

Test case H/cells Lw/cells 
Cells aspect ra-

tio (AR) 

Refinement ra-

tio (RR) 

Relative error 

𝑬𝑯(%) 

Test1 6 50 4 1 -4.6 

Test2 6 100 2 1 -1.9 

Test3 6 200 1 1 -1.1 

Test4 12 100 4 1 -1.5 

Test5 12 200 2 1 -0.7 

Test6 12 400 1 1 -0.1 

Test7 2 35 2 1 -7.7 
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Test8 3 50 2 1 -4.8 

Test9 3 100 1 1 -4.4 

Test10 15 250 2 1 -0.5 

Test11 6 100 2 2 -0.7 

Test12 12 200 2 2 -0.3 

Test13 12 400 1 2 0.2 

Test14 12 200 2 4 -0.8 

 

Three different cells aspect ratios (𝐴𝑅) of 1, 2 and 4 are compared in Table 3-5. For fixed mesh resolu-

tion on the wave height H/cells=6, the relative error on the wave height 𝐸𝐻 is less than 2% with AR=1 

(Test3) and AR=2 (Test2), which increases to around 5% for AR=4 (Test1). For the cases with 

H/cells=12, this relative error is less than 1% with AR=1 (Test6) and AR=2 (Test5), which increases to 

1.5% for AR=4 (Test4). Despite the relative error for the cases with AR=1 is a little less than AR=2, the 

computational time is more than double and hence 𝐴𝑅 = 2 is considered as the most proper one for 

further analysis of the mesh size and refinement ratio (RR). 

Table 3-5. Comparison of the relative error 𝐸𝐻 and computational time for different computational cells aspect 

ratios, AR. Each simulation is performed on sixteen 3.2 GHz processors. 

Cells aspect ratio 

(AR) 
Test case 

Relative error 

𝑬𝑯(%) 

Total num-

bers of cells 

Computational time 

(s) 

4 
Test1 -4.6 40000 245 

Test4 -1.5 160000 1240 

2 
Test2 -1.9 80000 578 

Test5 -0.7 320000 3121 

1 
Test3 -1.1 160000 1221 

Test6 -0.1 640000 51155 

 

The effect of mesh size is analysed by varying H/cells between 2 and 15 with fixed cells aspect ratio 

𝐴𝑅 = 2 and hence Lw /cells between 35 and 250 (see Table 3-1). The relative error on the wave height 

𝐸𝐻 decreases from 7.7% for H/cells=2 (Test7) to 0.7% for H/cells=12 (Test5). However, no remarkable 

difference is observed with further increasing of mesh resolution to H/cells=15 (Test10). Therefore, it 

may be concluded that the mesh independence achieves for mesh resolution H/cells=12 with AR=2.   

Moreover, a refinement zone with a thickness of 2H is applied around the free surface to evaluate the 

effect of mesh refinement only around the free surface instead of the whole domain. For this purpose, 
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three different refinement ratio RR for different mesh resolutions are tested. The mesh parameters, rela-

tive error and computational time are listed in Table 3-6.  

Table 3-6. Comparison of the relative error 𝐸𝐻 and computational time for different refinement ratios, RR. Each 

simulation is performed on a single 3.2 GHz processor. 

Mesh parameter 
Refinement 

ratio (RR) 
Test case 

Relative error 

𝑬𝑯(%) 

Total numbers 

of cells 

Computational 

time (sec) 

H/cells=12 

AR=2 

1 Test5 -0.7 320000 14269 

2 Test12 -0.3 368000 42423 

4 Test14 -0.8 560000 260408 

8 Test15 - 1328000 - 

H/cells=6 

AR=2 

1 Test2 -1.9 80000 1808 

2 Test11 -0.7 92000 4003 

 

For fixed values of the mesh parameters H/cells=12 with AR=2, the relative error 𝐸𝐻 is less than 1% 

for RR=1 (Test5), RR=2 (Test12) and RR=4 (Test14). The relative error decreases with increasing mesh 

resolution in the refinement zone with RR=2, while it increases with further mesh refinement to RR=4. 

However, the simulation of the case with RR=8 (Test15) was terminated before completion because of 

the long computational time (the half of the total simulation time took more than 10 days) and therefore 

there is no relative error for this case.  

For the mesh parameter H/cells=6 with AR=2, the relative error 𝐸𝐻 is about 2% for RR=1 (Test2), which 

decreases to less than 1% when the mesh resolution in the refinement zone increases for RR=2 (Test11). 

Furthermore, it can be seen that the Test11 yields to the same relative error of Test5 (less than 1%), 

while it has less than one-third of the total number of cells in comparison with Test5 results in much 

less computational time. Therefore, it may be concluded that the mesh independence can achieve for 

mesh resolution H/cells=6 with AR=2 and a refinement zone around the free surface with the refinement 

ratio RR=2. 

It is to be mentioned that these ratios are also tested for other cases with higher incident wave height; 

however only the results of the reference case with a wave height of Htarg=0.06 m are shown here. Since 

two different computers with different computational power are used for the test runs, the aforemen-

tioned analyses are shown to make the time required for simulations comparable. 
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3.2.3 Vegetation in terms of porous media 

In order to implement a vegetation field as a porous medium using the RANS modelling, the pore struc-

ture parameters are described on a macro-scale by means of a volume averaged approach. Typical mac-

roscopic parameters are porosity (n), solid fraction (Φ), specific surface area and specific permeability. 

  

Figure 3-4. Micro-scale to macro-scale transition (Jambhekar, 2011) 

From the sensitivity analysis performed on the computational wave flume, the main conclu-

sions are summarized as follows: 

(i) The cells aspect ratio AR defined as the ratio between the cell length in horizontal and 

vertical directions can affect the accuracy of the target wave reproducing in the computa-

tional wave flume. The value of AR=2 is found as the most proper ratio for the considered 

cases.  

(ii) For uniform grid resolution in the entire domain, the mesh independence may achieve 

for mesh resolution H/cells=12 with AR=2, since the accuracy didn’t increase significantly 

with further increasing H/cells. 

(iii) It is observed that the larger grid size of H/cells=6 with AR=2 can also capture the same 

accuracy as H/cells=12 including a refinement zone around the free surface, which also has 

much less computational time (less than one-third of the execution time of H/cells=12).  

(iv) The optimum refinement ratio RR, defined as the ratio between the cell length in the 

unrefined (away from the free surface) and refined (around the free surface) zone, is found 

to be RR=2, since higher than 2 led to not only an increased error EH but also significant 

enhancement of computational time. 

(v) In order to achieve wave reflection coefficient Kr lower than 5%, the lengths of inlet and 

outlet relaxation zones need to be equal or greater than 𝛿𝑋𝐼𝑁 = 1𝐿𝑤  and 𝛿𝑋𝑂𝑈𝑇 = 2.5𝐿𝑤, 

respectively. 
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The porosity, n (m3m-3), of a porous medium is defined as the ratio of the control volume that is occupied 

by pore space: 

𝑛 =
𝑉𝑝

𝑉
                                                                                                                                                         (3.20) 

where V and 𝑉𝑝 are the total control volume and the total volume of pores in control volume, respec-

tively. The porosity also can be used in two-dimensional area defines the average fraction of the cross 

section within a medium that is occupied by pores. 

The solid volume fraction, Φ (m3m-3), can also describes the density of a porous medium defined as 

the fraction of the control volume (or cross section area) that is occupied by plants: 

𝛷 =
𝑉 − 𝑉𝑝

𝑉
= 1 − 𝑛                                                                                                                                        (3.21) 

The specific surface area, 𝑆𝑉  (m2m-3), describes the area of the interface between the solids and the 

pore space per unit volume of the porous medium. It relates the surface area 𝐴𝑝𝑙𝑎𝑛𝑡  of the plants to their 

volume within the control volume:  

𝑆𝑉 =
𝐴𝑝𝑙𝑎𝑛𝑡

𝑉 − 𝑉𝑝
                                                                                                                                                       (3.22) 

The specific permeability, K (m2), describes the ability of the porous medium to transmit the flow 

through it. It is dependent on the pore structure and can be related directly to the particle diameter or 

expressed based on the porosity.  

Dullien (1979) showed that some concepts from conduit flow can be successfully used for the descrip-

tion of the flow in porous media. The flow through a porous medium can be visualized as flow through 

a collection of interconnected tubes and hence the average diameter of the tubes is defined as the average 

pore diameter (see Figure 3-5). Therefore, the distance between the plants, ΔS (m), is determined as 

the characteristic length scale of the unit cell of the porous media, assuming flow in only one direction 

through an isotropic porous medium. 

 

Figure 3-5. A sketch of conduit flow (left) and a unit cell of the porous media for the square arrangement of 

cylinders (right) (adopted from Zinke, 2012)  

The Reynolds number, Re, for pipe flow is defined based on the internal pipe diameter, 𝐷𝑝 (m), and the 

flow velocity. However, in porous media flow, it is named the pore Reynolds number, 𝑅𝑒𝑝, defined 

based on the mean distance between vegetation elements (ΔS) and the mean pore velocity (𝑈𝑝): 
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𝑅𝑒𝑝 =
𝑈𝑝∆𝑆

𝑛ν 
                                                                                                                                                      (3.23) 

where 𝜈 is the kinematic viscosity. 

For applying a porous media approach for a vegetation field using the Volume Averaged Reynolds-

Averaged Navier–Stokes (VARANS) equations, the porosity of the plant meadow is needed. However, 

vegetation fields are naturally characterized by high porosities (often more than 0.97) and low solid 

fractions. In order to avoid uncertainty resulting from this description and to obtain a more practical 

parameterization, an equivalent porosity (𝑛𝑒𝑞) is developed. For this purpose, the CFD solver ‘‘Porous-

WaveFoam’’ (Jensen et al., 2014) is calibrated and a new equivalent porosity (𝑛𝑒𝑞) based on the frontal 

area per bed area (Afront*), is developed and implemented in the CFD model. In addition, the distance 

between plants ΔS is defined as the characteristic length scale for the proposed porous model. Hence, 

the developed 𝑛𝑒𝑞 and ΔS will replace the porosity n and the median grain size D, respectively, in equa-

tions 3.2 and 3.4-3.7. The frontal area per bed area Afront* is a dimensionless quantity that characterizes 

the vegetation field including both plant length and shoot density. The model calibration is addressed in 

the next subsection. 

3.2.4 Model calibration 

In order to calibrate the model, different sets of experiments with both artificial plant meadows and 

natural Spartina anglica plants are used. For this purpose, the model is set up according to the experi-

mental conditions and calibrated using the data from these laboratory experiments. The model calibra-

tion was carried out iteratively minimizing the simulation error of dissipated wave height ΔH per unit 

distance into the vegetation field to find the most appropriate equivalent porosity (𝑛𝑒𝑞) for each test 

case. The new equivalent porosity (𝑛𝑒𝑞) is then obtained as the best fit function to all calibration data 

points.  

a) Small-scale experiments of Bouma et al. (2005) 

The experiments of Bouma et al. (2005) were conducted in a wave flume at WL|Delft Hydraulics (Delft, 

Netherlands). They applied regular waves with a wave height of 0.05 m and a period of 1 s generated 

by a piston type wave maker at the end of the flume. The flume was 13.5 m long and 0.5 m wide and 

the water depth was set to 0.12 m (Figure 3-6).  

The vegetation meadow was 3 m long and wave height was measured with two conductivity meters at 

the beginning (0.22 m) and within the meadow (2.22 m). The tests included wave attenuation by 

Spartina anglica with different densities as well as by stiff mimics (cable ties) with comparable dimen-

sions (0.1 m long and 0.005 m wide). Plants were collected from the field and transported to the flume, 

or cultivated in a greenhouse and grown up to 0.1 m before the experiment started. During the experi-

ments, the vegetation was illuminated overnight, when the flume was emptied. The density, i.e. the 

number of stems per square meter was determined at the end of the flume measurements by removing 

all plants and counting subsamples. The stiff mimics were used in low (450 mimics/m2) and high (1850 

mimics/m2) densities (see Table 3-7). 

It has to be noted that the cases with Spartina anglica are also used for the model calibration in this 

study, since Spartina anglica did not bend significantly for the tested conditions and hence was consid-

ered as the stiff vegetation in the experiments of Bouma et al. (2005). 
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Figure 3-6. Model setup of the laboratory experiments by Bouma et al. (2005) 

b) Small-scale experiments of Paul et al. (2012) 

The experiments of Paul et al. (2012) were carried out in a racetrack wave flume at the NIOO-CEME 

(Centre for Estuarine & Marine Ecology) in Yerseke, the Netherlands, which was 0.6 m wide and had a 

straight working section of 10.8 m. Wave height was measured with four conductivity gauges, two of 

them were placed 3.3 m in front of the mimic meadow at a distance of 21.5 cm to detect reflection, one 

gauge was placed at the leading edge and one at the end of the mimic meadow. An acoustic doppler 

velocimeter (ADV) was placed 1.5 m in front of the meadow to measure flow velocities (Figure 3-7). 

Plant mimics were used to investigate the impact of vegetation characteristics such as plant density and 

leaf length on wave attenuation. The dimensions of the mimics were chosen based on the natural size 

and density ranges of Zostera noltii in the natural environment. The stiff mimic meadow was 3 m long 

constructed using cable ties with a density of 1000 and 4000 shoots/m2 and a width of 2 mm. To explore 

the effect of submergence ratio (defined as the ratio of water depth to vegetation height) on wave atten-

uation, two vegetation heights (0.10 m and 0.15 m) were used and the water depth was set to 0.3 m 

which allowed a submergence ratio of 3:1 and 2:1, respectively. Regular waves with a height of 0.10 m 

and a period of 1.0 s were generated by the wave paddle as summarized in Table 3-7 (more details in 

Paul et al. (2012)).  

 

Figure 3-7. Model setup with mimic stiff vegetation meadow of the laboratory experiments by Paul et al. (2012) 

(all dimensions in meters) 
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c) Full-scale experiments of Ozeren et al. (2014) 

The experiments of Ozeren et al. (2014) were carried out at the USDA-ARS National Sedimentation 

Laboratory (NSL) in Oxford, Mississippi, which was 20.6 m long, 0.69 m wide and 1.22 m deep. The 

wave generator was placed at the upstream end of the flume and the wave absorber was constructed at 

the downstream end of the flume to minimize wave reflection. A false floor was constructed to elevate 

the bottom for facilitating the placement of vegetation. The water surface displacement was measured 

by five wave gauges located upstream (to measure the incident wave height), inside and downstream of 

the vegetation field at 1.5 m intervals for both regular and irregular wave conditions (Figure 3-8). 

 

Figure 3-8. Model setup of the laboratory experiments by Ozeren et al. (2014) 

The characteristics of the designed physical model were chosen based on the field studies and from the 

literature to match prototype conditions as closely as possible. The mimic vegetation meadows were 

constructed using birch dowels with a diameter of 0.009 m and two different heights of 0.63 m and 0.48 

m. The meadow was 3.66 m long and the stems were distributed in a staggered pattern with different 

densities. Additional details of the experimental setup and vegetation models can be found in Ozeren et 

al. (2014). The experimental runs used for the calibration in the present study are listed in Table 3-7. 

d) Small-scale experiments of Hu et al. (2014) 

The experiments of Hu et al. (2014) were conducted in a wave flume of the Fluid Mechanics Laboratory 

at Delft University of Technology. The wave flume was 40 m long and 0.8 m wide in which a wave 

generator with an active wave absorption system was placed at one side of the flume. Wave height was 

measured with six capacitance-type wave gauges made by Delft Hydraulics, one of them was placed 5 

m in front of the mimic vegetation meadow, and the rest of them were placed 1.5 m apart from each 

other starting at the leading edge of the meadow (Figure 3-9). 
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Figure 3-9. Model setup of the laboratory experiments by Hu et al. (2014) 

The mimic vegetation meadows were constructed using stiff wooden rods with a height of 0.36 m and 

a diameter of 0.01 m. The meadow was 6 m long, 0.8 m wide and the stems were distributed uniformly 

in space with different densities. The water depth was set to 0.5 m to form the submerged meadows (see 

Table 3-7). 

Table 3-7. Plant parameters, frontal area per bed area (Afront*), equivalent porosity (𝑛𝑒𝑞), and wave conditions in 

different cases for model calibration 

Study 
Plant 

type 

Plant  

density N 

(stem/𝑚2) 

Plant 

height 

hp (m) 

Frontal 

area 

per 

bed 

area 

Afront* 

(-) 

Equiv-
alent 

poros-

ity 

𝑛𝑒𝑞 (-) 

Water 

depth h 

(m) 

submerg-

ence ra-

tio  

h/hp (-) 

Wave 

height 

H (m) 

Wave 

pe-

riod T 

(s) 

Wave 

length 

Lw 

(m) 

Bouma 

et al. 

(2005) 

Stiff 

strips 

450 

0.1 

0.23 0.93 

0.12 1.2 0.05 1 1.1 

1850 0.93 0.85 

Spartina 

anglica 

395 0.2 0.90 

1575 0.79 0.81 

4200 2.1 0.68 

Paul      

et al. 

(2012) 

Stiff 

strips 

1000 
0.1 0.2 0.9 

0.3 

3 

0.1 1 1.4 
0.15 0.3 0.89 2 

4000 
0.1 0.8 0.8 3 

0.15 1.2 0.76 2 

Ozeren 

et al. 

(2014) 

birch 

dowels 

156 0.63 0.92 0.83 

0.7 

1.1 

0.12 1.1 1.9 

350 
0.48 1.58 0.71 1.45 

0.63 2.07 0.7 1.1 

62 0.36 0.22 0.9 0.5 1.4 0.15 1.6 3.2 
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Hu et 

al. 

(2014) 

stiff 

wooden 

rods 

139 0.5 0.85 

556 1.93 0.74 

 

In the aforementioned experiments, the dissipated wave height ΔH per unit distance into plant meadow 

was calculated assuming linear wave attenuation along the meadow: 

∆𝐻 =
(𝐻1 − 𝐻2)

∆𝑥
                                                                                                                                              (3.24) 

where 𝐻1 and 𝐻2 are the wave heights at the beginning (𝑥𝐻1) and end (𝑥𝐻2) of the vegetation meadow, 

respectively, and ∆𝑥 = 𝑥𝐻1 − 𝑥𝐻2 denotes the length of the vegetation field in the direction of wave 

propagation. Recalling that the model calibration is conducted based on the minimization of ΔH simu-

lation error (Equation 3.24). The equivalent porosity (𝑛𝑒𝑞) is formulated as the best fit function to all 

data points, which are found as the most suitable 𝑛𝑒𝑞 for each case (see Figure 3-10): 

𝑛𝑒𝑞 = 1 − 0.22(𝑁 ∗ 𝑑 ∗ ℎ𝑝)
0.51

                                                                                                                   (3.25) 

 

Figure 3-10. Relationship between the proposed equivalent porosity (𝑛𝑒𝑞) and the frontal area per bed area (Afront*) 

for a stiff plant meadow 

For this purpose, the power fit function is used due to its better performance as a linear fit function, 

mainly because the former is more physically sound: e.g. for Afront*=0, neq=1 would result as physically 

expected from Equation 3.25.   

As shown in previous studies, vegetation porosity affects flow resistance and thus the Darcy-Forchhei-

mer closure term. In general, the Forchheimer coefficient increases with the decrease of permeability 

and porosity, which is confirmed by the proposed 𝑛𝑒𝑞- Afront* relationship. It means that a denser vege-

tation meadow with a smaller porosity n and ΔS, which results in a larger Afront* and thus a smaller 𝑛𝑒𝑞, 

has a larger effect on the flow resistance leading to larger Forchheimer coefficients.     

Though a denser meadow with a smaller real porosity n results in a smaller neq value, the relationship 

between the equivalent porosity 𝑛𝑒𝑞  and the real porosity n of vegetation is yet not fully clear. Since, 
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𝑛𝑒𝑞  is a function of not only n, but also ΔS. Moreover, there is as an uncertainty in calculation of real 

porosity n due to the lack of the plant thickness, which is not generally measured/mentioned in the 

previous studies. 

 

3.3 Validation of the CFD model with laboratory tests for stiff vegetation 

under pure wave conditions 

After calibration of the model for the rigid vegetation meadow and introduction of the new equivalent 

porosity (𝑛𝑒𝑞), the CFD solver “PorousWaveFoam” is then validated using the laboratory experiments 

and its performance to reproduce the wave height evolution over the vegetation field under pure wave 

conditions has been tested. For this purpose, two set of laboratory experiments, using both artificial and 

real vegetation, have been used. 

In this section, the wave flume experiments used for model validation are firstly described, and then the 

ability of the model to simulate the wave evolution over a rigid vegetation meadow is assessed through 

the damping coefficient. The damping coefficient is compared for the results of experiments and the 

present model and besides, its dependence on the wave and vegetation characteristics is briefly evalu-

ated.  

For model validation, some well-known experimental studies that fulfil the requirements of the proposed 

model in the range of conditions used for model calibration (i.e. Afront* values less than 2.5) are selected. 

However, the model can easily be calibrated for further experimental studies and an improved relation-

ship for the equivalent porosity could be proposed to reproduce many other conditions. 

Error metrics are used for quantitative evaluation of the models' performance including Bias, Root Mean 

Square Error (RMSE), correlation coefficient (R) and Willmott Index given as: 

𝐵𝑖𝑎𝑠 = 𝑦 − 𝑥                                                                                                                                                     (3.26) 

𝑅𝑀𝑆𝐸 = √
∑ (𝑥𝑖 − 𝑦𝑖)2𝑁

𝑖

𝑁
                                                                                                                               (3.27) 

𝑅 =
∑ ((𝑥𝑖 − 𝑥) × (𝑦𝑖 − 𝑦))𝑁

𝑖

√∑ (𝑥𝑖 − 𝑥)2 ∑ (𝑦𝑖 − 𝑦)2𝑁
𝑖

𝑁
𝑖

                                                                                                                  (3.28) 

In order to apply a porous media approach for a vegetation field, the CFD solver “PorousWave-

Foam” is calibrated using laboratory data with both artificial plant meadows and natural 

Spartina anglica plants, considered as stiff vegetation due to negligible bending, to develop a 

new equivalent porosity (neq).  

For this purpose, the CFD model is set up according to the considered experimental conditions, 

and the new equivalent porosity (neq) based on the frontal area per bed area (Afront*) is obtained 

as: 

   𝑛𝑒𝑞 = 1 − 0.22(𝐴𝑓𝑟𝑜𝑛𝑡
∗)

0.51
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𝑊𝑖𝑙𝑙𝑚𝑜𝑡𝑡 𝐼𝑛𝑑𝑒𝑥 = 1 −
∑ (𝑦𝑖 − 𝑥𝑖)2𝑁

𝑖

∑ (|𝑦𝑖 − 𝑥| + |𝑥𝑖 − 𝑥|)2𝑁
𝑖

                                                                                  (3.29) 

where 𝑥𝑖 and 𝑦𝑖 are the measured and modelled data, respectively, 𝑥 and 𝑦 represent their mean value 

and N shows the total number of data points.  

a) Small-scale experiments of Bouma et al. (2010) 

The experiments of Bouma et al. (2010) were conducted in a wave flume at WL|Delft Hydraulics (Delft, 

Netherlands) (Figure 3-6).  The water level in the flume was 0.2 m and regular waves were applied. The 

wave height was measured at the start of the vegetation section, and into the vegetation at 0.25, 0.50, 

0.75, 1.0, 1.5, 2, 2.5, and at the end of the vegetation section. 3 m long meadows of relatively stiff 

Spartina anglica Hubbard, which did not bend significantly for the tested conditions (e,g. plant height 

hp =15 cm and wave parameters H=7cm & T=1s). Three different densities were tested to investigate 

the effect of plant density on wave attenuation. In all cases, the vegetation field covered the full width 

of the respective flume, which has been modelled as a porous zone, and the model is set up in similarity 

to the experimental conditions including vegetation characteristics and wave parameters, which are sum-

marized in Table 3-8.  

b) Small-scale experiments of Hu et al. (2014) 

The experiments of Hu et al. (2014) were conducted in a wave flume of the Fluid Mechanics Laboratory 

at Delft University of Technology (Figure 3-9). The 6 m long mimic meadow was constructed using 

stiff wooden rods with a height of 0.36 m and a diameter of 0.01 m distributed uniformly in space with 

different densities N=62 and 139 stem/m2. The water level in the flume was 0.5 m to form the submerged 

meadows, i.e. submergence ratio h/hp=1.39, and different wave conditions were applied as summarized 

in Table 3-8. 

Table 3-8. Plant parameters, frontal area per bed area (Afront*), equivalent porosity (𝑛𝑒𝑞), and wave conditions in 

different cases for model validation 

Study 
Plant 

type 

Plant  

density N 

(stem/𝑚2) 

Plant 

height 

hp 

(m) 

Frontal 

area 

per bed 

area Af-

ront* (-) 

Equiv-
alent 

poros-

ity 

𝑛𝑒𝑞 (-) 

Water 

depth 

h (m) 

sub-

mer-

gence 

ratio 

h/hp (-) 

Wave 

height 

Hi (m) 

Wave 

period 

T (s) 

Wave 

length 

Lw (m) 

Bouma 

et al. 

(2010) 

Spartina 

anglica 

1517 

0.15 

1.14 0.76 

0.2 1.3 0.07 1 1.3 924 0.69 0.82 

579 0.43 0.86 

Hu et 

al. 

(2014) 

stiff 

wooden 

rods 

62 

0.36 

0.22 0.89 

0.5 1.39 

0.1 1.6 3.1 

0.12 

1.6 3.1 

1.8 3.6 

0.15 

1.6 3.1 

139 0.5 0.84 1.8 3.6 
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2.0 4.2 

0.18 2.2 4.8 

0.20 2.5 5.7 

 

In order to assess the ability of the model to simulate wave attenuation by rigid vegetation, wave height 

evolution over the rigid vegetation field are reproduced to assess the wave attenuation. Wave height 

attenuation over vegetation fields can be quantified based on the conservation of energy equation either 

with an exponential decay function or the expression given by Dalrymple et al. (1984), which are shown 

to be identical for small values of wave attenuation. Hence, the formulation presented by Dalrymple et 

al. (1984) is used in this study, which considers the energy loss of regular waves propagating through 

vegetation due to the work carried out on the vegetation: 

𝐾𝑣 =
𝐻𝑥

𝐻𝑖
=

1

1 + 𝛾𝑥
                                                                                                                                        (3.30) 

where 𝐻𝑥  and 𝐻𝑖 are the wave height at propagation distance in the vegetation meadow and the incident 

wave height at x=0 (meadow front edge), respectively. 𝐾𝑣 is the damping coefficient and 𝛾 (m-1)  is a 

parameter depending on the plant and wave characteristics.  

Figure 3-11 shows the measured (experiments of Bouma et al. (2010)) and reproduced (the present 

model) wave height evolution over the stiff Spartina anglica vegetation field and calculated 𝛾 (m-1) 

based on Equation 3.30. 

 

Figure 3-11. Wave height evolution along a stiff Spartina anglica field with densities of (a) 579 stem/m2, (b) 924 

stem/m2, (c) 1517 stem/m2 measured in Bouma et al. (2010) and simulated (CFD model in this study). 
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γm and γs are the calculated parameters based on Equation 3.30 for measured and simulated data, respec-

tively. x and Lw represent the distance along the meadow and the wavelength, respectively. 

Figure 3-12 and Figure 3-13 compare the measured (experiments of Hu et al. (2014)) and reproduced 

(CFD model in this study) wave height evolution over the rigid mimic vegetation meadow with plant 

density N=62 and 139 stem/m2, respectively, under different wave conditions (see Table 3-8). The 𝛾 (m-

1) parameter is calculated based on Equation 3.30 for each case. 
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Figure 3-12. Wave height evolution along a rigid vegetation meadow with density N=62 stem/m2 measured in Hu 

et al. (2014) and simulated (CFD model in this study)  under different wave conditions (see Table 3-8). 

γm and γs are the calculated parameters based on Equation 3.30 for measured and simulated data, respec-

tively. x and Lw represent he distance along the meadow and the wavelength, respectively. 
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Figure 3-13. Wave height evolution along a rigid vegetation meadow with density N=139 stem/m2 measured in 

Hu et al. (2014) and simulated (CFD model in this study) under different wave conditions (see Table 3-

8). γm and γs are the calculated parameters based on Equation 3.30 for measured and simulated data, 

respectively. x and Lw represent the distance along the meadow and the wavelength, respectively. 
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As seen from figures 3-11, 3-12 and 3-13, there is a relatively good agreement between the measured 

and simulated wave height and therefore wave attenuation over the rigid vegetation field. Hence, it might 

be concluded that the improved CFD model considering vegetation as a porous medium with the new 

equivalent porosity (𝑛𝑒𝑞) can correctly simulate the wave height dissipation over a rigid vegetation field. 

In order to quantitatively evaluate  the model performance, the 𝛾 (m-1) parameter, which is calculated 

based on Equation 3.30, is compared for measured (both flume experiments of Bouma et al. (2010) and 

Hu et al. (2014)) and simulated (the present model) wave heights over the rigid vegetation meadow 

(Figure 3-14). The error metrics, as described earlier in this section, are listed in the embedded table for 

all cases and for 𝛾 < 0.1, i.e. experiments of Hu et al. (2014).  

 

Figure 3-14. Scatter-plot of the calculated 𝛾 (m-1) from the measured data 𝛾𝑚 (both flume experiments of Bouma 

et al. (2010) and Hu et al. (2014)) and simulated data 𝛾𝑠 (the present model) using Equation 3.27 for 

different wave and vegetation conditions (see Table 3-8) 

As seen from Figure 3-14 and the embedded table with the statistical indices, it may be concluded that 

the wave height dissipation by rigid vegetation can be predicted fairly well (within ±20%) by the im-

proved CFD model for the range of wave conditions and vegetation parameters considered in table 3-8. 
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However, the CFD model leads to slight over predictions of wave attenuation in the experiments of 

Bouma et al. (2010). The observed overestimations by the CFD model might be caused by the uncer-

tainties about the stiffness of Spartina anglica vegetation. Spartina anglica bending was not noticeable 

for the tested conditions in Bouma et al. (2010), and hence was considered as a stiff vegetation meadow. 

Despite negligible bending, Spartina anglica may move back and forth with the water. The wave-forced 

vegetation motion generates lower relative velocity between the vegetation and the water than occurs 

for a completely rigid vegetation, which reduces drag and thus wave dissipation relative to a completely 

rigid vegetation of the same morphology.   

As mentioned above, the 𝛾  parameter (m-1), which is used for the calculation of the damping coefficient 

𝐾𝑣, is related to the plant and wave characteristics. Hence, the effect of these characteristics on the 𝛾 

parameter and the relative importance of them are compared in the scatterplot matrix (Figure 3-15). The 

results from both the experimental measurements γm and the present model simulations γs are shown in 

Figure 3-15. For this purpose, plant height (ℎ𝑝) is normalized by water depth (ℎ) to consider the effect 

of submergence ratio, and plant density (N) is accounted for as non-dimensional frontal area per bed 

area (Afront*). Length of vegetation field (𝐵𝑚) is normalized by wavelength (𝐿𝑤). The relative wave 

height (
𝐻𝑖

ℎ
) and the relative water depth (

ℎ

𝐿𝑤
) is used to consider the effect of incident wave height (𝐻𝑖) 

and wave period (𝑇), respectively. 

 

Figure 3-15. Scatterplot matrix (upper diagonal elements) and correlation matrix (lower diagonal elements) which 

show the relationships between the 𝛾  parameter (m-1), calculated based on Equation 3.27 for measured 

γm and simulated γs data, and wave/vegetation parameters (see Table 3-8)  
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From Figure 3-15, it can be identified that there is a positive correlation between the 𝛾 parameter and 

the five dimensionless parameters 
ℎ𝑝

ℎ
, 

𝐻𝑖

ℎ
,

ℎ

𝐿𝑤
,

𝐵𝑚

𝐿𝑤
 and Afront* for both experimental and numerical results. 

Afront* and 
ℎ𝑝

ℎ
 have a significant effect on wave attenuation, while 

ℎ

𝐿𝑤
 and 

𝐻𝑖

ℎ
 have a little impact.  

Recently, Holzenthal and Hill (2018) have proposed an alternative two-parameter dissipation model. 

They concluded that a single-parameter decay law may significantly underestimate the wave damping 

in the beginning of the vegetation meadow while overestimating the overall wave attenuation. This 

means, a single-parameter decay model considered as a conservative predictor of wave height attenuated 

by very long vegetation meadows after a kilometer of propagation, is not necessarily on the safe side for 

estimating wave attenuation over a significantly smaller region of vegetation meadows. It should be 

considered that the proposed two-parameter decay model was obtained based on the wave attenuation 

over a kilometer of wave propagation. However, for small-scale flume experiments in this study, a good 

agreement achieved using the single-parameter decay law. Hence, a suitable method should be selected 

depending on the research goal and the range of values under investigation. 

 

3.4 Validation of the CFD model with laboratory tests for stiff vegetation 

under wave-current conditions 

From the literature review, it is concluded that an underlying current can alter wave dissipation by veg-

etation depending on the current velocity and its direction relative to the direction of wave propagation. 

Therefore, ignoring the effect of underlying currents may result in incorrect predictions of the wave-

attenuating capacity of vegetation in tidal environments. Since in this section, the presence of underlying 

currents is taken into account to evaluate the model performance for wave attenuation by vegetation. 

For model validation under wave-current conditions, the experiments of Hu et al. (2014) were conducted 

in a wave flume of the Fluid Mechanics Laboratory at Delft University of Technology are used (Figure 

3-9). Currents were imposed in the same direction as the wave propagation. The instantaneous horizontal 

velocity was measured by EMFs (electromagnetic flow manufacture meters) at mid depth. The EMF 

probes were moved vertically and measured velocity at different depths to obtain velocity profiles. Wave 

height was measured with six capacitance-type wave gauges, one of them was placed 5 m in front of the 

mimic vegetation meadow, and the rest of them were placed 1.5 m apart from each other starting at the 

leading edge of the mimic meadow. 

The results indicate that the wave attenuation by stiff vegetation calculated using the CFD model 

and that from the laboratory experiments are almost identic; therefore, it might be concluded 

that the improved porous media model successfully reproduces the wave height attenuation in-

side a rigid vegetation field. Slight differences are observed in wave attenuation, which might 

be caused by the uncertainties of some assumptions (e.g. same vertical distribution for biomass 

and leaf area, no significant bending  of Spartina anglica vegetation) and/or the considered input 

parameters such as the empirical parameters required by the numerical model. 

As expected, the wave attenuation depends on both wave and vegetation parameters, where its 

dependence on the vegetation parameters (i.e. plant height and density) is higher than that on 

wave characteristics (i.e. wave height and period). 
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The 6 m long mimic meadow was covered the whole width of the flume constructed using stiff wooden 

rods with a height of 0.36 m and a diameter of 0.01 m distributed uniformly in space with different 

densities. The water level in the flume was 0.5 m to form the submerged meadows, i.e. submergence 

ratio h/hp=1.39, and different wave conditions in combination with different current velocities are con-

sidered as summarized in Table 3-9. 

Table 3-9. Plant parameters, frontal area per bed area (Afront*), equivalent porosity (𝑛𝑒𝑞), and hydrodynamic con-

ditions in the experiments of Hu et al. (2014) for a rigid mimic vegetation meadow under wave-current 

conditions 

Plant 

density 

N 

(stem/

𝑚2) 

Plant 

height 

hp (m) 

Front

al 

area 

per 

bed 

area 
Afront* 

(-) 

Equiva-

lent po-

rosity 

𝑛𝑒𝑞 (-) 

Water 

depth 

h (m) 

submerg-

ence ra-

tio h/hp (-

) 

Wave 

height Hi 

(m) 

Wave 

period T 

(s) 

Wave 

length 

Lw (m) 

Current velocity Uc 

(m/s) 

62 

0.36 

0.22 0.89 

0.50 1.39 

0.04 1.0 1.5 0.05/ 0.15/ 0.20 

0.06 1.2 2.1 0.05/ 0.15/ 0.20 

0.08 1.4 2.6 0.05/ 0.15/ 0.20 

0.10 1.6 3.1 0.05/ 0.15/ 0.20 

0.12 
1.6 3.1 

0.05/ 0.15/ 0.20 
1.8 

3.6 

0.15 

1.6 3.1 

0.05/ 0.15/ 0.20 1.8 
3.6 

2.0 
4.2 

0.18 2.2 4.8 0.05/ 0.15/ 0.20 

0.20 2.5 5.7 0.05/ 0.15/ 0.20 

139 0.5 0.84 

0.04 1.0 1.5 0.05/ 0.15/ 0.20/0.30 

0.06 1.2 2.1 0.05/ 0.15/ 0.20/0.30 

0.08 1.4 2.6 0.05/ 0.15/ 0.20/0.30 

0.10 1.6 3.1 0.05/ 0.15/ 0.20/0.30 

0.12 
1.6 3.1 0.05/ 0.15/ 0.20/0.30 

1.8 
3.6 

0.15 

1.6 3.1 0.05/ 0.15/ 0.20/0.30 

1.8 
3.6 

2.0 
4.2 
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0.18 2.2 4.8 0.05/ 0.15/ 0.20/0.30 

0.20 2.5 5.7 0.05/ 0.15/ 0.20/0.30 

 

The dissipated wave height ΔH per unit distance into plant meadow is calculated as ∆𝐻 =
(𝐻𝑖𝑛−𝐻𝑜𝑢𝑡)

𝐵𝑚
, 

where 𝐻𝑖𝑛 and 𝐻𝑜𝑢𝑡  are the wave heights at the beginning and end of the vegetation meadow, and 𝐵𝑚 

is the length of the vegetation field. Although wave dissipation does not vary linearly with propaga-

tion distance into a meadow, it is calculated linearly to make it comparable with the results of Hu et al. 

(2014). For the quantitative evaluation of the models' performance, error metrics including Bias, Root 

Mean Square Error (RMSE), correlation coefficient (R) and Willmott Index are calculated for different 

current velocities (see equations 3.26-29). 

The measured and simulated wave height reduction per unit distance into the mimic meadow in the 

flume experiments of Hu et al. (2014) and the present study, respectively, are compared in Figure 3-16 

for different densities and current velocities. Moreover, error metrics, as listed in the embedded tables, 

are used for the quantitative evaluation of the model performance.  

 

Figure 3-16. Scatter-plot of measured (experiments by Hu et al. 2014) and computed wave height reduction per 

unit distance inside stiff vegetation  ΔH (m/m) for combined waves with: (a) 0.05 m/s, (b) 0.15 m/s, (c) 

0.20 m/s and (d) 0.30 m/s current in the same direction. VD1 and VD2 indicate plant densities of 62 

and 139 stems/m2, respectively (see Table 3.9) 

According to Figure 3-16, it might be concluded that the model performs relatively well in simulating 

wave attenuation due to rigid vegetation under different wave-current conditions. The high values of 

correlation coefficient (R), which are more than 0.95 for all hydrodynamic conditions, imply that the 

model performs relatively well in simulating wave attenuation. In addition, considering the root mean 

square errors (RMSE), which are less than 0.001 m/m in dissipated wave height per unit distance in a 
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rigid mimic meadow for current velocity ranging from 0.05-0.3 m/s, the improved model may be used 

to simulate the wave attenuation in the presence of a following current. 

Furthermore, Hu et al. (2014) determined a velocity ratio α, defined as the ratio between current velocity 

and amplitude of horizontal orbital velocity, to understand the effect of following currents on wave 

dissipation by vegetation. They concluded that a following current may suppress or intensify wave at-

tenuation by vegetation depending on α and attributed the inconsistency of the two previous studies (i.e. 

Li and Yan, 2007; Paul et al., 2012) to different ranges of this ratio in their investigations (α=1.5–3.5 in 

Li and Yan (2007) and α <0.5 in Paul et al. (2012)).  

In this study, the effect of following currents is identified by comparing the wave attenuation by vege-

tation with different imposed current velocities (Uc) and pure wave conditions (see Table 3-9). For this 

purpose, the relative wave height decay 𝑟𝑤 =
𝛥𝐻𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝛥𝐻𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 is plotted against α =

𝑈𝑐

𝑈𝑤
 in Figure 3-17, in 

which 𝛥𝐻𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒 and 𝛥𝐻𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡  are the attenuated wave height per unit distance in the mimic 

meadow in pure wave and wave-current conditions, respectively. 𝑈𝑐 and 𝑈𝑤 represent the imposed cur-

rent velocity and the amplitude of the horizontal wave orbital velocity, respectively. 

 

Figure 3-17. Relative wave height decay𝑟𝑤 =
𝛥𝐻𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝛥𝐻𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 vs velocity ratios α =

𝑈𝑐

𝑈𝑤
 for submerged mimic 

meadow for rigid vegetation density VD1 (62 stems/m2) 

As seen from Figure 3-17, wave attenuation by vegetation in all tests is influenced by the presence of 

following currents except the tests with the threshold value α=0.7 where wave height decay 𝛥𝐻 is the 

same as that under pure wave conditions (𝑟𝑤=1). The threshold value is around α=0.7, it means when 

the value of α is less than 0.7, 𝑟𝑤 is less than 1 and thus wave attenuation is reduced with the presence 

of following currents. For α > 0.7, 𝑟𝑤 becomes larger than 1 and starts increasing with α which means 

the presence of currents increases the wave attenuation in this range of α. 

This finding agrees with those of the two previous studies. Li and Yan (2007) concluded that the pres-

ence of currents increases the wave attenuation with a range of α>1.5 in their experiments. On the other 

hand, Paul et al. (2012) observed that the wave attenuation is reduced in the presence of following cur-

rents which could be attributed to the low α in their experiments (α <0.5).  
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3.5 Summary and discussion 

A brief overview of the CFD solver “PorousWaveFoam” implemented in OpenFOAM has been pre-

sented. OpenFOAM involves the numerical schemes to discretise the governing RANS equations based 

on the Finite Volume Method (FVM) and the Volume Of Fluid (VOF) method for tracking the free 

surface while “PorousWaveFoam” solves the Volume Averaged Navier–Stokes (VRANS) equations for 

the simulation of flow in porous media without representing the exact geometry of the pores forming 

the porous media.  

The setup of a 2D numerical wave flume in terms of domain size, computational mesh and boundary 

conditions as well as the wave generation toolbox “waves2Foam” are described in this chapter. A sen-

sitivity analysis on the length of the inlet/outlet relaxation zones as well as mesh parameters (cells per 

wave height, H/cells, cells per wavelength, Lw/cells, cells aspect ratio, AR, refinement ratio between cell 

length in the unrefined and refined zones, RR) are provided with the following main conclusions: 

(i) Wave reflection coefficient lower than 5% can be obtained for lengths of the inlet and outlet 

relaxation zone equal or greater than Lw and 2.5 Lw (Lw is the incident wavelength), respectively. 

(ii) Mesh independence can be achieved for a uniform grid resolution H/cells=6, with AR=2 in the 

entire domain. This includes a refinement zone with a thickness of 2H and refinement ratio RR=2 

around the free surface. A relative error lower than 1% during an acceptable computational time is 

found and no significant increases in accuracy is observed with a finer mesh.  

In order to define the porosity, which is required for the “PorousWaveFoam” model, a plant meadow is 

parameterized. The distance between plants ΔS is defined as the characteristic length scale of the unit 

cell of the porous media, and an equivalent porosity (neq) is developed as a function of the frontal area 

per bed area (Afront*). The frontal area per bed area is a physically well-defined and easily measurable 

parameter of the vegetation field, thus making the model feasible for field scale applications. For this 

purpose, the model is set up in similarity to the experimental conditions and calibrated based on mini-

mizing the simulation error of dissipated wave height ΔH per unit distance into the vegetation field. 

It has to be noted that the recommended resistance coefficients by Jensen et al. (2014), i.e. 𝛼 = 500 and 

𝛽 = 2.0, are applied in the present model (see equations 3.5 and 3.6). Although these values were sug-

gested for gravel material, they have been adopted in this study for a vegetation field as a porous medium 

with the new equivalent porosity 𝑛𝑒𝑞 and the average pore diameter ΔS, which have to replace respec-

tively porosity n and grain size D in the Darcy-Forchheimer sink term of the VARANS equations. On 

the one hand, these values were obtained from the extensive calibration, which covers all flow regimes 

without considering the exact geometry of the pore structure. On the other hand, the present model is 

calibrated to develop a relationship for the equivalent porosity 𝑛𝑒𝑞 and hence, the other parameters are 

kept constant.  

After calibration of the model for rigid vegetation and introduction of the new equivalent porosity (𝑛𝑒𝑞) 

in the model, the improved CFD model is validated for wave attenuation using experimental data. In 

this respect, the model performance for wave attenuation is validated based on a hyperbolic decay law 

of the height of linear waves propagating through a rigid vegetation field. The wave height decay coef-

ficient is compared for the results of the experimental measurements and the numerical simulations, and 

its dependence on the wave and vegetation characteristics is assessed.  

From the obtained results, it might be concluded that the proposed porous media modelling approach is 

suitable for assessing the dissipated wave height over submerged rigid vegetation. It is worth to mention 

that despite the complicated structure of the vegetation and despite some simplifying assumptions, the 
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use of the frontal area per bed area (Afront*) in the relationship for the equivalent porosity represents an 

important step in the proposed modelling approach for rigid vegetation. Regarding the time required for 

the simulations, it varies from some hours to some days on sixteen 3.2 GHz processors, depending on 

the size of the numerical flume based on the wave period and the meadow length, using the obtained 

optimum mesh size.    

However, the study is based on a limited number of data sets and, therefore, more and better measure-

ment data, especially for higher waves, may be suggested to further develop this approach. The model 

is calibrated and validated mainly using data from small-scale experiments, and the full-scale experi-

ments of Ozeren et al. (2014). Hence, the model validation for larger scales and in the field would be 

valuable in the future, bearing in mind that would add significant computational cost. In fact, the cali-

brated and validated model performed very well in reproducing various small scale laboratory tests, so 

that it might be concluded that the CFD model, when well-calibrated and validated, can be applied for 

more systematic parameter studies to extend the range of conditions tested in the laboratory for rigid 

vegetation. 

From the review of the existing literature regarding vegetation effects on wave attenuation, there is an 

agreement that vegetation can reduce flow velocities, wave heights and attenuate wave energy. Since, 

the CFD model is also validated under wave-current conditions to understand the effect of following 

current on wave dissipation by rigid vegetation. For this purpose, the experiments of Hu et al. (2014) is 

used, and it is concluded that the CFD model performs relatively well in reproducing the measured data. 

Hu et al. (2014) found that the following currents can either increase or decrease wave attenuation de-

pending on the ratio (α) of current velocity to horizontal orbital velocity of the waves. It was explained 

that there is a threshold value, where for α smaller than that value, wave attenuation by vegetation is 

reduced, while for sufficiently high α, i.e. larger than the threshold value, wave attenuation can be 

strengthened due to current–wave interaction. According to Hu et al. (2014), the threshold velocity ratio 

(α) varies from 0.65 to 1.25 depending on the test conditions. This finding is in agreement with the 

results of the present study, which shows a following current can either increase or decrease wave height 

decay by vegetation. The threshold α value is found to be around 0.7, which is in agreement with the 

findings in Hu et al. (2014). However, given the diverse parameters which may affect such a transition, 

a single threshold value is difficult to imagine. This unexpected result may be attributed to the non-

linearity effect caused by wave deformation in wave-current interaction as well as the attenuation effect 

of vegetation. Hence, the studies carried out under pure wave conditions may result in incorrect predic-

tions of the wave-attenuating capacity of vegetation for most natural environments where underlying 

currents are present.   
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4 Development/improvement of an extended model system for 

flexible vegetation 

As addressed by several previous studies, plant stiffness represents one of the key parameters affecting 

wave attenuation by vegetation (e.g. Gaylord and Denny, 1997; Bouma et al., 2005; Bouma et al., 2010; 

Albayrak et al., 2012; Paul et al., 2012; Ondiviela et al., 2014; Rupprecht, 2015). The flexibility of plant 

stems affects both plant motion and flow resistance. Stiff stems would be expected to be more effective 

in dissipating wave/flow energy than flexible stems. Indeed, stiff stems tend to keep their upright pos-

ture, while highly flexible stems have the ability to reconfigure under hydrodynamic forcing and take a 

flattened posture; hence, water can flow over the canopy instead of through it, which may affect their 

capacity to dissipate wave and tidal flow energy. Mullarney and Henderson (2010) reported that dissi-

pation by flexible vegetation would be approximately 30% of the dissipation by rigid vegetation.  

This chapter focuses therefore on flexible plants and their potential effects on wave attenuation. The 

main difference with the validated CFD model for rigid vegetation in Chapter 3 is that here the plant 

bending and its effect on wave attenuation are considered in the modelling. In this scope, the CFD model 

for a stiff vegetation field from the previous chapter is improved/extended/adjusted and validated for a 

flexible vegetation field to consider the dynamic response of vegetation subject to water waves/currents. 

A brief review of the different deflection analyses employed for vegetation subject to water waves/cur-

rents is conducted in Section 4.1, in order to select the most suitable modelling approach to be used in 

this study. The selected empirical formula is introduced in the model to extend the model for flexible 

vegetation in Section 4.2. The extended model is then validated against laboratory tests under pure wave 

conditions in Section 4.3, and under wave-current conditions in Section 4.4. Finally, the key results are 

summarized and concluding remarks are drawn in Section 4.5. 

4.1 Selection of the most appropriate modelling approach for plant deflec-

tion as a compromise between accuracy/sophistication and computa-

tional efficiency   

Aquatic vegetation provides resistance to flow and attenuates both waves and flow. Although wave 

attenuation performance of flexible vegetation has been the topic of numerous studies, the underlying 

hydrodynamic phenomena are still not fully understood due to the highly coupled and non-linear inter-

action of waves with vegetation (e.g. Koch et al. 2006). Understanding wave-induced motion of fluid 

through vegetation and also the motion of vegetation is important for wave damping and transport of 

nutrients and sediments. Therefore, an accurate assessment of wave attenuation requires the knowledge 

of plants dynamics. 

Depending on the rigidity and length of a plant, it moves in a cantilever or a whip-like motion (see 

Figure 4-1). By increasing the applied wave forcing, a transition from a cantilever motion to a whip-like 

motion may take place (Manca 2010).  
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Figure 4-1. Schematic representation of the motions experienced by (a) stiff and (b) flexible plants under pure 

wave conditions (from Paul et al., 2012) 

Regarding the effects of the vegetation field on the flow in terms of the drag force, energy dissipation 

induced by the drag force acting on the vegetation strongly depends on the plant height. As shown in 

Figure 4-1, the deflected plant height due to bending results in a reduced drag forming area. Conse-

quently, the deflected plant height should be considered as the actual height that affects the flow to avoid 

overestimation of energy dissipation, which may take place due to ignoring the reduced drag forming 

area. The actual plant height, which is a function of plant biophysical properties such as plant geometry, 

flexibility and buoyancy and also depends on the flow condition, leads to different plant behaviours 

(Luhar and Nepf, 2011). 

In several studies, wave energy dissipation has been predicted proposing simple models for vegetation 

motion under wave-forcing to predict the hydrodynamic forces experienced by the plants. In fact, the 

small-deflection analysis of cantilever beams is valid only for vegetation with relatively high stiffness 

and small loads. At higher loads the stiffness of the vegetation can alter significantly, resulting in a non-

linear response. Therefore, the deflection of vegetation with high flexibility (e.g. seagrass) under water 

flow may not be predicted accurately by the small-deflection analysis based on the assumption of a 

linear response to the loads (linear analysis). 

In the past, the cantilever approximation was applied as a basis for vegetation movement models. Timo-

shenko’s beam theory (Timoshenko, 1955), which is limited to small deflections of a cantilevered beam, 

was applied previously to determine the bending of the vegetation. For example, it was applied in one 

dimension (Kutija and Hong, 1996; Saowapon and Kouwen, 1989) and extended to develop a quasi-

three-dimensional method by Erduarn and Kutija (2003). According to this theory, the deflection of the 

vegetation is calculated as a function of the flow-induced load on the vegetation. After the bending, the 

effective vegetation height is reduced which results in a reduction in the load on the vegetation and 

hence, causes less bending than that would result from the load acting on the full height of vegetation. 

An iterative procedure is applied, which is stopped when a prescribed difference between the effective 

vegetation heights at two consecutive steps is reached. In case of highly flexible vegetation, the model 

may not predict the effective vegetation heights accurately due to the more complex interactions.   

Mendez et al. (1999) presented a model based on linear wave theory on a flat bottom. They modelled 

the flexible vegetation as flat stems hinged at the base whose motion is defined in terms of horizontal 

displacement with respect to their vertical axis increasing linearly with height.  
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Maza et al. (2013) presented a two-dimensional model for wave attenuation due to flexible vegetation 

which solves Navier–Stokes equations. Their model solves only the displacement at the top of each stem 

and assumes a linear variation of deflection along the stem, instead of solving the full force balance 

equation for the stem deformation. 

Another model was developed by Mullarney and Henderson (2010) to predict the motion of single-stem 

vegetation using linearized Euler-Bernoulli beam theory. This analytical model is based on a balance 

between forces which tend to bend vegetation (i.e. drag forces) and forces which tend to hold vegetation 

straight (i.e. elastic forces). Moreover, this model was used by Riffe et al. (2011) to improve prediction 

of wave dissipation by simulating vegetation motion. 

Ikeda et al. (2001) developed a model to simulate the wavy motion of flexible vegetation within a two-

dimensional Large Eddy Simulation (LES) framework using the Euler-Bernoulli beam equation. In this 

model, the equation of motion of each flexible stem should be solved directly, which makes this ap-

proach computationally expensive. Tandem grid systems, including “LES grid” which is fixed in space 

and “plant grid” which moves with the vibration of plants, were employed to transfer information be-

tween the biomechanical model and the flow model.  

Zhu and Chen (2015) developed a vegetation model, which solves the complete force balance equation 

for plant deformation, coupling with a non-hydrostatic phase resolving wave model. The deformation 

equation for each vegetation stem (given by Ikeda et al. (2001)) was solved utilizing a high-order finite 

element method (FEM). Their vegetation model is suitable for relatively small deflections only.  

A coupled wave-vegetation interaction model was developed by Chen et al. (2016) for flexible vegeta-

tion with large sway of motion. They extended a Reynolds Averaged Navier-Stokes solver to include 

the effect of flexible vegetation treated as a slender rod on flow. The governing equation for the vege-

tation motion was solved by a Finite Element Method (FEM) using a semi-implicit time differencing 

scheme.  

There is also another kind of model developed for the reconfiguration of aquatic vegetation in which 

vegetation stiffness is assumed to be negligible and hydrodynamic drag is resisted only by buoyancy of 

the stems (Green, 2005; Abdelrhman, 2007), and hence, these models are not universally applicable.  

The N-pendula approach has also been used in previous studies to model flexible vegetation. In this 

approach, the blades are represented by a series of elements connected by hinges from the top-most 

element to the bottom element near the bed (Figure 4-2). Each element is assumed to be straight and 

subject to a set of forces as the balance between the local external fluid forces and internal resistive 

forces, which are resolved into a transverse component (which becomes the local moment at the assumed 

joints) and a radial component transferred to the force balance at the adjacent elements. Abdelrhman 

(2007) developed a model based on this approach to define the bending of blades, however the model is 

not able to fully represent the dynamic interaction between the flow and vegetation, since a simplified 

flow model based on known velocity profile was applied for very flexible blades with zero elasticity. 
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Figure 4-2. A schematic of N-pendula model, elements of length 𝑙𝑖 connected by joints at an angle of 𝜃𝑖 in which 

the force is resolved into transverse (𝐹𝑡) and radial (𝐹𝑟) components (from Marjoribanks et al. (2014)) 

This approach was further extended by Dijkstra and Uittenbogaard (2010) considering rigidity for flex-

ible vegetation with non-negligible stiffness. Moreover, in comparison with the model developed in 

Abdelrhman (2007), which is applicable only to stationary flow, a more complex Reynolds-Averaged 

Navier-Stoke (RANS) based flow model is used. In addition, this approach was applied by Marjoribanks 

et al. (2014) with a simplified rigidity treatment to develop a biomechanical model for the vegetation 

dominated by tensile forces. They also developed another model for bending plants, i.e. the vegetation 

is dominated by bending force, structured on the Euler–Bernoulli beam equation. 

Luhar and Nepf (2011) proposed a non-dimensional relationship between the deflected length (𝑙𝐷) and 

the plant length (l) based on its bending angle (θ) estimated for different flow conditions by means of 

video recording during the experiments (Figure 4-3):  

𝑙𝐷

𝑙
= ∫ cos 𝜃

𝑙

0

𝑑𝑧                                                                                                                                                   (4.1) 

 

Figure 4-3. A schematic showing the force balance used to derive the mathematical model for the flow induced 

vegetation reconfiguration (from Luhar and Nepf, 2011) 

On the basis of experiments carried out in laboratory flume with flexible vegetation, Kouwen and Unny 

(1973) expressed a relationship between the relative deflected vegetation height and the flow drag ex-

erted on vegetation elements: 
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ℎ𝑝𝑑

ℎ𝑝
=

3.57

ℎ
(

𝑚𝐸𝐼

𝜌𝑈∗
2

)

1
4⁄

− 0.286                                                                                                                        (4.2) 

where, ℎ𝑝 and ℎ𝑝𝑑 are the flexible vegetation height and the deflected vegetation height, respectively. 

E is the modulus of elasticity (N.m2), and I is the second moment of the cross section (m4). mEI is the 

stiffness parameter (EI) multiplied by the number of stems per square meter (i.e. m), 𝜌 is the water 

density and 𝑈∗ is the friction velocity. 

Kouwen and Li (1980) reanalysed the experimental data in Kouwen and Unny (1973) and determined 

the relative deflected vegetation height as a function of the ratio of a stiffness parameter to the vegetal 

shear stress, which covers only submerged conditions: 

ℎ𝑝𝑑

ℎ𝑝
= 0.14 [

(𝑚𝐸𝐼
𝜏𝑣

⁄ )
0.25

ℎ
]

1.59

                                                                                                                       (4.3) 

in which, 𝜏𝑣 shows vegetal stress (which is also known as the shear stress exerted on vegetation ele-

ments). 

 

Figure 4-4. Sketch of flexible plant from erect to prone (from Zhao and Chen, 2014) 

This approach was implemented by Zhao and Chen (2014) to calculate the vegetal shear stress included 

in the momentum equation as an extra term (Figure 4-4). In this scope, a set of two equations for the 

deflected vegetation heightℎ𝑝𝑑 (i.e. Equation 4.3) and the friction velocity 𝑈∗ (i.e. Equation 4.4) was 

solved iteratively. 

𝑈

2𝑈∗
= 𝐶1 log

ℎ

ℎ𝑝𝑑
+ 𝐶0                                                                                                                                       (4.4) 

where 𝑈 is the depth averaged flow velocity,  h is the total water depth, and the relationship between the 

friction velocity and vegetal stress is 𝑈∗ = (
𝜏𝑣

𝜌⁄ )
0.5

. The vegetation specific coefficients of C0 and C1 

should be determined for different types of vegetation in laboratory or field experiments. 

Mattis et al. (2015) modelled flexible vegetation as inextensible cantilever beams anchored on one end 

relying on a general beam theory, which is valid for both small and large deflections. They described 

the 3D cantilever beam in terms of an arc-length parameter s ϵ [0, L], where L is the beam length, and 
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an orthonormal basis {e1 (s), e2 (s), e3 (s)}, which describes the orientation of the beam’s centre-line at 

s. The vector r (s) gives the position of the centre-line at s in physical space (see Figure 4-5). 

 

Figure 4-5. An inextensible cantilever beam (Mattis et al. (2015)) 

Supposing that f and q are an end load at s = L and the piecewise continuous distributed load along the 

arc-length of the beam, respectively, the potential energy of the system was given: 

𝐸(𝑟, 𝑒𝑖) = 𝑆(𝑒𝑖) − ∫ 𝑞. 𝑟𝑑𝑠
𝐿

0

− 𝑓. 𝑟(𝐿)                                                                                                          (4.5) 

where S (ei) is the strain energy of the system (for more details see Mattis et al. (2015)). 

They defined the strain energy per unit arc-length, W (𝑘, 𝑘0 , 𝑠), base on the Euler–Bernoulli Law, which 

relates the curvature and twist of the beam linearly to the bending and twisting moments, respectively:  

𝑊 =
1

2
[𝐺𝐽(𝑘1 − 𝑘1

0)2 + 𝐸𝐼1(𝑘2 − 𝑘2
0)2 + 𝐸𝐼2(𝑘3 − 𝑘3

0)2]                                                                      (4.6) 

where GJ presents the torsional rigidity, in which G is the shear modulus and J is the polar second 

moment of inertia about e1. EI1 and EI2 are the flexural rigidities about e2 and e3, where E is Young’s 

modulus and I1 and I2 are the area moments of inertia about e2 and e3, respectively. k1 is the twist per 

unit length, k2 and k3 are the curvature about the e1 and e2 axes, respectively. 𝑘1
0, 𝑘2

0 and 𝑘3
0 are twist and 

curvatures of the undeformed configuration.  

For solving this system, they used a finite element method to find a solution that minimizes the potential 

energy of the beam (Equation 4.5). They made some assumptions and simplified the potential energy of 

the system for the case of a homogeneous and isotropic material with a circular cross section (see Mattis 

et al. (2015) for more details). 

In a recent numerical and experimental study, Zeller et al. (2014) indicated that the drag generated by 

the vegetation depends strongly on the ratio of the horizontal excursion of the blade tip to the wave 

orbital excursion, which requires knowledge of the blade motion. They modelled a single blade as a 

series of rigid rectangular plates attached by torsion springs, which represent blade rigidity, and hence, 

motion of vegetation with arbitrary flexibility can be solved.  

Tahvildari (2017) developed a numerical model that couples a time-domain nonlinear phase-resolving 

wave model, based on extended Boussinesq formulation, with a numerical model for vegetation blade 

dynamics, based on the formulation developed by Zeller et al. (2014). The vegetation model solved the 
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comprehensive force balance equation for a vegetation stem to obtain the instantaneous orientation of a 

flexible blade. 

Li and Xie (2011) investigated the hydrodynamics of submerged flexible vegetation with or without 

foliage using a 3D non hydrostatic model. They employed a large deflection analysis based on the Euler–

Bernoulli Law for the bending of a slender beam to determine the deflection of vegetation with high 

flexibility. A nonlinear bending equation was solved iteratively by a finite difference scheme in a suffi-

cient large number of cases with different conditions. This approach is favoured in this study because 

the extended CFD model is to be applied (i) for high hydrodynamic loads and large plant deflections, 

and (ii) for a very extensive parameter study (see Section 5); hence it is a compromise between model 

accuracy/sophistication and computational efficiency. For the equations and more details, see subsection 

4.2.1 below. 

 

4.2 CFD model improvement/extension: introducing an empirical formula 

for the deflected plant height 

As implied from the previous section, plant flexibility is an important factor affecting vegetation-in-

duced flow resistance, and the deflected plant height should be taken into account in the analysis of the 

induced energy dissipation by flexible vegetation. In this section, the CFD model validated for a rigid 

vegetation field (see Chapter 3) is improved/extended/adjusted for a field of flexible vegetation. For this 

purpose, the deflected plant height defined as the actual length that affects the flow due to plant bending 

is considered as one of the most important plant parameters affecting the energy dissipation associated 

with the drag force on the vegetation. 

In this scope, the formulation presented by Li and Xie (2011), i.e. the fluid load–deflection relationship, 

is introduced in the extended model to determine the deflected height of a plant meadow. This model is 

selected for the present study because (i) it was developed for highly flexible vegetation, and (ii) the 

proposed empirical formulation was obtained by solving a bending equation for a sufficiently large 

number of cases with different conditions. This introduces more confidence in the prediction of the 

deflected plant height under different hydrodynamic conditions, including relatively high hydrodynamic 

loads and large plant deflections.  

The complex interactions between submerged flexible vegetation and flow lead to hydrodynamic damp-

ing depending on vegetation parameters and hydrodynamic conditions. At the most fundamental level, 

when a fluid flows across a submerged flexible vegetation, the latter experiences drag, buoyancy, lift 

and gravity forces. These forces cause the vegetation to reconfigure (e.g. swaying, twisting and vibration 

due to vortices), and the induced turbulence results in energy dissipation (Figure 4-6).  

In this study, the impact of plant reconfiguration on wave attenuation is characterized in terms of 

drag force, which depends on the flow velocity and the projected area normal to the flow direc-

tion. Hence, the fluid load–deflection relationship can be applied to calculate the deflected height 

and the actual projected area affecting vegetation-induced flow resistance. Therefore, the formu-

lation for large deflections by Li and Xie (2011) is selected as the deflection of vegetation with 

high flexibility, which can be predicted accurately by a large deflection analysis based on the 

Euler–Bernoulli Law for the bending of a slender beam.   
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However, as discussed in many studies, vegetation-induced damping is represented by a drag force, 

which depends on the flow velocity and the projected area normal to the flow direction. Hence, the fluid 

load–deflection relationship might be used to calculate the deflected height and the actual projected area 

as inputs into a model to study the effect of flexible vegetation on the fluid flow. Besides, in the proposed 

porous media modelling approach, the vegetation field is represented as a porous block in which the 

equivalent porosity 𝑛𝑒𝑞 is determined as a function of Afront* without considering the motion of all plants. 

This assumption is based on the volume-averaged macroscopic equations for fluid flow in porous media, 

which do not account for the exact geometry of the pores forming the porous media. In this respect, 

despite the changes in pore structure due to the flexible plant reconfiguration, the solid volume fraction 

and hence macroscopic characteristics remain constant. 

In addition, Afront* depends on the projected area normal to the flow, which in turn depends on the de-

flected height of the plants. Therefore, an uncomplicated representation of bending can be introduced to 

the model to account for the reduction of drag due to plant deformation under different conditions. 

 

Figure 4-6. Principle sketch of the processes involved in the interactions of the flow and flexible vegetation induced 

by wave and current. The plant meadow reduces energy, and thus wave height and mean flow velocity, 

by absorbing energy from the flow through drag and turbulent dissipation. Flexible vegetation recon-

figures under the influence of water flow depending on the vegetation attributes (hp and hpd show the 

plant height and deflected plant height, respectively). 

4.2.1 Models for large deflection of vegetation elements 

a) Formulation of governing equation  

Based on the outcomes of the above review, the deflection of vegetation with high flexibility (e.g. 

seagrass) under water flow may not be predicted accurately by the small-deflection analysis with the 
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assumption of a linear response to the loads (linear analysis). In fact, the linear assumption is valid only 

for very small loads. Therefore, in this study, a large deflection analysis using the Euler–Bernoulli Law 

for the bending of a slender beam as also employed by Li and Xie (2011) is utilized to determine the 

deflected length of a plant stem. 

It is assumed that a plant stem can be represented by an inextensible non-prismatic slender beam of 

length L. The water flow induces variable distributed loads 𝑞𝑥(𝑠) on the beam along x direction (Figure 

4-7). 

 

Figure 4-7. Sketch of large deflection 𝛿(𝑠) in x-direction of a beam subject to distributed load 𝑞𝑥(𝑠) (Li and Xie, 

2011) 

Based on the equilibrium of forces and momentum, the relation between M and 𝛿(𝑠) is obtained in Li 

and Xie (2011) as: 

𝑑2𝑀

𝑑𝑠2
+

𝑑𝑀

𝑑𝑠

𝑑𝛿
𝑑𝑠

𝑑2𝛿
𝑑𝑠2

[1 − (
𝑑𝛿
𝑑𝑠

)
2

]

= −𝑞𝑥(𝑠)√1 − (
𝑑𝛿

𝑑𝑠
)

2

                                                                                        (4.7) 

where M and 𝛿 are moment and deflection in x-direction, respectively. s is the local coordinate along 

the beam, so that 𝑠 = 𝐿 represents the tip of the element. The Euler–Bernoulli law states that the local 

bending moment is proportional to the local curvature: 

𝑀(𝑠) = 𝐸𝐼(𝑠)

𝑑2𝛿
𝑑𝑠2

1 − (
𝑑𝛿
𝑑𝑠

)
2                                                                                                                                 (4.8) 

 where E is the flexural stiffness (𝑁 𝑚2⁄ ) and I is the second moment of area (𝑚4). 

Combining Equations (4.7) and (4.8), the following fourth order nonlinear equation in 𝛿 is obtained: 

𝑑2

𝑑𝑠2
[𝐸𝐼(𝑠)

𝑑2𝛿
𝑑𝑠2

1 − (
𝑑𝛿
𝑑𝑠

)
2 ] +

𝑑

𝑑𝑠
[𝐸𝐼(𝑠)

𝑑2𝛿
𝑑𝑠2

1 − (
𝑑𝛿
𝑑𝑠

)
2 ]

𝑑𝛿
𝑑𝑠

𝑑2𝛿
𝑑𝑠2

[1 − (
𝑑𝛿
𝑑𝑠

)
2

]

= −𝑞𝑥(𝑠)√1 − (
𝑑𝛿

𝑑𝑠
)

2

                   (4.9) 

They used a quasi-linearized central finite difference scheme defined by AL-Saddar and AL-Rawi 

(2006) to solve Equation 4.9. Details can be found in the next subsection. 
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b) Quasi-linearization central FD scheme by AL-Saddar & AL-Rawi (2006) 

In order to solve the governing equation (Equation 4.9), the length of the element L is divided into 

equally spaced segments of length ∆𝑠 =
𝐿

𝑛
, where n is the number of segments, so n+1 is the number of 

nodes along the element (Figure 4-8). 

 

Figure 4-8. Nodes of a cantilever beam consisting of interior, exterior and fictitious nodes used for central finite 

difference scheme (AL-Saddar and AL-Rawi, 2006) 

By using central finite differences for the ith node: 

𝑑2𝑀𝑖

𝑑𝑠2
=

𝑀𝑖−1 − 2𝑀𝑖 + 𝑀𝑖+1

(∆𝑠)2
                                                                                                                         (4.10) 

𝑑𝑀𝑖

𝑑𝑠
=

−𝑀𝑖−1 + 𝑀𝑖+1

2∆𝑠
                                                                                                                                     (4.11) 

𝑑𝛿𝑖

𝑑𝑠
=

−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
                                                                                                                                        (4.12) 

𝑑2𝛿𝑖

𝑑𝑠2
=

𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1

(∆𝑠)2
                                                                                                                              (4.13) 

Casting the nonlinear Equation (4.7) into central finite differences for the ith node: 

𝑀𝑖−1 − 2𝑀𝑖 + 𝑀𝑖+1

(∆𝑠)2
+ [

−𝑀𝑖−1 + 𝑀𝑖+1

2∆𝑠
]

[
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
] [

𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1

(∆𝑠)2 ]

[1 − [
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
]

2

]

= −𝑞𝑥(𝑠𝑖)√1 − [
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
]

2

                                                                                  (4.14) 

Applying central finite difference for the ith node of Equation (4.8): 
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𝑀𝑖 = 𝐸𝐼𝑖

[
𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1

(∆𝑠)2 ]

[1 − ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋

2

]

                                                                                                                  (4.15) 

Substituting Equation (4.15) into Equation (4.14): 

𝐸𝐼𝑖−1

[
𝛿𝑖−2 − 2𝛿𝑖−1 + 𝛿𝑖

(∆𝑠)4 ]

[1 − ⌊
−𝛿𝑖−2 + 𝛿𝑖

2∆𝑠
⌋

2

]

− 2𝐸𝐼𝑖

[
𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1

(∆𝑠)4 ]

[1 − ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋

2

]

+ 𝐸𝐼𝑖+1

[
𝛿𝑖 − 2𝛿𝑖+1 + 𝛿𝑖+2

(∆𝑠)4 ]

[1 − ⌊
−𝛿𝑖 + 𝛿𝑖+2

2∆𝑠
⌋

2

]

− 𝐸𝐼𝑖−1  
[
𝛿𝑖−2 − 2𝛿𝑖−1 + 𝛿𝑖

2(∆𝑠)3 ] ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋ [

𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1

(∆𝑠)2 ]

[1 − ⌊
−𝛿𝑖−2 + 𝛿𝑖

2∆𝑠
⌋

2

] [1 − [
− 𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
]

2

]

+ 𝐸𝐼𝑖+1

[
𝛿𝑖 − 2𝛿𝑖+1 + 𝛿𝑖+2

2(∆𝑠)3 ] ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋ [

𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1

(∆𝑠)2 ]

[1 − ⌊
−𝛿𝑖 + 𝛿𝑖+2

2∆𝑠
⌋

2

] [1 − [
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
]

2

]

= −𝑞𝑥(𝑠𝑖)√1 − [
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
]

2

                                                                                  (4.16) 

There are highly nonlinear terms in the Equation (4.16), so it is rewritten in a quasi-linear form (con-

taining linear and nonlinear coefficients): 

𝐸𝐼�̅�−1[𝛿𝑖−2 − 2𝛿𝑖−1 + 𝛿𝑖] − 𝐸𝐼�̅�[𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1] + 𝐸𝐼�̅�+1[𝛿𝑖 − 2𝛿𝑖+1 + 𝛿𝑖+2]

− 𝐸𝐼�̿�−1[𝛿𝑖−2 − 2𝛿𝑖−1 + 𝛿𝑖] + 𝐸𝐼�̿�+1[𝛿𝑖 − 2𝛿𝑖+1 + 𝛿𝑖+2] = −𝑞𝑥𝑖�̅�𝑥                       (4.17) 

where 

∆𝑠 =
𝐿

𝑛
                                                                                                                                                                (4.18) 

𝐼�̅�−1 =
𝐼𝑖−1

(∆𝑠)4 [1 − ⌊
−𝛿𝑖−2 + 𝛿𝑖

2∆𝑠
⌋

2

]

                                                                                                               (4.19) 

𝐼�̅� =
2𝐼𝑖

(∆𝑠)4 [1 − ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋

2

]

                                                                                                               (4.20) 

𝐼�̅�+1 =
𝐼𝑖+1

(∆𝑠)4 [1 − ⌊
−𝛿𝑖 + 𝛿𝑖+2

2∆𝑠
⌋

2

]

                                                                                                               (4.21) 

𝐼�̿�−1 = 𝐼𝑖−1

[−𝛿𝑖−1 + 𝛿𝑖+1][𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1]

4(∆𝑠)5 [1 − ⌊
−𝛿𝑖−2 + 𝛿𝑖

2∆𝑠
⌋

2

] [1 − ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋

2

]

                                                          (4.22) 
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𝐼�̿�+1 = 𝐼𝑖+1

[−𝛿𝑖−1 + 𝛿𝑖+1][𝛿𝑖−1 − 2𝛿𝑖 + 𝛿𝑖+1]

4(∆𝑠)5 [1 − ⌊
−𝛿𝑖 + 𝛿𝑖+2

2∆𝑠
⌋

2

] [1 − ⌊
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
⌋

2

]

                                                          (4.23) 

�̅�𝑥 = √1 − [
−𝛿𝑖−1 + 𝛿𝑖+1

2∆𝑠
]

2

                                                                                                                         (4.24) 

𝐼𝑖 = 𝐼(𝑠 = 𝑠𝑖)                                                                                                                                                    (4.25) 

𝑞𝑥𝑖 = 𝑞𝑥(𝑠 = 𝑠𝑖)                                                                                                                                               (4.26) 

The quasi-linear Equation (4.17) governs the large deflection of non-prismatic cantilever beams. By 

applying the finite difference to interior and exterior nodes from node 1 to n+2 for the cantilever beam, 

n+2 simultaneous equations in n+2 unknowns (𝛿1, 𝛿2, ... , 𝛿n+2) are obtained. In this method, some ficti-

tious nodes and segments have been added to the original length of the beam, as shown in Figure 4-8, 

and special treatment regarding boundary conditions is required to find a relationship between these 

fictitious nodes and interior nodes of the beam (see AL-Saddar and AL-Rawi (2006) for more details).  

Based on the assumption that the element is inextensible, the total length of the element remains constant 

(=L). Since, the large deflections can be accounted as the vertical projection changes. The vertical coor-

dinate (i.e. z-coordinate) of the ith node can be calculated as a function of the deflection in x-direction 

given by:    

𝑧𝑖 = ∑ √∆𝑠2 − (𝛿𝑗 − 𝛿𝑗−1)
2

𝑖

𝑗=1

                                                                                                                      (4.27) 

The deflected height of the element, divided into n equal segments of length ∆𝑠, is then equal to 𝑧𝑛.  

c) Empirical formulation proposed by Li and Xie (2011) 

Li and Xie (2011) verified the aforementioned model using experimental data of Belendez et al. (2005) 

for the large deflection of a cantilever beam under a combined load consisting of a uniform distributed 

load and a concentrated load at the free end. They found a good agreement between the measured and 

computed free-end deflections with the average value of 1%. They adopted an empirical approach due 

to the fact that in 3D computational regions, it is practically not feasible to compute directly the large 

deflection of each individual plant over the entire vegetation field with a high plant density  

For a cantilever beam subject to a uniformly distributed lateral load 𝑞(𝑧) = 𝑞𝑥(𝑠) 𝑑𝑠 𝑑𝑧⁄ , as shown in 

Figure 4-7, the following expression is given based on the dimensional analysis: 

ℎ𝑝𝑑

ℎ𝑝
= ∅ (

𝑞𝐿3

𝐸𝐼
)                                                                                                                                                 (4.28) 

where ℎ𝑝𝑑 is the deflected height of the beam (plant stem). They obtained the empirical form of the 

function ∅ using the above model to compute a sufficiently large number of cases with different values 

of the non-dimensional parameter 𝑞𝑛 =
𝑞0ℎ𝑝

3

𝐸𝐼
⁄ , within an extensive range of 0 ≤ 𝑞𝑛 ≤ 200 which 

covered a range of large plant deflections up to 70% of the plan height 
ℎ𝑝𝑑

ℎ𝑝
= 0.3 (Figure 4-9).  
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Figure 4-9. Non-dimensional plot of deflection against the equivalent uniform distributed load based on different 

velocity profiles including trapezoidal profiles, linear profiles and piecewise linear profiles. The dashed 

curvature indicates the results of Timoshenko’s small deflection analysis (Li and Xie, 2011) 

From Figure 4-9, the function ∅ was approximated within the practical range of 𝑞𝑛 and the best-fit 

polynomial function. It was approximated for two divisions of 𝑞𝑛 ≤ 100 and 100 < 𝑞𝑛 < 1000 with 

different trends: 

For 𝑞𝑛 ≤ 100, 

  ℎ𝑝𝑑 ℎ𝑝⁄ = −1.1093 × 10−12𝑞𝑛
6 − 7.9352 × 10−12𝑞𝑛

5 + 7.3301 × 10−8𝑞𝑛
4 − 1.2141 × 10−5𝑞𝑛

3

+ 8.5414 × 10−4𝑞𝑛
2 − 3.171 × 10−2𝑞𝑛 + 1.0143                                                  (4.29𝑎) 

For 100 < 𝑞𝑛 < 1000,   

ℎ𝑝𝑑 ℎ𝑝⁄ = 5.4583 × 10−18𝑞𝑛
6 − 1.9598 × 10−14𝑞𝑛

5 + 2.8577 × 10−11𝑞𝑛
4 − 2.1897 × 10−8𝑞𝑛

3

+ 9.5802 × 10−6𝑞𝑛
2 − 2.501 × 10−3𝑞𝑛 + 0.55942                                              (4.29𝑏)  

where ℎ𝑝𝑑 and ℎ𝑝 are the deflected and original plant height, respectively. 𝑞𝑛 is a non-dimensional 

parameter defined as 𝑞𝑛 =
𝑞0ℎ𝑝

3

𝐸𝐼
⁄  in which 𝑞0 is the averaged force per unit height of plant stem, 

and EI is the flexural rigidity of vegetation stem. This fluid forces are considered only in the vegetation 

zone and are equal to zero in the clear water zone: 

𝑞(𝑧) =
1

2
𝐶𝐷𝜌𝑢2(𝑧)𝑑(𝑧)                                                                                                                                 (4.30) 

where 𝐶𝐷 is the drag coefficient, 𝜌 is the density of water, u is the flow velocity, and d is the width of 

plant stem. It was found from field and experimental observations that velocity u, and hence q, is rather 

uniform within the vegetation region with high resistance. For vegetation region with moderate to low 

resistance, the vertical velocity profile can be approximated by a linear function in very shallow water 

or a piecewise linear function (see Li and Xie (2011) for more details).  

Moreover, they investigated the effects of foliage on the drag coefficient and projected area. When the 

foliage plants are subject to water flow, their stems deflect and the foliage streamline along the flow, 

which could result in a decrease in the drag force and hence the drag coefficient. It was assumed that 
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the hydrodynamic behaviour of foliage under fluid flow is similar to that of a rectangular thin plate, and 

the variation of drag coefficient and projected area with the angle of inclination of the foliage was de-

termined based on experiments of Holmes (2007). They related the ratio 𝐶𝑑𝐴𝑝/𝐶𝑑0𝐴𝑝0 to the non-di-

mensional load 𝑞𝑛 = 𝑞0ℎ𝑝
3/𝐸𝐼, where 𝐶𝑑  and 𝐴𝑝 are the drag coefficient and projected area of the 

plate, respectively, and 𝐶𝑑0 and 𝐴𝑝0 are that of the plate perpendicular to the flow. Assuming that the 

average width of the foliage does not change with the flow velocity, and with  𝐴𝑝 𝐴𝑝0⁄ = ℎ𝑝𝑑/ℎ𝑝 and 

𝑞0ℎ𝑝
3/𝐸𝐼 = ∅−1(ℎ𝑝𝑑/ℎ𝑝 ), which can be obtained using Equation (4.29), the empirical equation was 

then given as: 

For 𝑞𝑛 ≤ 100, 

  𝐶𝑑𝐴𝑝 𝐶𝑑0𝐴𝑝0⁄ = 8.6842 × 10−12𝑞𝑛
6 − 3.5010 × 10−9𝑞𝑛

5 + 5.6891 × 10−7𝑞𝑛
4 − 4.7779 × 10−5𝑞𝑛

3

+ 2.2195 × 10−3𝑞𝑛
2 − 5.7707 × 10−2𝑞𝑛 + 1.0255                                               (4.31𝑎) 

For 100 < 𝑞𝑛 < 1000,   

𝐶𝑑𝐴𝑝 𝐶𝑑0𝐴𝑝0⁄ = 9.0840 × 10−13𝑞𝑛
4 − 2.3969 × 10−9𝑞𝑛

3 + 2.3272 × 10−6𝑞𝑛
2 − 1.056 × 10−3𝑞𝑛

+ 0.31984                                                                                                                         (4.31𝑏)  

They tested the applicability of the formulation against some cases of flow against vegetation with dense 

foliage (see Li and Xie, 2011 for more details). 

4.2.2 Coupling wave and vegetation models 

Generally, the numerical procedures for solving fluid structure interaction (FSI) problems are classified 

into two approaches: the monolithic approach and the partitioned approach. In the former approach, the 

equations governing both fluid and structure motions are solved simultaneously (as a global system of 

equations). Conversely, in the partitioned approach, the flow equations and the structural dynamics 

equations are solved separately and the coupling is established externally. Unlike the monolithic ap-

proach, the partitioned approach is more flexible and more versatile in the sense that the commonly 

available CFD models and structural dynamics models can be used to build the FSI model system (Fig-

ure 4-10).  

For large-displacement FSI problems, monolithic solvers are generally known to be more robust, but 

also more expensive in terms of memory and in terms of CPU time requirements, than partitioned ap-

proach. Partitioned approaches are generally faster than monolithic solvers due to the optimized nature 

of the individual component solvers (Matthies and Steindorf, 2002; Förster et al., 2007; Degroote et al., 

2009; Hou et al., 2012). However, some studies demonstrated that monolithic solvers can be competitive 

with partitioned solvers and even faster (Heil et al., 2008; Ha et al., 2017). Sheldon et al. (2014) indicated 

that the performance comparisons may differ depending on the governing equations and the selected 

discretization scheme. To the best of the author' knowledge, there is no specific guidance on selection 

of the most appropriate coupling approach, and the choice of coupling type is problem dependent.  
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Figure 4-10. Monolithic vs Partitioned approach 

Coupling between the flexible vegetation and the fluid flow can be interpreted as the direct impact of 

the flow on the deflection of flexible vegetation and in turn, the influence of the deflected height of 

vegetation on modifying the flow. 

In the present approach, the wave model, which considers the vegetated region as a porous media con-

tinuum using the Volume-Averaged Reynolds-Averaged Navier–Stokes (VARANS) equations, is first 

solved (equations 3.1 and 3.2). While, the vegetation deflection in Equation 4.29 is calculated based on 

the drag force exerted on the plant stem located at the first row of the vegetation field, which experiences 

maximum velocity values and thus maximum deflection within the vegetation field. As it is supposed 

that the resistance force term in the momentum equation (Equation 3.2) is exerted by the plants on the 

flow, it can be applied wherever the vegetation stem stands and therefore, the fluid domain will be 

modified accordingly and fed back to the wave model to calculate new flow velocities and surface ele-

vation. The two models are hence coupled through the vegetation-induced hydrodynamic forces. Figure 

4-11 shows the solving procedure of the model system for wave attenuation extended by introducing 

flexible vegetation. This process can be explained in the following main steps:  

(i) the wave model solves the fluid domain considering the porous block as the vegetation field 

with the height of ℎ𝑝 and porosity 𝑛𝑒𝑞 for the total simulation time (e.g. for 20 wave cycles 

which was found to be long enough provide stationary solution),  

(ii) 𝑞(𝑧) =
1

2
𝐶𝐷𝜌𝑢2(𝑧)𝑑(𝑧) (Equation 4.30) is calculated from the Ux along the plant height 

located at the first row in front of the meadow, which is the output of the wave model,  

(iii) a non-dimensional parameter 𝑞𝑛, defined as 𝑞𝑛 =
𝑞0ℎ𝑝

3

𝐸𝐼
⁄  is calculated, where 𝑞0 is the 

averaged force per unit height of plant stem from 𝑞(𝑧), and EI is the flexural rigidity of 

vegetation stem,  

(iv) Equation 4.29 is used to calculate deflected plant height hpd,  

(v) the fluid domain is then updated considering the new porous block with new height of hpd 

and new porosity neq.  and the wave model solves again the new updated fluid domain and 

simulate the surface elevation and flow velocity.  
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Figure 4-11. Sketch of the coupling approach for the extended model system 

This coupling approach might be categorized in the partitioned method in which each component (i.e. 

fluid or vegetation) takes the boundary values from the other component as fixed during its solution. As 

an advantage of the present approach, which makes it very efficient for modelling wave-vegetation in-

teraction, it is suitable for coupling the existing (and independent) simulation tools for wave and vege-

tation by keeping the integrity and philosophy of each model. Accordingly, the coupled models can be 

exchanged with alternative solvers without having to adapt the remaining solver, which makes this ap-

proach more flexible regarding the physical models and the numerical schemes employed. In addition, 

two different teams with own solvers for wave and vegetation equations may collaborate to perform 

simulations. 

 

4.3 Validation of the CFD model with laboratory tests under pure wave con-

ditions 

4.3.1 Model validation for linear assumption of wave damping with propagation distance into 

vegetation field  

For validation, the extended model is used to replicate the laboratory experiments carried out by Paul et 

al. (2012) as well as Luhar et al. (2017). These two small-scale experimental studies are selected for 

model validation because they are similar to the range of conditions used for model calibration and can 

The dynamic response of flexible vegetation subject to waves is highly complicated depending 

on the hydrodynamic conditions and vegetation parameters. In this study, the impact of plant 

reconfiguration on wave attenuation is characterized in terms of drag force. Hence, the deflected 

plant height as the actual height that affects the flow is considered as the most effective param-

eter required for the development of the extended model. Therefore, the empirical formulation 

for large deflections by Li and Xie (2011) is selected rather than complicated models, which 

need more complicated mesh and thus more computational power. This formula performs ade-

quately well in calculating the deflected plant height in the tested range of this study.  

Moreover, the proposed coupling approach in this study makes it possible to exchange the cou-

pled models with alternative solvers without having to adapt the remaining solver. Hence, more 

complicated models may replace in future research the introduced empirical formulation for 

simulating the complex plant behaviour. 
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fulfil the requirements of the proposed model. Although there is another well-known large-scale exper-

iment of Stratigaki et al. (2011), it is not used for model validation in this study, because the vegetation 

meadow was prepared using two different plant heights and it should be modelled as a two-layer porous 

medium with different porosity and ∆S and thus some new assumptions.  

For both cases, the vegetation field is modelled as a porous zone with the equivalent porosity (𝑛𝑒𝑞), as 

determined in Chapter 3 using Equation 3.22. For simplification, the vegetation effect is reduced to 

evaluating the drag force obtained as a function of the flow velocity considering no swaying elements. 

In this scope, the deflected plant height, defined as the actual height that affects the flow due to plant 

bending, is calculated by the extended model and the computational domain is accordingly updated to 

simulate the wave attenuation due to flexible vegetation (see section 4.2).  

Although the relationship between wave dissipation and propagation distance into a meadow is non-

linear, linearity may be a valid simplification for flexible vegetation with relatively small wave attenu-

ating capacity over short distances (Paul et al., 2012). Hence, in this section, the CFD model perfor-

mance for wave attenuation is validated based on assumptions of linear wave dissipation with propaga-

tion distance into a flexible vegetation field to make the results comparable with the experiments of Paul 

et al. (2012).  

The dissipated wave height ΔH per unit distance into plant meadow is calculated assuming linear wave 

attenuation along the meadow: 

∆𝐻 =
(𝐻1 − 𝐻2)

∆𝑥
                                                                                                                                              (4.32) 

where 𝐻1 and 𝐻2 are the wave heights at the beginning (𝑥𝐻1) and end (𝑥𝐻2) of the vegetation meadow, 

respectively, and ∆𝑥 = 𝑥𝐻1 − 𝑥𝐻2 denotes the length of the vegetation field in the direction of wave 

propagation. Error metrics are used for quantitative evaluation of the models' performance including 

Bias, Root Mean Square Error (RMSE), correlation coefficient (R) and Willmott Index (see equations 

3.26-3.29). 

A brief description of both laboratory experiments used for validation is given in the following subsec-

tions. 

a) Experiments of Paul et al. (2012): effect of vegetation characteristics on wave attenuation using 

a seagrass mimic meadow  

The experiments of Paul et al. (2012) were carried out in a racetrack wave flume at the NIOO-CEME 

(Centre for Estuarine & Marine Ecology) in Yerseke, the Netherlands, which was 0.6 m wide and had a 

straight working section of 10.8 m. Wave height was measured with four conductivity gauges, two of 

them were placed 3.3 m in front of the mimic meadow at a distance of 21.5 cm to detect reflection, one 

gauge was placed at the leading edge and one at the end of the mimic meadow. An acoustic doppler 

velocimeter (ADV) was placed 1.5 m in front of the meadow to measure flow velocities (Figure 4-12). 

Plant mimics were used to investigate the impact of vegetation characteristics such as plant density, 

flexibility and leaf length on wave attenuation. The dimensions of the mimics were chosen based on the 

natural size and density ranges of Zostera noltii in the natural environment. The flexible mimic meadow 

was 3 m long and 0.6 m wide, which covered the whole width of the flume, constructed using poly 

ribbon with a density of 500, 1000, 2000, 4000 and 8000 shoots/m2. Leaf width of all mimics ranged 

from 1.8 to 2.2 mm with estimated stiffness parameter 𝐸𝐼 = 4 × 10−7Nm2. To explore the effect of 
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submergence ratio (defined as the ratio of water depth to vegetation height) on wave attenuation, three 

vegetation heights of 0.10, 0.15 and 0.30 m were used and the water depth was set to 0.3 m which 

allowed a submergence ratio of 3:1, 2:1 and 1:1, respectively. As the present study was focused on the 

effect of submerged vegetation on wave attenuation, the experiments on mimics heights of 0.10 and 

0.15 m, i.e. submergence ratios of 3:1 and 2:1, are considered as summarized in Table 4-1. Regular 

waves with a height of 0.10 m and a period of 1.0 s were generated by the wave paddle (more details in 

Paul et al. (2012)). 

 

Figure 4-12. Schematic of the instruments setup for Paul et al. (2012) experiments (Paul et al., 2012) 

Table 4-1. Plant parameters, frontal area per bed area (Afront*), equivalent porosity (𝑛𝑒𝑞), and wave conditions in 

different cases in the experiments of Paul et al. (2012) 

Plant 

height hp 

(m) 

Plant 
density N 

(stem/𝑚2) 

Frontal 

area 

per bed 

area Af-

ront* (-) 

Equivalent 

porosity 

𝑛𝑒𝑞 (-) 

Water 

depth h 

(m) 

submerg-

ence ratio 

h/hp (-) 

Wave 

height Hi 

(m) 

Wave 

period T 

(s) 

Wave 

length Lw 

(m) 

0.10 

500 0.10 0.93 

0.30 3 0.10 1 1.4 

1000 0.20 0.90 

2000 0.40 0.86 

4000 0.80 0.80 

8000 1.60 0.72 
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0.15 

500 0.15 0.92 

2 

1000 0.30 0.89 

2000 0.60 0.83 

4000 1.20 0.76 

8000 2.40 0.66 

 

Figure 4-13 shows the comparisons between the measured and calculated dissipated wave height per 

unit distance into the meadow for different densities and submergence ratios. Moreover, the performance 

of the extended model is evaluated quantitatively by calculating the error metrics as listed in the embed-

ded table. According to the error indices, the high correlation coefficient of 0.83 and low RMSE of 0.001, 

the developed model has the ability to simulate wave height attenuation in a flexible vegetation field. 

 

Figure 4-13. Comparison of the measured (Paul et al., 2012) and simulated (present model) dissipated wave height 

per unit distance into a flexible mimic meadow for different densities (see Table 4-1), 10 and 15 cm 

show the height of the mimics 

b) Experiments of Luhar et al. (2017): measuring wave decay over a model seagrass meadow  

The experiments of Luhar et al. (2017) were carried out in the Environmental Fluid Mechanics Labora-

tory at MIT in a 24 m long, 0.38 m wide and 0.6 cm high wave channel (Figure 4-14). For measuring 

the wave amplitude, two resistance-type wave gauges were used. One wave gauge was permanently 

fixed 1.25 m in front of the mimic meadow to provide a reference measurement. The second one was 

mounted on a mobile trolley to measure wave records at 20 cm intervals over the entire length of the 

meadow. 
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Figure 4-14. Schematic of the experimental setup in Luhar et al. (2017) 

For the experiments in Figure 4-14, the artificial seagrass model was constructed using polyethylene 

film that were geometrically and dynamically similar to seagrasses such as Zostera marina and Posido-

nia oceanica. The blades were 13 cm long, 3 mm wide and 0.1 mm thick made from low-density (𝜌𝑣 =

920 𝑘𝑔. 𝑚−3) polyethylene film with a modulus of elasticity 𝐸 = 3.0 × 108 Pa. Table 1 shows the wave 

and vegetation parameters for the experiments. The blade density was chosen based on field observa-

tions of Zostera marina and Posidonia oceanica ranging from 1800 to 10800 blade/m2. The length of 

the model meadow, 5 m, was 1.4–5.5 times the wavelength Lw. 

The wave conditions were chosen based on field conditions suiting two dimensionless parameters, i.e. 

relative water depth kh (wave number k and water depth h) and relative plant height hp/h (to water depth 

h). To achieve similarity in a shallow region of a seagrass meadow, values of kh ranging from 0.6 to 2.7 

and hp/h ranging from 0.3 to 0.8 were chosen (more details in Luhar et al. (2017)). Table 4-2 shows the 

wave and vegetation parameters for each experiment, where test runs Di vary the vegetation density, 

runs Hi vary the water depth, Ti vary the wave period and Ai vary the wave amplitude. 

Table 4-2. Plant parameters, frontal area per bed area (Afront*), equivalent porosity (𝑛𝑒𝑞), water depth and wave 

parameters in different cases in the experiments of Luhar et al. (2017) 

Test runs 

Plant 

Density N 

(stem/𝑚2) 

Frontal 

area per 

bed area 

Afront* (-) 

Equivalent 

porosity 

𝑛𝑒𝑞 (-) 

Water 

depth h 

(m) 

submerg-

ence ratio 

h/hp (-) 

Wave 

height Hi 

(m) 

Wave pe-

riod T (s) 

Wave-

length Lw 

(m) 

D2 3600 1.4 0.74 0.39 3 0.066 1.4 2.4 

D3 5400 2.1 0.68 0.39 3 0.06 1.4 2.4 

H1 

7200 2.8 0.63 

0.16 1.2 0.028 1.4 2.4 

H2 0.24 1.8 0.04 1.4 2.4 

H3 0.32 2.5 0.052 1.4 2.4 

H4 0.39 3 0.068 1.4 2.4 

T3 0.39 3 0.074 1.1 1.7 



 
 114 

 
T5 0.39 3 0.07 2 3.7 

A1 0.39 3 0.018 1.4 2.4 

A2 0.39 3 0.038 1.4 2.4 

A4 0.39 3 0.096 1.4 2.4 

A5 0.39 3 0.112 1.4 2.4 

D5 9000 3.5 0.58 0.39 3 0.064 1.4 2.4 

D6 10800 4.2 0.54 0.39 3 0.056 1.4 2.4 

 

The measured and simulated dissipated wave height per unit distance into the vegetation field in the 

flume experiments of Luhar et al. (2017) and the present study, respectively, are compared in Figure 4-

15 for different densities and wave conditions. Moreover, error metrics, as listed in the embedded table, 

are used for the quantitative evaluation of the model performance.  

 

 

Figure 4-15. Comparison of the measured (Luhar et al. 2017) and simulated (present model) dissipated wave height 

per unit distance into the flexible mimic meadow for different densities and wave conditions (see Table 

4-2), the blue line shows 1:1 line. 

According to Figure 4-15 and the error indices in the embedded table, it might be concluded that the 

model performs relatively well in simulation of wave attenuation due to flexible vegetation under dif-

ferent wave conditions. 

4.3.2 Model validation for non-linear wave with propagation distance into vegetation field   

Although linearity is a valid simplification for vegetation with relatively small wave attenuating capacity 

over short distances, the relationship between wave dissipation and distance into a vegetation field is 

non-linear. Therefore, after successful validation of the CFD model for wave attenuation based on the 
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assumption of linear wave attenuation along the meadow, its performance to reproduce the wave height 

evolution over the vegetation field and damping coefficient has been tested.  

For this purpose, two sets of experiments with both artificial plant meadows (Luhar et al., 2017) and 

natural Puccinellia maritima plants (Bouma et al., 2010) are used. The extended model is applied for 

reproducing wave height evolution over the vegetation field and assessing the damping coefficient based 

on the wave height damping formulation presented by Dalrymple et al. (1984) for regular waves: 

𝐾𝑣 =
𝐻𝑥

𝐻𝑖
=

1

1 + 𝛾𝑥
                                                                                                                                           (4.33) 

where 𝐻𝑥  and 𝐻𝑖 are the wave height at propagation distance in the vegetation meadow and the incident 

wave height at x=0 (meadow front edge), respectively. 𝐾𝑣 is the damping coefficient and 𝛾 (m-1)  is a 

parameter depending on the plant and wave characteristics. 

a) Experiments of Bouma et al. (2010): wave height evolution over the Puccinellia maritima veg-

etation field  

The experiments were conducted in a 13.5 m long, 0.5 m wide wave flume at WL|Delft Hydraulics 

(Delft, Netherlands). Regular waves were generated by a piston system dampened by a wooden rack at 

the opposite end of the flume. A smooth plate was placed at a slope, to raise the level of the flume floor 

to the height of the plant trays, where after a 5 m long flat surface was placed. The flat surface was 

followed by a 3 m long vegetation section and then a 1.4 m long flat surface behind the vegetation with 

a wave damping rack to minimize wave reflection (Figure 4-16). The water level in the flume was 0.2 

m and regular waves with a height of 0.07 m and a period of 1 s were applied. The wave height was 

measured at the start of the vegetation section, and into the vegetation at 0.25, 0.50, 0.75, 1.0, 1.5, 2, 

2.5, and at the end of the vegetation section. 

 

Figure 4-16. Schematic of the experimental setup in Bouma et al. (2010)  

Wave attenuation was measured by flexible Puccinellia maritima (Hudson) Parl, which were grown in 

a climate room with estimated stiffness parameter 𝐸𝐼 = 1.56 × 10−5N.m2 (from Lara et al. (2016)). The 

effect of plant density on wave attenuation has been investigated using three different densities obtained 

by thinning the vegetation in two steps. Some selected shoots were removed randomly and they had no 

recovery time after thinning. The plants were illuminated and the flume was emptied between measure-

ments. The shoot density was obtained at the end of the measurements by dividing the dry mass of the 

total standing biomass by the average shoot dry weight (see Bouma et al. (2010) for more details).  
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In all cases, the vegetation field covered the full width of the respective flume, which has been modelled 

as a porous zone, and the model is set up in similarity to the experimental conditions including vegeta-

tion characteristics and wave parameters, which are summarized in Table 4-3. 

Table 4-3. Plant parameters, frontal area per bed area (Afront*), equivalent porosity (𝑛𝑒𝑞), water depth and wave 

parameters in different cases in the experiments of Bouma et al. (2010) 

Plant height 

hp (m) 

Plant 
Density N 

(stem/𝑚2) 

Fronta

l area 

per 

bed 

area 

Afront* 

(-) 

Equiv-

alent 

poros-

ity 

𝑛𝑒𝑞 (-) 

Water depth 

h (m) 

submerg-

ence ratio 

h/hp (-) 

Wave height 

Hi (m) 

Wave pe-

riod T (s) 

0.15 

1517 1.14 0.76 

0.20 1.3 0.07 1 924 0.69 0.82 

579 0.43 0.86 

 

Figure 4-17 shows the measured (in Bouma et al. (2010)) and reproduced (in present study) wave height 

evolution over the flexible Puccinellia maritima vegetation field and calculated damping coefficient 

based on the Equation 4.33. 

 

Figure 4-17. Wave height evolution along a flexible Puccinellia maritima field with density (a) N=579 stem/m2, 

(b) N=924 stem/m2, (c) N=1517 stem/m2 measured in Bouma et al. (2010) and simulated (the present 

model). γm and γs are the calculated parameters based on Equation 4.33 for measured and simulated data, 

respectively. x and Lw shows the distance along the meadow and the wavelength, respectively 
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As seen from Figure 4-17, there is a relatively good agreement between the measured and simulated 

wave height and therefore damping coefficient, which indicates that the proposed extended model can 

correctly simulate the wave height dissipation over a flexible vegetation field.  

b) Experiments of Luhar et al. (2017): wave height evolution over a model seagrass meadow  

In this subsection, the same experiments described in subsection 4.3.2 are used to assess the ability of 

the model to simulate the wave evolution over a flexible mimic meadow. For the wave decay analysis, 

Luhar et al. (2017) used the dimensionless parameter 𝐾𝐷𝑎0𝜆 following the model proposed by Dalrym-

ple et al. (1984), which quantifies the relative decay in wave amplitude over a distance equal to the 

wavelength: 

𝑎

𝑎0
=

1

1 + 𝐾𝐷𝑎0𝑥
                                                                                                                                               (4.34) 

where 𝑎0 is the initial wave amplitude at x=0 (i.e. the start of the meadow) and 𝐾𝐷 (m-2) is a parameter 

depending on the vegetation frontal area per unit volume, the drag coefficient, the wave number and the 

water depth: 

𝐾𝐷 =
2𝑘𝑎𝑣

9𝜋
𝐶𝐷 [

9 sinh 𝑘ℎ𝑝 + sinh 3𝑘ℎ𝑝

sinh 𝑘ℎ (sinh 2𝑘ℎ + 2𝑘ℎ)
]                                                                                              (4.35) 

where 𝑘 = 2𝜋 𝐿𝑤⁄  is the wave number (𝐿𝑤 is the wavelength), ℎ𝑝 is the plant length, 𝑎𝑣 is the vegetation 

frontal area per unit volume and 𝐶𝐷 is the drag coefficient. 

Wave amplitude measurements in the experiments of Luhar et al. (2017), as well as the best fit decay 

curves for these measurements are compared to that of the present study in figures 4-18a-c (see Table 

4-2). 
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Figure 4-18a. Wave amplitude evolution along a flexible mimic meadow under different water depth h and the 

best fit decay curves using the present model (𝐾𝐷𝑎0𝜆 )𝑠 with those obtained from the laboratory meas-

urements by Luhar et al. (2017) (𝐾𝐷𝑎0𝜆 )𝑚 for test runs (a) H1 (h=0.16 m), (b) H2 (h=0.24 m), (c) H3 

(h=0.32 m), (d) H4 (h=0.39 m) as defined in Table 4-2 

 

Figure 4-18b. Wave amplitude evolution along a flexible mimic meadow with different plant densities N and the 

best fit decay curves using the present model (𝐾𝐷𝑎0𝜆 )𝑠 with those obtained from the laboratory meas-

urements by Luhar et al. (2017) (𝐾𝐷𝑎0𝜆 )𝑚 for test runs (e) D2 (N=3600 stem/m2), (f) D3 (N=5400 

stem/m2), (g) D5 (N=9000 stem/m2), (h) D6 (N=10800 stem/m2) as defined in Table 4-2 
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Figure 4-18c. Wave evolution along a flexible mimic meadow under different wave amplitude and the best fit 

decay curves using the present model (𝐾𝐷𝑎0𝜆 )𝑠 with those obtained from the laboratory measurements 

by Luhar et al. (2017) (𝐾𝐷𝑎0𝜆 )𝑚 for test runs (i) A1 (Hi=0.018 m), (j) A2 (Hi=0.038 m), (k) A4 

(Hi=0.096 m), (l) A5 (Hi=0.112 m) as defined in Table 4-2 

As seen from Figures 5-18a-c, there is a relatively good agreement between the measured and simulated 

wave amplitude and therefore damping coefficient, which indicates that the proposed extended model 

can correctly simulate the wave height dissipation over a field of flexible vegetation. For a given vege-

tation field and under the same wave conditions, increasing the water depth, i.e. increasing the submerg-

ence ratio h/hp, results in less wave attenuation (Figure 4-18a). Increasing the plant density N results in 

higher wave attenuation along the flexible vegetation field (Figure 4-18b). The higher the incident wave 

amplitude, the higher is the wave attenuation (Figure 4-18c). 

Moreover, the results show that the wave amplitude reduced toward the downstream end of the vegeta-

tion field, which is oscillated along the vegetation field affected by reflections. The observed periodic 

oscillation of wave amplitude is associated with the fact that the partially standing wave created in the 

flume due to reflections at the downstream end of the vegetation field. For the simulated data, the oscil-

lation along the vegetation field is less pronounced than for the measured data. 

In order to quantitatively evaluate the model performance, the 𝐾𝐷𝑎0𝜆  (m-2m2) parameter, which is cal-

culated based on Equation 4.34, is compared for measured (flume experiments) and simulated (present 

model) wave heights over the flexible mimic vegetation meadow (Figure 4-19). The error metrics, as 

described in Section 3.3 (equations 3.26-3.29), are listed in the embedded table. 

 

Figure 4-19. Scatter-plot of the calculated 𝐾𝐷𝑎0𝜆 (m-2m2) from the measured data (𝐾𝐷𝑎0𝜆 )𝑚 (experimental data) 

and simulated data (𝐾𝐷𝑎0𝜆 )𝑠 (the present model) using Equation 4.34 for different wave and vegetation 

conditions (see Table 4-2) 

As seen from Figure 4-19 and the embedded table with the statistical indices, it may be concluded that 

the wave height attenuation by flexible vegetation can be predicted adequately well (within ±20%) by 
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the extended model for the range of wave conditions and vegetation parameters considered in Table 4-

2. 

Overall, the results show indeed that the wave height attenuation by flexible vegetation can be relatively 

well predicted using the new proposed porous media approach within the range of engineering accuracy. 

However, the model is validated based on a limited number of data sets and hence, more and better 

measurement data, especially from large-scale experiments and for higher wave conditions would be 

required to further develop this approach and for final validation. 

4.4 Validation of the CFD model with laboratory tests under wave-current 

conditions 

Since the presence of underlying currents may affect the wave-damping capacity of vegetation, in this 

section, the model is validated for wave attenuation by flexible vegetation in the presence of an under-

lying current. For this purpose, the data from laboratory tests of Paul et al. (2012) in a racetrack wave 

flume at the NIOO-CEME (Centre for Estuarine & Marine Ecology) in Yerseke, the Netherlands is used 

(see Figure 4-12). A 3 m long flexible mimic meadow constructed using poly ribbon with different 

densities N=500-8000 stem/m2 covered the whole width of the flume. The dimensions of the mimics 

were chosen based on the natural size and density ranges of Zostera noltii in the natural environment. 

Plant parameters and wave conditions in each experiment are summarized in Table 4-1.  

Regular waves with a height of 0.10 m and a period of 1.0 s were applied to mimic meadow with and 

without an underlying steady current of Uc=0.1 m/s. Wave height and flow velocity were measured with 

conductivity gauges (DHI) and an acoustic doppler velocimeter (ADV), respectively. The results of the 

tests under pure wave conditions are already discussed in Section 4.3. In this section, wave attenuation 

in the presence of an underlying current is investigated to figure out the effect of currents on the wave-

attenuating capacity of flexible vegetation. 

The wave height reduction ΔH per unit distance into plant meadow is calculated assuming linear wave 

attenuation along the meadow from the wave height at the beginning and end of the mimic meadow 

(Equation 4.32) to make the results comparable with that in Paul et al. (2012). For quantitative evaluation 

of the models' performance, error metrics including Bias, Root Mean Square Error (RMSE), correlation 

coefficient (R) and Willmott Index are used (see equations 3.26-3.29).  

Figure 4-20 shows the comparisons between the measured and simulated dissipated wave height per 

unit distance in the meadow for different densities and submergence ratios. In addition, the error metrics 

are listed in the embedded table. According to Figure 4-20, there is a good agreement between the sim-

ulated and measured data for shorter plants with submergence ratio h/hp=3, while the model shows more 

error for higher plants with submergence ratio h/hp=2. Moreover, the performance of the model is eval-

uated quantitatively by calculating some error metrics as listed in the embedded tables. The relatively 

high value of correlation coefficient (i.e. R=0.88 for submergence ratio h/hp=3 and R=0.69 for submerg-

ence ratio h/hp=2) and small value of the root mean square error (RMSE) (0.4% and 0.8% for submerg-

ence ratio h/hp=3 and h/hp=2, respectively) justify the adequate goodness of the extended model in sim-

ulating wave attenuation by flexible vegetation over short distances based on the linear assumption un-

der wave-current conditions. 
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Figure 4-20. Comparison of the measured (Paul et al. 2012) and simulated (present model) dissipated wave height 

ΔH per unit distance in a flexible mimic meadow in the presence of an underlying current with different 

densities for submergence ratio (a) h/hp=3 (b) h/hp=2 (see Table 4-1) 

In order to determine the effect of an underlying current on wave dissipation by vegetation, the dissi-

pated wave height ΔH per unit distance in the flexible mimic meadow with different plant densities in 

the absence of current is compared with that under wave-current conditions (Figure 4-21). The results 

show that, under pure wave conditions, wave dissipation increases with increasing plant density and 

with decreasing submergence ratio. However, the influence of submergence ratio on wave attenuation 

remains almost constant for plant densities ≤2000 m−2 and increases with increasing density above this 

value.  

In the presence of a current, wave attenuation shows the same trend as under pure wave conditions. 

Moreover, the presence of the current leads to a reduction of the wave dissipation for both mimic plant 

heights, i.e. h/hp=2 and 3. This is due to the fact that plants are exposed to less orbital motion in the 

lower part of the water column caused by plant bending in the presence of a current. The wave attenua-

tion reduction by currents increases with increasing plant density (up to 37%) for the flexible mimic 
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meadow, with the largest reduction for the higher vegetation with submergence ratio h/hp=2 compared 

to the shorter one with submergence ratio h/hp=3. This finding agrees with an investigation carried out 

on strip-like vegetation at the meadow level (Dijkstra and Uittenbogaard, 2010), where at a given shoot 

density, higher plants bend and streamline more effectively than shorter ones resulting in less drag under 

flow. 

 

Figure 4-21. Relationship between computed wave height  reduction ΔH per unit distance and plant density in the 

absence and presence of an underlying current for flexible mimic plant heights of 10 cm and 15 cm, i.e. 

submergence ratios of 3 and 2 (see Table 4-1) 

It needs to be mentioned that the model validation for flexible vegetation under wave-current conditions 

is very tentative in the sense that it is performed only for linear assumption of wave attenuation and 

using only very limited data from small-scale model tests (Paul et al. 2012) due to the lack of appropriate 

experimental data for validation of the wave attenuation. Hence, more data from large-scale experiments 

and for higher incident wave height, which could not be found within the timeframe of this PhD study, 

would be needed for a final validation of the model for flexible vegetation under wave-current condi-

tions. 

4.5 Summary and discussion 

Due to the important role of vegetation in attenuating incoming waves and thus protecting shorelines 

from erosion, a considerable number of studies have been performed. Most of these studies are based 

on the assumption of fully rigid plant surrogates. However, for flexible vegetation, the effect of plant 

reconfiguration on the induced wave decay must be considered in the analysis. Plant reconfiguration is 

crucial as it may strongly affect the flow, thus resulting in reduced drag forces and consequently in an 

overestimation of the energy dissipation determined by assuming fully rigid plant of the same morphol-

ogy as their flexible counterparts. 

The main objective of this chapter was to extend and validate the CFD model, which was developed and 

validated for rigid vegetation in Chapter 3, to flexible vegetation. Since the flexible plants move pas-

sively with the waves, the vegetation drag decreases, and thus, wave decay is lower than that obtained 
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under the assumption of a fully rigid plants of the same geometry. Since a universally-accepted meth-

odology to predict vegetation motion under flow is still lacking, bulk drag coefficients calibrated to the 

observations have been employed in most studies. In this study, like in some other previous studies, the 

impact of reconfiguration on wave attenuation is characterized using the deflected plant height, which 

represents the actual height of plant that determines the actual projected area fronting the flow, and thus 

the drag force. 

In this chapter, the empirical formulation for large deflections by Li and Xie (2011), which was obtained 

by solving a bending equation in a sufficient large number of cases with different conditions, is applied 

for the dynamic response of flexible vegetation subject to water waves. Several validations for wave 

attenuation are conducted using experimental measurements based on both assumptions of linear and 

non-linear wave dissipation with propagation distance in a flexible vegetation field. Overall, a relatively 

good agreement is observed between the simulated wave height attenuated per unit distance into the 

flexible mimic meadow and those measured in the experiments. The accuracy of the method is also 

evaluated quantitatively by by using four statistical indicators: Bias, Root Mean Square Error (RMSE), 

correlation coefficient (R) and Willmott Index. 

The performance of the model for reproducing the wave height evolution over both artificial and real 

vegetation fields has been validated using experimental data. Besides, the non-linear relationship be-

tween wave attenuation and propagation distance into a vegetation field, and thus damping coefficients. 

have been calculated and compared with those of the measured data in flume experiments. The effect of 

incident wave height and vegetation characteristics including plant density and relative plant height are 

qualitatively evaluated. Expectedly, wave attenuation increases with increasing plant density and inci-

dent wave height, as well as decreasing submergence ratio h/hp. It should be noted that in Luhar et al. 

(2017), the effect of submergence ratio on wave attenuation was investigated by changing the water 

depth over a constant vegetation height, however, a change in water depth typically results in modified 

wave parameters (i.e. wave height and/or wave period), this approach therefore may influence the re-

sults. 

From the obtained results, it might be concluded that the new proposed porous media modelling ap-

proach is suitable for assessing the dissipated wave height over flexible vegetation. However, it should 

be noted that a number of assumptions used for developing the model might cause limitations of the 

extended model and their respective implications for the results of the parameter study in the next Chap-

ter. For instance, (i) the vegetation effect is reduced to evaluate the drag force considering no swaying 

elements, (ii) the interactions between neighbouring plants and their mutual sheltering are neglected, 

(iii) the density and buoyancy are assumed to be constant in vertical direction, (iv) the model does not 

consider “monami” and hence vegetation elements bend but do not wave. Hence, prior to the implemen-

tation of the proposed methodology developed in this chapter for examining the capability of a flexible 

vegetation field, the uncertainties, which may arise due to the model assumptions, need to be considered 

carefully. 

In coastal area, tidal currents can play an important role in wave dissipation process. However, to the 

author’s knowledge, there are only a very few studies related to the effect of currents on the wave-

attenuating capacity of plants (Li and Yan, 2007; Paul et al. 2012; Hu et al. 2014; Losada et al., 2016). 

Furthermore, wave-current-vegetation interaction is more complicated for flexible vegetation than for 

rigid vegetation depending on the hydrodynamic conditions as well as on the plant parameters such as 

plant density, plant flexibility and plant height.  
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Therefore, the extended model is also validated under wave-current conditions to understand the effect 

of following current on wave dissipation by flexible vegetation. The extended model, which is tenta-

tively validated against the experiments of Paul et al. (2012), performs adequately well to simulate wave 

height attenuation by flexible vegetation under wave-current conditions. However, only one test case 

with one moderate hydrodynamic condition is used for validation, so that the performance of the pro-

posed model for higher incident wave energy is still unknown, and more data, possibly large-scale data, 

are still required for final model validation in the future. 

Moreover, the effect of an underlying current on wave attenuation by flexible vegetation is determined 

by comparing the wave height dissipation in the presence of current with that in the absence of current 

for the mimic flexible meadow with different densities. Generally, the presence of a current leads to 

plant bending resulting in the reduction of wave attenuation, which is due to the fact that plants are 

exposed to less orbital motion in the lower part of water column after bending.  
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5 Parameter study and new formulae for wave attenuation by 

rigid and flexible vegetation 

The number of studies carried out to analyse the interaction between hydrodynamics and vegetation has 

tremendously increased in the last years, thus reflecting the growing interest worldwide in this research 

area. From the review and analysis of the literature on wave attenuation by vegetation, there is a general 

agreement that the vegetation can attenuate flow velocities, wave heights and wave energy, and that this 

attenuation effect can be used in coastal protection. In addition, vegetation fields in coastal areas have 

the capability to provide habitats for a variety of valuable organisms (e.g. Bouma et al. 2005; Peralta et 

al. 2008). Further, they may also result in sedimentation and stabilization of the bed (e.g. Scoffin, 1970; 

Gacia and Duarte, 2001), and could hence be important in coastal managements (Temmerman et al. 

2013). In coastal protection and management purposes, it is very important to predict wave energy and 

flow velocities accurately along the shoreline. 

A highly coupled and non-linear interaction between waves and flexible vegetation has been identified 

(Koch et al. 2009). In this scope, the interaction between vegetation characteristics and hydrodynamic 

forcing should be investigated to account for the effect of submerged vegetation on wave attenuation. 

At the most fundamental level, when a fluid flows across a submerged flexible vegetation, the latter 

experiences drag, buoyancy and gravity forces which cause the vegetation to move, and the induced 

turbulence result in energy dissipation (see Figure 4-6). The complex interactions between submerged 

flexible vegetation and a moving fluid ultimately lead to hydrodynamic damping. The degree of hydro-

dynamic damping varies greatly within vegetation patches depending (i) on vegetation parameters, such 

as meadow density and height, and (ii) on hydrodynamic conditions, such as water depth, presence or 

absence of currents, wave parameters and flow velocity. Given the complexity of the physical phenom-

ena involved in the interactions of flow and flexible vegetation with a wide variety of attributes (e.g. 

geometry, stem density, stiffness and buoyancy), numerous studies on the damping effects resulted in 

the agreement that the vegetation-induced dissipation is difficult to be defined by a single parameter.  

Overall, previous studies have shown that wave attenuation due to vegetation is highly dependent on 

both hydrodynamic conditions (water depth, incident wave height and period, wave direction, presence 

or absence of currents) and vegetation characteristics including individual plant (e.g. geometry, buoy-

ancy and stiffness) and meadow characteristics (e.g. stem density and meadow height) (see Figure 5-1). 

Regarding these diverse dependencies and also the extensive variety of coastal plants, a high variability 

of wave damping by vegetation is obvious; hence more investigation is required to analyse the underly-

ing processes and influencing parameters. Therefore, in this chapter, an extensive parameter study with 

approximately 300 numerical tests is performed to better understand the relative contribution of these 

processes and the key parameters to wave attenuation by vegetation. 
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Figure 5-1. Parameters affecting wave attenuation by vegetation 

For this purpose, the validated model is used to investigate the effect of meadow characteristics (plant 

density, height and length of the vegetation field) on wave attenuation by both rigid and flexible sub-

merged vegetation. Figure 5-2 illustrates the computational domain of numerical tests (numerical wave 

flume) with a vegetation field of length Bm. The spatial resolution ∆x=0.02 m (horizontal direction) and 

∆z=0.01 m (vertical direction), based on optimal computational grid was found in chapter 3, is refined 

around the water surface in order to achieve an accurate water surface elevation with temporal resolution 

∆t=0.005 s. The water depth h = 0.5 m remained constant in all cases. The total simulation time was 20 

wave cycles (t=20T) which was found to be long enough provide stationary solution in each test. The 

wave heights are recorded using wave gauges located over the entire length of the flume. Frontal area 

per bed area (Afront*) and equivalent porosity (𝑛𝑒𝑞) shown in different tables in this chapter were deter-

mined in Chapter 3 (see Equation 3.25).   
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Figure 5-2. Computational domain including mesh parameters. ∆x and ∆z are respectively the horizontal and ver-

tical resolution,  ∆𝑥𝐹 and ∆𝑧𝐹 are the resolution of the refined zone around the water surface, H and Lw 

denote wave height and wavelength, respectively, Bm shows the length of the vegetation field. (not to 

scale) 

It has to be mentioned that the proposed test cases for the parameter study (see tables 5.1-5.7) are planned 

based on the experimental studies reviewed in the literature (see Chapter 2), as well as the wave and 

vegetation parameters, which are selected to vary in a comparable range as tested in the most relevant 

studies. In order to assess the relative effects of the diverse parameters for the parameter study, the 

variations of vegetation-induced wave attenuation are evaluated by varying one input parameter at a 

time, while keeping the other inputs fixed. The input parameters including both wave and vegetation 

characteristics are selected based on what we have learned from the literature as well (see Chapter 2).         

5.1 Effect of plant stem density on wave attenuation 

In numerous studies, plant density was identified as an important parameter which affect the wave at-

tenuation (e.g. Bouma et al. 2005; Augustin et al. 2009; Paul and Amos, 2011; Stratigaki et al., 2011; 

Paul et al., 2012; Anderson and Smith, 2014; Maza et al., 2015; Hadadpour et al., 2016; Mattis et al., 

2018). Generally, all the aforementioned studies agree that wave attenuation increases with increasing 

plant density. However, the relationship between plant density and wave attenuation might become more 

complicated by the effect of submergence ratio h/hp, so that still more investigation is needed using a 

wide range of density variation to derive in-depth insight in this relationship. Hence, the aim of this 

section is to determine the influence of plant density (number of plants per unit area) on wave attenua-

tion. Table 5-1 shows the wave and vegetation parameters for each numerical test.  
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Table 5-1. Selected plant parameters and wave conditions to study the effect of plant density N on wave attenuation  

Plant 
den-

sity N 

(stem

/𝑚2) 

Plant 

height  

hp (m) 

Frontal 

area 

per bed 

area Af-

ront* (-) 

Equiva-

lent po-

rosity 

𝑛𝑒𝑞 (-) 

Length of 

vegetation 

field  Water 

depth 

h (m) 

submerg-

ence ra-

tio 

 h/hp (-) 

Incident 

wave 

height  

Hi (m) 

Wave 

steepness 

Hi/Lw (-) 

Wave 

Bm 

(m) 

Bm 

/Lw (-

) 

period 

T (s) 

Length 

Lw (m) 

500 

0.10 

0.1 0.93 

3.1 1 0.5 5 0.10 0.03 1.6 3.1 

1000 0.2 0.90 

2000 0.4 0.86 

4000 0.8 0.80 

6000 1.2 0.76 

8000 1.6 0.72 

 

Figure 5-3 shows the wave height evolution over the vegetation field for different plant densities with 

submergence ratio h/hp=5. In this figure, wave height (H) relative to incident wave height (Hi), at the 

front edge of meadow, is plotted over (a) rigid vegetation and (b) flexible vegetation with assumed 

stiffness parameter 𝐸𝐼 = 2.4 × 10−6 N.m2 
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Figure 5-3. Effect of plant density on wave height evolution along the (a) rigid and (b) flexible (𝐸𝐼 = 2.4 × 10−6 

N.m2) vegetation field with submergence ratio h/hp =5 for different densities from N=500 to N=8000 

stems/m2 (see Table 5-1) 

 

Figure 5-4 shows the percentage of wave height reduction within the rigid and flexible vegetation field 

for different plant densities, which is defined as: 

𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛(%) = (
𝐻𝑓𝑟𝑜𝑛𝑡 − 𝐻𝑏𝑒ℎ𝑖𝑛𝑑

𝐻𝑓𝑟𝑜𝑛𝑡
) × 100                                                                                             (5.1) 

where 𝐻𝑓𝑟𝑜𝑛𝑡  and 𝐻𝑏𝑒ℎ𝑖𝑛𝑑  are the wave height in front of and behind the vegetation field, respectively. 

 

 

Figure 5-4. Effect of plant density N on the percentage of wave height reduction  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the end of rigid and 

flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with submergence ratio h/hp =5 (see Table 5-1) 
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As seen in Figure 5-3, the transmitted wave heights decrease as the plant density N (stems/m2) increases 

for both rigid and flexible vegetation due to the increase in the wave energy dissipation rate in and over 

the vegetation field. But there is no linear relationship between plant density N and wave height attenu-

ation 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 . For example, according to Equation 5.1,  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  increased over the flexible vege-

tation field with B=3.1 m from 6 % for N=500 stems/m2 to 9 % for N=1000 stems/m2, and from 13 % 

for N=2000 stems/m2 to 18 % for N=4000 stems/m2 (Figure 5-4). The data suggest that with increasing 

plant density,  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  increased at noticeably higher rate for plant densities N≤ 4000 stems/m2 than 

for higher densities, and finally remained almost constant for densities N≥6000 stems/m2. 

 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  climbed by 50 % for a density increase from N=500 to 1000 stems/m2, by 44 % for a density 

increase from N=1000 to 2000 stems/m2, by 39 % for a density increase from N=2000 to 4000 stems/m2, 

but only by 10 % for a density increase from N=4000 to 8000 stems/m2. It may be concluded that there 

should be an optimal density above which the increase in wave attenuation efficiency will become neg-

ligibly small. It would be useful to determine this optimal N value in future research, which requires an 

extensive investigation for different conditions and is hence beyond the frame of this PhD. 

Overall, the same trend can be seen for rigid vegetation; wave height reductions remained roughly the 

same as that for flexible vegetation under these hydrodynamic conditions. This is in contrast to previous 

findings where stiffness was shown to affect wave attenuation (e.g. Bouma et al., 2010; Paul et al., 

2012). However, this difference may be caused by different submergence ratios, which in the proposed 

case (h/hp=5) is much higher than that in Bouma et al. (2010) (h/hp=1.3), and Paul et al. (2012) (h/hp 

=2~3). The main reason is basically the exponential decay of the orbital velocity with the depth. There-

fore, this high submergence ratio is expected to result in a lower amount of plant bending and motion 

because the plants do not occupy the top portion of the water column where orbital velocities are greater. 

This finding is a reason why it is difficult to define the vegetation-induced energy dissipation through a 

single coefficient. Therefore, the role of submergence ratio in the effect of plant density on wave height 

reduction is evaluated in the next section to understand how submergence ratio affects the influence of 

plant density on wave attenuation.   

In addition, different bending behaviours of plants under the influence of waves depending on their 

rigidity may result in different rates of wave attenuation. For example, Augustin et al. (2009) compared 

the rigid and cantilever-like structures and found that they did not lead to a significant difference in 

wave attenuation. However, by increasing the incident wave forcing depending on the stiffness, a can-

tilever motion may change to a whip-like motion (Manca, 2010), which is not yet clear how the motion 

type affects wave damping by flexible vegetation. The stiffness effect could not be quantified within 

this proposed case with constant stiffness parameter and wave forcing. Therefore, the role of stiffness is 

compared in Section 5.4 for various plant rigidity and wave forcing.        

5.2 Effect of submergence ratio (water depth/plant height) on wave attenu-

ation 

There is a general understanding that plant meadows have more attenuating effect when the portion of 

the water column obstructed by the plants is greater. Hence, previous studies investigated the effect of 

submergence ratio defined as the ratio of water depth to vegetation height (h/hp) on wave attenuation. It 

was found that submergence ratio is an important parameter affecting wave attenuation, and increasing 

submergence ratio leads to a decreased wave attenuation (Fonseca and Cahalan, 1992; Bouma et al. 

2005; Augustin et al. 2009; Stratigaki et al. 2011; Paul et al., 2012; Anderson and Smith, 2014; John et 

al., 2016; Mattis et al., 2018). Moreover, the submergence ratio affects the influence of plant density on 

wave attenuation. This effect of plant density decreases as the submergence ratio increases.  
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In the aforementioned studies, except Paul et al. (2012), the influence of submergence ratio on wave 

attenuation was investigated by changing only the water depth while keeping the vegetation height con-

stant. Yet, it should be considered that a change in water depth typically results in modified wave pa-

rameters (i.e. wave height and/or wave period), and hence the results might also be affected by change 

in hydrodynamic conditions. Therefore, in this chapter, the effect of submergence ratio on wave atten-

uation is investigated by changing the vegetation height under a constant water depth matching the ap-

proach by Paul et al. (2012). 

To explore the effect of submergence ratio on wave attenuation, six vegetation heights were used and 

the water depth was set to 0.5 m which allowed different submergence ratios (1.5≤ h/hp ≤5) (see Table 

5-2). The wave and vegetation parameters for each experiment are summarized in Table 5-2.   

Table 5-2. Selected plant parameters and wave conditions to study the effect of submergence ratio h/hp on wave 

attenuation   

Plant 

height hp 

(m) 
 

Plant 

density 

N 

(stem/

𝑚2) 

Frontal 

area 

per 

bed 
area 

Afront* 

(-) 

Equiv

alent 

po-

rosity 

𝑛𝑒𝑞 (-

) 

Length of the 

vegetation field  
Water 

depth 
h (m) 

submerg-

ence ra-

tio h/hp (-
) 

Incident 

wave 

height Hi 
(m) 

Wave 

steep-

ness 
Hi/Lw 

(-) 

Wave 

Bm 

(m) 

Bm/Lw 

(-) 

Period 

T (s) 

Length 

Lw (m) 

0.10 

1000 0.2 0.90 

3.1 1 0.5 

5 

0.10 0.03 1.6 3.1 

2000 0.4 0.86 

4000 0.8 0.80 

0.13 

1000 0.25 0.89 

4 2000 0.5 0.85 

4000 1 0.78 

0.17 

1000 0.33 0.87 

3 2000 0.7 0.82 

4000 1.34 0.74 

0.20 

1000 0.4 0.86 

2.5 2000 0.8 0.80 

4000 1.6 0.72 

0.25 

1000 0.5 0.85 

2 2000 1 0.78 

4000 2 0.69 

0.33 

1000 0.7 0.82 

1.5 2000 1.3 0.75 

4000 2.6 0.64 
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Figure 5-5 and Figure 5-6 show the wave height evolution and the percentage of wave height reduction, 

respectively, within the rigid and flexible (stiffness parameter 𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation 

meadow with plant density of 1000 (stems/m2) for different submergence ratios. In these figures, H and 

Hi are wave height and incident wave height at the front edge of meadow, respectively. x and Lw show 

the longitudinal distance along the meadow and wavelength, respectively. 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  is the relative 

wave height reduction within the vegetation field (using Equation 5.1), where other parameters (H=0.1 

m, T=1.6 s and h=0.5) were kept constant. 
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Figure 5-5. Effect of submergence ratio h/hp on wave height evolution along the (a) rigid and (b) flexible (𝐸𝐼 =

2.4 × 10−6 N.m2) vegetation field with plant density N=1000 stems/m2 for h/hp =1.5 to 5 (see Table 5-

2) 

 

 

Figure 5-6. Effect of submergence ratio h/hp on the percentage of wave height reduction  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the end of 

rigid and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with plant density N=1000 stems/m2  

It is seen from Figure 5-5 that the transmitted wave height decreases with decreasing submergence ratio 

h/hp (i.e. increasing plant height hp), which is in a good agreement with the results found in the literature. 

The submergence ratio significantly affects wave height attenuation. Submergence ratio h/hp =5 led to 

wave height reduction of only 9 % and 10 % for flexible and rigid vegetation, respectively, which re-

spectively increases to 29 % and 45 % reduction for h/hp=1.5 (Figure 5-6). It can be stated that an 

increased height of vegetation under a constant water depth results in a significant reduction of wave 

height. 

This can be explained by the work done by the vegetation drag force on the water column resulting wave 

energy loss, which can be observed as wave height reduction. As the orbital flow velocity decreases 

exponentially with the depth, a higher meadow interacts with the higher orbital flow while a shorter 

meadow exposed to a smaller orbital velocity. Hence, a higher meadow is expected to have a higher 

attenuating effect on wave height. This effect is more pronounced for rigid vegetation than for flexible 

vegetation. 

Regarding the significant role of submergence ratio in the effect of other parameters on wave damping, 

as found in the previous section, the effect of plant density is compared for different submergence ratios 

to understand how submergence ratio alters the effects of plant density and plant stiffness on wave 

attenuation. Figure 5-7 shows the percentage of wave height reduction within the rigid and flexible 

vegetation field with densities of 1000, 2000 and 4000 stem/m2 for different submergence ratios (1.5≤ 

h/hp ≤5) (see Table 5-2). 
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Figure 5-7. Effect of submergence ratio h/hp on the relationship between wave height reduction  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and 

plant density N (stem/m2) for rigid (filled symbols) and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2 /empty sym-

bols) vegetation field 

From Figure 5-7 it is clear that wave attenuation increases with increasing plant density for both rigid 

and flexible vegetation. However, the submergence ratio affects the influence of plant density on wave 

attenuation. The data show that the impact of plant density N diminishes with increasing submergence 

ratio and the difference of the impact of N by stiff and flexible vegetation is nearly constant for sub-

mergence ratio h/hp ≥ 4. For instance, the difference of wave height reduction over flexible vegetation 

between density of 1000 and 2000 stems/m2 for h/hp=2 is 7 % higher than that for h/hp=4.  

Furthermore, the data suggest that submergence ratio h/hp also plays a role in the effect of stiffness on 

wave attenuation. For h/hp ≥ 4, the amount of wave attenuation by both rigid and flexible vegetation is 

almost the same. However, for all densities, the attenuating effect of plant stiffness increases rapidly 

with decreasing submergence ratio less than 4 (h/hp < 4). For example, the difference of wave height 

reduction for density N= 2000 stems/m2 between rigid and flexible vegetation increases from 4 % to 15 

% with decreasing submergence ratio from h/hp =3 to h/hp =1.5. 

With regard to stiffness, Bouma et al. (2010) compared two types of real vegetation, i.e. stiff Spartina 

anglica and flexible Puccinellia maritima, and found that the stiff vegetation attenuated waves much 

more effectively than the flexible one. However, the flexible vegetation with higher densities was able 

to damp wave height as effectively as the stiff vegetation with lower densities. This finding is confirmed 

in the proposed test case with submergence ratio h/hp=1.5, where doubling the density of flexible vege-

tation may result in the same wave height attenuation as by the stiff vegetation. 
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5.3 Effect of relative length of the vegetation field (vegetation field 

length/wavelength) 

Given the growing global recognition of the coastal vegetation potential in contributing to wave energy 

attenuation and hence to coastal protection, the functionality of vegetation for wave attenuation and 

coastal management purposes has recently been addressed in diverse studies. In particular, the 

knowledge of the potential spatial change in wave attenuation may contribute to improve coastal risk 

management. In this sense, the effect of the meadow length (Bm) on wave attenuation and its variation 

over the entire length of the vegetation field is quantified in this section. For this purpose, six values of 

relative meadow lengths (Bm⁄Lw=0.5 to 3) are tested for different plant densities N and submergence 

ratios h/hp, which are listed in Table 5-3, together with the wave conditions for each test run.   

Table 5-3. Selected plant parameters and wave conditions to study the effect of meadow length Bm on wave atten-

uation 

Plant 
height 

hp (m) 

 

Plant 

density 

N 

(stem/

𝑚2) 

Frontal 

area 
per bed 

area Af-

ront* (-) 

Equiva-

lent po-

rosity 

𝑛𝑒𝑞 (-) 

Length of the 

vegetation 

field  
Water 
depth 

h (m) 

submerg-
ence ra-

tio h/hp (-

) 

Incident 
wave 

height Hi 

(m) 

Wave 

steep-
ness 

Hi/Lw (-

) 

Wave 

Bm 

(m) 

Bm/Lw 

(-) 

Period 

T (s) 

Length 

Lw (m) 

0.1 

1000 0.2 0.90 

1.55 

3.1 

4.65 

6.2 

7.75 

9.3 

0.5 

1 

1.5 

2 

2.5 

3 

0.5 

5 

0.1 0.03 1.6 3.1 

2000 0.4 0.86 

4000 0.8 0.80 

0.2 

2000 0.8 0.80 

2.5 

4000 1.6 0.72 

 

Figures 5-8a and 5-8b show the wave height variation along the rigid and flexible (𝐸𝐼 = 2.4 × 10−6 

N.m2) vegetation with 0.1 m plant height (i.e. submergence ratio h/hp =5) and plant density N= 2000 

stems/m2 for different meadow lengths B using the dimensionless relative meadow length (Bm⁄Lw). In 

these figures, H and Hi are wave height and incident wave height at the front edge of the meadow, 

respectively. Bm is the length of the vegetation field, x and Lw are the distance along the meadow and the 

wavelength, respectively.  
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Figure 5-8. Effect of relative meadow length Bm/Lw on wave height evolution along the (a) rigid and (b) flexible 

(𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with plant density N=2000 stems/m2 and submergence ratio 

h/hp =5 for Bm/Lw =0.5 to 3  and constant wave period T/wavelength Lw (see Table 5-3) 

The relative lengths of the vegetation field (Bm/Lw), a dimensionless parameter defined as the ratio of 

the meadow length to the wavelength, is used to compare the effect of meadow length on wave height 

attenuation. As shown in Figure 5-8a for rigid vegetation with N=2000 stems/m2 and submergence ratio 

h/hp =5, increasing Bm/Lw results in a reduced transmitted height of the waves with the same length Lw 

/period T. Similar trends are shown for the flexible vegetation in Figure 5-8b.  

Figure 5-9 shows the percentage of wave height reduction within the rigid and flexible vegetation field 

with plant density N=2000 stems/m2 and submergence ratio h/hp =5 for different relative meadow lengths 

Bm/Lw. In this figure, 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the relative wave height reduction within the vegetation field as 

defined in Equation 5.1. The results show that the longer the vegetation field, the larger the wave height 

attenuation. There is the same trend for both rigid and flexible vegetation for the tested conditions. For 

example, relative meadow length Bm/Lw =1 results in wave height reductions of 13 and 14 % for flexible 
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and rigid vegetation, respectively, which increased to 35 and 36 % reduction by increasing Bm/Lw to 3 

and keeping the wavelength unchanged. This result confirms previous findings from a coastal forest, 

where it was shown that the relative forest length affects the rate of the force reduction within the forest 

due to the greater energy dissipation over a longer wave propagation distance (Husrin, 2013; Hadadpour 

et al., 2016; Phan et al., 2019). 

 

Figure 5-9. Effect of relative meadow length Bm/Lw on the percentage of wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the 

end of rigid and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with plant density N=2000 stems/m2 

and submergence ratio h/hp =5 and constant wave period T/wavelength Lw (see Table 5-3) 

Regarding the combined effects of the parameters on wave damping, the increasing effect of relative 

meadow length Bm/Lw for different densities and submergence ratios is evaluated in Figure 5-10. The 

latter shows that the wave attenuation increases when waves of the same period propagate over a larger 

distance in the vegetation field. This reduction increases with increasing plant density and with decreas-

ing submergence ratio. However, for the proposed hydrodynamic conditions, submergence ratio h/hp 

apparently becomes more effective as compared to plant density N. For instance, in the case of flexible 

vegetation meadow with Bm /Lw=1.5, the reduction is 20 % over a flexible meadow with submergence 

ratio h/hp=5 and plant density N= 2000 stems/m2, which increases to 27 % and 37 % by respectively 

doubling plant density N and vegetation height hp under a constant water depth h. 
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Figure 5-10. Effect of relative meadow length (Bm/Lw) on the percentage of wave height reduction  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at 

the end of the (a) rigid and (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with different plant 

densities N and submergence ratios h/hp and a constant wavelength Lw=3.1 m for Bm/Lw=0.5 to 3  (see 

Table 5-3) 

Generally, wave attenuation by vegetation results in an exponential decline of the wave height with 

distance across the vegetation field (Möller et al., 1999; Bouma et al., 2005, 2010; Ysebaert et al., 2011; 

Mattis et al., 2018; Phan et al., 2019). For instance, Möller and Spencer (2002) observed that the wave 

height reduction was largest over the first 10 m of salt marsh vegetation (1.1–2.1% per m for significant 

wave height of 0.3 m). Ysebaert et al. (2011) found an average wave height reduction up to 80 % over 
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a distance of 50 m in salt marsh vegetation. Phan et al. (2019) presented the wave height reduction over 

the number of wavelengths instead of the length of forest vegetation and showed that the reduction is 

most effective over the first wavelength (15–20 %).  

A similar approach as in Phan et al. (2019), relative wave height HLw/Hi within flexible vegetation of 

different plant densities over the number of wavelengths (NLw) is quantified. The exponential decay of 

HLw/Hi is fitted separately for submergence ratios h/hp =5 and 2.5 in Figures 5-11a and 5-11b, where HLw 

is the wave height after a certain number of wavelength (NLw) and Hi is the incident wave height at the 

front edge of the meadow (NLw=0). 

 

 

Figure 5-11. Exponential decay of relative wave height HLw/Hi over the number of wavelength (NLw) along a flex-

ible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with different densities N and for submergence ratios (a) 

h/hp =5, (b) h/hp =2.5 (see Table 5-3) 
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In all considered conditions, the larger the number of wavelengths NLw, the smaller is the relative wave 

height HLw/Hi. Moreover, it can be seen that more than half of the total wave attenuation is damped over 

the first wavelength. For example, for plant density N=2000 stems/m2, the wave height is damped by 15 

% after the first wavelength over a meadow with submergence ratio h/hp =5 and by about 20% in the 

next two wavelengths; for submergence ratio h/hp =2.5, 30 % of the wave height is damped after the 

first wavelength and by only 15 % over the next wavelength. This finding is in agreement with Phan et 

al. (2019), who concluded that wave damping is most effective over the first wavelength.  

Furthermore, it is apparent that the decay coefficients in the case of submergence ratio h/hp=2.5 are 

significantly different from that of h/hp=5. The decay coefficient also changes with plant densities. For 

submergence ratio h/hp=5, doubling the plant density from N=1000 to 2000 stems/m2  causes an increase 

of the decay coefficient by a factor of 1.5, and from N=2000 to 4000 stems/m2 by a factor of 1.3 (Figure 

5-11a). However, doubling vegetation height hp by keeping water depth h constant (i.e. reducing sub-

mergence ration from h/hp=5 to h/hp=2.5), the decay coefficient increases by a factor of 1.9 and 2.2 for 

plant density 2000 and 4000 stems/m2, respectively (Figure 5-11b). The difference between the decay 

coefficients indicates that the effect of submergence ratio is stronger than the effect of plant density on 

wave attenuation.  

5.4 Effect of vegetation stiffness on wave attenuation  

As mentioned in Section 5-1, the rigidity of a plant, which determines its motion under the influence of 

waves, may result in different bending behaviours and hence different rates of wave attenuation. Alt-

hough previous studies found that stiffer vegetation attenuates more wave energy (e.g. Denny and Gay-

lord, 2002; Bouma et al., 2005; Bouma et al., 2010; Paul et al., 2012; Hadadpour et al., 2016), it is not 

yet fully clear how stiffness affects wave attenuation. 

In the previous sections, the effect of different parameters on wave attenuation was quantified consid-

ering stiff vegetation defined as plants which do not bend noticeably, and flexible vegetation with a 

constant stiffness parameter 𝐸𝐼 = 2.4 × 10−6 N.m2. In this section, the effect of stiffness on plant bend-

ing and wave attenuation is evaluated considering flexible vegetation by varying the plant stiffness over 

a broad range of 𝐸𝐼 values. For this purpose, different test cases with various plant densities and sub-

mergence ratios under the same wave forcing are considered. The wave and vegetation parameters for 

each test run are summarised in Table 5-4.   

Table 5-4. Selected plant parameters and wave conditions in different test cases to study the effect of plant stiffness 

on wave attenuation by vegetation (Tested stiffness parameters: 𝐸𝐼 = 2.4 × 10−5, 𝐸𝐼 = 2.4 × 10−6 and 

𝐸𝐼 = 2.4 × 10−7 N.m2 

Plant 

height 
hp (m) 

 

Plant 

density 

N 

(stem/

𝑚2) 

Frontal 

area 
per bed 

area Af-

ront* (-) 

Equiva-

lent po-

rosity 

𝑛𝑒𝑞 (-) 

Length of the 

vegetation 

field  Water 
depth h 

(m) 

submerg-
ence ratio 

h/hp (-) 

Inci-

dent 
wave 

height 

Hi (m) 

Wave 

steep-
ness 

Hi/Lw (-

) 

Wave 

Bm 

(m) 

Bm/Lw 

(-) 

Period 

T (s) 

Lengt

h Lw 

(m) 

0.1 

1000 0.2 0.90 

3.1 1 0.5 5 0.1 0.03 1.6 3.1 2000 0.4 0.86 

4000 0.8 0.80 
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0.2 

1000 0.4 0.86 

2.5 2000 0.8 0.80 

4000 1.6 0.72 

0.33 

1000 0.7 0.82 

1.5 2000 1.3 0.75 

4000 2.6 0.64 

 

In Figure 5-12, the wave height evolution over a flexible vegetation field with three stiffness parame-

ters, 𝐸𝐼 = 2.4 × 10−5, 𝐸𝐼 = 2.4 × 10−6 and 𝐸𝐼 = 2.4 × 10−7 N.m2, as well as over a rigid vegetation 

are compared. Figure 5-13a, b and c show the vegetation meadow with a length Bm= 3.1 m, a density 

N= 2000 stems/m2 and submergence ratios h/hp=5, h/hp=2.5 and h/hp=1.5, respectively. H and Hi are 

wave height and incident wave height at the front edge of meadow, respectively. x and Lw are the distance 

along the meadow and the wavelength, respectively. The wave conditions and other parameters are pro-

vided in Table 5.4.  
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Figure 5-12. Effect of plant stiffness on wave height evolution along the rigid and flexible vegetation field with 

plant density N=2000 stems/m2 and submergence ratio (a) h/hp =5 (b) h/hp =2.5 and (c) h/hp =1.5 for 

different plant stiffness parameters 𝐸𝐼 = 2.4 × 10−7, 2.4 × 10−6, 2.4 × 10−5 N.m2 (see Table 5-4)     

The results in Figure 5-12 show that relative wave height H/Hi generally decreases with increasing stiff-

ness with the same wave forcing. However, in the case of the smallest plant height hp, i.e. submergence 

ratio h/hp =5 for constant water depth (h=0.5 m), stiffness did not lead to noticeable changes in relative 

wave height H/Hi. With increasing plant height hp, i.e. decreasing submergence ratio h/hp for constant 

water depth h, the influence of plant stiffness increases, though for h/hp =2.5 there is no noticeable 

changes between the stiffest and the rigid vegetation. These findings agree with those in Section 5-1, 

where the wave height reduction was found to be roughly the same for both rigid and flexible meadows 

with submergence ratio h/hp =5. Moreover, they also confirm the findings of Bouma et al. (2010) and 

Paul et al. (2012) who showed that plant stiffness affects wave attenuation observed for the cases with 

h/hp= 1.3 and h/hp=2~3, respectively.         
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In order to understand how the combined effect of plant density and submergence ratio affect the impact 

of plant stiffness on wave attenuation, wave height reduction Hreduction, as defined in Equation 5.1, is 

compared for various parameters in Figure 5-13. From this figure, it may be concluded that, under the 

same wave conditions, Hreduction increases with increasing plant density N as well as with decreasing 

submergence ratio h/hp, i.e. increasing plant height for constant water depth h. Moreover, h/hp is appar-

ently more influential than plant density N in attenuating waves.  

With respect to wave attenuation, previous studies (e.g. Bouma et al., 2010; Paul et al., 2012) indicated 

that stiffness and density can compensate each other, it means that flexible vegetation at higher densities 

is able to induce the same wave height reduction as stiff vegetation at low densities. This finding can 

also be confirmed in the present study. For instance, in the case of submergence ratio h/hp=1.5, the 

meadow with stiffness parameter 𝐸𝐼 = 2.4 × 10−7 N.m2 and plant density N =2000 stems/m2 yields the 

same wave height reduction (36 %) as the meadow with stiffness parameter 𝐸𝐼 = 2.4 × 10−6and plant 

density N=1000 stems/m2. Also, in the cases with other submergence ratios (i.e. h/hp=2.5 and 5), the 

vegetation field with stiffness parameter 𝐸𝐼 = 2.4 × 10−7 N.m2 requires approximately 2 times the plant 

density of the stiffer vegetation of 𝐸𝐼 = 2.4 × 10−5 N.m2 to induce the same wave height reduction.       

Although plant stiffness appears to affect wave attenuation, a clear trend which is able to show its impact 

in combination with other parameters, such as plant density and submergence ratio, could not be finally 

quantified with only limited test cases in this study. Hence, further research would be needed to focus 

on a wide range of stiffness parameters in combination with different plant densities N and submergence 

ratio h/hp one by one to assess its effect on different conditions, then try to find a trend that shows how 

stiffness can affect wave attenuation in different combinations of plant density and submergence ratio, 

if it exists.       

 

Figure 5-13. Effect of plant stiffness on the percentage of wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the end of flexible 

vegetation field with different plant densities N and submergence ratios h/hp and a constant wavelength 

Lw=3.1 m for different plant stiffness parameters 𝐸𝐼 = 2.4 × 10−7, 2.4 × 10−6, 2.4 × 10−5 N.m2 (see 

Table 5-4)  
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5.5 Effect of incident wave height on wave attenuation 

As mentioned previously, wave attenuation due to vegetation is affected not only by the vegetation 

characteristics, but also by the parameters of the incident waves. Although the influence of incident 

wave height on wave damping by vegetation is reported in several studies, there are contradictory results 

on this effect. Some authors found that the amount of attenuation due to vegetation increases when the 

height of the incident waves increases (e.g. Augustin et al., 2009; Cavallaro et al., 2011; Anderson and 

Smith, 2014; Mattis et al., 2018; Phan et al., 2019). In contrast, Manca et al. (2012), Bradley and Houser 

(2009) and Maza et al. (2015) reported a higher attenuation for smaller wave heights. Therefore, in this 

chapter, the effect of incident wave height on wave damping is evaluated again. For this purpose, four 

wave heights are tested for different plant densities and submergence ratios (see Table 5-5). The wave 

and vegetation parameters for each experiment are summarized in Table 5-5.   

Table 5-5. Selected plant parameters and wave conditions in different test runs to study the effect of incident wave 

heights on wave attenuation by vegetation 

Plant 

height hp 

(m) 

 

Plant 

density N 

(stem/

𝑚2) 
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al 
area 

per 

bed 

area 

Afront* 

(-) 

Equiva-
lent po-

rosity 

𝑛𝑒𝑞 (-) 

Length of the 

vegetation 
field  

Water 

depth h 

(m) 

submerg-

ence ratio 

h/hp (-) 

Incident 

wave 

height Hi 

(m) 

Wave 

steepness 

Hi/Lw (-) 

Wave 

Bm 

(m) 

Bm/L

w (-) 

Pe-

riod T 

(s) 

Lengt

h Lw 

(m) 

0.10 

500 0.1 0.93 

3.1 1 0.5 

5 

0.08 

0.1 

0.12 

0.15 

0.025 

0.03 

0.04 

0.05 

1.6 3.1 

1000 0.2 0.90 

2000 0.4 0.86 

4000 0.8 0.80 

6000 1.2 0.76 

8000 1.6 0.72 

0.13 

1000 0.25 0.89 

4 2000 0.5 0.85 

4000 1 0.78 

0.17 

1000 0.33 0.87 

3 2000 0.7 0.82 

4000 1.34 0.74 

0.20 

1000 0.4 0.86 
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4000 1.6 0.72 

0.25 
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2 
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4000 2 0.69 

0.33 

1000 0.7 0.82 

1.5 2000 1.3 0.75 

4000 2.6 0.64 

 

Figure 5-14 shows the wave height evolution H/Hi within the rigid and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) 

vegetation field with plant density of N=1000 stems/m2 and submergence ratio h/hp=5 for different 

heights of incident waves. In these figure, H and Hi are wave height along the vegetation field and 

incident wave height at the front edge of meadow, respectively. x and Lw show the distance along the 

meadow and wavelength, respectively.  
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Figure 5-14. Effect of incident wave height Hi on wave height evolution along the (a) rigid and (b) flexible (𝐸𝐼 =

2.4 × 10−6 N.m2) vegetation field with plant density N=1000 stems/m2 and submergence ratio h/hp =5 

for Hi=0.08 to 0.15 m (see Table 5-5)    

The results in Figure 5-14 show that relative wave height H/Hi in both rigid and flexible vegetation fields 

decreases with increasing height Hi of the incident waves for a constant wave period T and water depth 

h as defined in Table 5-5. However, under such hydrodynamic conditions, the dependency of wave 

attenuation on wave height is likely less pronounced than that of plant density N and submergence ratio 

h/hp, which agrees with the findings of Augustin et al. (2009). 

A further relative wave height (Hi/h), defined as the ratio of the incident wave height Hi to water depth 

h, is used to achieve a better understanding about the effect of incident wave heights on wave damping. 

Figure 5-15 indicates the influence of Hi/h on Hreduction for different plant densities N, where 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  

is the relative wave height reduction within the vegetation field (using Equation 5.1).   

 

Figure 5-15. Effect of relative incident wave height Hi/h on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  at the end of rigid 

(filled symbols) and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2/ empty symbols) vegetation field with length 

Bm=3.1m, submergence ratio h/hp =5 and different plant densities N for Hi/h=0.16 to 0.3 (see Table 5-

5) 

As the results in Figure 5-15 suggest, wave damping within both rigid and flexible vegetation 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  as defined in Equation 5.1) increases slightly and linearly with larger relative incident wave 

heights Hi/h  by keeping the wave period (T=1.6 s) and the water depth (h=0.5 m) and the submergence 

ratio (h/hp=5) constant. This might be attributed to the effect of wave nonlinearity on wave attenuation 

through vegetation (more details can be found in Wu and Cox (2015)). For example, wave height atten-

uation over the 3.1 m long flexible vegetation field with density of N=1000 stems/m2 and submergence 

ratio h/hp =5 under constant water depth increased from 8 % for incident wave height Hi= 0.08 m (Hi/h 

=0.16) to 9 % for Hi=0.1 m (Hi/h =0.2), and to 10 % and 12 % for Hi=0.12 m (Hi/h =0.24) and 0.15 m 

(Hi/h =0.3), respectively (Figure 5-15). Similar to the finding in Figure 5-4 for incident wave height 
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Hi=0.1 m (Hi/h=0.2), for other tested Hi values also plant density N clearly affects wave attenuation 

significantly. The latter is valid for N≤ 4000 stems/m2 while for higher N values there are no noticeable 

changes in wave height reduction. 

It has to be mentioned that by increasing incident wave height Hi and keeping both wave period T and 

water depth h constant, the wave steepness Hi/Lw as a non-linearity wave parameter increases. Hence, 

the results show that wave attenuation by vegetation increases as wave non-linearity increases, which is 

in agreement with the results in Phan et al. (2019) and Wu and Cox (2015). This highlights that energy 

dissipation by vegetation becomes more effective as the waves are more non-linear. 

As a matter of fact, larger incident wave heights penetrate further to the bottom and interact with in-

creased plant surfaces resulting in more wave attenuation. In this respect, the plant height may play an 

important role in wave height attenuation and hence needs to be taken into account. Figure 5-16 illus-

trates the effect of incident wave height on wave damping through the use of relative wave height (Hi/h) 

for different submergence ratios h/hp of rigid and flexible vegetation with plant density N=1000 

stems/m2.   

 

Figure 5-16. Effect of relative incident wave height Hi/h on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  at the end of rigid 

(empty bars) and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2/ filled bars) vegetation field with length Bm=3.1 m, 

plant density N=1000 stems/m2 and different submergence ratios h/hp for Hi/h=0.16 to 0.3 (see Table 5-

5) 

The results in Figure 5-16 illustrate the increasing effect of incident relative wave height (Hi/h) on wave 

height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 as well as the significant role of submergence ratio (h/hp) in wave attenua-

tion for both rigid and flexible meadows. For all tested cases,  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 increases with increasing 

incident wave height Hi, and this enhancement becomes more significant with decreasing submergence 

ratio h/hp  (i.e. with increasing plant height hp in constant water depth h). 
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The visualization of the data in Figure 5-17 may lead to better evaluation of the combined effects of the 

parameters on wave damping. In this figure, the relative percentage change between wave height reduc-

tion 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  through a 3.1 m long meadow for Hi/h=0.16 and Hi/h=0.3 (i.e. 

Relative percentage change (%) = |
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.3−(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.16

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.16
| × 100) is plotted against 

submergence ratio h/hp for different plant densities N to understand how submergence ratio affects the 

influence of incident wave height on wave attenuation.  

 

 

Figure 5-17. Effect of submergence ratio h/hp on the increasing effect of relative incident wave height Hi/h on 

wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  at the end of (a) rigid and (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vege-

tation field with length Bm=3.1 m and plant density N=1000, 2000 and 4000 stem/m2. Relative percent-

age change shows the relative increase between wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  for Hi/h=0.16 and 

Hi/h=0.3, i.e. Relative percentage change (%) = |
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.3−(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.16

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.16
| × 100, for 

h/hp=1.5 to 5 (see Table 5-5)     
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As seen in Figure 5-17, both submergence ratio h/hp and plant density N affect the increasing effect of 

incident relative wave height Hi/h on wave attenuation. When h/hp increases (i.e. decreasing height of 

vegetation hp in constant water depth h), the rate of increasing wave height attenuation  𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  in-

creases with increasing incident wave height Hi from Hi=0.08 m (Hi/h=0.16) to Hi=0.15 m (Hi/h=0.3) 

for the same wave period T and water depth h . For example, in the case of rigid meadow with plant 

density N=1000 stem/m2 and submergence ratio h/hp=3, 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  (Equation 5.1) increases from 16 % 

to 23 % for incident wave height Hi=0.08 m (Hi/h=0.16) to Hi=0.15 m (Hi/h=0.3) (see Figure 5-16), 

resulting in a relative change of 43 %. Under the same conditions, but with lower submergence ratio 

h/hp=1.5, 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (Equation 5.1) increases from 41 % to 51 % which results in a relative change of 

25 % (see Figure 5-16).  

On the other hand, the denser the vegetation field, the lower the increasing effect of incident wave height 

Hi/h on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 . For example, the relative percentage change in the case of 

rigid meadow with submergence ratio h/hp=1.5, decreases from 25 % for plant density N=1000 stem/m2 

to 13 % and 5 % for density N=2000 and 4000 stem/m2, respectively. Also, the variation of wave atten-

uation rate appears to be similar in flexible meadow. This results mean that for tested conditions (see 

Table 5-5), vegetation density N and submergence ratio h/hp do apparently play a more effective role 

than incident wave height Hi in wave damping by vegetation.  

5.6 Effect of incident wave period on wave attenuation 

Several authors have addressed the influence of incident wave period and height on wave attenuation 

by vegetation. However, contradictory results on the impact of wave period on wave damping have been 

reported so far. Some studies reported higher wave attenuation for longer wave periods (e.g. Cavallaro 

et al., 2011; Manca et al., 2012; Infantes et al., 2012; Phan et al., 2019), while other studies (e.g. Lowe 

et al., 2007; Augustin, 2007; Stratigaki et al., 2011; Maza et al., 2015) suggested the opposite, i.e. higher 

wave damping for shorter wave periods. Mattis et al. (2018) observed that wave period had a very little 

impact on wave height dissipation. Dubi and Torum (1996) found that wave attenuation may increase 

or decrease depending on the range of wave period. 

In this chapter, the influence of incident wave period on wave attenuation is evaluated. For this purpose, 

three wave periods are tested for different plant densities N and submergence ratios h/hp (see Table 5-

6). The wave and vegetation parameters for the numerical tests are summarised in Table 5-6.   

Table 5-6. Plant parameters and wave conditions in different test runs with different wave periods 

Plant 

height hp 

(m) 
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density 

N 

(stem/

𝑚2) 
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area 
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area 
Afront* 

(-) 

Equiv-
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poros-

ity 

𝑛𝑒𝑞 (-) 

Length of the 

vegetation 

field  
Water 

depth 

h (m) 

submerg-

ence ratio 

h/hp (-) 

Incident 

wave 

height Hi 

(m) 

Wave 

steep-

ness 

Hi/Lw (-
) 

Wave 

Bm 

(m) 

Bm/L

w (-) 

Period 

T (s) 

Lengt

h Lw 
(m) 

0.1 

1000 0.2 0.90 
3.1 1 

0.5 
5 

0.15 

0.05 1.6 3.1 
2000 0.4 0.86 

4000 0.8 0.80 3.1 

3.7 

6.2 

0.84 

1 

1.7 

0.04 1.8 3.7 
1000 0.4 0.86 
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In Figure 5-18, wave propagation within both rigid and flexible vegetation fields with plant density 

N=1000 stem/m2 and submergence ratio h/hp=2.5 over the number of wavelengths (NLw) is shown and 

the exponential decay of relative wave height HLw/Hi is fitted separately for rigid and flexible vegetation. 

In Figure 5-18, HLw is the wave height after a certain number of wavelength (NLw) and Hi is the incident 

wave height at the front edge of vegetation field (NLw=0). 
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Figure 5-18. Exponential decay of relative wave height HLw/Hi along the (a) rigid, (b) flexible (𝐸𝐼 = 2.4 × 10−6 

N.m2) vegetation field with plant density N=1000 stem/m2 and submergence ratio h/hp=2.5 over a cer-

tain number of wavelength (NLw) for each wave period T 

In all cases, the larger the number of wavelengths NLw, the higher wave attenuation HLw/Hi. It can be 

seen that, for the tested conditions, rigid vegetation induces more wave attenuation than flexible vege-

tation (𝐸𝐼 = 2.4 × 10−6 N.m2). In the same condition, the decay coefficient increases by a factor of 1.4-

1.5 for rigid vegetation relative to flexible vegetation. 

Furthermore, the same trend is observed for both rigid and flexible vegetation with respect to incident 

wave period, i.e. the longer the wave, the higher the wave damping per wavelength. For example, after 

the first wavelength (NLw =1) over the rigid vegetation (Figure 5-18a), the wave height is damped by 28 

% for wave period T=1.6 s, which increases to 32 % and 35 % for T= 1.8 s and T=2 s, respectively. 

In order to evaluate the effect of incident wave period on wave damping, the dimensionless parameter 

h/Lw (the ratio of the water depth to the incident wavelength) with a constant water depth h is considered. 

For this purpose, two different approaches have been tested for a constant water depth h=0.5 m: (i) 

firstly, the waves with different periods T are assumed to propagate over a meadow which its length Bm 

is equal to the wavelength Lw for each case keeping Bm/Lw=1, and (ii) secondly, the waves with different 

periods T are assumed to propagate over a constant meadow length Bm=3.1 m. 

For the first approach (i.e. Bm/Lw=1), Figure 5-19 indicates the influence of wave period on wave atten-

uation for different plant densities N and submergence ratios h/hp, where 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  is the relative wave 

height reduction within the rigid and flexible vegetation field with relative length Bm/Lw=1. In this sense, 

longer incident waves result in higher wave attenuation by vegetation.  

Moreover, the effect of plant density and plant height (submergence ratio h/hp) on wave attenuation is 

confirmed again in this figure. It is apparent that the wave reduction for submergence ratio h/hp=2.5 is 

significantly different from that for h/hp=5 for both rigid and flexible vegetation. The wave height re-

duction also increased with plant densities. For flexible vegetation, the smaller vegetation (h/hp=5) at 

the largest density (4000 stems/m2) yields approximately the same dissipated wave height as the longer 

one (h/hp=2.5) at the lowest density (1000 stems/m2) under the same water depth. It may be concluded 

therefore the plant density and plant height can compensate each other.   
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Figure 5-19. Effect of relative wave period h/Lw with a constant water depth h on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

at the end of the (a) rigid, (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with different plant 

densities N and submergence ratios h/hp and the relative meadow length Bm/Lw =1 (see Table 5-6)  

For the second approach (i.e. Bm=3.1 m), the wave height reduction (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) within the rigid and 

flexible vegetation filed for Bm/Lw =1, 0.84 and 0.74 for a constant meadow length Bm=3.1 m and for 

wave period of 1.6, 1.8 and 2 s, respectively, is shown in Figure 5-20. It can be seen that, for the tested 

conditions, an increase of the wave period causes 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  to decrease along the 3.1 m long vegetation 

meadow for both vegetation types.  
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Figure 5-20. Effect of relative wave period h/Lw with a constant water depth h on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

at the end of the (a) rigid, (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with different plant 

densities N and submergence ratios h/hp and a constant meadow length Bm=3.1 m (i.e. B/Lw =1, 0.84 and 

0.74 for wave period of 1.6, 1.8 and 2 s, respectively) (see Table 5-6) 

As seen from figures 5-19 and 5-20, when the analysis is based on a constant relative meadow length 

Bm/Lw=1, increasing the wave period T results in higher wave attenuation. While, conversely, the wave 

attenuation decreases with increasing the wave period when the wave height reduction is considered 

over a constant meadow length Bm=3.1 m. A possible explanation is that a longer wave has higher energy 

than a shorter wave in a unit wavelength range, so a constant meadow length causing a certain value of 

energy dissipation cannot effectively attenuate the longer wave. Thus, increasing wave period may de-

crease the wave attenuating capacity of rigid plants over a constant meadow length. However, for 

Bm/Lw=1, a longer wave with higher energy propagates over a longer vegetation meadow, which causes 

a larger amount of energy dissipation than a smaller meadow length.  

Hence, the contradiction in previous findings may arise from differences in the approaches used for 

testing and/or analysing the results. Therefore, it can be concluded that the assumed conditions/ap-

proaches need to be taken into account for investigating the effect of different parameters on wave at-

tenuation. 

5.7 Effect of following currents on wave attenuation 

From the literature, it is concluded that the presence of underlying currents may significantly affect the 

wave damping capacity of vegetation and should hence be taken into account for evaluating wave damp-

ing by vegetation. Ignoring this effect may result in incorrect predictions of the wave attenuating capac-

ity of vegetation in tidal environments. Although tidal currents may play an important role in the wave 

damping process together with the characteristics of the incident waves in coastal areas, until recently 

they were generally omitted in previous studies, mainly due to their complexity.  
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The few studies which investigated the effect of currents on the wave-attenuating capacity of plants (e.g. 

Li and Yan, 2007; Paul et al., 2012; Hu et al., 2014; Losada et al., 2016) showed that an underlying 

current can either increase or decrease wave damping. Hu et al. (2014) found that for a following current 

(current in wave direction) and smaller velocity ratio α (current velocity/horizontal orbital velocity) 

wave attenuation by vegetation is reduced, while for sufficiently high ratio α, wave attenuation can be 

enhanced due to current–wave interaction as compared to pure wave conditions. Losada et al. (2016) 

showed that for currents in opposite direction of wave propagation, a higher energy damping was ob-

served in comparison with pure wave conditions. These and further studies show, however, that further 

research is necessary to quantify the effect of current velocity and direction on the processes associated 

with wave-vegetation interaction. The main objective of this section is limited to the effect of the veloc-

ity of following currents on wave damping by both rigid and flexible vegetation. 

To explore the effect of following currents on wave attenuation, cases with different plant densities N 

and submergence ratios h/hp under different wave-current conditions are tested numerically using the 

validated model from Chapter 4. The wave-current and vegetation parameters for each test run are sum-

marized in Table 5-7. As mentioned previously, the proposed test conditions for assessing the effect of 

following currents on wave attenuation are specified by using previous experimental studies reviewed 

in literature, and thus the parameters are selected accordingly to vary in a comparable range as tested in 

the most relevant studies and to amend those ranges where less well studied parameters exist. In all 

cases, water depth h is kept constant for avoiding possible changes of wave parameters. Moreover, 

waves with a constant wave period T=1.6 s propagate over a constant meadow length of Bm= 3.1 m in 

all cases to keep Bm/Lw=1 to avoid making the test programme larger and more complex. 

are specified by using previous experimental studies [2,3], and thus the wave and vegetation parameters 

are selected accordingly to vary in a comparable range as tested in the most relevant studies and to 

amend those ranges where less well studied parameters exist. 

Table 5-7. Plant parameters and wave-current conditions in different test runs with different following current 

velocities, vegetation density N=500-8000 (stem/𝑚2) and a constant meadow length Bm= 3.1 m for both 

rigid and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation (N=139 stem/m2 only for rigid vegetation) 
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Figure 5-21 shows the effect of currents on wave damping by comparing wave heights over both rigid 

and flexible vegetation field with plant density of 2000 stems/m2 and submergence ratio h/hp=2.5 for 

different current velocities (𝑈𝑐). In this figure, wave height (H) relative to incident wave height (Hi), at 

the front edge of meadow, is plotted over (a) rigid vegetation and (b) flexible vegetation with stiffness 

parameter 𝐸𝐼 = 2.4 × 10−6 N.m2, while all parameters related to the incident wave conditions (H=0.1 

m, T=1.6 s and h=0.5) were kept constant. 

  

 

Figure 5-21. Effect of current velocities Uc on wave height evolution along the (a) rigid and (b) flexible (𝐸𝐼 =

2.4 × 10−6 N.m2) vegetation field with plant density N=2000 stems/m2 and submergence ratio h/hp =2.5 

for Uc =0 to 0.2 m/s (see Table 5-7)    

As can be seen from Figures 5-21a and 5-21b, the same functional trend H/Hi = f (x/L) is observed for 

rigid and flexible vegetation. For both vegetation types, the relative wave height (H/Hi) under combined 

wave-current conditions is larger than under pure wave conditions (𝑈𝑐= 0 m/s). The difference is almost 
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similar for both vegetation types and becomes more significant with increasing current velocity Uc and 

increasing propagation distance x/Lw inside both types of vegetation meadows.  

Due to the effect of plant density and submergence ratio on wave attenuation, wave height attenuation 

with and without underlying currents is compared for different plant densities and plant heights. Figures 

5-22a and b show the variation of wave damping with plant density under both pure wave conditions 

(𝑈𝑐= 0 m/s) and combined wave-current conditions for different current velocities over a rigid and flex-

ible vegetation meadow with submergence ratio h/hp=5.  

 

 

Figure 5-22. Effect of plant density N on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the end of (a) rigid and (b) flexible 

(𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with submergence ratio h/hp=5 and different current velocities 

Uc =0 to 0.2 m/s for plant densities N=500 to 8000 stems/m2 (see Table 5-7)  

According to Figures 5-22a and 5-22b, wave damping shows the same trend for both rigid and flexible 

vegetation in the presence and absence of underlying currents. The wave height reduction increases 
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dramatically with increasing plant density for plant density N ≤ 4000 (stems/m2); this growth slowed 

down noticeably for N > 4000, and remains almost constant for N ≥ 6000 (stems/m2). In the proposed 

case, the wave damping decreases when a current is present, and this reduction becomes more significant 

with increasing current velocity Uc under the same wave conditions.   

Figure 5-23 indicates the effect of submergence ratio on wave attenuation under combined wave-current 

condition and it´s variation for different current velocities. In this figure, wave height dissipation over a 

vegetation field with plant density N=2000 stems/m2 and the constant wave condition (i.e. H=0.1 m, 

T=1.6 s and h=0.5) in combination with different current velocities as a function of submergence ratio 

are shown. 

  

 

Figure 5-23. Effect of submergence ratio h/hp on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the end of (a) rigid and (b) 

flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with plant density N=2000 stems/m2 and different 

current velocities Uc =0 to 0.2 m/s for submergence ratios h/hp=1.5 to 5 (see Table 5-7)  
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It is seen from Figure 5-23 that submergence ratio h/hp significantly affects wave height attenuation 

Hreduction, as the latter increases with decreasing h/hp (i.e. increasing plant height hp under a constant 

water depth h) for both rigid and flexible vegetation. For a given submergence ratio h/hp, comparing 

Hreduction with and without underlying currents with different velocities Uc reveals that wave attenuation 

decreases with increasing Uc for both vegetation types and becomes more significant with decreasing 

submergence ratio h/hp. For example, for h/hp=5, wave attenuation decreased from 14 % in pure wave 

condition to 10.5 % in the presence of a 0.2 m/s current for rigid vegetation which leads to a relative 

percentage change of 26 % between wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  with and without currents (i.e. 

Relative percentage change (%) = |
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡−(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
| × 100). However, 

for rigid vegetation field with h/hp= 1.5, wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛  decreased with a relative 

percentage change of 35 % in the presence of 0.2 m/s current and pure wave condition. For flexible 

vegetation, this difference is slightly higher than rigid vegetation depending on h/hp, which can be at-

tributed to different bending behaviour of flexible vegetation with and without current. Therefore, it 

may be concluded that the impact of following currents on wave damping can be seriously affected by 

submergence ratio h/hp.   

Moreover, the wave attenuation is compared for the conditions with and without a 0.05 m/s current in 

combination with different wave heights Hi=0.08, 0.12 and 0.15 m. Figure 5-24 illustrates the results 

for both rigid and flexible vegetation meadows with submergence ratio h/hp =1.5 for three different plant 

densities N= 1000, 2000 and 4000 stems/m2. The data suggest the same trend for all cases, as wave 

height increases under the constant water depth, the wave height dissipation increases either in the pres-

ence or absence of a 0.05 m/s current. For all proposed cases, the underlying current led to a reduction 

in the wave height dissipation. 

 

10

20

30

40

50

60

70

80

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

H
re

d
u

ct
io

n
(%

)

Relative wave height (Hi/h) 

Uc=0.05 m/s, N1000

Uc=0.05 m/s, N2000

Uc=0.05 m/s, N4000

Uc=0 m/s, N1000

Uc=0 m/s, N2000

Uc=0 m/s, N4000

(a) Rigid vegetation



 
 160 

 

 

Figure 5-24. Effect of relative wave height (Hi/h) on wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 at the end of (a) rigid and 

(b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with submergence ratio h/hp =1.5 and three differ-

ent plant densities N=1000, 2000 and 4000 stems/m2 for the conditions with and without a 0.05 m/s 

current in combination with different wave heights Hi=0.08, 0.12 and 0.15 m and a constant wave period 

T= 1.6 s (see Table 5-7)  

In order to investigate the role of velocity ratio α defined by Hu et al. (2014) on the effect of current 

presence on wave dissipation, the relative wave height decay 𝑟𝑤 =
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 is plotted 

against α =
𝑈𝑐

𝑈𝑤
, in which (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒 and (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡  are the wave height re-

duction within the meadow in pure wave and wave-current conditions, respectively, 𝑈𝑐 and 𝑈𝑤 are the 

imposed current velocity and the horizontal wave orbital velocity, respectively. 

In Figure 5-25, the effect of following currents on wave attenuation is assessed through the combination 

of different wave conditions and current velocities. For this purpose, the vegetation field with plant 

density N=2000 stems/m2 and submergence ratio h/hp =1.5 is exposed to a range of wave-current com-

binations (see Table 5-7).  
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Figure 5-25. Effect of velocity ratio α =
𝑈𝑐

𝑈𝑤
 on relative wave height decay 𝑟𝑤 =

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 within (a) 

rigid, (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with submergence ratio h/hp =1.5 and plant 

density N=2000 stems/m2 for a range of combinations of current velocities 𝑈𝑐=0.05, 0.1, 0.2 and 0.3 

m/s and wave heights Hi=0.03, 0.04, 0.06, 0.08, 0.1 and 0.12 m with a constant wave period T= 1.6 (see 

Table 5-7) 

For the proposed case with a relatively dense rigid meadow (N=2000 stems/m2) which occupies 65 % 

of the water column, the data suggest that wave attenuation capacity of vegetation decreases in the pres-

ence of an underlying current, except for the combination of the smallest wave (Hi=0.03 m) and 0.2 m/s 

current in which the following current increases wave damping by vegetation. Also, for flexible vege-

tation, a following current reduces the wave damping, except for the combinations of strong currents 

(i.e. 0.2 and 0.3 m/s) and small waves (i.e. wave height of 0.03 and 0.04 m) in which the following 
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currents do not lead to notable changes or even intensify wave dissipation. For a constant current veloc-

ity, velocity ratio α decreases with increasing wave height causing a reduction i n the relative wave 

decay. On the other hand, for a given wave height combined with current, velocity ratio α increases with 

increasing current velocity resulting in a decrease of relative wave height decay 𝑟𝑤, except for small 

waves (i.e. Hi=0.03 and 0.04 m). This decreasing trend of 𝑟𝑤 becomes more significant with increasing 

incident wave height Hi for both vegetation types. 

In addition, the relative wave height decay 𝑟𝑤 is evaluated for a vegetation field with different submerg-

ence ratios h/hp and plant density N=2000 stems/m2 for an orbital velocity 𝑈𝑤 induced by the same 

waves (H=0.1 m, T=1.6 s and h=0.5) combined with a following current with velocity 𝑈𝑐 =0.05, 0.1, 

0.15 and 0.2 m/s  and the same. The results are indicated in Figure 5-26. 

 

Figure 5-26. Effect of velocity ratio α =
𝑈𝑐

𝑈𝑤
 on relative wave height decay 𝑟𝑤 =

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 within (a) 

rigid, (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with plant density N=2000 stems/m2 and 

different submergence ratios h/hp=1.5 to 5 for an orbital velocity 𝑈𝑤  induced by the same waves (H=0.1 

m, T=1.6 s and h=0.5) combined with a following current with velocity 𝑈𝑐  =0.05, 0.1, 0.15 and 0.2 m/s  
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As can be seen in Figure 5-26, wave damping by vegetation in all cases decreases in the presence of 

following currents (𝑟𝑤<1), i.e. wave height decay under the wave-current conditions is less that under 

pure wave condition. This finding agrees with those of the previous experiments by Paul et al. (2012) 

and Losada et al. (2016), who concluded that the presence of currents decreases wave attenuation. On 

the other hand, Hu et al. (2014) concluded that for smaller α wave attenuation by vegetation is reduced, 

while for sufficiently high α, wave attenuation can be strengthened due to current–wave interaction. 

However, the results might not be directly comparable because Hu et al. (2014) increased the generated 

incident wave height in the wave-current tests for different current velocities which may enhance wave 

attenuation. Moreover, the wave and current velocities were linearly superposed without accounting for 

their interaction. Furthermore, only the frontal area per canopy volume (N*d) was considered for com-

paring their tests with others (N is the plant density (stems/m2) and d the plant width). It should be 

noticed that the spacing between plants ΔS, which is essentially determined by the plant density, is an 

important parameter which may strongly affect the flow patterns around the meadow as well as the 

penetration flow within the vegetation meadow.  

In this respect, the horizontal velocity component Ux and the flow patterns around a submerged stiff 

vegetation meadow with submergence ratio h/hp =1.6 and different plant densities under combined 

wave-current conditions with 𝑈𝑐=0.1 m/s and waves of H=0.08 m, T=1 s in 0.5 m water depth are com-

pared with the reference case without vegetation in Figure 5-27. The black area exhibits the 1.5 m veg-

etation meadow (i.e. Bm/Lw=1) with different plant densities of N100, N500 and N1000 corresponding 

to 100, 500 and 1000 stems/m2, respectively. The white lines represent streamlines.The horizontal ve-

locity Ux according to the Stokes second order theory (Svendsen and Jonsson, 1976) is given as below: 

𝑈𝑥 = 𝑈𝑐 +
𝐻

2

𝑔𝑘

𝜔𝑤−𝑐

cosh 𝑘(𝑧 + ℎ)

cosh 𝑘ℎ
cos(𝑘𝑥 − 𝜔𝑤−𝑐𝑡)

+
3

16

𝐻2𝜔𝑤−𝑐𝑘 cosh 2𝑘(𝑧 + ℎ)

sinh4𝑘ℎ
cos 2(𝑘𝑥 − 𝜔𝑤−𝑐𝑡)                                                    (5.2) 

where 𝑈𝑐 is the uniform current velocity, H is the wave height, g is acceleration due to gravity and ℎ is 

the water depth. z and t represent the vertical coordinate and time, respectively. x is the distance along 

longitudinal direction. 𝜔𝑤−𝑐 represents the frequency of the wave-current, 𝜔𝑤−𝑐 = 𝜔𝑤 − 𝑘. 𝑈𝑐, 𝜔𝑤 

and k are the wave angular frequency and the wave number.   
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Figure 5-27. Snapshots of the horizontal velocity component Ux and the flow pattern at t=4.4 s for reference case 

(i.e. without vegetation), and for a submerged stiff mimic meadow with plant densities N=100, 500 and 

1000 stems/m2 for wave-current condition with wave Hi=0.08 m, T=1 s in 0.5 m water depth and a 

following current Uc = 0.1 m/s. The black area indicates the vegetation meadow with a length Bm=1.5 

m and a height hp=0.3 m, and the white lines represent streamlines 

 As can be seen, the flow pattern can be significantly influenced by the presence of submerged vegeta-

tion, especially for higher vegetation densities due to their capacity to induce larger current blocking 

and thus make current diverge vertically over the meadow instead of passing through it. A shear layer 

can be generated at the water-vegetation interface due to the flow velocity difference above and below 

the vegetation meadow, where Kelvin-Helmholtz (KH) instability may develop (Ghisalberti and Nepf, 

2002). This instability may form the coherent vortices within the mixing layer (in dense vegetation 

meadows with N=500 and 1000 stem/m2), which dominate the vertical momentum transfer across  the 

water-vegetation interface. 

Moreover, Figure 5-28 compares the horizontal velocity component Ux and the flow patterns for refer-

ence case (i.e. without vegetation) as well as a submerged vegetation meadow with different plant den-

sities N=100, 500 and 1000 stems/m2 for waves with H=0.08 m, T=1 s in 0.5 m water depth following 

the currents with different velocities Uc =0 to 0.2 m/s. The black area indicates the vegetation meadow 

with length Bm=1.5 m (i.e. Bm/Lw=1) and height hp=0.3 m. 

As can be seen, the flow pattern is noticeably influenced by the presence of a relatively dense vegetation 

meadows with N=500 and 1000 stem/m2. While, the flow pattern in the presence of a sparse vegetation 

meadow with N=100 stem/m2 does not significantly differ from that in the reference case without veg-

etation. For strong currents with velocity Uc=0.2 m/s, the difference of flow velocity above and below 
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the vegetation meadow is extremely high, which may lead to the generation of a shear layer and large, 

coherent vortices. 

 

 

Figure 5-28. Snapshots of the horizontal velocity component Ux and the flow pattern at t=4.4 s for (upper left) 

reference case (i.e. without vegetation), and for a submerged mimic meadow with plant density (upper 

right) N=100 stems/m2, (lower left) N=500 stems/m2, and (lower right) N=1000 stems/m2 for waves with 

Hi=0.08 m, T=1 s in 0.5 m water depth with different current velocities Uc =0 to 0.2 m/s. The black area 

indicates the vegetation meadow Bm=1.5 m and hp=0.3 m, and the white lines represent streamlines 

Figure 5-29 shows the representative mean velocity profiles for the entire vegetation field obtained by 

taking the average of mean velocity 𝑈𝑚𝑒𝑎𝑛 at four locations x=3 m (beginning of the meadow), 3.5 m, 

4 m and 4.5 m (end of the meadow), which are normalized by current velocity 𝑈𝑐. The mean velocity 

profiles for reference case (i.e. without vegetation) are compared with that for submerged vegetation 

meadows with different plant densities N=100, 500 and 1000 stems/m2 under wave-current conditions 

for waves with Hi=0.08 m, T=1 s in 0.5 m water depth with different current velocities Uc =0.05, 0.1 and 

0.2 m/s. It is seen that the presence of the vegetation meadow can noticeably reduce the mean flow 

velocity. The difference is almost similar for different current velocities and becomes more significant 

with increasing plant density. In the presence of a submerged vegetation meadow, the vertical profiles 
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of mean velocity are nearly uniform within the meadow and contain an inflection point near the top of 

the meadow, which makes the flow susceptible to Kelvin-Helmholtz (KH) instability. As mentioned 

before, this instability may form coherent vortices within the mixing layer, which control the vertical 

exchange of mass and momentum across water-vegetation interface. These vortices penetrate a distance 

into the vegetation meadow, which segregates the vegetation meadow into an upper layer of rapid 

transport and a lower layer of slow transport. 

  

Figure 5-29. Vertical distribution of representative mean velocity profiles for the entire stiff vegetation field; it is 

obtained by averaging the mean velocity 𝑈𝑚𝑒𝑎𝑛  at four locations  (x=3 m at the beginning of the 

meadow, 3.5 m, 4 m and 4.5 m at the end of the meadow for reference case without vegetation. The 

submerged mimic meadows have different plant densities N=100, 500 and 1000 stems/m2 for waves 

with Hi=0.08 m, T=1s in water depth h = 0.5 m and a following a current with velocity (a) Uc =0.05 

m/s, (b) Uc =0.1 m/s and (c) Uc =0.2 m/s. The horizontal dashed line indicates the relative height of the 

vegetation meadow which is hp/h =0.3/0.5=0.6 

To better understand the effect of plant density on wave attenuation, the relative wave height decay 𝑟𝑤 

is shown in Figure 5-30 for a stiff and flexible  vegetation field with Bm= 3.1 m (i.e. Bm/Lw=1) , sub-

mergence ratio h/hp=5 for 0.05, 0.1, 0.15 and 0.2 m/s current velocities and different plant densities. The 

wave conditions  are kept constant (H=0.1 m, T=1.6 s and h=0.5m). 
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Figure 5-30. Effect of velocity ratio α =
𝑈𝑐

𝑈𝑤
 on relative wave height decay 𝑟𝑤 =

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 within (a) 

rigid, (b) flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with submergence ratio h/hp =5 and different 

plant densities N=500 to 8000 stem/m2 for current velocities Uc=0.05, 0.1, 0.15 and 0.2 m/s. The wave 

conditions are kept constant (H=0.1 m, T=1.6 s and h=0.5m) 

As seen from Figure 5-30, in all tests, wave attenuation by vegetation is reduced by following cur-

rents (𝑟𝑤 < 1). Overall, considering a constant current velocity, the relative wave damping decreases 

with increasing plant density for plant density N ≤ 4000 stems/m2, and remains almost constant for N > 

4000 stems/m2. However, for flexible vegetation with plant density N ≥ 4000 stems/m2, the relative 

wave damping increased slightly with increasing plant density in the presence of a strong current, which 

can be attributed to the less plant bending in denser meadows resulting in a higher drag and hence more 

wave height reduction (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 . For a given plant density, increasing current velocity 

resulted in reduced relative wave damping with increasing velocity ratio α for both rigid and flexible 

vegetation. 

As different reducing trend of 𝑟𝑤 is observed for N=500 stems/m2, it can be concluded that plant density 

may play an important role in describing the wave attenuating capacity of vegetation in the presence of 

following currents. This can be attributed to the fact that the presence of vegetation changes the flow 

pattern drastically (see Figure 5-28). To evaluate the effect of meadows of lower plant density on wave-

current-vegetation interaction, a very sparse seagrass meadow is exposed to a range of combinations of 

wave and current (see Table 5-7). For this purpose, a rigid submerged mimic meadow with h/hp =1.5 

and plant density N=139 stems/m2 is selected to make it comparable to that of the VD2 tests in Hu et al. 

(2014). The results are indicated in Figure 5-31. 
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Figure 5-31. Effect of velocity ratio α =
𝑈𝑐

𝑈𝑤
 on relative wave height decay 𝑟𝑤 =

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 within the 

rigid vegetation field with submergence ratio h/hp =1.5 and sparse plant density N=139 stems/m2 for a 

range of current velocities Uc=0.05, 0.1, 0.2 and 0.3 m/s in combination with wave heights Hi=0.04, 

0.06, 0.08 and 0.10 m and a constant wave period T=1.6 s 

As can be seen in Figure 5-31, when velocity ratio α increases, the relative wave height attenuation 

𝑟𝑤 increases. The presence of a sufficiently strong underlying current enhances the wave attenuating 

capacity of a sparse vegetation meadow. The slow current velocity of 0.05 m/s did not lead to notable 

changes in 𝑟𝑤 by vegetation which remains nearly 1.  

To investigate the inconsistency of the results for different plant densities, time series of the horizontal 

velocity component (𝑈𝑥) at the beginning, centre and end of the meadow located at an elevation 0.4h=0.2 

m (water depth h=0.5 m) above the bed are illustrated in Figure 5-32 for both pure wave  conditions and 

wave-current conditions where “reference” indicates the tests without vegetation, N139 and N2000 are 

the plant density N=139 and 2000 stems/m2, respectively. In this point, the submerged rigid meadow 

with h/hp=1.5 was exposed to waves with a height of 0.1 m and period of 1.6 s, combined with a current 

𝑈𝑐=0.3 m/s in the wave direction. The values of mean velocity 𝑈𝑚𝑒𝑎𝑛 and horizontal component of 

orbital velocity 𝑈𝑤 for both pure wave and wave-current conditions are listed in Table 5-8. The former 

is defined as period-averaged horizontal velocity 𝑈𝑚𝑒𝑎𝑛 =
1

𝑇
∫ 𝑈𝑥(𝑡)𝑑𝑡

𝑡+𝑇

𝑡
, and the latter is defined as 

𝑈𝑤 = (𝑈𝑥𝑚𝑎𝑥 − 𝑈𝑥𝑚𝑖𝑛
)/2, where 𝑈𝑥𝑚𝑎𝑥 and 𝑈𝑥𝑚𝑖𝑛 are the maximum and minimum 𝑈𝑥 in a wave 

period, respectively. 
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Figure 5-32. Horizontal velocity component 𝑈𝑥 at three locations (beginning, centre and end of rigid vegetation 

field) obtained at an elevation 0.4h=0.2 m above the bed for pure wave conditions (blue solid line) and 

for combined waves and underlying current (𝑈𝑐=0.3 m/s) in the same direction (red dashed line) for a 

reference case without vegetation (lower row) and for sparse vegetation meadow (N139) with plant 

density N=139 stems/m2 (middle row) and dense meadow (N2000) with N=2000 stems/m2 (upper row), 

For all cases, the incident wave conditions are kept constant (H=0.10 m and T=1.6 s in water depth 

h=0.5 m).  

Table 5-8. Mean velocity 𝑈𝑚𝑒𝑎𝑛and velocity amplitude 𝑈𝑤  at different locations resulting from pure wave condi-

tions and wave-current conditions for a reference without vegetation and two cases with rigid vegetation 

of low density (N=139 stems/m2) and high density (N=2000 stems/m2) 

Test case Location 

Pure wave conditions Wave-current conditions 

Mean velocity 

(𝑼𝒎𝒆𝒂𝒏)𝒑𝒖𝒓𝒆 𝒘𝒂𝒗𝒆 

(m/s) 

Velocity  

Amplitude 

(𝑼𝒘)𝒑𝒖𝒓𝒆 𝒘𝒂𝒗𝒆 

(m/s) 

Mean velocity 

(𝑼𝒎𝒆𝒂𝒏)𝒘𝒂𝒗𝒆−𝒄𝒖𝒓𝒓𝒆𝒏𝒕 

(m/s) 

Velocity  

Amplitude 
(𝑼𝒘)𝒘𝒂𝒗𝒆−𝒄𝒖𝒓𝒓𝒆𝒏𝒕 

(m/s) 

Reference  

case (with-

out vegeta-

tion) 

Beginning of 

the meadow 
-0.015 0.157 0.320 0.165 

Centre of the 

meadow 
-0.013 0.155 0.313 0.161 

End of the 

meadow 
-0.014 0.154 0.311 0.162 

D139 

(with 

sparse 

Beginning of 

the meadow 
-0.011 0.149 0.273 0.149 

Centre of the 

meadow 
-0.010 0.136 0.165 0.123 
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rigid  veg-

etation) 

End of the 

meadow 
-0.011 0.132 0.144 0.114 

D2000  
(with 

dense rigid  

vegetation) 

Beginning of 

the meadow 
-0.005 0.103 0.119 0.078 

Centre of the 

meadow 
-0.001 0.062 0.015 0.066 

End of the 

meadow 
-0.003 0.057 0.019 0.071 

 

The 𝑈𝑥 values in both pure wave and wave-current conditions remain almost constant at different loca-

tions in the reference case without vegetation. For vegetation under pure wave conditions, the velocity 

values at the centre and end of the meadow are smaller compared to those in front of the meadow. This 

reduction is much higher for the dense vegetation (N2000) than for the sparse one (N139), which means 

that the denser the meadow the more is the wave attenuation. For vegetation under waves with a follow-

ing current, a displacement of the mean velocity is depicted for all cases, which shows the strong influ-

ence of currents. However, this effect is not noticeable for N2000, which reveals almost only the influ-

ence of waves within the meadow and hence proves the ability of a dense meadow to induce current 

blocking.  

Comparing the effect of N139 and N2000 under pure wave and wave-current conditions, the following 

observations are worth to mention (i) at the beginning of the meadow, the velocity amplitude for wave-

current conditions has the same value as that for pure wave conditions for N139, while it is decreased 

for N2000, and (ii) at the centre as well as end of the meadow, the velocity amplitude is decreased in 

the presence of following current for N139, while it is increased for N2000. This finding can be used as 

an evidence for the contradiction effect of dense and sparse meadows on wave attenuation in the pres-

ence of following currents. For the dense meadow N2000, current presence increases the velocity am-

plitude at the end of meadow which may result in the wave height enhancement and hence the reduction 

of wave height attenuation.  

Moreover, the orbital velocity under wave-current conditions (𝑈𝑤)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡  is plotted against that 

under pure wave conditions (𝑈𝑤)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒 along the first half (Figure 5-33a) and second half (Figure 

5-33b) of a submerged rigid meadow with h/hp =1.5 and plant density N=139 and 2000 stems/m2 (under 

a combination of a following current with 𝑈𝑐=0.3 m/s and waves with of H= 0.1 m, T=1.6 s in water 

depth h=0.5). In this point, the depth-averaged velocity amplitude (𝑈𝑎𝑣𝑒) at 0.1 m intervals along the 

meadow obtained based on a two-layer approach, including a layer through the vegetation and a layer 

above them, by proportionally adding the average velocities of each layer (see Huthoff et al., 2007):   

𝑈𝑎𝑣𝑒 =
ℎ𝑝

ℎ
𝑈𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑣𝑒𝑔. +

ℎ−ℎ𝑝

ℎ
𝑈𝑎𝑏𝑜𝑣𝑒 𝑣𝑒𝑔.                                                                                                   (5.3)  

where 𝑈𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑣𝑒𝑔. and 𝑈𝑎𝑏𝑜𝑣𝑒 𝑣𝑒𝑔. are the average of horizontal wave orbital velocity (𝑈𝑤) in the veg-

etation layer and the layer above them, respectively. hp is the plant height and h shows the water depth.  
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Figure 5-33. Orbital velocity under wave-current conditions (𝑈𝑤)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 vs. orbital velocity under pure wave 

conditions (𝑈𝑤)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒  along the (a) first half and (b) second half of a submerged rigid vegetation 

meadow with h/hp=1.5 and plant density N=139 and 2000 stems/m2 (under a combination of a following 

current with 𝑈𝑐=0.3 m/s and waves with of H= 0.1 m, T=1.6 s in water depth h=0.5 m) 

The results in Figure 5-33 for rigid vegetation suggest that the presence of a following current affects 

the orbital velocity amplitude along the meadow. In the first half of the meadow, the wave orbital ve-

locity is generally reduced by the current, while in the second half of the meadow it may decrease or 

increase depending on the flow pattern as affected by plant density. Therefore, the rate of velocity am-

plitude changes along the vegetation field for wave-current conditions compared to that for pure wave 

conditions needs to be taken into account.  

For flexible vegetation, the presence of a following current generally reduces the deflected plant height 

due to plant bending and streamlining compared to pure wave condition, which may result in increased 
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velocity amplitude depending on different plant parameters as well as wave/current conditions. In order 

to evaluate the effect of a following current on wave attenuation by rigid and flexible vegetation, this 

rate of change of velocity amplitude (𝑈𝑟 =
𝑈𝑐𝑤

𝑈𝑝𝑤
) induced by the current is plotted against relative wave 

height decay 𝑟𝑤 =
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 in which (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒 and (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡  

are the wave height reduction within the mimic meadow in pure wave and wave-current conditions, 

respectively, 𝑈𝑐𝑤 and 𝑈𝑝𝑤 show the relative decay in velocity amplitude along the meadow for wave-

current and pure wave conditions, respectively. 

In Figure 5-34, the relative wave height decay 𝑟𝑤 is displayed for all tested cases including rigid and 

flexible vegetation with different plant densities and submergence ratios under various wave-current 

conditions (see Table 5-7). The velocity amplitude (𝑈𝑤) for both pure wave and wave-current conditions 

obtained at a height of 0.4 of the water depth from the bed (i.e. 0.2 m above the bed). The results show 

that the following currents affect wave orbital velocity, which can either increase (𝑈𝑟 > 1) or decrease 

(𝑈𝑟 < 1), and hence also wave attenuation, depending not only on the plant parameters but also on the 

wave and current conditions. Overall, increasing the rate of change of orbital velocity amplitude in the 

presence of currents results in a reduction of wave height attenuation, while reducing this rate enhances 

wave attenuation.  

 

Figure 5-34. Relative wave height decay 𝑟𝑤 =
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
 vs the rate of velocity amplitude changes in 

current presence 𝑈𝑟 =
𝑈𝑐𝑤

𝑈𝑝𝑤
 for both rigid and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with 

different plant densities N and submergence ratios h/hp under various combinations of waves and cur-

rents (see Table 5-7) 

5.8 Formula for wave attenuation performance of flexible vegetation 

Based on the results of parameter study in this chapter, the most influential parameters are used to esti-

mate more precisely the effects of flexible vegetation on wave attenuation in both pure wave and wave-

current conditions and to develop the formulae for the prediction of wave height reduction due to flexible 

vegetation. For this purpose, a formula is derived first for the prediction of the wave height reduction 
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due to rigid vegetation (i.e. without the effect of plant motion). It is then combined with the deflected 

flexible plant height obtained based on the dimensionless Cauchy number (Ca) and blade length ratio 

(L) to predict the wave attenuation performance of flexible vegetation (i.e. with the effect of plant mo-

tion).       

5.8.1 New formula for wave height reduction by flexible vegetation under pure wave conditions 

First, the effects of rigid vegetation on wave attenuation are determined and a formula is developed to 

predict wave height reduction by rigid vegetation meadows under pure wave conditions, which accounts 

for the most relevant parameters obtained from the parameter study in sections 5.1- 5.6. Second, the 

effective deflected height he of a single isolated flexible plant considered as the actual height that affects 

the flow in terms of drag force is obtained as a function of the Cauchy number (Ca) and blade length 

ratio (L) based on a scaling law; he describes the degree of flexible plant reconfiguration in response to 

the flow. Then, the effective plant height within a meadow is obtained based on the effective plant height 

in isolation, which is obtained in Step 2. Wave height reduction over a flexible vegetation meadow is 

calculated using the proposed formula in Step 1 for the prediction of the wave height reduction by rigid 

vegetation under pure wave conditions by replacing the plant height with the obtained effective plant 

meadow in Step 3. Finally, the proposed new formula is validated for wave height reduction by flexible 

vegetation using experimental data. The steps for the development of this new formula are described in 

Figure 5-35.  

 

Figure 5-35. Steps of the procedure to derive a new prediction formula for wave height reduction by flexible 

vegetation under pure wave conditions 

 



 
 174 

 
Step 1: Deriving a new prediction formula for wave height reduction by rigid vegetation based on the 

results of the numerical parameter study in sections 5.1-5.6 

Regarding the results of the parameter study in the previous sections of this chapter (sections 5.1-5.6), 

it is found that the wave height reduction due to rigid vegetation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R under pure wave condi-

tions depends on the plant density (N), plant height (ℎ𝑝), length of the vegetation field (𝐵𝑚), incident 

wave height (𝐻𝑖), incident wave period (𝑇). The effects of these parameters on wave attenuation identi-

fied as non-dimensional variables are summarized in Table 5-9.  

Table 5-9. Qualitative comparison of the effective parameters for wave attenuation by rigid vegetation under pure 

wave conditions based on the results of the parameter study in sections 5.1-5.6 

Parameter Non-dimensional vari-

able 

Effect on wave attenuation 

Plant density (N) Afront*=N d ℎ𝑝 

(d is the plant width per-

pendicular to the flow 

direction) 

 

-Wave attenuation increases with increasing plant density 

(see Figure 5-4) 

-The impact of plant density diminishes with decreasing 

plant height (see Figure 5-7) 

Plant height (ℎ𝑝) ℎ𝑝

ℎ
⁄  

-Wave attenuation increases with increasing plant height 

under a constant water depth (see Figure 5-6) 

-Plant height is more effective than plant density in attenu-

ating waves (see Figure 5-7) 

Length of vegetation 

field (𝐵𝑚) 

𝐵𝑚
𝐿𝑤

⁄  -Wave attenuation increases with increasing length of the 

vegetation field for the same wave conditions (see Figure 

5-9) 

-The impact of meadow length on wave attenuation in-

creases with increasing plant density and plant height under 

a constant water depth, however the effect of plant height is 

more than plant density (see Figure 5-10) 

Incident wave height 

(𝐻𝑖) 

𝐻𝑖
ℎ⁄  -Wave attenuation increases linearly with increasing inci-

dent wave height (see Figure 5-15) 

-The effects of plant density and plant height are likely 

more significant than the effect of the incident wave height 

(see Figure 5-17) 

Incident wave period 

(𝑇) 

ℎ
𝐿𝑤

⁄  -Wave attenuation increases with increasing incident wave 

period T (or length Lw under a constant water depth h) over 

different meadow lengths with relative length Bm/Lw=1 (see 

Figure 5-19) 

 

The dependencies of wave height reduction by rigid vegetation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅 under pure wave con-

ditions (Equation 5.1) on the aforementioned parameters may be described as follows: 
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  (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅~ 𝑓 (𝐴𝑓𝑟𝑜𝑛𝑡
∗,

ℎ𝑝

ℎ
⁄ ,

𝐵𝑚
𝐿𝑤

⁄ ,
𝐻𝑖

ℎ⁄ , ℎ
𝐿𝑤

⁄ )                                                                       (5.4) 

where plant density (N) is accounted for as non-dimensional frontal area per bed area (Afront*), which is 

a well-known and physically measurable parameter for vegetation meadows, while plant height (ℎ𝑝) is 

normalized by water depth (ℎ) to consider the effect of submergence ratio. Length of vegetation field 

(𝐵𝑚) is normalized by wavelength (𝐿𝑤) to study the effect of meadow length for different wave condi-

tions. Incident wave height (𝐻𝑖) is normalized by water depth (ℎ) to consider the effect of incident wave 

height for different hydrodynamic conditions. The effect of incident wave period (𝑇) is considered using 

relative water depth, where water depth (ℎ) is normalized by wavelength (𝐿𝑤) under a constant water 

depth h. 

The relative importance of these independent variables can be compared in the scatterplot matrix (Figure 

5-36).   

 

Figure 5-36. Scatterplot matrix (upper diagonal elements) and correlation matrix (lower diagonal elements) which 

show the relationships between the wave height reduction by rigid vegetation under pure wave condi-

tions and effective parameters identified in the parameter study (see Table 5-9)  

Figure 5-36 shows that there is a positive correlation between the wave height reduction by rigid vege-

tation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R and the four independent variables  
ℎ𝑝

ℎ
, 

𝐻𝑖

ℎ
,

𝐵𝑚

𝐿𝑤
 and Afront

*, however the correlation of  

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R with 
ℎ𝑝

ℎ
 is stronger than with the other variables. Moreover, there is a weak negative cor-

relation between the wave attenuation by rigid vegetation and 
ℎ

𝐿𝑤
 under a constant water depth h. This 

finding confirms the result of the parameter study in sections 5.1-5.6 summarized in Table 5-9. 

In this scope, the best fitted relationship for wave height reduction by rigid vegetation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R 

under pure wave conditions is obtained as by multiple regression analysis of the numerical data ob-

tained from the parameter study in sections 5.1-5.6: 
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(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅 = 11.5 (𝐴𝑓𝑟𝑜𝑛𝑡
∗) + 37.5 (

𝐻𝑖

ℎ
) + 61 (

ℎ𝑝

ℎ
) ( 

𝐵𝑚

𝐿𝑤
) − 70.3(

ℎ

𝐿𝑤
)                                      (5.5) 

Figure 5-37 indicates the comparison of the calculated wave height reduction (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R using  Equa-

tion 5.5 with the simulated (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R using the CFD model developed in Chapter 3. It has to be 

mentioned that the same data from the parameter study are used in Figure 5.37 for the derivation of 

Equation 5.5 and for the comparison with the results from the CFD model. Moreover, the embedded 

table shows the error indices of wave attenuation by rigid vegetation for calculated data using the new 

prediction formula (Equation 5.5).  

 

Figure 5-37. Accuracy of the best fitted relationship for calculated (Equation 5.5) and simulated (CFD model from 

chapter 3) wave height reduction over a rigid vegetation meadow under pure wave conditions for all 

tested cases in the parameter study (see tables 5-1, 5-2, 5-3, 5-5 and 5-6). The solid line shows the 

perfect 1:1 line and dashed lines show the 15% error margins 

As seen from Figure 5-37 and the embedded table with the statistical indices, it may be concluded that 

the wave attenuation due to rigid vegetation can be predicted reasonably well (within ±15%) by the new 

formula (Equation 5.5) for the wave conditions and vegetation parameters considered in Tables 5-1, 5-

2, 5-3, 5-5 and 5-6. 

In order to validate the new formula (Equation 5.5) for wave height reduction by rigid vegetation 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R, the calculated (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R values using this formula are compared to data measured in 

the laboratory experiments. For this purpose, the regular wave experiments conducted in the 1 m- wide 

flume of the Twin Wave Flume (TWF) at the Leichtweiss Institute (LWI), TU Braunschweig within 

EcoDike project are used. The wave flume is 90 m long and 1 m wide in which a piston type wave 

generator is placed at one side of the flume. The water level above the vegetated bed was 0.25-0.5 m 

and wave height was measured in front of and behind the mimic vegetation meadow within wave gauge 

arrays (Figure 5-38). 
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Figure 5-38. Experimental setup of submerged rigid vegetation mimics under pure wave conditions in the Twin 

Wave Flume (TWF) at the Leichtweiss Institute (Keimer et al., 2020) (not to scale) 

The mimic plants were constructed using stiff PVC rods with a diameter of 0.003 m and two different 

heights of 0.1 and 0.25 m. The canopy was constructed from the stems distributed uniformly in space 

with different densities of 200 and 400 stems/m2 (see Table 5-10). 

Table 5-10. Plant parameters and pure wave conditions in different cases in the regular wave experiments of 

Keimer et al. (2020) in similarity to the range of conditions used for parameter study and formula de-

velopment  

Plant 

height hp 

(m) 

Plant den-

sity N 

(stem/𝑚2) 

Afront* 

Water 

depth h 

(m) 

submerg-

ence ratio 

h/hp 

(-) 

Length of 

vegetation 

field Bm  

(m) 

Incident wave 

height in front 

of the vegeta-

tion mimic Hi 

(m) 

Wave 

length Lw 

(m) 

h/Lw  

(-) 

0.10 400 0.12 

0.58 5.8 5 0.16 2.9 0.2 

0.58 5.8 5 0.16 2.9 0.2 

0.37 3.7 5 0.10 2.7 0.1 

0.36 3.6 5 0.06 2.7 0.1 

0.29 2.9 5 0.08 2.6 0.1 

0.68 6.8 7.5 0.18 7.2 0.1 

0.68 6.8 7.5 0.18 7.2 0.1 

0.36 3.6 7.5 0.07 5.4 0.1 

0.29 2.9 7.5 0.08 5.7 0.1 

0.32 3.2 7.5 0.11 4.4 0.1 

0.32 3.2 7.5 0.11 4.4 0.1 

0.54 5.4 7.5 0.07 3.0 0.2 

0.57 5.7 7.5 0.14 2.9 0.2 
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0.33 3.3 7.5 0.11 3.6 0.1 

0.57 5.7 7.5 0.14 3.0 0.2 

0.69 6.9 7.5 0.15 8.1 0.1 

0.69 6.9 7.5 0.15 8.1 0.1 

0.35 3.5 7.5 0.06 8.0 0.04 

0.58 5.8 7.5 0.17 2.9 0.2 

0.58 5.8 7.5 0.17 2.9 0.2 

0.38 3.8 7.5 0.10 2.7 0.1 

0.38 3.8 7.5 0.10 2.7 0.1 

0.36 3.6 7.5 0.06 2.7 0.1 

0.25 

400 0.3 0.63 2.5 

5 

0.15 7.2 0.1 

400 0.3 0.66 2.6 0.17 7.2 0.1 

400 0.3 0.33 1.3 0.12 5.2 0.1 

400 0.3 0.36 1.4 0.08 5.5 0.1 

400 0.3 0.38 1.5 0.12 8.1 0.05 

400 0.3 0.67 2.7 0.16 8.1 0.1 

400 0.3 0.57 2.3 0.20 2.9 0.2 

400 0.3 0.63 2.5 0.15 7.2 0.1 

400 0.3 0.67 2.7 0.19 7.2 0.1 

400 0.3 0.34 1.4 0.12 5.1 0.1 

400 0.3 0.39 1.6 0.11 8.1 0.05 

400 0.3 0.72 2.9 0.15 8.1 0.1 

400 0.3 0.29 1.1 0.10 6.6 0.04 

400 0.3 0.36 1.4 0.07 5.5 0.1 

400 0.3 0.35 1.4 0.06 8.0 0.04 

200 0.15 0.66 2.6 0.15 7.1 0.1 

200 0.15 0.66 2.6 0.14 7.1 0.1 

200 0.15 0.68 2.7 0.18 7.2 0.1 

200 0.15 0.69 2.7 0.18 7.2 0.1 
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The wave height reduction by rigid vegetation meadow (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R obtained from the wave flume 

experiments of Keimer et al. (2020) and from the present study (Equation 5.5) are compared in Figure 

5-39 for the tested vegetation parameters and wave conditions (see Table 5-10). Moreover, error metrics, 

as listed in the embedded table, are used for the quantitative evaluation of the developed formula for the 

prediction of wave height reduction due to rigid vegetation.  

 

Figure 5-39. Comparison of the measured (Keimer et al., 2020) and calculated (Equation 5.5) wave height reduc-

tion by rigid vegetation meadow (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R for the tested vegetation parameters and pure wave con-

ditions (see Table 5-10), the blue line shows 1:1 line 

As seen from Figure 5-39 and the embedded table with the statistical indices, it is concluded that the 

proposed formula (Equation 5.5) performs relatively well in predicting wave attenuation due to rigid 

vegetation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R for the tested wave conditions and vegetation parameters. The high value of 

the correlation coefficient (R) implies that the developed formula performs relatively well in predicting 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R. In addition, considering the root mean square errors (RMSE), which are less than 6% in 

wave height reduction by a rigid vegetation meadow, the new prediction formula may be used to esti-

mate the wave attenuation by rigid vegetation. 

Step 2: Determining the effective deflected height of flexible vegetation as a function of the Cauchy 

number (Ca) and blade length ratio (L) based on the scaling law for individual isolated plants 

The obtained formulae in Step 1, which assume rigid vegetation without plant reconfiguration, need to 

be adjusted for application to flexible vegetation. In previous studies, the impact of vegetation blade 

motion has been incorporated through (i) a fitted drag coefficient (e.g. Mendez and Losada, 2004; 

Stratigaki et al., 2011; Maza et al., 2013) or (ii) an effective length (ℎ𝑒) defined as the length of a rigid, 

vertical plant that generates the same horizontal drag as the flexible blade of total length ℎ𝑝. The latter 

is possible due to drag reduction resulting from the reduced frontal area and from the more streamlined 

shape of the bent plants (e.g. Luhar and Nepf, 2013; Luhar and Nepf, 2016; Luhar et al., 2017; Lei and 

Nepf, 2019a). Moreover, for wave conditions, the relative velocity between plant and flow is considered 

instead of the uniform current speed in unidirectional flow conditions. This velocity is reduced due to 

plant motion, which may result in drag reduction. In the scaling law, the effects of varying inertial and 
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buoyancy forces were neglected and the drag coefficient was assumed to be constant along the blade 

length and in time for estimating the drag of rigid blade. Moreover, the scaling law assumes that form 

drag is the dominant hydrodynamic force and the skin friction is negligible (see Section 2.3 in Luhar 

and Nepf (2016) for more details). 

In this study, the second approach, i.e. an effective plant length, is employed to account for the effect of 

vegetation blade motion on drag and thus on wave decay through physically predicted relationship found 

by Lei and Nepf (2019a) instead of calibrating the drag coefficient.  

For pure wave conditions, the effective blade length (ℎ𝑒) is described by three dimensionless parame-

ters:  

(i) the Cauchy number (Ca), the ratio of the hydrodynamic drag to the restoring force due to 

blade stiffness,  

(ii) the Buoyancy parameter (B), the ratio between the restoring forces due to buoyancy and 

stiffness, and  

(iii) the relative plant length (L), the ratio of plant length (ℎ𝑝) to wave excursion (Aw) (Luhar 

and Nepf, 2011,2013,2016; Luhar et al., 2017; Lei and Nepf, 2019 a,b),  

which are defined as follows: 

𝐶𝑎 =
𝜌𝑑𝑈𝑤

2ℎ𝑝
3

𝐸𝐼
                                                                                                                                                 (5.6) 

𝐵 =
∆𝜌𝑔𝑑𝑡ℎ𝑝

3

𝐸𝐼
                                                                                                                                                    (5.7) 

𝐿 =
ℎ𝑝

𝐴𝑤
=

2𝜋ℎ𝑝

𝑈𝑤𝑇
                                                                                                                                                  (5.8) 

where, 𝜌 is the water density, d is the plant width perpendicular to the flow direction, ℎ𝑝 and t are the 

plant length and thickness, Uw is the orbital wave velocity, ∆𝜌 is the difference between the water density 

and the plant density, E is the Young's modulus, I = dt3/12 is the second moment of inertia, Aw = UwT/2𝜋 

is the wave excursion (orbital radius).  

The scaling law for the effective length (ℎ𝑒) proposed in Luhar and Nepf (2016) is briefly presented 

below. The scaling law is not affected by plant buoyancy and hence neglects the influence of Buoyancy 

parameter B (Luhar and Nepf, 2011). This was attributed to the fact that the blades remain relatively 

upright for the small-deflection limit (L>1), where the buoyancy would not affect the balance of forces 

dictate blade motion acting perpendicular to the blade. For all the tested cases in the parameter study, 

L>1 and buoyancy therefore is not expected to play a major role.  

For pure wave conditions, the blade motion can be classified as follows: 

(i) If wave drag < blade rigidity (𝐶𝑎 < 1), the blade does not bend and thus behaves as a rigid body:  

                             
 ℎ𝑒

ℎ𝑝
⁄ = 1 

(ii) If wave drag > blade rigidity (𝐶𝑎 > 1), two cases must be considered as shown in Figure 5-40 

(Luhar and Nepf, 2016): 
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Figure 5-40. Illustration of the blade behaviour under pure wave conditions at different limits of large (L≪1) and 

small (L≫1) wave excursions (Luhar and Nepf, 2016) 

 

- For large wave excursions (𝐿 ≪ 1, ℎ𝑝 ≤ 𝐴𝑤): the blade remains bent in the early stages of a wave half-

cycle until the oscillatory flow reverses direction which is like a quasi-steady situation (Luhar and Nepf, 

2011). A balance between the restoring force due to stiffness (𝐸𝐼
𝜕2𝜃

𝜕𝑠2 ~𝐸𝐼
1

ℎ𝑒
2) and the hydrodynamic 

drag (𝐹~𝜌𝑏ℎ𝑒𝑈𝑤
2
) yields: 

       
ℎ𝑒

ℎ𝑝
⁄ ~ (𝐶𝑎)−1/3                                                                                                                                             (5.9) 

i.e. for very small relative motion between the blade and the fluid, Cauchy number 𝐶𝑎 is the sole pa-

rameter for scaling the effective length 
ℎ𝑒

ℎ𝑝 
 and the ratio of plant length to wave excursion (L) can be 

neglected. 

- For small wave excursions (𝐿 ≫ 1, ℎ𝑝 ≥ 𝐴𝑤): the blade remains nearly upright and the blade tip moves 

back and forth over a wave cycle and its horizontal excursion approximates the wave excursion with the 

maximum bending angle θ ∼ 𝐴𝑤/ℎ𝑝. Thus, the restoring force due to blade rigidity is proportional to 

𝐸𝐼
𝜕2𝜃

𝜕𝑠2 ~𝐸𝐼
𝐴𝑤

ℎ𝑒
3 which balances the drag force (𝐹~𝜌𝑏ℎ𝑒𝑈𝑤

2
) using the definition of 𝐶𝑎 and L, yields:                                                                             

      
ℎ𝑒

ℎ𝑝
⁄ ~ (𝐶𝑎. 𝐿)−1/4                                                                                                                                          (5.10) 

It has to be noted that all the aforementioned scaling laws assume that drag is the dominant hydrody-

namic forcing and that inertial effects can be neglected.  

Lei and Nepf (2019a) employed this theoretically determined scaling law (i.e. Equation 5.10) to con-

struct a predictive model for effective blade length of individual blades in waves using the measurements 

of drag force on and motion of individual model blades for a wide range of 𝐶𝑎. 𝐿 values (Figure 5-41) 

given as: 

ℎ𝑒

ℎ𝑝
= (0.94 ± 0.06)(𝐶𝑎. 𝐿)−0.25±0.02 ,          1 <  (𝐶𝑎. 𝐿) < 10000                                                     (5.11) 
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Figure 5-41. Effective blade length, ℎ𝑒 , normalized by total blade length, ℎ𝑝, as a function of wave  Cauchy number 

(Ca) and ratio of plant length to wave excursion (L). The dashed line shows the fitted relationship. The 

bottom images corresponding to the bold numbers in the graph illustrate the blade position through a 

wave cycle with a period of 2 sec in which the horizontal bars indicate the wave orbital diameter (i.e. 

2𝐴𝑤) (see Lei and Nepf (2019a) for more details)  

The images at the bottom of Figure 5-41, shown with bold numbers in the graph, illustrate the blade 

position through a wave cycle extracted from digital videos. For the range of conditions tested in the 

parameter study, 22 < (𝐶𝑎. 𝐿) < 6000 (data not shown), the plants movement are assumed to corre-

spond to the images of 2 and 3 where ℎ𝑝 ≥ 𝐴𝑤 and thus to larger ratios of plant length to wave excursion 

𝐿 ≫ 1 (i.e. the small wave excursion in Figure 5-40). Therefore, it is reasonable to use Equation (5.11) 

for calculating the effective blade length, ℎ𝑒, for individual flexible plants.  

Step 3: Determining the effective plant height within a meadow, ℎ𝑒,𝑚, based on the effective height of a 

plant in isolation, ℎ𝑒, obtained from the scaling law for individual blades in step 2  

Applying the proposed formula (Equation 5.5) for wave height reduction by rigid vegetation, in which 

the plant height, ℎ𝑝, is replaced by the effective blade length ℎ𝑒 for an isolated flexible plant  obtained 

from Equation (5.11) resulted in large under-predictions in all cases (Figure 5-42).  
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Figure 5-42. Comparison of the  (i) calculated by using Equation 5.5 where the plant height hp is replaced by the 

effective blade length he for an isolated flexible plant obtained from Equation (5.11), and  (ii) simulated 

(CFD model from Chapter 4) wave height reduction over a flexible vegetation meadow under pure wave 

conditions for all tested cases in the parameter study (see tables 5-1, 5-2, 5-3, 5-5 and 5-6). The solid 

line shows the perfect 1:1 line 

These under-predictions may be attributed to the fact that the plant motion in isolation differs from that 

within a vegetation meadow resulting in different deflected heights and thus different drag forces. Lei 

and Nepf (2019a) compared this difference through laboratory observations. Moreover, they defined the 

effective meadow height, ℎ𝑒,𝑚, as the sum of the effective length of the flexible segment, ℎ𝑒, and the 

rigid segment, ℎ𝑟. ℎ𝑒 was calculated using Equation (5.11) and ℎ𝑟, which mimics the stiffer sheath of a 

real seagrass where the blade motion is restricted, was considered as ℎ𝑟 = 2.3 ± 0.5 cm from measure-

ments (see Figure 2-10).  

However, the numerical model in this study is developed based on a new porous media approach eval-

uating the vegetation effects as the drag force considering no swaying elements. In this respect, the 

difference between the deflected height of a plant in isolation and in a meadow, which is obtained from 

the CFD model results, can be different from what is measured for real/mimic plants in the experiments. 

Moreover, though the role of the wave-driven mean current on the plant posture is known, it is not 

considered in the proposed porous media approach. However, it may be justified in this way that the 

equivalent porosity neq was developed based on the model calibration in a meadow scale using experi-

mental data; hence, the wave-driven mean current could have an implicit effect on the development of 

neq.   

In this step, the same definition for the effective meadow height, ℎ𝑒,𝑚, as in Lei and Nepf (2019a) is 

considered: 

ℎ𝑒,𝑚=ℎ𝑒 + ℎ𝑟,𝑚                                                                                                                                                  (5.12) 

where ℎ𝑟,𝑚 is the change of the effective plant height within a meadow (ℎ𝑒,𝑚) and in isolation (ℎ𝑒).  

The proposed porous media approach does not consider the sheath effect on motion restriction near the 

bed. Therefore, the change of the effective plant height (ℎ𝑟,𝑚) within a meadow (ℎ𝑒,𝑚) and in isolation 
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(ℎ𝑒) may be quantified as a function of plant density (N) and plant height (ℎ𝑝). Both N and ℎ𝑝 are 

identified as the most effective parameters on wave attenuation under the same wave condition in the 

parameter study (see Table 5-10), normalized by frontal area per bed area (Afront*) and water depth (h), 

respectively: 

ℎ𝑟,𝑚
ℎ𝑝

⁄ ~ 𝑓 (𝐴𝑓𝑟𝑜𝑛𝑡
∗,

ℎ𝑝

ℎ
⁄ )                                                                                                                                        (5.13) 

Based on the results of the parameter study in sections 5.1-5.6, the effects of vegetation parameters on 

wave attenuation by flexible vegetation in comparison with the attenuation by rigid vegetation of the 

same geometry under the same wave conditions are summarized in Table 5-11. 

Table 5-11. Qualitative comparison of the effective parameters for wave attenuation by flexible vegetation under 

pure wave conditions based on the results of the parameter study in sections 5.1-5.6 

Parameter Effect on wave attenuation and relative importance 

Plant density (N) -Wave attenuation increases with increasing plant density for both rigid and 

flexible vegetation in a same trend (see Figure 5-4) 

-An optimal density might exist above which the increase in wave attenua-

tion efficiency will become negligibly small with no noticeable changes be-

tween rigid and flexible vegetation (see Figure 5-4) 

-The impact of plant density increases with increasing plant height for both 

rigid and flexible vegetation (see Figure 5-7) 

-Stiffness and plant density can compensate each other, i.e. flexible vegeta-

tion at higher densities might be able to induce  the same wave height reduc-

tion as rigid vegetation at low densities (see Figure 5-7) 

Plant height (ℎ𝑝) -Wave attenuation increases with increasing plant height under a constant 

water depth for both rigid and flexible vegetation (see Figure 5-6) 

-Plant height is more influential than plant density in wave attenuation (see 

Figure 5-7) 

Length of the vegetation field 

(𝐵𝑚) 

-Wave attenuation increases with increasing the length of the vegetation field 

under a constant wave condition for both rigid and flexible vegetation (see 

Figure 5-9) 

-The impact of meadow length on wave attenuation increases by increasing 

both plant density and plant height under a constant water depth, but the 

effect of the plant height dominates and there is the same trend for both rigid 

and flexible vegetation for the tested conditions (see Figure 5-10) 

 

It is recalled that, in the proposed approach of this study, the effect of flexible vegetation on energy 

dissipation consists in a reduction in drag force resulting from the reduced frontal area of the vegetation 

due to plant reconfiguration. Hence, the validated numerical model for a rigid vegetation field is adjusted 

for a field of flexible vegetation introducing the deflected plant height as the actual height that affects 

the flow. The equivalent porosity, 𝑛𝑒𝑞, is defined as a function of Afront* which depends on the projected 
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area normal to the flow which in turn depends on the deflected meadow height. Consequently, the ef-

fective meadow height, ℎ𝑒,𝑚, is defined as the height of a rigid meadow that generates the same energy 

dissipation as the flexible meadow of height ℎ𝑝 with the same meadow length 𝐵𝑚 and density N.  

In this respect, the new formula for wave height reduction by rigid vegetation under pure wave con-

ditions (Equation 5.5) is used to obtain the effective meadow height, ℎ𝑒,𝑚, using the wave height re-

duction through flexible vegetation resulting from the numerical simulation. The obtained effective 

meadow height, ℎ𝑒,𝑚, and the provided effective height of individual plant (ℎ𝑒) in Lei and Nepf (2019a) 

from the scaling law for isolated individual plants in Step 2 (Equation 5.11) are substituted in Equation 

5.12 in order to obtain ℎ𝑟,𝑚, i.e. the change of the effective plant height within a meadow (ℎ𝑒,𝑚) and in 

isolation (ℎ𝑒). The best fitted relationship for the changes of effective plant height within a meadow and 

in isolation, ℎ𝑟,𝑚, is then obtained (without the need for explicit consideration of the plant motion) as 

follows: 

ℎ𝑟,𝑚 = 0.64(𝐴𝑓𝑟𝑜𝑛𝑡
∗)

0.22
(

ℎ𝑝

ℎ
)

0.94

× ℎ𝑝                                                                                                    (5.14) 

Therefore, ℎ𝑒,𝑚 can be rewritten as: 

ℎ𝑒,𝑚=ℎ𝑒 + ℎ𝑟,𝑚 = 0.94(𝐶𝑎. 𝐿)−0.25 × ℎ𝑝 + 0.64(𝐴𝑓𝑟𝑜𝑛𝑡
∗)

0.22
(

ℎ𝑝

ℎ
)

0.94

× ℎ𝑝                                 (5.15) 

Figure 5-43 indicates the goodness of this fitted relationship by comparing the calculated and simulated 

effective meadow height, ℎ𝑒,𝑚, which is within 20% error for almost all cases. The former is obtained 

using Equation (5.15) as the sum of the effective height of individual plant (ℎ𝑒) and the change of the 

effective plant height within a meadow and in isolation (ℎ𝑟,𝑚) obtained from Equation (5.11) and Equa-

tion (5.14), respectively. Moreover, the accuracy of the fitted formula is quantitatively evaluated by 

assessing the error indices for the effective meadow height ℎ𝑒,𝑚 (see embedded table in Figure 5-43). 
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Figure 5-43. Accuracy of the best fitted relationship for the effective meadow height (ℎ𝑒,𝑚) as the sum of the 

effective height of individual plant (ℎ𝑒) and the change of the effective plant height within a flexible 

vegetation meadow and in isolation (ℎ𝑟,𝑚) obtained from Equation (5.11) and Equation (5.14), respec-

tively. The solid line shows the perfect 1:1 line and the dashed lines show the 20% error margins 

Hence, wave height reduction over a flexible vegetation meadow can be calculated by the proposed new 

formula in Step 1 (Equation 5.5) for the prediction of the wave height reduction by rigid vegetation 

under pure wave conditions. For this purpose, plant height ℎ𝑝 is replaced by effective plant meadow 

ℎ𝑒,𝑚, obtained from Equation (5.15) as the sum of the effective height of individual plant (ℎ𝑒) and the 

change of the effective plant height (ℎ𝑟,𝑚),  

The new formula for predicting the wave height reduction by flexible vegetation under pure wave con-

ditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹 then can be written as: 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹 = 11.5 (𝑁 × 𝑑 × ℎ𝑒,𝑚) + 37.5 (
𝐻𝑖

ℎ
) + 61 (

ℎ𝑒,𝑚

ℎ
) ( 

𝐵𝑚

𝐿𝑤
) − 70.3(

ℎ

𝐿𝑤
)                     (5.16) 

where ℎ𝑒,𝑚 obtained from Equation (5.15). 

Step 4: Validating the proposed new formula for wave height reduction by flexible vegetation using 

experimental data  

In order to validate the new formula for predicting the wave height reduction by flexible vegetation 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹 (Equation 5.16), the calculated wave height reduction using this formula is compared to 

the measured one using the laboratory experiments. For model validation, the small-scale experiments 

of Luhar et al. (2017) and the large-scale experiments of Manca et al. (2012) are used. The experimental 

conditions including vegetation characteristics and wave parameters are summarized in Table 5-12.  

The laboratory experiments by Luhar et al. (2017) were already described in subsection 5.3.2. 

The laboratory experiments by Manca et al. (2012) were conducted in the CIEM wave flume at the 

Universitat Polytecnica de Catalunya, Barcelona. The wave flume is 100 m long, 5 m deep and 3 m wide 

in which a wave generator is placed at one side of the flume and a sandy slope beach at the opposite end 

to minimize wave reflection. The water level above the vegetated bed was 1.1, 1.3, 1.5 and 1.7 m and 

the wave height was measured at different locations along the meadow (Figure 5-44). 

 

Figure 5-44. Schematic of the setup of the large-scale experiments under pure wave conditions in the CIEM flume 

by Manca et al. (2012) (Stratigaki et al., 2011) 
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The vegetation model, which mimics a Posidonia oceanica meadow with length Bm=10.70 m, was 

placed on a horizontal sandy bottom in the central part of the flume. The artificial meadow was made of 

PVC foam selected for the most similar physical properties to real leaves in the natural environment 

with a density of 180 and 360 shoots/m2. Each plant mimic was constructed of four polypropylene stripes 

(two blades of 0.35 m and two of 0.55) with 0.01 m width, 0.001 m thickness and the modulus of elas-

ticity 0.903 GPa inserted in a 0.1 m rigid tube. For simplicity, we assumed the average length of plants 

ℎ𝑝= 0.45 m, which form a meadow with the same frontal area. Test conditions and wave properties can 

be seen in Table 1 in Manca et al. (2012), including stem density, water depth, submergence ratio, wave 

period, wave number, wavelength and wave height.  

Table 5-12. Plant parameters and pure wave conditions in the small-scale experiments of Luhar et al. (2017) and 

the large-scale experiments of Manca et al. (2012) used for the validation of the new prediction formula 

(Equation 5.16) for wave height reduction by flexible vegetation meadow 

study 

Plant 

density N 

(stem/

m2) 

Plant 

height 

hp (m) 

Af-

ront* 

Water 

depth h 

(m) 

hp/h Ca.L 

Meadow 

length Bm 

(m) 

Inci-

dent 

wave 

height 

H (m) 

Wave 

h/Lw  

(-) 
Pe-

riod T 

(s) 

Lengt

h Lw 

(m) 

 

 

 

 

 

small-

scale 

experi-

ments 

of 

Luhar 

et al. 

(2017) 

1800 

0.13 

0.7 0.39 0.33 5459 

5 

0.06 1.4 2.4 0.2 

3600 1.4 0.39 0.33 6110 0.066 1.4 2.4 0.2 

5400 2.2 0.39 0.33 5460 0.06 1.4 2.4 0.2 

7200 2.8 0.39 0.33 6118 0.068 1.4 2.4 0.2 

9000 3.5 0.39 0.33 5782 0.064 1.4 2.4 0.2 

10800 4.2 0.39 0.33 5096 0.056 1.4 2.4 0.2 

7200 2.8 0.32 0.41 5733 0.052 1.4 2.4 0.1 

7200 2.8 0.39 0.33 6790 0.074 1.1 1.7 0.2 

7200 2.8 0.39 0.33 5562 0.07 2 3.7 0.1 

7200 2.8 0.39 0.33 1710 0.018 1.4 2.4 0.2 

7200 2.8 0.39 0.33 3444 0.038 1.4 2.4 0.2 

7200 2.8 0.39 0.33 8943 0.096 1.4 2.4 0.2 

7200 2.8 0.39 0.33 10108 0.112 1.4 2.4 0.2 

large-

scale 

experi-

ments 

of 

Manca 

et al. 

(2012) 

360 

0.45 

1.62 1.7 0.26 514 

10.7 

0.4 3 10.69 0.2 

360 1.62 1.7 0.26 489 0.38 2 5.93 0.3 

360 1.62 1.5 0.30 666 0.44 3.5 12.32 0.1 

360 1.62 1.5 0.30 611 0.43 4 14.39 0.1 

360 1.62 1.5 0.30 576 0.36 3 10.2 0.1 
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360 1.62 1.5 0.30 432 0.35 4 14.39 0.1 

360 1.62 1.3 0.35 714 0.38 2 5.6 0.2 

360 1.62 1.3 0.35 578 0.32 2.99 9.65 0.1 

360 1.62 1.3 0.35 739 0.43 3 9.67 0.1 

360 1.62 1.3 0.35 720 0.46 3.5 11.62 0.1 

360 1.62 1.3 0.35 684 0.42 4.01 13.54 0.1 

360 1.62 1.1 0.41 884 0.42 2 5.36 0.2 

360 1.62 1.1 0.41 664 0.34 3 9.03 0.1 

360 1.62 1.1 0.41 827 0.45 3 9.03 0.1 

360 1.62 1.1 0.41 600 0.4 4.01 12.56 0.1 

360 1.62 1.1 0.41 752 0.48 3.5 10.81 0.1 

360 1.62 1.1 0.41 758 0.48 4.02 12.61 0.1 

180 0.81 1.7 0.26 428 0.37 2.99 10.66 0.2 

180 0.81 1.7 0.26 424 0.4 3.99 15.15 0.1 

180 0.81 1.3 0.35 589 0.31 3 9.66 0.1 

180 0.81 1.3 0.35 525 0.31 4.01 13.54 0.1 

180 0.81 1.3 0.35 850 0.39 2.3 6.84 0.2 

180 0.81 1.1 0.41 884 0.38 2 5.35 0.2 

180 0.81 1.1 0.41 664 0.33 3 9.05 0.1 

180 0.81 1.1 0.41 827 0.42 3 9.04 0.1 

180 0.81 1.1 0.41 603 0.33 3.99 12.51 0.1 

180 0.81 1.1 0.41 754 0.46 3.49 10.79 0.1 

180 0.81 1.1 0.41 997 0.42 2.3 6.5 0.2 

 

Figure 5-45 shows the comparisons between the measured and calculated wave height reduction by 

flexible vegetation meadow from laboratory experiments (Manca et al., 2012; Luhar et al., 2017) and 

the present study (using Equation 5.16), respectively. 
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Figure 5-45. Comparison of the calculated (using Equation 5.16) and measured from (a) large-scale experiments 

by Manca et al. (2012) and (b) small-scale experiments by Luhar et al. (2017) wave attenuation by 

flexible vegetation meadow for the vegetation parameters and pure wave conditions in Table 5-12 

As seen from Figure 5-45, there is a good agreement between the prediction and measurement for small 

scale experiments, while the data shows more scatter for large scale experiments. Moreover, the perfor-

mance of the new formula is evaluated quantitatively by calculating some error metrics as listed in the 

embedded tables. The high value of correlation coefficient (i.e. R=0.96 for the small-scale experiments 

and R=0.77 for the large-scale experiments) justifies the goodness of the developed formula in prediction 

of wave height reduction. The root mean square error (RMSE) in wave height reduction by a flexible 

vegetation meadow is around 2% for the small-scale experiments and 4% for the large-scale experi-

ments. A possible explanation of the better performance of the new formula in predicting wave height 

reduction in the small-scale experiments than in the large-scale experiments is the CFD model was cal-

ibrated and validated mainly using data from small-scale experiments. Hence, more and better data, 
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which could not be found within the timeframe of this PhD study, would be needed for a final validation 

of the new formula. Meanwhile, it may be tentatively concluded that the new formula (Equation 5-16), 

which accounts for the most relevant parameters of flexible vegetation and wave conditions, has the 

ability to predict wave height attenuation in a flexible vegetation meadow.  

5.8.2 New formula for wave height reduction by flexible vegetation on the wave attenuation 

under wave-current conditions  

For wave-current conditions, the following four steps are considered to develop a wave decay prediction 

formula for a field of flexible vegetation (Figure 5-46):  

 

Figure 5-46. Steps of the procedure to derive a new prediction formula for wave height reduction by flexible 

vegetation under wave-current conditions 

The four steps in Figure 5-46 are described below. 

Step 1: Determining the relative wave height reduction in wave-current and pure wave conditions (𝑟𝑤) 

by rigid vegetation based on the results of the numerical parameter study in section 5.7 

The parameter study in section 5.7 has shown that the presence of underlying currents may affect the 

wave damping capacity of vegetation depending on the vegetation parameters and on the hydrodynamic 

conditions. Moreover, the effects of plant height (ℎ𝑝) and plant density (N) on wave attenuation were 

determined under different combinations of incident wave height (𝐻𝑖) and current velocity (𝑈𝑐) as sum-

marized in Table 5-13. 
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Table 5-13. Qualitative comparison of the effects of hydraulic and vegetation parameters on wave attenuation by 

vegetation under wave-current conditions based on the results of the parameter study in section 5.7 

Vegetation & hydraulic pa-

rameters 
 Effects on wave attenuation 

Plant density (N) 
-Wave attenuation increases with increasing plant density for both rigid and 

flexible vegetation (see Figure 5-23) 

Plant height (ℎ𝑝) 
-Wave attenuation increases with increasing plant height under a constant 

water depth for both rigid and flexible vegetation (see Figure 5-24) 

Incident wave height (𝐻𝑖) 
-Wave attenuation increases with increasing incident wave height for both 

rigid and flexible vegetation (see Figure 5-25) 

Current velocity (𝑈𝑐) 

-Wave attenuation over a dense vegetation field decreases with increasing 

current velocity for both rigid and flexible vegetation (see Figure 5-23) 

-The impact of current velocity increases with increasing plant height for 

both rigid and flexible vegetation (see Figure 5-24) 

 

The dependencies of wave height reduction by rigid vegetation in wave-current condition relative to 

pure wave condition, (𝑟𝑤)𝑅 =
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅
 , on the aforementioned parameters may be de-

scribed as follows: 

(𝑟𝑤)𝑅~ 𝑓 (𝐴𝑓𝑟𝑜𝑛𝑡
∗,

ℎ𝑝

ℎ
⁄ ,

𝑈𝑐
𝑈𝑤

⁄ ,
𝐻𝑖

𝐿𝑤
⁄ )                                                                                                         (5.17) 

where plant height (ℎ𝑝) is normalized by water depth to consider the effect of submergence ratio, plant 

density (N) is accounted as non-dimensional frontal area per bed area (Afront*), which is a well-known 

and physically measurable parameter for vegetation meadows. It should be noted that in the proposed 

parameter study (section 5.7), different current velocities were combined with different wave heights 

with the same wave period (T), and hence the effects of incident wave height and wave period on wave 

attenuation cannot be assessed separately. Incident wave height (𝐻𝑖) therefore is normalized by wave-

length (𝐿𝑤) to consider it as non-dimensional parameter of wave steepness. Moreover, current velocity 

(𝑈𝑐) is normalized by wave orbital velocity (𝑈𝑤). 

In this scope, the best fitted relationship for relative wave height reduction by rigid vegetation in wave-

current and pure wave conditions (𝑟𝑤)R is obtained as by multiple regression analysis of the numerical 

data obtained from the parameter study in Section 5.7. 

(𝑟𝑤)𝑅 = 0.024 (𝐴𝑓𝑟𝑜𝑛𝑡
∗) + 0.083 (

ℎ𝑝

ℎ
) − 8.47 (

ℎ𝑝

ℎ
) (

𝑈𝑐

𝑈𝑤
) (

𝐻𝑖

𝐿𝑤
) +

0.011

𝐴𝑓𝑟𝑜𝑛𝑡
∗ + 0.81                     (5.18) 

Step 2: Obtaining wave height reduction by rigid vegetation meadow under wave-current conditions 

based on the relationship found in the previous step and the prediction formula for wave height reduc-

tion by rigid vegetation under pure wave conditions  

In order to obtain the wave height reduction by rigid vegetation meadow under wave-current conditions 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅, the best fitted function (Equation 5.18) determined in the previous step 

for relative wave height reduction by rigid vegetation under wave-current and pure wave conditions 
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(𝑟𝑤)𝑅 =
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅
  and that for wave height reduction by rigid vegetation under pure 

wave conditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅 (i.e. Equation 5.5) are used:   

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅 = (𝑟𝑤)𝑅 × (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅                                                                           (5.19) 

Step 3: Determining the ratio of the wave height reduction by flexible vegetation meadow to that induced 

by rigid vegetation of the same geometry under wave-current conditions based on the proposed porous 

media approach 

Typical parameters of a porous medium are porosity and the characteristic length scale. In the porous 

media approach for a vegetation field proposed in Chapter 3, an equivalent porosity, 𝑛𝑒𝑞, is developed 

based on the frontal area per bed area (Afront*) and the mean distance between the vegetation elements, 

ΔS (m), is determined as the characteristic length scale of the unit cell of the porous media, assuming 

flow in only one direction through an isotropic porous medium. Afront* is a dimensionless quantity that 

characterizes vegetation meadows including both plant height and shoot density, and the latter is calcu-

lated based on the geometry depending on the shoot density (N) (see Table 5-9). 

Therefore, the ratio of wave height reduction by a flexible vegetation meadow (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)F to that 

generated by rigid vegetation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R of the same geometry under the same hydrodynamic condi-

tions may be quantified as a function of porous properties, i.e. relative equivalent porosity and the dis-

tance between the plants, which is normalized by plant diameter d as ∆𝑆
𝑑⁄ : 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅

⁄ ~ 𝑓 (
(𝑛𝑒𝑞)

𝐹

(𝑛𝑒𝑞)
𝑅

⁄ , ∆𝑆
𝑑⁄ )                                                                      (5.20) 

In the proposed approach, the effect of a flexible vegetation field on energy dissipation is a reduction of 

the drag force due to plant reconfiguration, which results in a reduced frontal area of the vegetation. 

Hence, the validated numerical model for rigid vegetation is adjusted for flexible vegetation by consid-

ering the deflected plant height ℎ𝑝𝑑 as the actual height that affects the flow. The equivalent porosity is 

defined as a function of Afront*, which depends on the projected area normal to the flow, which in turn 

depends on the deflected meadow height. Consequently, the changes of wave height reduction by a 

flexible vegetation meadow (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)F relative to that generated by rigid vegetation (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)R of 

the same geometry under the same hydrodynamic conditions in Equation 5.20 may be rewritten as: 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅

⁄ ~ 𝑓 (
ℎ𝑑

ℎ𝑝
⁄ , ∆𝑆

𝑑⁄ )                                                                                     (5.21) 

The deflected meadow height ℎ𝑑 is substituted by the effective plant height ℎ𝑒 defined as the height of 

a rigid plant that generates the same energy dissipation as the flexible plant of height ℎ𝑝:  

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅

⁄ ~ 𝑓 (
ℎ𝑒

ℎ𝑝
⁄ , ∆𝑆

𝑑⁄ )                                                                                     (5.22) 

The equation proposed by Lei and Nepf (2019b) for the prediction of the effective blade length in com-

bined wave–current conditions is used to obtain the effective plant height,ℎ𝑒.They found that the effec-

tive blade length is a function of both current and wave magnitude. Considering the blade reconfigura-

tion under water motion, different equations were identified for different regimes in Lei and Nepf 

(2019b) (see Figure 5-47): 
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Figure 5-47. Illustration of the blade behaviour in (a) pure current, (b) pure waves, and (c) combined waves and 

current. Solid and dashed lines show the maximum pronation and the range of blade position over a 

wave cycle, respectively. 𝑈𝑐  is the current velocity, and Aw denotes the wave excursion (Lei and Nepf, 

2019b) 

For long waves (𝐿 =
ℎ𝑝

𝐴𝑤
≪ 1): 

Lei and Nepf (2019b) found that for 𝐿 ≪ 1, i.e. large wave excursion 𝐴𝑤or short blades ℎ𝑝, the blade 

remains pronated during a large fraction of the wave period; hence the effective blade length can be 

predicted by the scaling law for pure current conditions assuming the equivalent mean drag over the 

wave period, which requires 
1

2
𝐶𝐷𝜌𝑑ℎ𝑒 (

1

2
𝑈𝑤

2)
𝑐

=
1

2
𝐶𝐷𝜌𝑑ℎ𝑒𝑈𝑐

2
, suggesting that 𝐶𝑎𝑐 =

1

2
𝐶𝑎𝑤. They 

showed 
ℎ𝑒

ℎ𝑝
= 0.9(𝐶𝑎𝑐𝐿𝑁)−1/3 where 𝐶𝑎𝑐𝐿𝑁 =

1

2
𝐶𝐷𝜌𝑑𝑈𝑐

2ℎ𝑝
3

𝐸𝐼
 differs from the definition of Cauchy number 

used in this study, 𝐶𝑎𝑐 =
𝜌𝑑𝑈𝑐

2ℎ𝑝
3

𝐸𝐼
, by the factor 

1

2
𝐶𝐷 . Therefore, 

ℎ𝑒

ℎ𝑝
 can be rewritten using the Cauchy 

number 𝐶𝑎𝑐 defined in this study as: 

ℎ𝑒

ℎ𝑝
= 0.73(𝐶𝑎𝑐)−1/3 = 0.73 (

1

2
𝐶𝑎𝑤)

−1/3

= 0.9 (𝐶𝑎𝑤)−1/3                                                                (5.23) 

For short waves (𝐿 =
ℎ𝑝

𝐴𝑤
≫ 1):  

- If 
𝑈𝑐

𝑈𝑤
⁄ < 0.25, the plant motion was identified as wave-dominated and hence wave-only scaling 

law was used to predict the effective blade length (Equation 5.11): 

ℎ𝑒

ℎ𝑝
= (0.94 ± 0.06)(𝐶𝑎𝑤𝐿)−0.25±0.02                                                                                                         (5.24) 

- If 
𝑈𝑐

𝑈𝑤
⁄ > 2, the plant motion was identified as current-dominated and hence current-only scaling 

law (i.e. 
ℎ𝑒

ℎ𝑝
= 0.9(𝐶𝑎𝑐𝐿𝑁)−1/3) with 𝐶𝑎𝑐 =

𝜌𝑑𝑈𝑐
2ℎ𝑝

3

𝐸𝐼
 was used to predict the effective blade length: 

ℎ𝑒

ℎ𝑝
= 0.73(𝐶𝑎𝑐)−1/3                                                                                                                                        (5.25) 

- If 0.25 <
𝑈𝑐

𝑈𝑤
⁄ < 2, a new wave–current equation, which is a modified version of the unidirec-

tional current model (i.e. 
ℎ𝑒

ℎ𝑝
= 0.9(𝐶𝑎𝑐𝐿𝑁)−1/3), was determined to predict the effective blade 

length. In which a new Cauchy number 𝐶𝑎𝑤𝑐 is replaced by the current Cauchy number (𝐶𝑎𝑐): 

ℎ𝑒

ℎ𝑝
= 0.73(𝐶𝑎𝑤𝑐)−1/3                                                                                                                                      (5.26) 
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where the new Cauchy number 𝐶𝑎𝑤𝑐 defined for combined wave and current as 𝐶𝑎𝑤𝑐 =
𝜌𝑑ℎ𝑝

3

𝐸𝐼
(𝑈𝑐

2 +
1

2
𝑈𝑤

2). More details can be found in Lei and Nepf (2019b). 

In all tested wave–current cases (see Table 5-7), the condition “ 0.25 <
𝑈𝑐

𝑈𝑤
⁄ < 2 "  is met and 

hence Equation 5.26 is used to calculate the effective plant length 
ℎ𝑒

ℎ𝑝
. The best fitted relationship for 

the changes of wave height reduction through flexible vegetation meadow ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )F 

relative to rigid vegetation meadow ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )R therefore is obtained as: 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝐹

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅
= 1.57 (

ℎ𝑒

ℎ𝑝
)

0.15

(
∆𝑆

𝑑
)

−0.16

                                                                     (5.27) 

Figure 5-48 indicates the accuracy of this fitted relationship for the tested cases in the parameter study 

(section 5.7). The calculated and simulated wave height reduction over a flexible vegetation meadow 

relative to that of the rigid vegetation meadow with the same geometry under wave-current conditions 

are obtained by using Equation 5.27 and the new CFD model from Chapter 4, respectively. Moreover, 

the accuracy of the fitted prediction formula is quantitatively evaluated through the error indices for the 

ratio of wave attenuation by flexible vegetation relative to rigid vegetation shown in the embedded table 

of Figure 5-48. 

 

Figure 5-48. Accuracy of the best fitted relationship for calculated (Equation 5.27) and simulated (CFD model 

from Chapter 3) wave height reduction over a flexible vegetation meadow relative to that of the rigid 

vegetation meadow with the same geometry for all tested cases in the parameter study (see Table 5-7). 

The solid line shows the perfect 1:1 line and dashed lines show the 15% error margins 
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Step 4: Obtaining wave height reduction by flexible vegetation meadow under wave-current conditions 

based on the relationship determined in Step 3 and wave height reduction by rigid vegetation under 

wave-current conditions in Step 2 

To obtain the wave height reduction by flexible vegetation meadow under wave-current conditions 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )F, the best fitted function obtained in Step 3 for relative wave height reduc-

tion by flexible vegetation and rigid vegetation of the same geometry under wave-current conditions 
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝐹

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅
 and wave height reduction by rigid vegetation under wave-current conditions 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )R (i.e. Equation 5.26) in Step 2 are used:  

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹 =
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅
× ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅    (5.28) 

Figure 5-49 indicates the comparison of the calculated wave height reduction using Equation 5.28 with 

that using the new CFD model in Chapter 3 for all tested cases in the parameter study (see Table 5-7). 

Moreover, the embedded table shows the error indices for the calculated data using Equation 5.28 as a 

new prediction formula for wave attenuation by flexible vegetation under wave-current conditions. 

 

Figure 5-49. Scatter plot of calculated (Equation 5.28) and simulated (CFD model from chapter 3) wave height 

reduction over a flexible meadow under wave-current condition for all tested cases in the parameter 

study (see Table 5-7). The solid line shows the perfect 1:1 line and dashed lines show the 15% error 

margins 

As seen from Figure 5-49 and the embedded table with the statistical indices, it may be concluded that 

the wave attenuation by flexible vegetation under wave-current condition can be predicted reasonably 

well (within ±15%) by the proposed new formula (Equation 5.28) for the range of wave conditions and 

vegetation parameters considered in Table 5-7. 

To the best of the author’s knowledge, there is no appropriate cases, which fulfil the requirements of the 

proposed model and formula to validate the new proposed formula. Hence, further research and specif-

ically experimental tests would be suggested to evaluate the proposed formula in the future. 
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5.9 Summary of key results and discussion 

It has long been known that wave attenuation due to vegetation is highly dependent on both hydrody-

namic and vegetation parameters. Despite the large number of previous studies on the effect of these 

parameters on wave attenuation, more research is still required to quantify the relative importance of the 

effect of each of these parameters and their combinations. Therefore, the main objective of this chapter 

was to perform a sensitivity analysis to evaluate the most effective parameters of vegetation and wave 

conditions in terms of their effect on wave attenuation based on a systematic parameter study using the 

numerical model proposed and validated in Chapter 4. As the presence of an underlying current can 

either increase or decrease wave attenuation, the analysis also includes the additional effect of a current 

in combination with waves.  

For the effect of vegetation parameters, the results have shown that wave attenuation increases with 

increasing plant density for both rigid and flexible vegetation, revealing that an optimal density might 

exist. The effect of submergence ratio, defined as the ratio of water depth to vegetation height (h/hp), on 

wave attenuation was investigated by changing the vegetation height under a constant water depth. It is 

concluded that h/hp is an important parameter affecting wave attenuation, which increases with increas-

ing plant height hp, i.e. with decreasing submergence ratio. Moreover, submergence ratio h/hp appears 

to be more effective compared to plant density N (stems/m2) in wave attenuation. The results showed 

that the longer the vegetation field B, the larger the wave height attenuation. Though, more than half of 

the total wave attenuation occurred over the first wavelength. Besides, plant stiffness EI apparently af-

fects wave attenuation in the sense that the transmitted wave height decreases with increasing stiffness 

for the same wave forcing depending on the submergence ratio. It means that in the case of the smallest 

plant height considered, i.e. for submergence ratio h/hp=5, stiffness did not lead to notable changes in 

relative wave height attenuation. 

In addition, the combined effects of the parameters on wave damping was also quantified. It was found 

that submergence ratio h/hp alters the influence of both plant density and stiffness on wave attenuation. 

The data showed that the impact of plant density diminishes with increasing h/hp and remains nearly 

constant for h/hp ≥ 4. For all considered plant densities, the attenuating effect of plant stiffness decreased 

rapidly with increasing h/hp, i.e. with decreasing plant height hp under the constant water depth h, and 

both rigid and flexible vegetation led to almost the same wave attenuation for h/hp ≥ 4. The results also 

confirmed previous findings showing that plant stiffness affects wave attenuation and can compensate 

the effect of plant density as observed by Bouma et al. (2010) and Paul et al. (2012) for h/hp= 1.3 and 

h/hp=2~3, respectively. For test case with h/hp=1.5 in this chapter, it is shown that doubling the density 

of flexible vegetation results in the same dissipated wave height by the stiff one.  

For the effect of wave parameters, there is a linear relationship between incident wave height Hi and 

wave height attenuation Hreduction. The latter increases slightly with larger Hi values for both rigid and 

flexible vegetation, considering the same water depth, submergence ratio and wave period. Moreover, 

the submergence ratio as well as the plant density alter the increasing effect of incident wave height on 

wave attenuation. The data suggest that the impact of incident wave height increases with increasing 

submergence ratio and with decreasing plant density. Hence, for the tested conditions, the effect of veg-

etation parameters, such as plant density and plant height, is likely more significant than that of the 

incident wave height. In order to evaluate the effect of incident wave period on wave damping, two 

cases have been tested for a constant water depth h=0.5 m: (i) Bm/Lw=1 where both wave period T and 

meadow length Bm were varied, and (ii) Bm/Lw =1, 0.84 and 0.74 for a constant meadow length Bm=3.1 

m and for wave period of 1.6, 1.8 and 2 s, respectively.  Increasing the wave period resulted in an 

increase of the wave damping for the first case, and conversely in a decrease for the second case. Hence, 

the contradiction in previous findings might be due to differences in the approaches used for testing 
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and/or analysing the results. Therefore, these approaches need to be taken into account for understanding 

how different parameters may affect wave attenuation.  

For the effect of a current on the wave damping capacity of vegetation, which was often omitted in 

previous studies due to its complexity, was evaluated in this chapter for currents in the same direction 

as wave propagation (following currents). The results show that a following current may significantly 

affect wave attenuation by vegetation depending on the hydraulic and vegetation parameters.  This effect 

can be attributed to the different nonlinear interactions between waves and currents depending on their 

specific characteristics. These interactions can be further complicated by the interactions with vegeta-

tion, which may affect the flow pattern propagating along the plants depending on their properties.  

In the present study, for almost all tested cases, the presence of a following current decreased the wave-

attenuating capacity of vegetation. This finding agrees with those of the experiments by Paul et al. (2012) 

and Losada et al. (2016), who concluded that the presence of currents decreases the wave attenuation. 

On the other hand, Hu et al. (2014) concluded that a following current may increase or decrease wave 

attenuation by vegetation depending on velocity ratio α (current velocity/horizontal orbital velocity). 

They attributed the inconsistency of previous studies to different ranges of this ratio in their investiga-

tions (e.g. α=1.5–3.5 in Li and Yan, 2007 and α <0.5 in Paul et al., 2012). Therefore, in the present 

study, different cases with a wide range of velocity ratio α = 0.3 − 8 were tested. It should be noted 

that Hu et al. (2014) considered the linear superposition of wave and current velocities without account-

ing for their nonlinear interaction. Moreover, only the frontal area per canopy volume was considered 

in the comparison with other studies to show the similarities between test cases, but without considering 

plant density, which may also affect the flow patterns developed around the vegetation. In this study, 

therefore, a very sparse rigid meadow with plant density 139 (stems/m2) was also tested to make it 

comparable to that of the VD2 tests in Hu et al. (2014), which showed that a following current can 

indeed increase wave attenuation over a sparse vegetation field.  

The results showed that the presence of a current may affect not only the time averaged velocity, but 

also the amplitude of the wave orbital velocity and hence the effect of the wave height along the meadow. 

Furthermore, submerged vegetation may significantly affect the related flow pattern. Especially, mead-

ows with higher vegetation densities are able to induce larger current blocking and thus make current 

diverge vertically over the meadow instead of passing through it. In this respect, the rate of change of 

velocity amplitude (𝑈𝑟 =
𝑈𝑐𝑤

𝑈𝑝𝑤
), which defines the change of velocity amplitude in the presence of cur-

rents 𝑈𝑐𝑤compared to pure waves 𝑈𝑝𝑤, is adopted as a parameter to describe how currents on waves  

may  alter wave attenuation. With increasing 𝑈𝑟 in the presence of currents, wave height attenuation 

decreases, while decreasing 𝑈𝑟  will result in larger wave attenuation.  

Overall, it can be concluded that wave-current-vegetation interactions are highly complicated and de-

pend on vegetation parameters and hydrodynamic conditions; hence, it is extremely difficult to achieve 

generic relationships to describe these interactions. Yet, currents do affect wave propagation and hence 

wave height modification with a decrease or increase in wave attenuation by vegetation depending on 

the rate of change of velocity amplitude (𝑈𝑟), which may differ as a function of the wave and vegetation 

characteristics. 

Based on the results of the parameter study, new formulae for prediction of wave height reduction by 

flexible vegetation under both pure wave and wave-current conditions are derived. Some efforts have 

been made to validate the developed new formulae against experimental measurements. New prediction 

formula for wave height reduction by flexible vegetation under pure waves is validated against both 
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small-scale and large-scale experiments and concluded that it performs better for small-scale experi-

ments. However, to the best of the author’s knowledge, there is no appropriate data, which fulfil the 

requirements of the proposed model and formula to validate the new proposed formula for wave height 

reduction by flexible vegetation under wave-current conditions. Hence, further research and specifically 

experimental tests would be recommended to evaluate the proposed formulae. 

It has to be noted that the CFD model is calibrated and validated mainly using small-scale model exper-

iments. This might explain why the validation of the new prediction formula developed based on the 

results of the CFD model shows obviously a better performance in the small-scale experiments in com-

parison to the large-scale experiments. 

Overall, it has to be taken into account that more and better data would be required for a final validation 

of the new prediction formulae. Meanwhile, due to a lack of generic prediction formulae, it may be 

tentatively concluded that the new formulae, which accounts for the most relevant parameters of flexible 

vegetation and wave conditions, have in principle the ability to predict wave height attenuation by both 

flexible and stiff vegetation meadows under pure wave conditions as well as under wave-current condi-

tions.   
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6 Summary, concluding remarks and outlooks 

This PhD study aimed primarily at an improved understanding the highly complex processes underlying 

the attenuation of waves and combined waves and currents by flexible vegetation. More specifically, it 

aimed at (i) the development of a CFD model system to simulate wave attenuation by both stiff and 

flexible vegetation under pure wave  and wave-current conditions; (ii) systematic validation of the CFD 

model system under pure wave and wave-current conditions; (iii) systematic parameter study to identify 

the most relevant wave parameters and vegetation characteristics affecting wave attenuation perfor-

mance of vegetation; (iv) development of new formulae for the prediction of wave attenuation by both 

stiff and flexible vegetation under pure wave and wave-current conditions. These objectives were 

achieved through four distinct work phases (WP1-WP4): 

In WP1, the state of the art was reviewed and the available knowledge analysed. As a result, the 

knowledge gaps were identified and the implications for the objectives of the PhD study were drawn 

(see Chapter 2). 

In WP2, a brief overview of the governing equations used for the CFD modelling of waves through 

vegetation in OpenFOAM (“PorousWaveFoam”) was provided. A numerical wave flume based on a 

multi-phase CFD modelling approach was implemented for sensitivity analysis and to select the most 

appropriate set-up of wave flume for simulating waves through vegetation. A porous media approach 

was applied for the vegetation field, while the required porosity properties for the CFD solver were 

defined based on a plant meadow parameterization. The model was then calibrated to develop an equiv-

alent porosity 𝑛𝑒𝑞 as a function of the frontal area per bed area (Afront*). The obtained CFD model using 

the implemented new  equivalent porosity 𝑛𝑒𝑞 was validated by laboratory tests to reproduce the wave 

evolution over a stiff vegetation field under pure wave and wave-current conditions (see Chapter 3). 

In WP3, the validated CFD model for a stiff vegetation field was improved/adjusted and extended for a 

field of flexible vegetation by considering the dynamic response of flexible vegetation subject to water 

waves/currents. For this purpose, the most suitable empirical formulation for the deflected plant height 

within a meadow was selected based on a brief review of the different approaches available for the 

analysis of vegetation motion and introduced in the CFD model. Finally, the extended model was sys-

tematically validated against laboratory tests under pure wave and wave-current conditions (see Chapter 

4). 

In WP4, a systematic parameter study was performed to better understand the relative contribution of 

the physical processes to the attenuation of waves by vegetation. For this purpose, the validated extended 

model system was deployed to investigate the effects of vegetation characteristics (e.g. plant density, 

height, stiffness and length of the vegetation field) and wave parameters (e.g. incident wave height and 

period) on wave attenuation by both rigid and flexible submerged vegetation. In addition, the effect of 

following currents on wave attenuation performance of vegetation was evaluated. Based on the results 

of the parameter study, new prediction formulae for wave attenuation by flexible vegetation under pure 

wave and combined wave-current conditions were developed and validated against experimental data 

(see Chapter 5). 

In the following sections, the key results of this PhD study are summarized and an attempt is made to 

draw some conclusions (Section 6.1), and the limitations of the results and concrete recommendations 

for future research (Section 6.2). 
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6.1 Summary of key results and tentative conclusions 

In this section, the key findings in phases WP2-WP4 and their contribution to the research objectives, 

as outlined early in this chapter, are summarised.  

WP2: Improvement/validation of a CFD model for wave attenuation by a stiff vegetation field 

(i) From the sensitivity analysis performed on the computational wave flume, it is found that: 

- Wave reflection coefficient lower than 5% can be obtained for lengths of the inlet and 

outlet relaxation zone equal or greater than Lw and 2.5Lw (Lw: incident wavelength), 

respectively. 

- Mesh size independence can be achieved for a uniform grid resolution H/cells=6 (six 

cells per wave height), with cells aspect ratio AR=2 in the entire domain, including a 

refinement zone with a thickness of 2H and refinement ratio (i.e. ratio between cell 

length in unrefined and refined zone) RR=2 around the free surface. In fact, a relative 

error lower than 1% during an acceptable computational time is found and no significant 

increases in accuracy is observed with a finer mesh.  

(ii) The porosity properties required for the “PorousWaveFoam” solver is defined based on plant 

meadow parameterization and model calibration. The distance between plants ΔS is defined 

as the characteristic length scale, and the new equivalent porosity 𝑛𝑒𝑞 = 1 −

0.22(𝐴𝑓𝑟𝑜𝑛𝑡
∗)

0.51
 is developed as a function of the frontal area per bed area (Afront*) which is 

a physically well-defined and easily measurable parameter of the vegetation field. 

(iii) From the results of the model validation against small-scale experiments, it is concluded that 

the improved proposed porous media modelling approach is suitable for assessing the atten-

uated wave height over rigid vegetation for both pure wave and combined wave-current con-

ditions. 

WP3: Development/extension/validation of an extended model system for wave attenuation by a flexible 

vegetation field 

(i) The flexible plants reconfigure with waves and currents, which results in drag reduction; thus, 

wave decay by flexible vegetation is lower than that obtained under the assumption of a fully 

rigid plants of the same geometry.  

(ii) The validated CFD model for rigid vegetation is extended for flexible vegetation by introduc-

ing an empirical formulation for the deflection of flexible vegetation, to consider the reduced 

plant height as the actual height that affects the flow. It was found that the extended model 

system is able to calculate the height of the deflected plant reasonably well using the afore-

mentioned formulation. 

(iii) The extended model system is validated using small-scale experimental measurements, and 

it is concluded that it is able to successfully reproduce the wave height attenuation inside a 

flexible vegetation field under both pure wave and wave-current conditions. 

WP4: Systematic parameter study and new formulae for the prediction of wave attenuation 
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Overall, previous studies have shown that wave attenuation by vegetation is highly dependent on both 

hydrodynamic conditions and vegetation characteristics including individual plant and meadow charac-

teristics. Given the high variety of coastal plants and the complex process of wave attenuation due to 

vegetation, wave damping is expectedly found to vary considerably; hence more investigation is re-

quired to analyse the underlying processes and to identify the most relevant influencing parameters. 

Therefore, a systematic and comprehensive parameter study is performed, and the key results are sum-

marized below.  

(i) The effects of vegetation characteristics on wave attenuation: 

- Plant density (N): wave attenuation increases with increasing plant density N for both 

rigid and flexible vegetation. An optimal density might exist above which the increase 

in wave attenuation efficiency will become negligibly small with no noticeable changes 

between rigid and flexible vegetation. 

- Plant height (ℎ𝑝): Wave attenuation increases with increasing plant height hp under a 

constant water depth, i.e. decreasing submergence ratio h/hp, for both rigid and flexible 

vegetation.  

- Plant stiffness (EI): Wave attenuation increases with increasing stiffness EI for the same 

wave forcing depending on the submergence ratio h/hp. It means that in the case of the 

smallest plant height considered, i.e. for submergence ratio h/hp=5, stiffness did not lead 

to notable changes in relative wave height attenuation. 

- Length of vegetation field (𝐵𝑚): Wave attenuation increases with increasing length of 

the meadow Bm under the same wave conditions for both rigid and flexible vegetation, 

though more than half of the total wave attenuation occurred over the first wavelength 

propagation through vegetation. 

(ii) The effects of wave parameters on wave attenuation: 

- Incident wave height (𝐻𝑖): Wave attenuation increases linearly with increasing incident 

wave height Hi for both rigid and flexible vegetation. 

- Incident wave period (𝑇): The effect of incident wave period is evaluated using two 

different approaches for a constant water depth h=0.5 m: (i) Bm/Lw=1, where both wave 

period T and meadow length Bm were varied, and (ii) Bm/Lw =1, 0.84 and 0.74 for a 

constant meadow length Bm=3.1 m and for wave period of 1.6, 1.8 and 2 s. For both 

rigid and flexible vegetation, increasing the wave period results in an increase of the 

wave attenuation for the first approach, and conversely in a decrease for the second 

approach. Hence, the contradictions in the findings of the previous studies might be 

attributed to differences in the approaches used for testing and/or analysing the results, 

which needs to be taken into account for understanding how different parameters may 

affect wave attenuation. 

(iii) The combined effects of the diverse parameters on wave attenuation: 

- It is found that a given parameter may affect the influence of other parameters on wave 

attenuation, and hence, not considering this combined effect may result in contradictory 

conclusions.  
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- The impact of plant density N diminishes with increasing submergence ratio h/hp, i.e. 

decreasing plant height hp under a constant water depth h, and remains nearly constant 

for submergence ratio h/hp ≥ 4. 

- Plant height hp and hence, submergence ratio h/hp, appear to be more influential than 

plant density N on wave attenuation. 

- Plant stiffness EI and density N can compensate each other, i.e. flexible vegetation at 

higher densities might be able to induce the same wave height reduction as rigid vege-

tation at low densities. 

- The impact of meadow length Bm on wave attenuation increases by increasing plant 

density N and decreasing submergence ratio h/hp, i.e. increasing plant height hp under a 

constant water depth h; however, the effect of the plant height dominates.  

- The impact of incident wave height Hi increases with decreasing plant density N and 

increasing submergence ratio h/hp, i.e. decreasing plant height hp under a constant water 

depth h. 

- For the tested conditions, the effect of vegetation parameters, such as plant density N 

and plant height hp, is likely more significant than that of the incident wave height Hi. 

(iv) The effect of a following current on wave attenuation:  

- Although the effect of underlying currents on wave attenuation by vegetation has been 

proven, it was omitted in most of the previous studies due to its complexity. Therefore, 

the effect of a following current on wave attenuation is quantified in this PhD study for 

both stiff and flexible vegetation.  

- The impact of a following current on wave damping can be seriously affected by sub-

mergence ratio h/hp.   

- For almost all tested cases with different plant densities N=500-8000 stem/m2 and a 

wide range of velocity ratio α =
𝑈𝑐

𝑈𝑤
= 0.3 − 8, the presence of a following current de-

creases the wave-attenuating capacity of vegetation, which becomes more significant 

with increasing current velocity Uc and increasing propagation distance x/Lw inside both 

rigid and flexible vegetation meadows. 

- For a very sparse rigid meadow with plant density N=139 stem/m2 and a range of ve-

locity ratio α = 0.3 − 5, it is found that a following current can increase the wave height 

attenuation depending on the incident wave and current velocity. 

- The results showed that the presence of a current may affect not only the time averaged 

velocity, but also the amplitude of the wave orbital velocity and hence the effect of the 

wave height along the meadow.  

- Submerged vegetation meadows, especially, with higher densities are able to affect the 

related flow pattern over the vegetation meadow. It is found that the vertical profiles of 

mean velocity are nearly uniform within the submerged meadow and contain an inflec-

tion point near the top of the meadow, which makes the flow susceptible to Kelvin-

Helmholtz (KH) instability.  
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- In this study, the rate of change of velocity amplitude (𝑈𝑟 =
𝑈𝑐𝑤

𝑈𝑝𝑤
), which defines the 

change of velocity amplitude in the presence of currents compared to pure waves, is 

adopted as a parameter to describe how currents on waves  may  alter wave attenuation. 

With increasing 𝑈𝑟 in the presence of currents, wave height attenuation decreases, while 

decreasing 𝑈𝑟  will result in larger wave attenuation.  

- In conclusion, the current presence does affect wave propagation which may result in a 

decrease or increase in wave attenuation by vegetation depending on the rate of change 

of velocity amplitude (𝑈𝑟), which may differ as a function of the wave and vegetation 

characteristics. 

(v) New formula for wave height reduction by flexible vegetation under pure wave conditions:  

- Development of a new formula for wave height reduction by rigid vegetation under 

pure wave conditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅 as a function of the most relevant parameters de-

termined from the parameter study: 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅 = 11.5 (𝐴𝑓𝑟𝑜𝑛𝑡
∗) + 37.5 (

𝐻𝑖

ℎ
) + 61 (

ℎ𝑝

ℎ
) ( 

𝐵𝑚

𝐿𝑤
) − 70.3(

ℎ

𝐿𝑤
) 

This formula is then validated against laboratory experiments and it is found that it 

performs relatively well in predicting wave attenuation due to rigid vegetation. 

- Determination of the effective deflected height of flexible vegetation as a function of the 

Cauchy number (Ca) and blade length ratio (L) based on the scaling law for individual 

isolated plants to calculate the effective plant height ℎ𝑒 for individual flexible plants, 

the formulation by Lei and Nepf (2019a) is utilized: 

ℎ𝑒

ℎ𝑝
= (0.94 ± 0.06)(𝐶𝑎. 𝐿)−0.25±0.02 ,          1 <  (𝐶𝑎. 𝐿) < 10000     

- Determination of the effective plant height within a meadow based on the effective plant 

height in isolation :The effective plant height within a meadow ℎ𝑒,𝑚 is calculated based 

on the effective plant height in isolation ℎ𝑒 and the changes of effective plant height 

ℎ𝑟,𝑚, which is obtained as a function of plant density N and plant height ℎ𝑝, as follows: 

ℎ𝑒,𝑚=ℎ𝑒 + ℎ𝑟,𝑚 = 0.94(𝐶𝑎. 𝐿)−0.25 × ℎ𝑝 + 0.64(𝐴𝑓𝑟𝑜𝑛𝑡
∗)

0.22
(

ℎ𝑝

ℎ
)

0.94

× ℎ𝑝 

- Substitution of ℎ𝑒,𝑚 by plant height ℎ𝑝 in the new formula for rigid vegetation to cal-

culate wave height reduction by flexible vegetation meadow under pure wave conditions 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹: 

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹 = 11.5 (𝑁 × 𝑑 × ℎ𝑒,𝑚) + 37.5 (
𝐻𝑖

ℎ
) + 61 (

ℎ𝑒,𝑚

ℎ
) ( 

𝐵𝑚

𝐿𝑤
) − 70.3(

ℎ

𝐿𝑤
)   

- Validation of the new formula (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐹 using experimental data: For model vali-

dation, two set of small-scale and large-scale experiments are used. It should be pointed 

out that the formula performs well in the prediction of small-scale experiments, while 

the data shows more scatter for large-scale experiments. 
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(vi) New formula for wave height reduction by flexible vegetation under wave-current condi-

tions: 

-  Determination of the relative wave height reduction in wave-current conditions and 

pure wave conditions (𝑟𝑤 =
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒
) as a function of the most relevant 

parameters determined from the parameter study: 

(𝑟𝑤)𝑅 = 0.024 (𝐴𝑓𝑟𝑜𝑛𝑡
∗) + 0.083 (

ℎ𝑝

ℎ
) − 8.47 (

ℎ𝑝

ℎ
) (

𝑈𝑐

𝑈𝑤
) (

𝐻𝑖

𝐿𝑤
) +

0.011

𝐴𝑓𝑟𝑜𝑛𝑡
∗ + 0.81 

- Prediction of  the wave height reduction by rigid vegetation under wave-current condi-

tions ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅 based on the relationship found for (𝑟𝑤)𝑅 and the 

prediction formula for wave height reduction by rigid vegetation under pure wave con-

ditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅: 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅 = (𝑟𝑤)𝑅 × (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑅 

-  Determination of the ratio of wave height reduction by flexible vegetation to that in-

duced by rigid one of the same geometry under wave-current conditions: 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅
= 1.57 (

ℎ𝑒

ℎ𝑝
)

0.15

(
∆𝑆

𝑑
)

−0.16

 

- Prediction of the wave height reduction by flexible vegetation under wave-current con-

ditions ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝐹  based on the three relationships determined 

above: 

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝐹

=
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝐹

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝑅
× ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅 

6.2 Limitations and recommendations for future research 

This study proposes a new porous media approach for the modelling of wave attenuation by vegetation. 

The results contribute to an improved understanding of the effect of vegetation, particularly flexible 

vegetation, on wave damping. In addition, the damping effect of vegetation is investigated also for com-

bined wave-current, which has been considered only in very few studies due to the highly complexity. 

of wave-current-vegetation interactions, depending on both vegetation and hydrodynamic conditions. 

Therefore, some assumptions and simplifications had to be made in order to develop/improve/adjust the 

extended model system applied in this study, resulting in the expected limitations of the modelling ap-

proach, the results and the derived formulae for wave attenuation. The main recommendations for future 

study are related to extending the range of applicability of the proposed model and developed formulae 

to further improving the understanding of the physical processes involved wave-attenuating capacity of 

flexible vegetation: 

(i) In this study, it is assumed that regular waves propagate in a flat-bottom flume with constant 

water depth. Thus, the relative contributions of a sloping bottom (geomorphology) and water 
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depth to wave attenuation remain unclear. Hence, the model is recommended to be tested 

further for irregular waves as well as a flume with sloping bottom.  

(ii) The meadow under investigation is assumed to have an even vertical biomass distribution, 

where the plant parameters such as density and buoyancy remain constant in vertical direc-

tion, and hence the results may not be applicable to vegetation with non-uniform vertical 

distribution of biomass. The effect of mechanical properties on bio-physical interactions is 

not yet fully understood. Therefore, it would be worth exploring whether vertical biomass 

distribution needs to be taken into account for evaluating wave attenuation by vegetation. 

(iii) For the range of conditions tested in this study, the new proposed porous media approach 

performs relatively well for simulating wave attenuation by vegetation. However, the study 

is based on a limited number of data sets and hence, more and better measurement data, es-

pecially the large scale experiments and higher wave conditions would be suggested to further 

develop this approach; however, significant additional computational cost would be expected 

with the improved approach. 

(iv) For simplification, the interactions between neighbouring plants and the sheltering between 

them are neglected. Sheltering may decrease the frontal area and hence alter the wave decay 

coefficient. Therefore, it should be checked in future studies to which extent the interactions 

between adjacent plants might affect the results. 

(v) The empirical formulation for large deflections by Li and Xie (2011) is introduced to the 

extended model system for obtaining the deflected plant height. Though more sophisticated 

models have been developed to simulate the dynamic response of flexible vegetation subject 

to water waves, the aforementioned formulation is selected for this study, as an adequate 

compromise between relative simplicity and accuracy. In fact, the impact of plant reconfigu-

ration on wave attenuation in this study is characterized by the deflected plant height as the 

actual height that affects the flow in terms of drag force. As a result, this approach is found 

to perform adequately within the range of conditions tested in this study. In the future, how-

ever, more generic models may be required which describes the complex plant behaviour and 

provides the deflected plant height. It should be underlined that the proposed coupling ap-

proach enables the users to exchange the coupled models with alternative solvers without 

having to adapt the other solver. However, more complicated models may possibly need more 

complicated mesh and thus more computational power.    

(vi) For dense submerged canopies (Afront* > 0.1) under a strong current, a monami might be gen-

erated resulting in a reduced deflected plant height relative to the condition with a weaker 

current and without monami. It has to be noted that the extended model cannot account for 

monami and may hence result in larger deflection of the plants and thus in a slightly overes-

timation of wave attenuation. Therefore, it is suggested to test the model ability in calculating 

the deflected plant height under a wide range of current velocities against experimental data 

to better understand how and to which extent monami will affect the accuracy of the results.  

(vii) The effect of a current on wave attenuation by vegetation is quantified considering a current 

propagating in wave direction. Further research might be required to test the effects of a cur-

rent in opposite direction to that of wave propagation. 

(viii) The new formula for the prediction of wave height reduction by flexible vegetation under 

pure wave conditions is validated against both small-scale and large-scale experiments, re-

sulting in a better performance for small-scale experiments. This might be attributed to the 
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fact that the CFD model is calibrated and validated mainly using data from small-scale ex-

periments. Hence, more data from large-scale experiments and higher incident wave height, 

which could not be found within the timeframe of this PhD study, would be needed for a final 

validation of the new formula. 

(ix) The new formula for the prediction of wave height reduction by flexible vegetation under 

wave-current conditions is not yet validated against experimental measurements. To the best 

of the author’s knowledge, no appropriate cases could be found for validation, which fulfil 

the requirements of the proposed model and formula. Hence, further research, and specifically 

well-designed laboratory experiments, which investigate different combinations of incident 

waves and current velocities measuring the deflected plant height in each condition, would 

be recommended to validate and possibly adjust the proposed formula.  
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