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Abstract 
 

Understanding the complexity of the interactions between aquatic biological systems and 

their physical environment is a critical condition for the sustainable management of aquatic 

environments. In such ecosystems, aquatic vegetation holds a central place by influencing 

flow and turbulent processes, thus playing a major role both from an engineering and 

ecological point of view. However, the characterisation of the hydrodynamics of vegetated 

flows is facing several issues due to the complexity of the plant-flow interactions. In such a 

complex system, the plant's biomechanical properties are a key parameter governing the 

interplay between the living organism and its physical environment: a variation of the plant’s 

mechanics in time or space will generally imply changes in these regulation processes, which 

in turn can lead to major changes in the physical/ecological environment. The consideration 

of mechanical interactions, however, is fairly new to engineers, biologists and ecologists, as it 

defines an interface between engineering and ecology. As a consequence, this area of 

research has remained mostly unexplored and a lot of processes are to be discovered at the 

edge of the different disciplines. 

This thesis deepened the level of the understanding of plant-flow mechanical interactions and 

of the plant structural properties, in order to improve the parametrisation of aquatic 

vegetation in hydraulic and coastal research. Measurement techniques and experimental 

protocols were developed to collect plant biomechanical properties and a methodology for the 

collection of such data was provided based on the flexibility of the plant elements. New 

methods to design plant surrogates for hydraulic experimentation were further investigated 

based on mechanical similarity. In parallel, this thesis reviewed the measurement techniques 

commonly used to measure drag forces on submerged plants, and developed a theoretical 

framework to estimate random wave and random wave-plus-current induced drag forces on 

submerged plants. This framework is based on the definition of a drag coefficient for a given 

type of plant. Moreover, the common drag coefficient formulations were discussed, 

identifying possibilities for a standardisation of the formulations for oscillatory and steady 

flows. Finally, in order to understand the effects of the development of a biological 

community at an interface fluid/solid, the example of marine biofouling was investigated 

through flow visualisation. The methodologies developed in this thesis are to be used in on-

going projects and will trigger new research activities at NTNU and elsewhere. 
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1. Introduction 

Understanding the complexity of the interactions between aquatic biological systems 

and their physical environment is a critical condition for the sustainable management of 

aquatic environments and their ecosystems [Marion et al., 2014]. The recent increase of the 

research efforts in different fields related to eco-oriented disciplines highlights the urgent 

need of understanding this multiscale/multidisciplinary problem in the context of our current 

climate and of the coming environmental changes [Nikora, 2010; Rice et al., 2010]. Sea-level 

rise, temperature changes, increased storm intensity and frequency, and related flooding and 

erosion events are processes expected to trigger shifts in the dynamic interactions between 

ecology and hydraulics [Parry et al., 2007; Solomon et al., 2007; Thorne et al., 2007]. Many 

aspects of these interactions are still to be investigated and many answers will most probably 

be found at the different discipline interfaces, which are least studied and understood [Nikora, 

2010; Marion et al., 2014]. Due to this complexity, physical modelling and other 

experimental works stand as an essential link between field observations and 

theoretical/numerical models when characterising the impact of environmental changes on 

aquatic ecosystems [Thomas et al., 2014]. 

In such ecosystems, aquatic vegetation plays a central role. Benthic assemblages of marine 

macroalgae and seagrasses are good examples, as they can be a net source of dissolved 

organic carbon (DOC) that is vital for the microbial food web in the nearshore water column 

[Barrón et al., 2004; Wada and Hama, 2013]. Kelp forests are among the most productive of 

all marine macrophyte communities [Reed and Brzezinski, 2009]. Plant canopies regulate 

turbulent processes, playing a major role in aquatic environments, from an engineering point 

of view (e.g. wave dampening, Möller et al. [2014]) or from an ecological point of view (e.g. 

productive kelp forests, Smale et al. [2013]). A variation of the plants’ mechanics in time or 

space will imply changes in these regulation processes, which in turn can lead to major 

changes in the physical/ecological environment. 

The hydrodynamics of vegetated flows is a young topic, at the interface between fluid 

mechanics and plant ecology. Fig. 1 illustrates this fact by reporting the evolution of the 

number of publications per year registered in the scientific library Scopus®, Elsevier B.V., 

depending on three different associations of the keywords ‘vegetation’, ‘hydrodynamics’, 

biomechanics’, ‘plant’ and ‘plant ecology’. The research activity focussing on ‘vegetation’ 

and ‘hydrodynamics’ started slowly in the 90s while in 2014, about 15 new papers were 
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published every month on the topic. Similarly, research on plant biomechanics started its 

development in the 80s, and in 2014, about 13 new publications can be found every month. In 

the context of climate change and the development of sustainable societies, there is a clear 

need of understanding and better prediction of the hydrodynamics of vegetated flows. As this 

scientific area is mostly unexplored, many research groups refocus their activities towards 

these areas at the interface of major established field of research, leading to a very high 

dynamism of these new eco-oriented areas of research. However, when it comes to 

combining more than two fields, such as ‘biomechanics’, ‘plant ecology’ and 

‘hydrodynamics’ only four papers could be found, three being reference foresight papers 

[Ennos, 1999; Nikora, 2010; Rice et al., 2010], and only one being a research paper [Puijalon 

et al., 2005]. Although these results come only from one scientific library, thus depending on 

the keyword research tool implemented, it suggests that the hydrodynamics of vegetated 

flows remain mostly unexplored as it is a combination of at least three main different fields 

(hydrodynamics, organism biomechanics and ecology, see Nikora [2010]).  

 

Figure 1- Evolution of the number of publications per year registered in the scientific library Scopus®, Elsevier 

B.V., depending on three different keywords associations within the period 1966-2014, 
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Thomas et al. [2014] identified the main issues that research on aquatic biological systems 

and their physical environment is currently facing (for more details see Appendix I). These 

issues include the adaptation processes due to spatio-temporal changes of environmental 

factors, the complexity of the interaction and feedback processes between organisms, the 

natural variability among organisms and both the possibility and need to scale down these 

processes for a proper representation of aquatic ecosystems. These processes are mostly 

regulated at the interfaces between the different elements defining an aquatic biological 

system (water, sediment, biota and atmosphere, see Marion et al. [2014]).  

When it comes to the hydrodynamics of vegetated flows, two main types of interactions can 

be identified: chemical/biological, and mechanical. Chemical and biological interactions 

between aquatic vegetation and its environment are already well documented as they are at 

the heart of aquatic biology and ecology [O'Hare, 2015]. The consideration of mechanical 

interactions, however, is fairly new to engineers, biologists and ecologists, as it defines an 

interface between engineering and ecological thematic. In this context, this thesis investigated 

the role of aquatic vegetation biomechanics in the hydrodynamics of vegetated flows and 

aimed at including plant biomechanical considerations in hydraulic and coastal research. 

 

1.1. Objectives and research questions 

The main objective of this thesis work was to create a solid base of knowledge on aquatic 

plant biomechanics for future hydraulic experimentations, and trigger new research at NTNU 

and elsewhere. The main issues addressed were: 

- Identification of the key processes of plant-flow mechanical interactions through 

literature surveys and critical reviews.  

- Improvement of the understanding of plant structural properties and their variability.  

- Development of new methods to design plant surrogates for hydraulic 

experimentation, based on mechanical similarity. 

This thesis being linked to the PISCES project (part of the EU-funded HYDRALAB-IV 

research program), it also shared some of its approaches. Thus, measurement techniques and 

experimental methodologies were developed and improved to better incorporate plants and in 

hydraulic modelling; and assess some of the major limitations of using surrogates in flumes 

to evaluate effects of organisms on flow characteristics. 
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Figure 2 - Overview of the of the thesis’ scope and outline 
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1.2. Research strategy and thesis outline 

Strategy – Fig. 2 provides a graphical overview of the scientific background, the adopted 

strategy, and the thesis outline related to the different areas of plant-flow interactions. The 

amount of knowledge in the different areas is represented by the different grey tones in the 

‘Scientific background’ diagram. Thus it is clear that the main scientific background at the 

beginning of this thesis work focused on general fluid mechanics. As the hydrodynamics of 

vegetated flows is an interplay of three different main fields of research, the strategy adopted 

has been to extend the current knowledge towards the biological sciences, via plant 

biomechanics, in order to better capture the complexity of plant-flow interactions. However, 

as clearly stated by Denny [1988], “we approach the topic  [of plant-flow interactions] from 

the viewpoint of a team of engineers assigned to the task of designing a new, improved plant 

[…]. A potential difficulty with this mechanistic view is that it works exactly backwards from 

the process of evolution”. To compensate for the bias of this engineering approach, 

discussions of reviews and new scientific results were focussed on the ‘feedbacks’ of this 

new knowledge on the original main scientific background; e.g. how do plant properties and 

the variations of plant characteristics affect plant hydrodynamics (see Fig. 2). 

Outline – As a result, this thesis is organised around six journal papers, one book chapter, 

and completed by three appendices. These contributions are data-based or methodology 

oriented papers, some of them including reviews of the topic, and are organised along a 

‘gradient’ from fluid mechanics to biological sciences (see Fig. 2). Some of the papers can be 

grouped in sets, papers I and II looking at wave and wave-plus-current induced drag forces on 

submerged plants, and papers III and IV focusing on some of the advances made within the 

PISCES project. The various scientific notions underlying these contributions are developed 

in the following sections. 

2. Scientific background 

2.1. Plants and macroalgae as complex biological systems  

Plants, algae, seaweeds, seagrasses… a short explanation – There is the need to clarify the 

use of the term “plants”, as this is a seed for long passionate discussions between scientists. 

The different types of algae were once considered to share a common ancestor with land 

plants (monophyletic), and were therefore grouped in the same Plant kingdom. However, it is 

now known that red, green and brown algae have different ancestors (polyphyletic), and are 
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therefore placed in different divisions within the Plant kingdom [Bhattacharya and Medlin, 

1998]. The first land plants probably evolved from shallow freshwater green algae, and 

fossils of isolated land plant spores suggest land plants may have been around as long as 475 

million years, prior to the Silurian geological age [Wellman et al., 2003]. Macroalgae is a 

term used to group multicellular macro organism of the red, brown and green algae; while 

seaweed describes marine macroalgae living near the seabed (benthic). Finally, seagrass 

describes aquatic submerged vegetation that evolved from land plants, and that are fully 

adapted to underwater saline environment (Fig. 3 - Atwell et al. [1999]). Despite these clear 

differences, the word ‘plants’ is in use as a catch-all term to design vegetation type 

organisms.  

 

Figure 3 – “Evolution of seagrasses from algae. Algal evolution in the Silurian was followed by appearance of 

the first land plants which diversified by developing higher plant characteristics such as woodiness and sexual 

reproduction. During the Cretaceous, marine angiosperms evolved, characterised by mangroves and salt-marsh 

plants in intertidal zones and seagrasses as the dominant submerged macrophytes”. Taken from Atwell et al. 

[1999]. 

Plant’s functions as design criteria – ‘Plants’ are organisms designed and optimised, like 

animals, to survive in their environment. For doing so, they must perform simultaneously a 

set of functions which are defined by underlying physical laws. As each function comes with 

a set of requirements that the plant must meet, combining all requirements at once mostly 

leads to design incompatibilities [Niklas, 1992]. Therefore, compromises are found on the 

basis that the plant must perform in its environment and meet some minimum specifications. 

In some cases, the problem of conflicting design specifications is solved by some 
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evolutionary innovation, i.e. a small change in the plant structure/metabolism that leads to a 

net improvement of the performance for several functions simultaneously. An example of the 

main functions that a terrestrial plant must perform is illustrated in Fig. 4. Such a set of 

functions is also found for aquatic vegetation with exception of the evaporation process. The 

source of energy is the most critical criterion in an organism’s design. Plants and algae are 

autotroph, meaning they manufacture food from inorganic compound using an external 

source of energy. Most of the plants and algae use the sunlight as an external source and are 

therefore classified as ‘photoautotroph’. In an aquatic environment, this implies a certain 

range of depth below the water surface were life is possible at a reasonable cost. Although 

organisms performing photosynthesis have been found at more than 100m water depth, most 

of the macroalgae are found in less than 30m where the light levels are high enough to result 

in a net carbon gain [Denny, 1988]. As a consequence, benthic macroalgae are most abundant 

in open shallow waters, were the wave action is the strongest.  

 

Figure 4 – Principal vegetative and reproductive functions that must be performed by all plants 

(photoautotrophs). Taken from Niklas [1992]. 

The rigidity of the plant structure and the plant morphology form the second set of criterion 

defining the mechanical performance of an organism in its environment. Plants and 

macroalgae can clearly be divided into two categories, those that opted for high flexibility 

and those that opted for a higher rigidity. In general, aquatic plants, and especially organisms 

living in a wave-swept environment, are considerably more flexible than land plants (see 



8 
 

Table 1, p15), as a rigid structure will experience larger hydrodynamic loads compared to a 

flexible structure of the same size in the same environment. An increased flexibility allows 

the organism to bend and reduce its frontal area (i.e. area of the plant projected in the flow), 

and adopt a more streamlined disposition, which is crucial in energetic aquatic environments 

(developed in details in the coming sections). As plants and macroalgae have several 

advantages in growing tall (improving photosynthesis and reproduction), the modulation of 

the plant’s rigidity appears to be a key criterion in maintaining a good overall performance in 

environments with higher hydrodynamic stresses.  

Mechanics also influences the plants’ reproduction, this function being often based on 

diffusion and dispersion processes of seeds from flowers (seagrasses) or spores (macroalgae). 

However, the constrain of the physical environment also pushed some species of macroalgae 

to develop alternative strategies, such as vegetative propagation  (Endocldia, Rhodymenia , 

see Denny [1988]). Finally, the plant relying on nutrient and carbon exchanges, flux control 

and internal hydraulics are major functions that must be performed efficiently by the plant. 

These exchanges depend highly on plant motion, which in turn is influenced by plant 

mechanics [Huang et al., 2011; Rominger and Nepf, 2014]. 

Convergence and adaptation – In order to carry on with the different functions necessary to 

life, the plants differentiate their tissues (organisation of groups of similar cells), which then 

gives shape to different organs, adapted to perform specific functions in a given environment 

[Atwell et al., 1999]. The heterogeneity of the different physical environments will certainly 

lead to different shapes and strategies characterising the plant biological system, and a 

contrario, plants distantly related, but living in a similar environment, will evince 

morphological and physiological convergence [Niklas et al., 2006]. This convergence 

phenomenon is one of the consequences of the adaptive natural selection process. 

Adaptations are changes in a biological system that enhances the survival or reproduction of 

an organism compared to previous generations [Futuyma, 2009]. As natural selection is a 

mechanism constantly in action, organisms are constantly adapting to their environment, 

providing an example of feedback between a plant and its physical environment (Fig. 5). 

However, convergence and adaptation are processes occurring at relatively large time scales, 

typically over hundreds of generations to give significant changes to the morphology and 

physiology of an organism. 
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Figure 5 – Simplification of the dynamic feedbacks between aquatic vegetation and hydraulics over time, with 

inputs from the local environment. Adapted from O'Hare [2015]. 

 

Seasonality, succession and spatial heterogeneity – Due to their dependency on light 

availability, most of the plants base their growing activity on the yearly cycle of day-length, 

with a growth-rate peaking in spring to reach its maximum in summer. This is also the case 

for all aquatic vegetation such as freshwater macrophytes and riparian vegetation [O'Hare, 

2015], or marine macroalgae [Schaffelke and Lüning, 1994]. Growth phases can also be 

synchronised with seasonal hydraulic events (in tropical regions: floods, seasonal rain), or 

nutrient availability (in darker polar regions, e.g. Davison et al. [1984]). After the growing 

season, some plants completely die off, or simply lose their leafs/blades, and regenerate the 

coming year from seeds or propagule for annual plants, or roots/stems for perennial plants. 

This implies a dramatic change of the vegetation morphology from summer to winter, which 

in turn will affect the local hydraulics and sediment trapping properties of the canopy, which 

is another example of the dynamic feedbacks between aquatic vegetation and hydraulics (Fig. 

5). Colonisation and succession are also time dependent processes. When a new environment 

is available, opportunistic species establish a first colony and locally modify the substrate 

and/or the hydraulic conditions [Gurnell, 2014]. These local modifications will consequently 

generate new favourable conditions for other species.  Then, the competition for the same 

resources will induce the retreat of the less performant species in favour of some newcomers. 

This process, known as succession, a cornerstone concept in plant ecology first described by 

Clément [1916], implies significant changes in the vegetation characteristic, and occurs over 

time scales varying from one season to hundreds of years. During this process, habitat-scale 
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and large scale distributions are linked to the ability that the species have to disperse and 

settle, and tolerate different environmental conditions and disturbances [O'Hare, 2015]. 

Predation by a grazing fauna has also a strong impact on these temporal and spatial 

variations, with some cases of canopy disappearing in a few years-time (see the example of 

kelp-sea urchin interaction, Steneck et al. [2002]). 

 

2.2.  The mechanics of biomaterials 

Basic properties of biomaterials – In mechanics, stress is a physical quantity that 

characterises the internal forces that neighbouring particles of a continuous material exert on 

each other, while strain is the measure of the deformation of the material under a given stress.  

 

Figure 6 – Simplified definition of stress and normalized deformation for tension, compression and shear of a 

discrete biomaterial sample. Adapted from Denny [1988] 

As illustrated in Fig. 6, stresses are generated by external forces (noted F in Fig. 6) and the 

stress under a given load is the force divided by the particular cross-sectional area S1 resisting 

the force. This cross-section is perpendicular to the axis along which the force is applied for 

tension/compression loads and the normal stress σ is defined as σ = F/S1. If forces are applied 
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in shear, the cross-section S1 is assumed to lie in a plane parallel to the force F and the 

reaction force –F. The shear stress τ is expressed as τ = F/S1. The amount of deformation of a 

biomaterial under a given load is a function of its size, and therefore the strain is defined as a 

normalised deformation. In order to quantify these deformations, a reference length xo is 

defined prior to the test and measured after deformation (x1), allowing the quantification of 

variation in terms of Δx (= x0 – x1) of the reference length after a mechanical test. Based on 

this parametrisation, four common definitions of the strain are typically in use (see e.g. Niklas 

et al. [2006]; see Fig.6 for the notation): 1. The extension ratio λe is defined as the ratio of the 

deformed length to the initial length λe = x1/xo. 2. In engineering, the strain is characterised by 

the change in length and is expressed as e = λe-1 = Δx/xo. This definition is most common 

and, like the previous definition, valid for deformations under tension and compression. 3. 

The ‘true’ strain is defined as et = ln λe. 4. The shear strain γ, which is the gradient of the 

deformation under a shear load is defined as γ = dx/dz, where x and z are the coordinates of 

the Cartesian reference system The stiffness properties of a material, i.e. how much a material 

deforms under a given stress, can be estimated from the ratio of stress to strain, called the 

Young modulus E = σ/e (relation known as Hook’s law). Young's modulus is a material 

constant and can vary with the type of load (e.g. compression or tension), or if the material 

has non-linear properties (developed in the next paragraph and in Fig. 8). Similarly, it is 

possible to characterise a shear modulus Gsh = τ/γ and a torsion modulus G based on the ratio 

torque to angular deformation recorded during a torsion test (see Harder et al. [2006]). All 

mentioned moduli are expressed in the S.I. unit Pascal (Pa). 

Due to the heterogeneity of the tissues forming the structure of a plant or macroalgae, these 

biomechanical properties are anisotropic, and can vary considerably depending on the type of 

load applied and the orientation of the plant’s tissues. As an example, Ochroma pyramidale, 

known as balsa tree, is characterised by a Young modulus of the order 3-4 GPa along its 

wood fibres, and 0.1 GPa across the fibres. In addition, water is an important part of plant 

composition (for example up to 15 % in the macroalgae Laminaria japonica). Thus internal 

water variation and water fluxes can have a major impact on plant physiology and the 

mechanics of the plant’s tissues. Water fluxes in a plant organism are driven by the osmosis 

process, which is a net movement of solvent molecules through a semi-permeable membrane 

(cell walls) into a region of higher solute concentration in the direction that tends to equalize 

the solute concentrations on each side of the membrane [Niklas, 1992]. The osmotic flow will 

adjust the water content of a cell depending on the hydration of its neighbouring cells, 
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affecting the internal pressure in the cell itself – the turgor pressure (Fig. 7). The turgor 

pressure is vital for plant tissue biomechanics because it influences directly the tensile 

stresses generated within the cell walls, especially for thin-walled cells and tissues. For 

thicker walled-tissues, a loss of water induces an increase of the elastic modulus of the tissue, 

as a result of dehydration of the cellulosic components in the cell wall as well as the 

densification of the cell wall material in the tissue [Niklas, 1992]. As water content in a plant 

is known to vary with the climate, the growing phase of the plant, the water temperature and 

water turbidity for the case of macroalgae; the biomechanical properties of a plant’s tissue 

will by definition vary constantly with time. 

 
Figure 7 – Sketch of the effects, at a cell level, of the variation of the turgor pressure driven by osmotic flows. 

Adapted from the “Turgor pressure on plant cells diagram” released in the public domain 

(https://commons.wikimedia.org) by Mariana Ruiz Villarreal.  

 

Elasticity, plasticity, viscoelasticity, creeping – A purely elastic material is a material in 

which stresses are linearly related to strains via Hook’s law (curve (a) in Fig. 8A). Some 

materials are non-linear elastic, meaning that Hook’s law does not apply for the full 

deformation of the material (typically for low strains). Such materials are still considered 

elastic as the loading and unloading curves superimpose each other (curve (b) in Fig. 8A). 

Plasticity is characterised by non-recoverable deformations, meaning that the loading and 

unloading curves will mismatch, and the amount of plastic deformation will be characterised 

by the remaining strain after unloading (curve (b) in Fig. 8A). Figs. 8C1 to 8C3 depict the 

difference between the three different types of non-elastic behaviour: plasticity (Fig. 8C1), 

elastoplasticity (Fig. 8C2, similar to curve (c) in Fig. 8A), and viscoelasticity (Fig. 8C3). For a 
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plastic material, deformations are not recoverable leading to a vertical unloading curve in a 

stress-strain diagram, while for an elastoplastic material some of the deformations are 

recovered. Viscoelasticity, however, is different from elasticity and plasticity: a viscoelastic 

material will return to its original shape after the sample has been unloaded, even though it 

may take some time. This is due to the viscous properties of the material generating a 

resistance to the strain rate (variation of the deformation in time) when a stress is applied.  

 

 

Figure 8 – Examples of complex stress-strain behavior. (A) Typical curves for a linear elastic material (a), a 

non-linear elastic material (b), and an elastoplastic material with the unloading phase revealing the final 

plastic deformation (c). (B) Typical stress-strain behavior of a macroalgae material subject to cyclic loads with 

increasingly larger strains. Each cycle is composed of a nonlinear-elastic then elastoplastic extension followed 

by a nonlinear retraction. Each cycle induce plastic deformations. The tips of the extension-retraction cycles 

follow the curve of an elastoplastic pull-to-break test. The grey area represents the recoverable strain energy 

density after the last cycle. Adapted from Mach et al. [2007a] and Mach et al. [2007b]. (C) Stress-strain curves 

for purely plastic (C1), elastoplastic (C2), and purely viscoelastic materials (C3). 

For biological materials it is possible to define regimes of pure elasticity, plasticity or a 

combination of both, depending of the way the stresses are applied. However, most 
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biomaterials, if not all, are viscoelastic to a greater or lesser extent. Creeping is another time 

dependent process characterising biomaterials, and relates to the tendency of the material to 

deform more or less permanently under a given load. Creeping may be related to 

viscoelasticy for polymers, but in the case of biomaterials it is rather due to the fibre 

rearrangements and tissue structural modification. Creep is characterised by a time dependent 

strain rate and occurs typically over larger time scales. 

Mechanical testing – Mechanical properties of biomaterial are usually determined via 

standardised mechanical tests (tensile, compressive, bending, and tension tests, or dynamic 

and transient tests). Customised test benches coexist with commercial solutions, and their 

domain of applicability depends on the properties of the examined tissue [Henry, 2014]. As 

most of the biomaterials show behaviours caused by a combination of the three main types of 

deformation (linear/nonlinear elastic, plastic, and viscoelastic), it can be challenging to 

identify a zone of linear elasticity in order to define Young's modulus. For biomaterials, 

Young's modulus is typically defined as the slope of the first linear part of a stress–strain 

curve [Vincent, 1992]. Fig. 8B gives a typical example of the complex behaviour of a 

macroalgae material under cyclic loadings with increasing strain (adapted from Mach et al. 

[2007b]). The first cycle describes a pure non-linear viscoelastic deformation, as there is no 

remaining strain at the end of the cycle. With increasing the strain, each cycle is characterised 

by a nonlinear-elastic then elastoplastic extension followed by a nonlinear retraction. Thus, 

each cycle induces plastic deformations in addition to viscoelasticity as highlighted by Mach 

et al. [2007b] for a macroalgae material. The tips of the extension-retraction cycles follow the 

typical curve of an elastoplastic pull-to-break test, which refers to a standard test where the 

sample is pulled at a constant strain rate until failure. 

The wide range of biological materials – Table 1 gives an example of the wide variety of 

biomechanical properties found in nature, ranging from viscous slimes to strong fibre 

structures (e.g. cellulose). In general, the average density of aquatic vegetation is slightly 

higher than the density of water. However, the presence of gas pockets or light mucilage may 

lead to positive buoyancy for some macroalgae or parts of macroalgae [Stewart, 2006b; 

Luhar and Nepf, 2011]. Mechanical properties, such as Young's modulus are directly affected 

by processes occurring at the cell scale. Variations in water content, salinity, or seasonal 

growth are thus modulating these ‘mean’ mechanical properties based on the variation of 

external environmental variables (e.g., seasons, rainfalls, wave climate, etc.; see also Pratt 

and Johnson [2002]). 
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Table 1 – Mechanical properties of typical of biological materials and man-made materials. Adapted from 
Denny [1988]. 

  

Tensile strength 
(MPa) 

 

 

Breaking Strain 
(-) 

 

Young modulus E 
(MPa) 

 

Density, x103 
(kg/m3) 

Slimes     
Seawater - - - 1.02 
Pedal mucusa 0.1 – 0.3 - - 1.0 - 1.1 
Barnacle cementa 0.1 - 0.3 - - 1.2 
 

Rubbers 
    

Resilin 4 - 6 2 - 3 2 1.2 
Abductin 8 – 12 2 - 3 4 1.2 
Elastin 4 – 6 2 - 3 2 1.2 
 

Fibers 
    

Silks 500 – 1 000 0.2 – 0.35 5 000 – 10 000 1.2 
Collagen 50 – 100 0.08 – 0.1 2 000 1.2 
Cellulose 500 – 1 000 0.02 – 0.1 20 000 – 80 000 1.2 
 

Plant tissues     

(Freshwater algae)b 2 – 25 0.1 – 0.2 10 – 550 - 
(Kelp stipes)c 1 – 3 0.2 – 0.6 3 – 30 - 
Oak – Q. Alba (Wood)d 121 - 14 180 0.79 
 

Crystalline Composites 
    

Coral skeletone 40 < 0.001 60 000 2 
Mussel shellf 56 0.002 31 000 2.7 
Bone 190 0.01 18 000 2 
 

Man-made materials 
    

Steel 3 000 0.015 200 000 7.9 
Glass 100 < 0.001 100 000 2.5 
Cement 4 < 0.001 4 000 2.8 
Fiberglass 300 - 1 000 0.01 30 000 – 100 000 1.5 - 2 
     

a Denny et al. [1985] c Harder et al. [2006] e Vosburgh [1982] All other data from 

b Miler et al. [2014] d Niklas [1992] f Currey [1980] Wainwright et al. [1982] 
 

2.3. Plant/macroalgae as a structure opposing the flow 

Plants and macroalgae in natural flows are exposed to flow forces in the same way as any 

other body. Due to their rigidity and internal structure, they offer an obstruction to the main 

flow and the drag in flow direction represents a major part of the fluid forces. These 

organisms are typically located in the boundary layer which is a zone where turbulence is 

generated due to increasing shear as the mean flow velocity decreases towards the bed. 

Turbulence contributes to drag fluctuations and increases the intensity of the maximum forces 

experienced by the plant [Nikora, 2010]. In order to reduce the impact of these forces, aquatic 

plants have developed strategies based on their flexibility to reduce the force intensity by 

streamlining and thus by reconfiguring their geometry [Koehl et al., 2008; Nikora, 2010]. 

Drag forces are driving reconfiguration processes and these processes are modulated by the 

plant’s structural properties [Gosselin et al., 2010b; de Langre et al., 2012; Albayrak et al., 
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2013]. In order to investigate the plant-flow mechanical interaction, there is the need to detail 

the following key concepts. 

Static beam theory – Simple loading regimes are rare in nature (e.g., pure tension, pure 

compression) due to varying loadings and the complexity of the vegetation structures. In 

order to capture the main processes of plant-flow interactions, plants and algae have been 

commonly modelled in a simplified way as beams [Dijkstra and Uittenbogaard, 2010; Luhar 

and Nepf, 2011; Maza et al., 2013]. The mechanics of beam structures is the core of many 

engineering applications and its simplest formulation, the Euler-Bernoulli beam theory, 

represents the basis for the determination of static beam deformations [Gere and Goodno, 

2012]. This theory is based on the “Bernoulli-Euler Hypothesis” and was derived around 

1750. This hypothesis lead to the formulation of the 1-D Euler-Bernoulli static beam 

equation, relating a beam’s deflection to the applied load [Gere and Goodno, 2012]:  

2 2

2 2

d d wEI q
dz dz

 
= 

 
 

 

  (1) 
 

where w(z) is the ordinate describing the beam deflection and q is a distributed load (in Nm-

1). The quantity EI, known as flexural rigidity, is the product of the elastic modulus E (or Eb 

in the case of bending an anisotropic material) and the second moment area of the beam’s 

cross section I [Gere and Goodno, 2012]. For a given cross section, I is calculated for the 

"neutral" axis of the cross section, i.e. the axis passing through the centroid of the cross-

section and which is perpendicular to the applied load. For a beam oriented along the vertical 

z with a horizontally applied load in x-direction (Fig. 9), the second moment area is defined 

as [Young et al., 2011] 
2   I x dy dx=∬   

  (2) 
 

for a centroid (centre of the cross-section) with the coordinates y = x = 0. For real plants, E 

and I will mostly vary with z. Ignoring this fact, EI may be considered as being constant 

leading to the relation 

4

4

d wEI q
dz

=  
 

  (3) 
 

Furthermore, assuming a linear-elastic material behaviour, integration of the bending stresses 

over the beam’s cross section can be used to determine the resulting deflection through the 

relation 
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1/ /r M EI=    (4) 
where r is the radius of curvature of the deflected beam, M is the bending moment at a given 

section, and EI is the bending rigidity or flexural rigidity of the beam. The curvature κ of the 

beam is given as κ = 1 / r [Gere and Goodno, 2012], resulting in 

M EIκ=    (5) 
Considering a point P at a distance s from the top of the beam, φ is the angle between the 

tangent in P and the vertical plane (see Fig. 9) and is defined as φ = dw/dz. The curvature κ is 

equal to dφ/ds and the bending moment M = EI dφ/ds. The relation between s and w can be 

found by solving Eq. 3. 

 

 

Figure 9 – Static bending: illustration of the parametrization of Euler-Bernoulli cantilever bending under the 

(hydrodynamic) load q(z). Illustration from P-Y Henry. 

The simplest and most common type of deformation found in nature (in aerial or aquatic 

environments) is the cantilever bending. This form of bending, represented in Fig. 9, occurs 

when a beam is held fixed in one end and remaining free in the other end with the load being 

applied along its length. This type of loading induces shear forces in the beam which are 

compensated by the rigidity of a beam section [Denny, 1988; Dijkstra and Uittenbogaard, 

2010; Luhar and Nepf, 2011]. For a cantilever bending, the bending moment will be 

maximum at the fixed end and null at the free end for any kind of load. Provided that EI is 
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constant, most of the bending moment will therefore occur close to the fixed end (deduced 

directly from Eq. 5). 

Drag and flexibility– The characterisation of the interaction of a plant/macroalgae with its 

environment requires a better understanding of the relevant physical processes and hence, an 

appropriate parameterisation of the of fluid forces main component, the drag force. This drag 

force is commonly parameterized as FD = 0.5ρCDARefU2, where ρ = fluid density, CD = drag 

coefficient, ARef = reference area, and U = flow velocity. For a submerged rigid bluff body 

(ARef constant), the drag force FD is proportional to the square of the flow velocity for 

sufficiently high Reynolds-numbers Re, i.e. where the drag coefficient CD is constant, with 

Re = UD/ν , ν is the water kinematic viscosity, and D is a characteristic length of the object. 

The drag coefficient CD depends not only on Re but also on the shape of the object. As 

developed in previous sections, the mechanical action of the drag forces on the plant structure 

will be compensated by a reaction force depending on the rigidity of the plant and buoyancy 

forces. This reaction force is commonly called restoring force and noted FR. At an initial 

stage prior to deformation, if FDo ≤ FRo, an object behaves as a rigid body, whereas it will be 

deformed if FDo > FRo, leading to an increase of the magnitude of FR (increasing bending 

moment). This defines the onset of reconfiguration via two different mechanisms: first, the 

reconfiguration process leads to the reduction of the frontal area of the vegetation element, 

and second, the reconfigured shape tends to be more streamlined [de Langre, 2008], which in 

turn will lead to a decrease of CD. Streamlining can thus result in a substantial drag reduction 

reflecting the effort of the object to minimize pressure drag [Vogel, 1994; Nikora, 2010]. 

Many studies with plants and artificial objects have shown that the drag growth with velocity 

is lower for flexible elements than the usual rigid-body proportionality [Gosselin et al., 

2010b]. This has been parameterised by considering the scaling of drag force with velocity 

according to FD ~ U2+ϑ, where ϑ denotes the Vogel exponent [de Langre, 2008]. This 

parameter, consolidating the effects of changes in ARef and CD on FD, describes the drag force 

response in regions of large deformations that may even be used if the local bending 

behaviour is non-linear [de Langre et al., 2012]. Theoretically derived values for ϑ, which 

have also been confirmed experimentally, have been summarized recently by de Langre et al. 

[2012] for flexible plates (ϑ = -4/3), beams (ϑ = -2/3), and packing of beams under axial flow 

(ϑ = -2/3). For natural plants and leaves ϑ has been found to vary between -0.2 and -1.2 

[Albayrak et al., 2012; Aberle and Järvelä, 2013]. 
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Dynamic effects – Besides the general framework related to considerations in a time-

averaged domain, the dynamic reconfiguration of aquatic plants in response to turbulence is 

gaining more interest. Significant correlations between drag fluctuations, plant movements, 

and upstream turbulence were found recently by Siniscalchi and Nikora [2013], highlighting 

the importance of the dynamic reconfiguration for aquatic flexible plants. Drag force 

fluctuations are likely to be related to large-scale eddies interacting with the object (such as 1 

and 2 in Fig. 10), but it has also been suggested that shear layer turbulence at the object-

surface contributes to the dynamic behaviour (indicated by 3 and 4 in Fig. 10, see Siniscalchi 

et al. [2012]; Cameron et al. [2013]): force fluctuations are generated by well-known fluid-

structure interaction processes, such as Vortex-Induced-Vibrations (VIV, 5 in Fig. 10), 

fluttering (flag in the wind) and galloping, which is a lock-in effect between VIV/fluttering 

and the natural frequency of a structure (leading to the famous collapse of the Tacoma bridge 

– for more details on these processes, see Blevins [2001]). Rominger and Nepf [2014] 

characterised these processes in the context of marine macroalgae and showed that this 

dynamic behaviour can increase the mean and peak drag significantly below a certain 

threshold for the flexural rigidity, as well as the mass exchange rates, vital for the 

reproduction of a plant and chemical exchanges with its environment.  

 

Figure 10 – Overview of the different scales of turbulence and identification of the corresponding flow-structure 

interaction processes for a dense canopy. 1- Large scale turbulence inherent to the flow, forcing the exchanges 

within the canopy. 2- Eddies generated by the shear layer at the top of the canopy (S-shape of the velocity 

profile), leading to Monami waves propagating at the top of the canopy. 3- Blade boundary layer, generating 

skin friction. 4- Blade wake instabilities, fluttering. 5- Stem wake turbulence generating Vortex Induced 

Vibrations. 6- Interactions between blade scale turbulence and blade ruffles. The red line indicate the evolution 

of the mean velocity profile, as a function of the elevation z over the river bed. Adapted from Nikora [2010]. 
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However, these unstable processes can lead to a mechanical fatigue of the plant structure, 

which in turn generate crack initiation in the plant/macroalgae’s tissues, and subsequently 

fatigue failure [Mach et al., 2007b; Mach et al., 2007a; Mach, 2009]. For this reason, the 

streamlining mechanism observed in plants or aquatic vegetation, is vital as it is known to 

reduce these instabilities, such as VIV [Miller et al., 2012]. These dynamic effects are more 

important in oscillatory flows such as in waves, as a third time scale – the wave period - 

enters in interaction with the natural frequency of the plant structure (a function of the plant’s 

mechanical properties) and the characteristic period of large eddies. Although an 

understanding of the coupling between flexural stiffness buoyancy and wave period has 

emerged [Stewart, 2006a], the effect of such flow conditions on drag forces and/or 

reconfiguration is barely known within applications in environmental hydraulics and coastal 

sciences, although it represents an important issue related to drag reduction with regard to 

habitat [Denny, 2006]. 

Dimensionless framework – In order to characterise plant-flow interactions in terms of non-

dimensional numbers, we must first consider the set of basic forces acting in the system 

[Nikora, 2010]: 

Flow-induced forces 

20.5D D RefF C A Uρ=     -    Drag force   (6) 
 

20.5L L RefF C A Uρ=     -    Lift force   (7) 
 

Body forces 

B pF gVρ=     -    Buoyancy force   (8) 
 

G p pF gVρ=     -    Gravity force   (9) 
 

Structural forces 

T oF EeS=     -    Tensile (reaction) force (10) 
 

/b bF E I rd=     -    Bending (reaction) force (11) 
 

where ρ and ρp are fluid and plant densities, g is the gravity acceleration, CL is the lift 

coefficient characterising the plant, Vp is the plant volume; So is the plant cross-sectional area; 
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e is the strain defined previously (i.e. plant elongation under the fluid forces), r is the radius 

of curvature at a point where bending force is defined, and d is the distance from the bed to 

the point where the resultant fluid force acts. 

Non-dimensional similarity numbers can be derived from the ratios between these different 

forces in order to characterise and model the vegetation-flow interactions, and have been 

discussed in detail by [Nikora, 2010]. The knowledge of how drag scales with velocity does 

not allow for the parameterization of FD based on the use of the Vogel exponent, as the 

incorporation of ϑ as an exponent in the drag equation results in an expression that is not 

dimensionally homogeneous. The parameterization of a dimensionally homogeneous FD-U 

relationship for flexible vegetation can be achieved within a general dimensionless 

framework by considering various dimensionless parameters in addition to the Reynolds-

number Re and the drag coefficient CD:  

- The Cauchy-number Ca describing the deformation of an elastic solid under the effect 

of flow, which can directly be derived as the ratio of Eqs. (6) and (11) [Alben et al., 

2002]. L and b being the plant height and width, respectively, Luhar and Nepf [2011] 

defined this number as: 
2 31

2
DC bU LCa

EI
=  

(12) 

- The slenderness ratio Sl; ratio of the larger plant scale to the smallest plant scale 

(typically the plant height L over the plant diameter b). The Cauchy number 

mentioned above includes the effect of slenderness [Nikora, 2010; Whittaker et al., 

2013]. 

- The buoyancy parameter B, defining the ratio of the restoring forces due to buoyancy 

and the restoring forces due to stiffness (based on Eqs. 8, 9 and 11). With t as a 

reference thickness for the plant, Luhar and Nepf [2011] defined B as:  

( ) 3
p gbtL

B
EI

ρ ρ−
=  

(13) 

The analysis of plant-flow interactions within a dimensionless context is to some extent 

hampered by the definitions of characteristic length scales, hydrodynamic variables, and plant 

properties required to form the dimensionless parameters. Statzner et al. [2006] demonstrated 

that the use of differently defined variables for the assessments of CD or Re can produce 

opposite trends in the relationship between CD and Re and that, for a given plant and flow, CD 



22 
 

values can differ by about two orders of magnitude. This shows that conventions about the 

use of variables are required for experiments on drag and reconfiguration [Statzner et al., 

2006], which should be based on physical reasoning. This reflects also the statement by Alben 

et al. [2002] that experimental studies on fluid-structure interactions generally lack a 

theoretical interpretation that unifies the body and flow mechanics. 

2.4. Vegetation parametrization in hydraulic experiments 

Due to the complexity of (aquatic) vegetation, experimental and numerical models of 

vegetated flows often need to adopt a simplified description of aquatic plants. From an 

experimental point of view, there are three approaches to consider plants or macroalgae: 1) 

the use of artificial surrogates, 2) the use of scaled (living) plants, or 3) the use of natural 

plants. Living plants are rarely used in flume-studies as this imposes strong constraints on 

flume size (minimum size to avoid blockage and side wall effects – see Frostick et al. 

[2011]), on conditions needed to maintain the plants alive [Johnson et al., 2014a], and on the 

need to monitor the plants’ adaptation to flume conditions (phenotype plasticity – see 

Johnson et al. [2014a]; Johnson et al. [2014b]). However, the use of full-scale plants avoids 

the issue of replicating plant properties, and can provide a good insight on the effect of the 

complex plant structure on the flow [Siniscalchi and Nikora, 2013; Whittaker et al., 2013]. 

To overcome the size issue, ‘scaled’ plants can be used experimentally by taking parts of a 

plant [Yagci et al., 2010; Västilä et al., 2013], or smaller plants (such as alfalfa in river 

morphodynamic studies, e.g. Tal and Paola [2010]). However, the scaling laws applying to 

the dynamic interaction plant-flow have barely been tested [Wilson et al., 2003] limiting the 

use of scaled living plants in hydrodynamic experiments (see Johnson et al. [2014b] for a 

review of this issue). The use of unscaled artificial surrogates is therefore the method mainly 

used, as surrogates solve the problem of biological and chemical interactions within the 

laboratory environment. In addition, the shapes and mechanical properties of surrogates are 

almost unlimited as the range of artificial material available and manufacturing technique is 

very wide. Despite this large amount of possible designs, the most common and still-in-use 

plant surrogate, is the rigid cylinder [Aberle and Järvelä, 2013]. Although this representation 

of plant canopies allows for the characterisation of the main hydrodynamic processes 

occurring in vegetated canopies [Nepf, 1999; Kothyari et al., 2009], the structural properties 

and hydrodynamics of rigid cylinders are far from representing vegetated flows accurately 

[Aberle and Järvelä, 2013]. Therefore, more advanced flexible surrogates are being designed 

to better reflect natural properties and variability found in plants and macroalgae, based on 
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their morphological characteristics and special distribution [Frostick et al., 2011], biomass 

[Neumeier, 2005; Neumeier, 2007], Leaf Area Index [Jalonen et al., 2013], and 

biomechanical properties [Paul and Henry, 2013]. The variation of these different parameters 

is fairly well understood for terrestrial and marine ecosystem, but to a lesser extent 

understood for freshwater ecosystems [Nikora, 2010]. However, their incorporation into 

hydraulic experiments is still rare. This is also the reason why the use of plant flow-similarity 

numbers based on plant stiffness and buoyancy (such as the Cauchy number and buoyancy 

parameter) have never been used in testing the analytical laws to scale down vegetation in 

flume experiments [Johnson et al., 2014b], although possible scale effects in modelling the 

different processes in vegetated flows may be identified with a physical model at different 

scales up to near full-scale [Frostick et al., 2011]. 

3. Material and methods 

3.1. Experimental methods 

As explicitly stated by Nikora [2010], “a wide expansion of the biomechanical approaches in 

aquatic studies […] is slowed down by very limited information on plant material parameters 

and their variability across species, scales and environments.” Therefore, in order to improve 

the knowledge of the plant/macroalgae parametrisation in hydraulic research and coastal 

sciences, “the collection of such information should be among the top priorities of 

Hydrodynamics of Aquatic Ecosystems.” This has been the main motivation of the 

experimental work carried out within this thesis, leading to the development of different 

mechanical testing procedures for collecting data sets on marine macroalgae.  

The acquired data sets allowed for the development of different surrogates, whose 

hydrodynamic performances were partly tested. This section reviews the main methods 

developed and used within this thesis, leaving some of the detailed descriptions to the 

relevant papers included in the thesis. 

3.1.1. Mechanical tests (Papers III-IV-V) 

As mentioned previously, due to the heterogeneity of the plant material, plant tissues will 

behave differently if they are loaded in tension, bending or torsion. As plants and macroalgae 

are mostly bending under hydrodynamic loads, the characterisation of the Kelp bending 
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moduli has been in the focus of papers III, IV, and V. The description of these mechanical 

properties was done in parallel to a characterisation of the macroalgae-morphology. 

Three-point bending test – This test allows for the determination of the Young modulus E in 

bending by measuring the deflection of beam-like samples under a central load. The 

anisotropic properties of biomaterials often impose the renaming of the “Young modulus in 

bending” as bending modulus (or alternatively flexural modulus), commonly denoted as B. 

More precisely, the three-point bending test consists of laying a stripe of material on two 

supports (two points) and applying a force in the centre of the sample (third point). The 

applied force F is recorded and plotted against the amount of displacement of the centre point 

w, allowing the bending modulus to be determined via the calculation of the flexural stress σf  

for a recangular or circular cross section [Niklas et al., 2006; Young et al., 2011]: 
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In these equations, the symbol sp denotes the span between the two support points, b the 

width of the sample, w the maximum deflection of the centre of the beam, and R the radius of 

the beam. Denotes the gradient (i.e., slope) of the initial straight-line portion of the load 

deflection curve as a = F/w, the flexural or bending modulus Eb can be derived as: 
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The main constraint of this test is that the tested length of the sample (the distance sp between 

the two support points) should be maximum 16 times the thickness of the sample; otherwise 

https://en.wikipedia.org/wiki/Flexural_modulus
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the test deviates from a pure bending case (refer to the standard ISO 178:2010 [ ISO, 2010 ] 

for further information). The test-bench used and presented in Fig. 11 was custom-made 

based on drill columns, and equipped with force and displacement sensors to log the force-

displacement curves (see Paper III; Paul et al. [2014] for more details).  

 

Figure 11 – Test bench developed for the characterization of the mechanical properties of marine macroalgae. 
Set-up designed by M. Paul for bending tests only, data used in Papers, III and IV. 

Cantilever bending test – As macroalgae blades are generally thinner than the stem, the 

condition on the span/thickness ratio for the use of a three-point bending test could not be 

met. Therefore an alternative method to determine bending moduli had to be developed for 

thin flexible biomaterial [Henry, 2014]. Based on the bending theory described earlier and on 

the work of Peirce [1930], the bending behaviour of a thin beam (strip) can be derived. The 

use of Eqs. 4 and 5 leads to the definition of the bending moment M = -EI dφ /ds, where s is 

the distance from the hanging edge of the strip (see the parametrisation in Fig. 12). For an 

infinitesimal change in the distance Δs, the variation of the bending moment Δ(-EI·dφ/ds) is 

equal to the change of the overhanging weight, wgs cosφΔs  where wg is the weight per unit 

area of the strip [Peirce, 1930]. Thus, the flexural rigidity EI is related to the deflection 

characteristics (s and φ) through the nonlinear second order differential equation along the 

strip: 
2
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This problem was analysed numerically by Szablewski and Kobza [2003], but at the time 

when this problem was derived, only an approximation of the exact solution could be 

proposed. Peirce [1930] described a simple test for characterizing the flexural rigidity of 

strips. Based on a cantilever test (a strip fixed on one edge and bending under its own 

weight), the sample was first slowly moved forward until the tip of the specimen touched a 

plane at an angle of θ = 43 ° with the horizontal plane. 

 

Figure 12 – Field cantilever bending test bench and parametrization of the problem. Adapted from Booth [1969] 

and Henry [2014]. 

The projection of the sample length on the horizontal plane, known as the cantilever length l 

(see Fig. 12), could then be measured. Peirce [1930] introduced the notion of bending length 

C defined as: 

( )C lf θ=  (21) 

where the function ƒ( θ ) is expressed by: 
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The flexural rigidity J (per unit width) of the sample is related to these quantities by J = C3wg, 

where wg is the weight per unit area of the strip (in N/m2 ). This yields the relationship 
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between the length of the overhanging strip l, the angle θ of the inclined plane and the 

flexural rigidity per unit width J, also known as Peirce’s formula: 
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The bending modulus of the sample can finally be deduced from: 
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where I is the second moment area of the sample considering a rectangular cross section, 

given by I = bt3/12, where b is the width and t the thickness of the sample [Young et al., 

2011]. Peirce [1930] designed this test with θ = 43° for practical purposes as 

cos(43/2)/tan(43) ≈ 1. However, this relation is also valid for different values of θ, and angles 

of θ = 41.5° and θ = 45° can also be used. Szablewski and Kobza [2003] conducted a 

sensitivity analysis of Peirce’s formula and found that a test conducted with an angle of 

θ=53° gives the best accuracy for the definition of the flexural rigidity. Although the 

variation of this accuracy is relatively small for angles between 40° and 50°, they 

recommended to keep the angle of the inclined plane in this range (θ > 40°) to reduce the 

uncertainties introduced during the measurements. 

3.1.2. Force sensing on benthic vegetation (Papers IV-VI-VII) 

Important insights of plant-flow interaction processes have been gained using drag 

measurements [Vogel, 1989; Gosselin et al., 2010a; Luhar and Nepf, 2011; Albayrak et al., 

2012; Albayrak et al., 2013; Siniscalchi and Nikora, 2013]. For example, Albayrak et al. 

[2013] conducted a systematic study of plant-flow interaction at different scales by analyzing 

statistics and cross-correlations of velocity and drag force measurements. Detailed drag 

measurements underlined the scale-specific reconfiguration processes that allow the plant to 

control the drag forces effectively. Because of non-linear interactions between the different 

scales, this type of study is an example of the need for further investigations of the plant-fluid 

interaction via the collection and analysis of fluid (drag) force measurements. The present 

section reviews the techniques used to document drag forces in vegetated flows and identifies 

some of the involved challenges.  
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Review of the common drag measurement techniques - The measurement of fluid forces 

experienced by plants requires the use of force sensing technologies. In modern sensors, the 

most commonly used method is measuring the strain produced on a reference body. Optical 

and electromagnetic methods are also used, but are rather dedicated to smaller scale 

applications (nanosensing). Force sensors (transducers) are often basic mechanical 

components converting strain into an electric signal [Cutkosky et al., 2008]. Such transducers 

can be made of piezoelectric crystals or strain gages. Due to their simplicity and stability, 

strain gages have, until today, been predominantly used in ecohydraulic experiments. When 

implementing drag sensors, two categories of set-ups are generally used: attaching the plant 

to a friction free trolley and measuring the force with a load cell [Callaghan et al., 2007; 

Tinoco and Cowen, 2013], or by directly measuring the strain on a beam structure, directly 

attached to the plant element [Schoneboom, 2011; Albayrak et al., 2013]. Some alternatives 

have also been implemented, for example determining the drag force by measuring the strain 

on a plate [Ishikawa et al., 2003; Dwivedi et al., 2010] and hence determining the forces in 

several dimensions, or by balancing the mean force with a spring/balance system [Marshall, 

1971; Sand-Jensen, 2008]. What distinguishes the different techniques is the way the sensors 

are implemented, either above the (water) surface [Sand-Jensen, 2008; Albayrak et al., 2013; 

Whittaker et al., 2013] to keep them dry, or submerged in water in a double bottom 

[Callaghan et al., 2007; Dwivedi et al., 2010; Schoneboom, 2011; Siniscalchi et al., 2012]. 

The reasons for the development of these different techniques and implementations have been 

mainly due to the simplicity, reliability and the cost of sensing technology. 

 

Figure 13 – Implementation of a drag force sensor in the field for testing the hydrodynamic performance of a  L. 

digitata surrogate (right), and comparison with its natural counterpart (unpublished data – PISCES project). 

Strain on a single beam, the low-cost solution – In many studies, the force experienced by a 

plant has been measured by attaching the plant to a beam and by measuring the strain 

(deformations) of the beam [Luhar and Nepf, 2011; Schoneboom, 2011; Siniscalchi et al., 
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2012; Albayrak et al., 2013]. As the beam is deformed, the gages are deformed causing their 

electrical resistance to change. This change, usually measured using a Wheatstone bridge, is 

related to the strain and thus the force experienced by the beam. Although this is a rather 

simple and easily available technology that has been implemented in many laboratories, it can 

be shown, based on standard strain gage specifications, that this technique needs a long beam 

in order to be able to measure very small forces (<1N). As aquatic plants often experience 

very low drag, the investigation of plant-fluid interactions therefore calls for sensors big 

enough to measure small forces in order to investigate smaller scale processes. Thus “small 

force measurements” in confined space is one of the main limitations of this traditional “low-

cost” approach. 

General implementation issues - Considering aspects of plant-fluid interaction, it is 

sometime possible to work with force sensors which are located above the water surface 

[Sand-Jensen, 2008; Albayrak et al., 2013; Whittaker et al., 2013]. However in nature, 

aquatic plants are embedded in multiple-scale turbulent boundary layers generated by the 

bed, the (restricted) water depth and the organisms themselves. In addition, considering 

vegetation canopies, the turbulence generated at the canopy-scale (mixing layer analogy) and 

scale dependent wake flow characteristics (e.g., leaf, stem, and plant scale), have a significant 

effect on the flow field and drag forces on the plants. In order to investigate these issues, 

sensors should best be implemented in-situ (in the bed or in a double-bottom). Thus, another 

main limitation is the space available for the implementation of a sensor, especially in flume 

experiments, as well as the ability to operate the sensor in submersed conditions. 

Challenges with other solutions - As presented earlier, there are other ways to measure drag 

force on a plant in boundary layer flows. Callaghan et al. [2007] designed a sensor catching 

the drag force on a plant using a trolley set-up. Even though this set-up allows the use of a 

sensor with a fine resolution and high sampling rate ( 5x10-4N at 10Hz), Plew et al. [2008] 

reported some issues to accurately measure mean drag forces due to the weight of the trolley 

itself. On the other hand, Dwivedi et al. [2010] successfully designed a small sensitive sensor 

(10-3N at 1000Hz) measuring in 6 degrees of freedom in boundary layer flows. However, 

such sensors require careful calibration which is not always easily achieved. 

Alternative solutions - Many of the force sensors used in the studies mentioned have been 

custom built, in order to better fit the requirements of a given experimental set-up. However, 

the compromises made in a home-made solution can easily lead to calibration issues, low 
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signal-to-noise ratio, or a limited measuring range. On the opposite, commercial sensors tend 

to rely on more stable technologies, and are calibrated for a wider range of applications. This 

is possible due to the use of more advanced technologies such as piezoelectric crystals, or 

improving the quality and the manufacturing of the used materials. Fields like biomechanical 

research, robotics or robotic surgery are massively relying on small sensors measuring in 

confined environment, therefore off-the-shelf sensors are a promising and alternative way to 

improve force sensing in ecohydraulic experiments. These sensors can measure down to 10 

mN in 6 degrees of freedom (forces and torques). 

3.1.3. Basics on Acoustic Doppler Velocimetry (Paper IV) 

Principle of operation – An Acoustic Doppler Velocimeter (ADV) is a sensor measuring the 

three components of the quasi-instantaneous velocity of particles in the flow, based on the 

Doppler shift effect. It consists of a transmitter and three or four receivers (Fig. 14). The 

probe is submerged in the flow and the receivers are slanted at an angle from the axis of the 

transmit transducer, focusing on a common sample volume that is located some centimetres 

away from the probe (depending on the manufacturer). The system operates by transmitting 

short acoustic pulses along the transmitted beam at a frequency fSource. As the pulses 

propagate through the water column, a fraction of the acoustic energy is scattered back by 

small particles suspended in the water. If the emitter and the receiver would be one and the 

particles move in a straight line towards or away from the emitter/receiver, particle 

movement would modify the frequency of the signal scattered back to the receiver, and this 

shift in frequency can be calculated using the equation: 

 
Doppler Source

w

Uf f C= −  (25) 

 

where fDoppler is the change in received frequency (Doppler shift), U is the particle velocity 

and Cw is the speed of sound in water. Due to the geometry of the probe and the turbulent 

nature of the flow, the derivation of the particle velocity is slightly more complex, and more 

details are given by, for example, Voulgaris and Trowbridge [1998]. ADV measurements 

consist of time-series of velocity vectors 'u = u + u  , which is decomposed into mean (time-

averaged) u , and fluctuating 'u components, respectively. 
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Figure 14 – Principle of operation of a three-branch ADV probe. Acoustic waves are generated by the central 

emitter, reflected by particles moving in the sampling volume and propagating back to one of the three 

receivers.  

Characteristics of the turbulent flow can be derived from these measurements, such as the 

turbulent kinetic energy (TKE), which is the root-mean-square (rms) of the velocity 

fluctuation, expressed as: 

 ( )2' ' '2 21TKE
2 zx yu u u= + +  (27) 

where '
xu , '

yu  and '
zu  are the three components of 'u . Physically, TKE characterises the mean 

kinetic energy per unit mass contained in the eddies of the turbulent flow. Mean velocity and 

TKE profiles have been obtained in Paper IV using ADV probes. 

ADV post-processing – Although few ADV measurements are included in this thesis, it is 

important to mention that velocity data recorded from an ADV probe must always be post-

processed, even when considering mean-values only. As ADVs are relying on a pulse-pair 

algorithm [Lhermitte and Serafin, 1984], Doppler velocities must first be phase unwrapped, 

or dealiased [Franca and Lemmin, 2006]. The mean value of the Doppler frequency fDoppler, 

from which the particle velocity is deduced, corresponds to the phase angle of the 

autocorrelation function of the complex echo signal which is estimated for a sample of 

consecutive pulse-pairs [Lemmin and Rolland, 1997]. In order to deduce the velocity 

magnitude, the Doppler frequency has to be in the range –π to π, otherwise phase wrapping or 

aliasing will occur [Franca and Lemmin, 2006]. Moreover, velocity time series must be 

despiked and filtered for noise, and several advanced filtering techniques are well-

documented [Goring and Nikora, 2002; Wahl, 2003]. A summary of common post-
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processing techniques can be found in Thomas and McLelland [2015]. Note that simple 

threshold filtering can also be applied, such as setting a minimum for the Signal-to-Noise 

Ratio or signal correlation values to ensure a minimum quality of the ADV data [McLelland 

and Nicholas, 2000]. Paper IV implemented such a threshold criterion, keeping correlation 

values above 80 and SNR above 20. Despiking was done according to the algorithm 

developed by Mori et al. [2007]. 

3.2. Notions on statistics. 

3.2.1. Statistical analysis of discrete populations (Papers III) 

In this thesis, statistical analyses have been conducted in order to characterise the variation of 

the mechanical properties of different macroalgae species (Papers III). This section aims to 

provide the main concepts of statistical analysis based on Motulsky [2013]. Since no 

advanced statistical tools were used nor developed, the detailed derivation of the method used 

is not included in the thesis work. 

P values, statistical significance, hypothesis testing – A statistical analysis is entirely based 

on the test of an initial assumption, called the null hypothesis. Probabilities P are calculated 

based on this null hypothesis, answering the following question: If the null hypothesis is true, 

what is the chance that random sampling would lead to a difference equal to or larger than 

that observed in this study? Thus, a P value cannot be understood without knowing the null 

hypothesis. A P value is a result of a statistical test, often designed to draw a clear conclusion 

about potential effects of a factor on a population. Therefore, a threshold P value is usually 

defined for declaring whether a result is “statistically significant” or not. This threshold is 

called the significance level α and usually set to 0.05. If P < α, the conclusion is that the 

difference is statistically significant, and the null hypothesis is rejected. It is important to 

stress that when it comes to hypothesis testing, the adjective ‘significant’ has a meaning 

completely different to what most people understand. In addition, statistical hypothesis 

testing reduces all findings to only two conclusions –“statistically significant”, or “not 

statistically significant”. Thus, care must be taken as a conclusion of statistical significance 

does not mean that the difference is large enough to be of interest, or does not mean that the 

finding is scientifically significant. A common method to compare the means of two groups 

is the unpaired t-test. In this test, the null hypothesis is that both sets of data are sampled 

randomly from (Gaussian) populations with identical mean values and variances. The P value 
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is then calculated from a t-ratio, which is computed from the difference between the two 

sample mean values and standard deviations, and the sample size of each group [Motulsky, 

2013]. 

Multiple comparison concepts – Realising a series of independent comparisons poses the 

problem of increasing the chance to make a statistically significant observation just by 

chance. If two comparisons are made on a dataset, assuming that both null hypotheses (no 

difference between the groups) are true, the probability for each test that the test will not give 

a significant result is 95%. As a consequence, the chance that both comparisons are not 

significant is 0.95 x 0.95 = 0.9025%. Generalising this issue to multiple comparisons, with N 

being the number of independent multiple comparisons, the chance that none of the 

comparison is statistically different is 0.95N. Thus the increase of the number of comparisons 

being made increases the probability that at least one of the comparisons will be significant 

by chance. In order to compensate for this bias, some methods exist to correct for multiple 

comparison [Motulsky, 2013]. As these methods have not been directly used during this thesis 

work, the simplest and most common will be mentioned: the Bonferroni correction, which 

consists in dividing the value of significance (α) by the number of comparisons made. For 

more details, see e.g. Motulsky [2013]. 

Analysis of variance – The analysis of variance, commonly called ANOVA, is a type of 

methods analyzing the variation between the mean values of several groups, assuming that all 

values are sampled from a Gaussian population. Comparing the mean values of, for example, 

four groups with classic t-tests would imply that  4! = 24 different tests need to be carried out, 

inducing an increased risk of finding a false-positive (multiple comparison issue described 

above). ANOVA methods test two hypothesis: 1) The null hypothesis (all populations share 

the same mean) and 2) The alternative hypothesis (at least one population has a mean 

different from the rest). To define which hypothesis is more likely to be true, the quality of 

the fitting of each of the tests is quantified by the sum-of-squares of the difference between 

each value of the groups and the mean of all the groups (for further details see Motulsky 

[2013]). ANOVA tests also compute P values from a Fv value which can be considered as the 

ratio of the variances from the two hypothesis and the degree of freedom df of the test which 

is equal to the number of values in the dataset minus the number of parameters estimated 

from the dataset (general mean, group means…). The work done within this thesis did not go 

deeper into the derivation of these statistical tests, but as df, Fv, and P values must be reported 

after each ANOVA test, it is necessary to understand its main concepts. ANOVA tests are 
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based on the same assumptions as the unpaired t-test. One-way and ANOVA tests were 

carried out in paper III. ‘One-way’ refers to the fact that the dataset is categorized in only one 

way, looking at only one factor (for example the species of kelp sampled). The null 

hypothesis would then be ‘the population means are equal for each category of the second 

factor’. 

Multiple comparison tests after ANOVA - ANOVA tests are designed to detect an overall 

difference between the mean values of the different groups, without specifying which group 

is different from an other group. Thus, an ANOVA test revealing a significant effect is 

usually followed up by one or several additional tests to identify more precisely where the 

difference comes from. Follow-up tests are often distinguished in terms of whether they are 

planned (a priori) or post hoc. Planned tests are determined before looking at the data and 

post hoc tests are performed after looking at the data. Many different types of tests exists for 

a post hoc analysis (see e.g. Motulsky [2013]), representing different 

adaptations/improvements of the classic t-test. However, the use of such tests was not needed 

in Paper III as only two groups were compared (Bending moduli blades/stems).  

3.2.2. Wave statistics (Papers I-II) 

Wave theories and statistical tools to describe irregular waves are well known and developed 

in several reference books [Dean and Dalrymple, 1991; Mei et al., 2005]. Therefore, the 

following sections only introduce the main concepts used in papers I and II. 

Wave theories – Gravity waves are perturbations propagating at the surface of a 

homogeneous fluid layer. Considering the velocity potential Φ, where the flow velocity 

vector is 𝒖 =  𝛻𝛻 for an incompressible and irrotational fluid, Φ must satisfy the following 

sets of equations (see e.g. Dean and Dalrymple [1991] for the detailed equations and their 

derivation): 

- The continuity equation, 

- The kinematic boundary condition at the seabed, 

- The kinematic boundary condition at the free surface, 

- The Bernoulli equation at the free surface (dynamic free-surface boundary condition). 

The simplest description of water waves was derived by Airy [1841] based on a linearization 

of the aforementioned set of equations, valid for small-amplitude gravity waves (small wave 



35 
 

amplitude A compared to the wave length λ, i.e. 𝐴/𝜆 << 1 ). Linear (Airy) waves are first-

order waves with a sinusoidal shape. The initial nonlinear set of equations was solved by 

Stokes [1847] by expressing the velocity potential in Taylor series around the still water level, 

expanding the linear solution with non-linear terms. The degree of non-linearity of the waves 

is usually characterised by the steepness parameter S and the Ursell number UR [Dean and 

Dalrymple, 1991; Mei et al., 2005]. These parameters are expressed as: 
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where H is the wave height ( 2 H A= ) , T is the wave period, k is the wave number 

corresponding to T via the dispersion relation, h the water depth. Stokes waves can also be 

described as the modification of the surface elevation of the fundamental wave component 

(the linear wave), by several of its harmonics. The order of the Stokes wave corresponds then 

to the number of harmonics plus the fundamental needed to form the non-linear wave. Stokes 

wave theory have been derived for a limited amount of orders (most commonly from 2nd to 

5th order), and is valid for the description of wave non-linearities in intermediate and deep 

waters (i.e. 𝜆 < 2ℎ). More precisely, in shallow water, theories based on Stokes expansions 

break down when the wave parameters approach the ratio 2 3/ 26H hλ =  (i.e. when the wave 

length and the depth reach a similar order of magnitude, see Le Méhauté [1976]). Beyond this 

limit, i.e. when the wavelength becomes larger than the water depth, other theories become 

more appropriate – such as the Boussinesq approximation and the Korteweg–de Vries 

equation – leading to the description of nonlinear dispersive long waves, such as cnoidal 

waves [Mei et al., 2005]. The range of validity of these different theories is given in Fig. 15 

as a function of the normalised wave height and water depth. This thesis only considered 

linear and Stokes 2nd order waves in papers I and II, respectively. For the case of second 

order random Stokes waves, the second order component is actually composed of two terms, 

a sum-frequency term and a difference-frequency term obtained from the derivation of the 

wave velocity potential [Sharma and Dean, 1981]. The second order effect increases with 

decreasing water depth. The difference-frequency term has no effect in deep water, but as the 

water depth decreases, this term becomes more significant and is almost of the same 

magnitude as the sum-frequency term. Since the difference-frequency term is negative, it will 

give a reduction of the second order component (set-down effect).  
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Figure 15 – Domain of validity of different wave theories as a function of the ‘depth parameter’ �ℎ 𝑔𝑇2� � and 

the steepness parameter �𝐻 𝑔𝑇2� � . Courtesy of Flow Science, developers of FLOW-3D ®, www.flow3d.com.  

Adapted after Le Méhauté, 1976, Sorensen, 2005 and USACE, 2008 

 

 
Figure 16 – Different components of the surface elevation in a simulated time series of long-crested (2D) 

random waves in finite water depth. Taken from Wist [2003]. 

http://www.flow3d.com/
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To illustrate the influence of the second order terms, Wist [2003] provided an example of 

decomposition of a simulated time series of long crested (2D) random 2nd order Stokes waves 

into the linear part, the sum-frequency part and the difference-frequency part (Fig. 16). These 

simulations are based on typical field data conditions of random water waves in finite water 

depth. 

Long- and short- crested random waves – When waves are propagating in the same 

direction, the waves are referred to as ‘long-crested’ (2D), while when the wave components 

are multi-directional, waves are referred to as ‘short-crested’ (3D). In deep water, the sum-

frequency effects are larger for 2D waves than for 3D waves yielding higher wave crests for 

2D waves than for 3D waves (see Fig. 17). In finite water depths, as mentioned in the 

previous section, both second order sum-frequency and second order difference-frequency 

effects are present. The second order negative difference-frequency effects are smaller for 3D 

waves than for 2D waves, leading to smaller wave set-down effects for 3D waves than for 2D 

waves. This is the dominating effect for finite water depths yielding higher wave crests for 

3D waves than for 2D waves, i.e. contrary to the deep water case (Fig. 17). 

 

Figure 17 – Principal sketch of the 2D and 3D waves in deep and finite water, with the influence of the 

difference frequency effects. Taken from Hesten [2011]. 

Wave spectrum and statistics – Ocean waves and waves along coastlines can almost always 

be described as irregular, i.e. a superposition of several regular waves with different 

frequencies, amplitudes and phases. Irregular waves are described with stochastic tools and 

characterised by the wave spectrum 𝑆(𝑓), where f is the wave frequency in Hertz (s-1). When 

the waves are propagating in different directions (3D), the directional spectrum 𝑆(𝑓)𝐷(𝜃,𝑓) 
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must be used to describe the sea state condition, where 𝐷(𝜃,𝑓) is the directional distribution. 

The kth spectral moments mk is defined as: 

 ( )     ;   0,1 , 2,k
km f S f df k= = …∫  (30) 

and the characteristic sea state parameters such as the significant wave height Hmo and the 

mean zero-crossing wave period T02 are derived from different combinations of these spectral 

moments according to  𝐻𝑚𝑚 = 4�𝑚0 and 𝑇02 = �𝑚0 𝑚2⁄  (see e.g. Dean and Dalrymple 

[1991]). The irregular wave height distribution is described by a probability density function 

(pdf), which is the function that describes the probability for the wave height to take a given 

value. The integration of this function gives the cumulative distribution function (cdf). In the 

case of a stationary Gaussian narrow-banded wave process, the cdf satisfies the well-known 

Rayleigh distribution. Wave spectra and distributions are affected by different coastal 

processes such as shoaling, radiation stress and dissipation processes at the seabed. In the 

context of aquatic vegetation, submerged plants will interact with irregular waves at different 

levels, and the plant response will depend on both wave frequency and amplitude [Jadhav et 

al., 2013; Möller et al., 2014]. 

4. Presentation of the publications 

Papers I and II:  Wave induced drag forces on submerged vegetation under transformed 

random waves (shoaling, non-linear or combined wave-current).  

These papers develop a practical method for estimating the drag force on vegetation elements 

under transformed random waves, i.e. shoaling and breaking random waves (Paper I), and 

nonlinear random waves plus current (Paper II). Reviewing the different plant drag 

coefficients CD valid in oscillatory flows (Paper II) and comparing different formulations 

(Papers I and II), these papers first highlight the lack of normalisation of the different existing 

CD-formulations and identify possibilities for a standardisation of the formulations for 

oscillatory and steady flows. A stochastic method to compute the expected wave induced 

forces is developed considering the wave height distribution for a given sea state condition 

(or wave crest height distribution for non-linear waves) based on appropriate CD formulations 

developed by Méndez et al. [1999]; Mendez and Losada [2004] or Ozeren et al. [2014] for 

waves alone, and Hu et al. [2014] for waves-plus current (see Fig. 18). The waves are 

assumed to be a stationary narrow-band random process and propagating in shallow waters. 
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The effects of shoaling and breaking waves are included in Paper I by adopting the Mendez et 

al. [2004] wave height distribution, and nonlinear wave effects (long- and short-crested) are 

included and discussed in Paper II considering the Forristall [2000] wave crest height 

distribution. This method improves the characterisation of the stochastic plant–flow 

interactions by allowing the calculation of expected values under different random waves 

plus current conditions. Results are compared to a classic deterministic approach in both 

papers and some differences are identified, calling for further investigations against 

experimental datasets. 

 

Figure 18 – Sketch of the description of the deterministic and stochastic approaches to compute forces on 
aquatic plants in nonlinear random waves plus current developed in Paper II (adapted from Henry et al. 
[2015]). 

These differences also raise the question of the validity of representing a random sea state by 

an equivalent monochromatic wave. Based on the used CD formulations, Paper II finally 

reveals that wave nonlinearities have a significant effect on expected wave forces for a higher 

wave activity, and that in presence of an increasing current, the effect of wave nonlinearities 

decreases while the expected wave forces increase.  

Papers III and IV:  Morphological and mechanical characterisation of brown macroalgae 

for surrogate production prior to eco-hydraulic experiments – the PISCES project. 

As developed in the introduction section, parts of this thesis work were affiliated with the 

PISCES project, supported by the European Community’s 7th Framework Programme 

through the grant to the budget of the Integrated Infrastructure Initiative HYDRALAB-IV. 
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The PISCES project aimed at developing and improving measurement technologies and 

experimental methodologies in order to better incorporate plants and animals in hydraulic 

modelling. The set formed by Papers III and IV addresses the question of characterising and 

representing the complexity of aquatic vegetation by plant-surrogates based on a number of 

simplifications of plant/macroalgae properties. The information on macroalgae biomechanics 

is often insufficient to model this type of vegetation correctly. Thus, Paper III extends the 

existing knowledge by providing data for four northern European brown macroalgae, and 

provides a comparison between the mechanical properties of stem and blade tissue for these 

species. Specimens of Alaria esculenta, Laminaria digitata, Fucus serratus and Fucus 

vesiculosus were collected from the small tidal inlet of the Hopavågen bay at the entrance of 

Trondheimsfjord, Sør-Trøndelag, Norway. Buoyancy and bending moduli were characterised 

for different parts of the macroalgae. More precisely, the dimensions of the sample tested led 

to the characterisation of the bending moduli for algae’s stems and tangent moduli for the 

blade parts (see Henry [2014] and Paul and Henry [2014] for further details and discussions). 

All stems showed bending moduli in agreement with previous studies with respect to their 

order of magnitude. In Paper IV, algae’s shape, stiffness and buoyancy of L. digitata were 

further evaluated and compared to the properties of inert materials. Different surrogate 

materials and shapes were exposed to unidirectional flow to evaluate each of the surrogate 

performance, and to characterise the effect of the variation of the mechanical properties on 

the mean velocities and TKE measured at three fixed stations. These results confirmed that 

buoyancy is an important factor in low flow conditions and that a basic shape might be 

sufficient to model complex shaped plants resulting in the same streamlined shape. 

 

Figure 19 – Surrogate testing (papers IV) and bending tests (paper III) realised during the PISCES project. 
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Paper V:  Bending properties of a macroalga: Adaptation of Peirce’s cantilever test for in 

situ measurements of Laminaria digitata. 

In parallel of the PISCES field work, Paper V aimed at improving and refining the 

methodology used to collect biomechanical data on kelp. The motivation for this work was to 

provide a comprehensive dataset for future representation of kelp plants to be included in 

experimental or numerical models. As the different adaptations of the classical 3-point 

bending test can affect the interpretation of the flexural rigidity of an element, Paper V 

developed a simple and robust method which was applied to a biomaterial and validated as an 

alternative to measure flexural rigidity of thin, flexible plant elements. Based on a bending 

test procedure developed for the textile industry, an apparatus for in-situ measurements was 

developed and compared with other normalized methods. It was subsequently used in a field 

test on the blade of a marine macroalga (Laminaria digitata) to assess its suitability to 

measure the bending modulus of a biomaterial. Results of the presented method on selected 

surrogate materials agreed with a normalized cantilever method (ISO 9073-7:1998) and a 3-

point bending test (ISO 178:2010). Values determined for the bending moduli for blades of L. 

digitaria were in the typical range for algal material. The range of validity of the different 

methods was discussed further in Paper V.  

Paper VI:  Effect of rough and soft marine fouling on cylinders’ hydrodynamics: a 

visualisation of the interaction of a poroelastic system with the ambient flow  

This paper aimed at exemplifying the effect of different roughness types on boundary layers 

using the cylinder example via a simple visualisation study. To some extent, similarities can 

be seen between a soft fouling community waving at the surface of a cylinder in a steady 

current and the behaviour of a vegetated canopy on a flat ground or seabed. This paper first 

presented a short review of the marine growth issue from a multidisciplinary point of view. 

Following this review, changes on cylinder hydrodynamics induced by a developing fouling 

community were highlighted by flow visualisations for surfaces ranging from smooth, small 

hard roughness to fully developed soft fouling. Qualitative results from wake visualisations 

and simple drag force measurements confirmed that soft and hard roughness have completely 

different effects on the cylinder hydrodynamics for the transitional subcritical regime, as soft 

fouling act as a passive flow separation control. The visualisations were made for low steady 

flows with low Re-numbers (2.16x103<Re<1.94x104). 
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Paper VII:  Review of the main “auxiliary” variables encountered in experimental 

hydraulics 

This book chapter is a contribution to the book “Experimental Hydraulics: Methods, 

Instrumentation, Data Processing and Management” by Muste et al., to be published by CRC 

Press in autumn 2016. It summarizes the instrumentation and experimental methods for the 

determination of auxiliary hydraulic variables such as water depth, bed and water surface 

slopes, pressure, bed shear stress, and drag forces. Corresponding instruments are described 

and discussed with regard to the spatial and temporal resolution as well as error sources. Such 

variables are not necessarily the main focus of scientific publications, but they are certainly 

part of the first sets of variables to be monitored when setting-up a flume experiment, prior to 

data collection. Based on the presentation by Henry et al. [2014] given at the 10th 

International Symposium on Ecohydraulics, the main contribution has been done on the drag-

force sub-chapter, generalising the force-sensing techniques based on the experience gained 

from measuring fluid forces on vegetation elements. 

5. Conclusions and outlook 

One of the main outcomes of this thesis is the development of methodologies to improve the 

representation of aquatic vegetation in waves and/or currents. This has been achieved from a 

theoretical point of view in waves and waves-plus current conditions, and from an 

experimental point of view with the development of kelp surrogates. As the proper 

understanding of plant's mechanics is vital in order to describe the interactions between living 

organisms and their physical environment, the developed approaches contribute to an 

innovative framework for future representation of aquatic vegetation in experimental and 

numerical models. More importantly, this thesis provides a clarification on the methodology 

to adopt to collect bending properties of flexible plant elements. The available information on 

biomechanical properties of aquatic plants is still rather scarce although, as reviewed in this 

thesis, the forces experienced by the plants and their reconfiguration in different flows 

depend on their biomechanical properties. Therefore the collection of such data is the first 

important step towards a proper plant parametrisation.  

However, the plant parametrisation investigations raised a new set of questions, which, at this 

stage, could only be partially addressed within the PISCES project (Appendices I and II). One 

of the concerns when designing plant surrogates is to know to what extent the complexity and 
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variability of the natural system modelled must be replicated in order to adequately reproduce 

the hydraulics of such a "ecological" system in a flume and hence laboratory environment. 

The following questions highlights this issue: Does the spatial organisation of organisms need 

to be replicated? What would be the differences between the flow effects of some commonly 

used surrogates and their living  counterparts? Preliminary results were presented by Thomas 

et al. [2015] (see in Appendix II), highlighting the importance of selecting surrogates that 

adequately represent the mean characteristics of the species of interest. These results will 

trigger new research activities within the on-going RECIPE project; part of Hydralab+ 

(successor of Hydralab IV). In this project, the interrelations between the plant’s 'health used 

in hydraulic experiments, the relevant biomechanical properties, and the hydraulic 

performance of the plants are to be investigated. The method developed in Paper V by Henry 

[2014] will be a corner stone in monitoring plants’ biomechanical properties. 

The methods and knowledge developed during this thesis work will also allow for the 

improved design of plant surrogates. In this context, techniques based on casted silicone are 

currently being developed and will be implemented in future works. The production of inert 

silicone surrogates will allow the investigation of dynamic relations between turbulence, 

fluid-forces, and reconfiguration of submerged plant models. Preliminary results are 

presented in Appendix III by Henry et al. [2016b]. These approaches will open the 

possibilities of further investigating the detailed effects of flexibility/buoyancy and blade 

characteristics on plant performance. 
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This paper provides a practical method for estimating the drag force on a vegetation field in shoaling condi-
tions beneath non-breaking and breaking random waves. This is achieved by using a simple drag formula
based on two empirical drag coefficients given by Méndez et al. (1999) and Méndez and Losada (2004),
respectively, in conjunction with a stochastic approach. Here the waves are assumed to be a stationary
narrow-band random process and propagating in shallow waters. The effects of shoaling and breaking
waves are included by adopting the Méndez et al. (2004) wave height distribution. Results are presented
and discussed for different slopes, and an example of calculation is also provided to demonstrate the applica-
tion of the method.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Benthic vegetation fields occur frequently in coastal regions.
Due to the light intensity, underwater vegetation grows particularly
well in coastal waters and organizes itself in patches of different
sizes. However, shallow waters are often exposed to strong flow con-
ditions due to waves and currents. Therefore, during their evolution,
marine plants (i.e. macroalgae, seagrasses and wetlands) adapted
their structure in order to interact with their environment and
being able to survive. Over the three last decades experimental,
theoretical and numerical works have been devoted to try to under-
stand the interaction between the flow and vegetation. It is fairly
well accepted that vegetation patches will reduce the wave activity.
This is the case for seagrass fields (Infantes et al., 2012; Paul et al.,
2012; Sánchez-González et al., 2011), wetlands (Feagin et al., 2011),
and seaweeds (Dubi, 1995; Løvås, 2000). The hydrodynamics inside
the canopy is quite complex and may vary significantly according to
the species involved. In general, the wave-induced turbulent kinetic
energy is damped by the plants (Pujol et al., 2012), but can increase
towards the bed due to stem-wake-turbulence (Pujol and Nepf,
2012). By changing the hydrodynamic conditions, vegetation patches
control sediment transport and transport processes at different levels
(Coulombier et al., 2012; Gacia and Duarte, 2001; Luhar and Nepf,
2008), and ecological processes such as nutrient uptake and larval
dispersal and recruitment (Koch et al., 2006). In the end, these inter-
actions control the biogeomorphic evolution of many landscapes
(Vandenbruwaene et al., 2011). The basis of the interaction
plant-flow is the relation between the flow-induced drag on the
plant and the mechanical response of the plant (Denny and Gaylord,

2002, 2010). Experimental and theoretical works have been carried
out to study the wave damping induced by vegetation fields as well
as the wave-induced drag force on plants, e.g. Dalrymple et al.
(1984), Asano et al. (1993), Kobayashi et al. (1993), Dubi (1995),
Dubi and Tørum (1995, 1997), Méndez et al. (1999), Massel (1999),
Løvås (2000), Løvås and Tørum (2000), Løvås and Tørum (2001),
Méndez and Losada (2004), Li and Yan (2007), Vo-Luong and
Massel (2008), Myrhaug et al. (2009), Dijkstra and Uittenbogaard
(2010), and Myrhaug and Holmedal (2011). Among these works,
Massel et al. (1999), Méndez and Losada (2004), as well as
Vo-Luong and Massel (2008) considered the effect of wave breaking.
Méndez and Losada (2004) have taken into account the effect of wave
breaking and vegetation damping by including two dissipation terms.
Vo-Luong and Massel (2008) considered the effect of wave breaking and
wave–trunk interactions in mangrove forests by applying a mild-slope
equation modified with a dissipation term. A more fundamental discus-
sion of the variation of the full frequency spectrum under wave breaking
and interactionwith vegetation elementwasmade byMassel et al. (1999).

The purpose of this study is to provide a practical method for
estimating the drag force on a vegetation field in shoaling conditions
beneath non-breaking and breaking random waves. This is achieved
by using the Méndez et al. (1999) and Méndez and Losada (2004)
drag coefficients for regular waves, combined with the Méndez
et al. (2004) wave height distribution including shoaling and break-
ing, and assuming the waves to be a stationary narrow-band random
process. It should be noted that the influence of wave breaking in the
Méndez et al. (2004) wave height distribution adopted here, is
generic as long as the assumptions it is based upon are fulfilled.
This model is derived by considering a bore approach for modelling
the energy dissipation in the surf zone. Results for different slopes
are presented and discussed, and an example of calculation is
given to demonstrate the application of the method.
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2. Drag force for regular waves

2.1. The Morison-type approach

In order to derive the wave-induced force on the plant, its motion
is neglected and the wave-induced forces acting on the vegetation
field are expressed in terms of a Morison-type equation which ne-
glects the swaying motion and inertial forces. This approach is com-
monly used and is, for example, the basis of the wave-propagation
model over vegetation fields derived by Méndez and Losada (2004).
It can be argued that the dissipation term proportional to the vertical
force times the vertical velocity component is negligible in compari-
son with the dissipation term proportional to the horizontal
force times the horizontal velocity component (Méndez and Losada,
2004), so only the horizontal force is considered. Thus the horizontal
time-varying force per unit volume is derived as:

F tð Þ ¼ 1
2
ρCDbNu tð Þ u tð Þj j ð1Þ

where u(t) is the undisturbed horizontal wave-induced velocity in the
vegetation region, t is the time, ρ is the density of water, b is the plant
area per unit height of each vegetation stand normal to u(t), i.e. the
plant width (see Fig. 1), N is the number of vegetation stands per
unit horizontal area, and CD is a depth-averaged drag coefficient. It
should be noted that the correct calculation of F(t) requires that the rel-
ative velocity between the fluid and the plant is used instead of u(t).

However, by using another expression for the drag coefficient CD
than for rigid plants, Eq. (1) is also taken to be valid for flexible plants
(this is discussed in the following subsection). The maximum hori-
zontal drag force within a wave cycle is given by

Fmax ¼
1
2
ρCDbNU

2
max ð2Þ

where Umax is the maximum horizontal velocity within the wave
cycle.

2.2. Different drag models

The definition of the wave force exerted on the plant is based on the
definition of a proper bulk drag coefficient CD. In theory, the value of
this parameter depends on the flow condition around the plant as well
as its biomechanical properties. But it is far from obvious to sum up
those properties in a generic formula for CD. There have been several at-
tempts regarding oscillatory flows (Asano et al., 1993; Dubi, 1995;
Méndez et al., 1999). Méndez et al. (1999) proposed the following drag
coefficient, obtained as best fit to the experimental data by Asano et al.
(1993):

CD ¼ α̂ þ β̂
R

 !γ

: ð3Þ

Here R = bur / v is the Reynolds number based on the plant width b
and the velocity ur is a characteristic velocity acting on the plant and de-
fined as themaximumhorizontal velocity at the top of the vegetation, i.e.
at z = −h + Δh, where h is the water depth, Δ is the relative plant
height (see Fig. 1), and v is the kinematic viscosity ofwater. The following
coefficients α̂ , β̂ and γ were obtained as best fit to the data. For rigid
plants:

α̂ ^;β ;γ
� �

¼ 0:08;2200;2:2ð Þ; 200bRb15500 ð4Þ

and for swaying plants

α̂ ^;β ;γ
� �

¼ 0:40;4600;2:9ð Þ; 2300bRb20000 : ð5Þ

Fig. 1. Definition sketch of a vegetation field.
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It should be noted that for high Reynolds numbers these drag coeffi-
cients approach the values 0.08 and 0.40, respectively (see also Méndez
et al. (1999) Fig. 3). Thus, Eqs. (1) and (2) can be used for both rigid
and swaying plants by using Eq. (3) with the coefficients in Eqs. (4) and
(5), respectively.

This previousmodel needs a calibrationof the drag coefficient through
physical experiments. In addition, the plant is assumed to behave in the
same way at a given Reynolds number R for different wave conditions.
Several studies showed that the drag coefficient can be reduced under in-
creased wave activity, through some reconfiguration processes (Boller
and Carrington, 2006; Luhar and Nepf, 2011; Martone et al., 2012). In
order to improve those formulas, Méndez and Losada (2004) derived an-
other expression for CD focussing mainly on the hydrodynamic processes
and based on a Keulegan–Carpenter number; defining C̃ D as:

C̃D ¼ exp −0:0138Qð Þ
Q0:3 ;7bQb172 ð6Þ

where Q = K / Δ0.76 is a modified Keulegan–Carpenter number, K is the
Keulegan–Carpenter number defined as, K = urTp / b. The velocity ur de-
fined above is obtained using Hrms (=root-mean-square (rms) value of
the wave height H) and Tp (=spectral peak period) as the wave height
and the wave period corresponding to an equivalent monochromatic
wave. Méndez and Losada (2004) validated this model empirically by
showing that the data of Løvås (2000) collapsed into a single curve
when plotting the drag coefficient versus K. Following the definition of
K,Q and R, themodified Keulegan–Carpenter number in Eq. (6) is a linear
function of R. Thus, a direct comparison of thosemodels can be done, pro-
vided that b, Δ and Tp are known. An example is given in Fig. 2a showing
the drag coefficients versus R. For this particular case, it is observed that
the drag coefficients are similar for R in the range 6 × 103 to 4 × 104.
However, by closer inspection (not shown here) it appears that Eqs. (3),
(5) and (6) give the same drag coefficient at R ~7 × 103 and R
~2.6 × 104. Moreover, for 7 × 103 b R b 2.6 × 104, Eq. (6) gives higher
values of C̃D. By extending the definition of Eq. (6) to higher values of R,
for R > 2.6 × 104, Eq. (6) predicts much lower values of C̃ D than the
Méndez et al. (1999) model for swaying plants (Eqs. (3) and (5)). At R
~3 × 105, C̃ D is one order of magnitude smaller than CD defined by
Méndez et al. (1999) for swaying plants. This is contradicting the assump-
tion commonly made that the Méndez et al. (1999) model for swaying
plants canbe extendedbeyond its rangeof validity byusing its asymptotic
behaviour (i.e. CD approaching 0.4 for high R). Thus, for the models being
calibrated against experimental data, it appears important to restrict their
use to their defined domains. Fig. 2b shows the drag coefficients versus K
for R = 2.6 × 104. It is seen that the Méndez and Losada (2004) C̃ D

model decreases as K increases, while the two CD models are constant
due to R being constant.

3. Drag force in shoaling conditions for random waves

The maximum drag force is taken according to Eq. (2) with Umax

evaluated using linear wave theory, which then is given by the
maximum horizontal orbital velocity under the wave height, H. At
a fixed point in a sea state with stationary narrow-band random
waves consistent with linear regular waves in finite water depth,
the non-dimensional maximum horizontal particle velocity evaluated
at an elevation z between the mean free surface and the sea bottom,
Ûmax ¼ Umax=Urms, is (Dean and Dalrymple, 1991)

Ûmax ¼ Ĥ
coshkp zþ hð Þ

coshkph
ð7Þ

Urms ¼
Hrms

2
ωp coshkph
sinhkph

: ð8Þ

Here Ĥ ¼ H=Hrms is the non-dimensional wave height. By combin-
ing Eqs. (7) and (8) the maximum horizontal orbital velocity at an el-
evation z in dimensional form is given as:

Umax ¼
H
2
ωp coshkp zþ hð Þ

sinhkph
: ð9Þ

Now the drag force formula for regular waves in Eq. (2) can be
re-arranged to a formula valid for individual random waves in the
following way: By taking Umax from Eq. (9), and substitution of this in
Eq. (2), Eq. (2) can be re-arranged to give the non-dimensional maxi-
mum drag force fmax for individual narrow-band random waves as

f max≡
Fmax

1
2ρCDbNU

2
rms

¼ Ĥ2 cosh2kp zþ hð Þ
cosh2kph

: ð10Þ

The total non-dimensional drag force per unit horizontal area is
obtained by integration over the height Δh of the plants, i.e.

f max≡
Fmax

1
2ρCDbNU

2
rms

¼ ∫−hþΔh

−h
f maxdz: ð11Þ

This integration requires evaluation of an integral, giving

∫−hþΔh

−h
cosh2kp zþ hð Þdz ¼ 1

2
1
2kp

sinh2kpΔhþ Δh

 !
: ð12Þ

By combining Eqs. (10) to (12), f max can be expressed as

f max ¼ rĤ2 ð13Þ

Fig. 2. Comparison of different drag coefficientmodels versus R (a) and K for R = 2.6 × 104

(b). The oblique crosses (x) represent the Méndez et al. (1999) model for rigid plants
(Eqs. (3) and (4)), the circles (○) represent the Méndez et al. (1999) model for swaying
plants (Eqs. (3) and (5)), the straight crosses (+) describe the Méndez and Losada (2004)
model (Eq. (6)). The big symbols represent the definition domain of each formula, while
the smaller symbols illustrate the behaviour of thesemodels outside their definition domain.
Example for b = 0.1 m, Δ = 0.33 and Tp = 1.91 s (a) or R = 2.6 × 104 (b). The vertical
lines showwhen the two graphs define the same conditions (K = 4.9 and R = 2.6 × 104).
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where r is given as

r ¼ 1
2 cosh2kph

1
2kp

sinh2kpΔhþ Δh

 !
: ð14Þ

Moreover, CD in Eq. (3) can be re-arranged to give the drag coefficient
for individual narrow-band random waves as

CD ¼ α̂ þ β̂
Rrms

 !γ

Ĥ−γ ð15Þ

where

Rrms ¼
Hrmsb
2ν

ωp coshkpΔh
sinhkph

: ð16Þ

By taking Rrms as a characteristic statistical value of R for random
waves (i.e. the characteristic of an equivalent sinusoidal wave), the
same threshold values as for R are used, i.e. 200 b Rrms b 15,500 for
rigid plants and 2300 b Rrms b 20,000 for swaying plants, with the
corresponding coefficients given in Eqs. (4) and (5), respectively. Here
the reference velocity at the top of the plants, i.e. at z = −h + Δh, is
taken as the maximum horizontal particle velocity given from Eq. (9)
as ur = H ωp cosh kpΔh / 2 sinh kph.

By combining the definition of f max in Eq. (11) with Eqs. (13) and
(15), it follows that the non-dimensional maximum drag force F̂ for
individual random waves is given as

F̂≡ Fmax
1
2ρbNU

2
rms

¼ CDf max ¼ r α̂Ĥ2 þ β̂
Rrms

 !γ

Ĥ2−γ

" #
: ð17Þ

Similarly, C̃ D in Eq. (6) can be re-arranged to give the drag coeffi-
cient based on the Keulegan–Carpenter number for individual
narrow-band random waves as

C̃D ¼
exp −0:0138QrmsĤ

� �
Q0:3

rms Ĥ0:3 ;7bQrmsb172 ð18Þ

where

Qrms ¼ Krms=Δ
0:76 ð19Þ

Krms ¼
πHrms coshkpΔh

b sinhkph
: ð20Þ

By combining the definition of f max in Eq. (11) with Eqs. (13), (18),
(19) and (20), the non-dimensional drag force F̂ for individual random
waves taking into account the reconfiguration process of the plants is
given by:

F̂≡ Fmax
1
2ρbNU

2
rms

¼ C̃Df max ¼ r
exp −0:0138Qrms Ĥ

� �
Q0:3

rms
Ĥ1:7 ð21Þ

where r is given in Eq. (14).
A quantity of interest is the expected value of the non-dimensional

force F̂ caused by the (1/n)th highest waves in a sea state, given by

E F̂ Ĥ
� �

jĤ > Ĥ1=n

h i
¼ n∫

Ĥ 1=n

∞
F̂ Ĥ
� �

p Ĥ
� �

dĤ ð22Þ

where Ĥ1=n is the value of Ĥ which is exceeded by the probability 1/n,

and p Ĥ
� �

is the probability density function (pdf) of Ĥ .

Moreover, another quantity of interest is the rms value of F̂ given
by

F̂ rms ¼ E F̂ 2
h i� �1=2 ¼ ∫∞

0
F̂ 2 Ĥ
� �

p Ĥ
� �

dĤ
� �1=2

: ð23Þ

Here the wave height distribution including shoaling and breaking
on planar beaches given by Méndez et al. (2004) is adopted. This
model is derived by considering a bore approach for modelling the
energy dissipation in the surf zone. The distribution of the wave
height is then given by the cumulative distribution function (cdf)

P Ĥ
� �

¼ 1− exp − ϕ κð ÞĤ
1−κĤ

 !2" #
; 0≤Ĥ ≤ 1

κ
ð24Þ

where κ = Hrms / Hmax is a shape parameter, and Hmax is the maximum
wave height, and

ϕ κð Þ ¼ 1−κ0:944
� �1:187

; 0≤κ≤1 : ð25Þ

It should be noted that κ = 0 corresponds to the seaward conditions,
i.e. before shoaling, where Eq. (24) reduces to the Rayleigh distribution.
The waves are assumed to be narrow-banded in frequency at the sea-
ward boundary, which is consistent with the Rayleigh pdf for the wave
height distribution. The shallow water theory is also assumed to be
valid at this location. For the asymptotic case of κ = 1, Eq. (24) reduces
to the Dirac delta distribution. More details are given in Méndez et al.
(2004). Hrms represents a local value which in the Méndez et al. (2004)
distribution is given by the following relationship with the seaward
value Hrms,0:

Hrms ¼
h0
h

� �1=4
ϕ κð ÞHrms;0 ð26Þ

where (h0 / h)1/4 is the shoaling coefficient for shallow water waves, h0
is the water depth at the seaward location, h = h0 − mx, m is the bed
slope, and x is the horizontal coordinate with x = 0 at the seaward
location and positive towards the shoreline, with x = L at the shoreline
(see Fig. 1). Thus, Eq. (26) shows clearly that the transformation of Hrms

is induced by shoaling ((h0 / h)1/4) and breaking (ϕ(κ)); κ being a mea-
sure of the degree of the wave saturation and the characteristics of the
breaking process (Méndez et al. (2004); Section 4.1). It should be
noted that it is possible to set up a relationship between κ and the
wave parameters, based on experimental data (Méndez et al., 2004).

Now the expected value of themaximum force induced by the (1/n)th
highest waves follows from Eq. (24), and Ĥ1=n is given in Méndez et al.
(2004) as

Ĥ1=n ¼
ffiffiffiffiffiffiffiffiffi
lnn

p

ϕ κð Þ þ κ
ffiffiffiffiffiffiffiffiffi
lnn

p : ð27Þ

4. Results and discussion

Several experiments have been carried out in wave flumes to char-
acterise the wave–vegetation interaction (Asano et al., 1993; Augustin
et al., 2009; Dubi, 1995; Løvås, 2000). However, none of these studies
focused on thewave induced forces onplants under shoaling conditions
for random breaking waves. Consequently, the results in this section
should be taken as tentative, and data for comparisons are required
before any conclusion can be made regarding the validity of the meth-
od. However, the results should be useful as an engineering approach
to estimate forces on plants under shoaling conditions. An example is
given to illustrate the use of the method.
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4.1. Stochastic method

As presented previously, the wave height distribution including
shoaling and breaking on planar beaches by Méndez et al. (2004) is
used to describe the wave transformation towards the shore. In this
example the conditions at the seaward location are taken similar to
those used by Méndez et al. (2004): the wave height Hrms0 =
0.1 m, the water depth h0 = 1 m, and the peak wave period Tp =
1.91 s. Three different slopes are considered: 1/10, 1/20 and 1/50. In
order to present these data for the different slopes, the results are
plotted against the non-dimensional horizontal coordinate, x̂ ¼ x=L,
from the seaward location (x̂ ¼ 0) to the shoreline (x̂ ¼ 1) (see Fig. 1).

First, Fig. 3 shows some results of implementing the Méndez et al.
(2004) model for the different slopes. Fig. 3a shows κ versus x̂ for the
three slopes. It appears that for all the slopes κ increases as x̂ in-
creases; κ = 0 at x̂ ¼ 0 for all the slopes corresponding to the
waves to be Rayleigh distributed; κ → 1 as x̂→1 corresponding to
the waves to be described by one single frequency (Dirac distributed).
Moreover, at a given location x̂ it appears that κ increases as the
slopes take the values 1/20, 1/50 and 1/10; except that for x̂ > 0:9 it
appears that κ increases as the slope increases. It should be noted
that according to Méndez et al. (2004), the amount of breaking
waves is directly related to κ by the empirical expression:

Nbr≃κ
1:033þ0:297κ−3:816κ2þ2:517κ3

ð28Þ

where Nbr is the ratio of breaking waves varying between 0 (no wave
breaking) and 1 (all the waves break). It also follows that the higher κ
is, the higher the percentage of breaking waves. Thus the results in
Fig. 3a suggest that the slope 1/20 induces less energy dissipation
due to less wave breaking along the beach, and that most of the
breaking process is concentrated towards the shore.

Then Hrms can be obtained from κ by considering the breaking pro-
cess as a source of energy dissipation (Méndez et al. (2004); Model I).

Fig. 3b shows Hrms / Hrms,0 versus x̂. First, it is observed that for all
slopes, Hrms increases slightly during the propagation over the first
half of the beach, while Hrms decreases afterwards. This is due to the
shoaling process being dominant in the lower part of the beach
((h0 / h)1/4 in Eq. (26)), while the breaking process is dominant in
the upper part of the beach (ϕ(κ) in Eq. (26)). Thus, as Hrms is directly
related to κ, the previous results for κ in Fig. 3a imply that Hrms is larg-
est for m = 1/20 for 0bx̂b0:95, while for 0:95bx̂b1, Hrms is largest for
m = 1/50.

Fig. 4 shows the statistical values of F̂ versus x̂ for the slope 1/50 based
on CD (theMéndez et al. (1999) model for swaying plants in Eqs. (3) and

(5)) and C̃D (theMéndez and Losada (2004)model in Eq. (6)). The statis-

tical values considered are F̂ rms, and E F̂ Ĥ
� �

jĤ > Ĥ1=n

h i
for n = 3,10 de-

noted as F̂ 1=3 and F̂ 1=10, respectively. It should be noted that here F̂
represents themaximumwave-induced drag force on a plantwith height
Δh, i.e. that the height of the plant depends on the position x̂ on the slope,
given byΔh ¼ Δh0 1−x̂ð Þ. From Fig. 4 it appears that the results based on

CD and C̃ D show different behaviour: F̂ based on CD increases as x̂ in-

creases from the seaward location up to about 0.2, then F̂ decreases as

x̂ increases towards the shore; F̂ based on C̃ D decreases as x̂ increases

from the seaward location to the shore. Moreover, F̂ based on CD is

larger than F̂ based on C̃ D for x̂ > 0:05−0:15, reflecting that C̃DbCD for
R ≳ 2.6 × 104 as shown in Fig. 2a. For x̂b0:05−0:15, the opposite trend
is observed. It should be noted that the drag coefficients vary along the
slope due to variation of κ and R, as the depth reduces and the wave
height changes towards the shore (Fig. 3b) (R ~1.3 × 104 for all the
slopes at x̂ ¼ 0 and increases as x̂ increases). Finally, it appears that the

differences between the statistical values of F̂ and the two models de-
crease as x̂→1, as the wave height distribution approaches the Dirac
distribution.

Fig. 5 shows F̂ rms (Fig. 5a), F̂ 1=3 (Fig. 5b) and F̂ 1=10 (Fig. 5c) versus x̂
for the CD and C̃D models and the three slopes. It should be noted that
the results for the slope 1/50 are the same as those given in Fig. 4
representing the same quantities. Thus it appears that the results in
Fig. 5 have the same features as those discussed in Fig. 4. Moreover,
for each model the differences between the results for the three
slopes are small for F̂ rms, F̂ 1=3 and F̂ 1=10.

4.2. Alternative derivation of the wave-induced force. Approximatemethod

An alternative pragmatic way of deriving the wave-induced force on
plants under random waves is to represent the random wave by a
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Fig. 3. Results of the wave transformation over planar beaches for different slopes.
a) Shape parameter κ used in Eqs. (25) and (26) versus x̂ . b) Hrms / Hrms,0 versus x̂ .
The vertical lines represent the example given in Table 1 for x̂ ¼ 0:7.

Fig. 4. F̂ rms , F̂ 1=3, and F̂ 1=10 versus x̂ for m = 1/50; CD (Méndez et al. (1999), Eqs. (3) and
(5)); C̃ D (Méndez and Losada (2004)) Eq. (6)). The vertical line represents the example
given in Table 1 for x̂ ¼ 0:7.
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characteristic regularwave, for example the rms or significantwave height
and a characteristic wave period. This approach, commonly used for engi-
neering applications, will be considered by comparing the results with the
present stochastic method. One question is how well the mean value of
the non-dimensional maximum force induced on vegetation by the (1/

n)th highest waves, E F̂ Ĥ
� �

jĤ > Ĥ1=n

h i
, can be represented by using

the mean value of the (1/n)th highest waves in the maximum force for-

mulas for regular waves, i.e. corresponding to that Ĥ is replaced with

E Ĥ1=n

h i
in Eqs. (17) and (21). Mendez et al. (2004, Table 1) give the fol-

lowing polynomial functions for E Ĥ1=n

h i
for n = (3, 10):

E Ĥ1=n

� �
¼ Ĥ1=3

Ĥ1=10

 !
¼ 1:416

1:800

� �
− 0:140

0:830

� �
κ− 0:749

0:477

� �
κ2

þ 0:887
0:985

� �
κ3− 0:413

0:478

� �
κ4;n ¼ 3

10

� �
:

ð29Þ

Another question is howwell the rms value of the non-dimensional
maximum force can be represented by using the rmswave height in the
maximum force formulas for regular waves, i.e. corresponding to that
Ĥ ¼ Hrms=Hrms ¼ 1 in Eqs. (17) and (21).

It is of interest to compare the stochastic and the approximatemeth-
od. Fig. 6 shows the ratio between the stochastic and approximate
method results for F̂ rms (Rarms, Fig. 6a), F̂ 1=3 (Ra1/3, Fig. 6b) and F̂ 1=10

(Ra1/10, Fig. 6c) versus x̂ for the two models and the three slopes. Over-
all, the results for the three ratios show the same features; the ratios for
the CD model are larger than one, while the ratios for the C̃D model are

about one, and the ratios approach 1 at the shore for both models.
More specifically: for the CD model (Rarms, Ra1/3, Ra1/10) are approxi-
mately (1.4, 2.1, 3.3) for x̂ up to about (0.5, 0.5, 0.4) depending on the
slope, and for larger x̂ the ratios approach 1. For the C̃D model Rarms is
about 1.2 at x̂ ¼ 0 and decreases towards 1 as x̂→1, while Ra1/3 and
Ra1/10 are close to 1 for all x̂; this is the case for all slopes. Overall it ap-
pears that the stochastic method cannot be replaced by the approxi-
mate method when using the Méndez et al. (1999) model (CD,

a)

b)

c)

Fig. 5. F̂ rms (a), F̂ 1=3 (b), and F̂ 1=10 (c) versus x̂ for the CD and C̃ D models and the three
slopes. The vertical lines represent the example given in Table 1 for x̂ ¼ 0:7.

Table 1
Example of calculation.

Hrms,0,h0,Tp,Δ,b 0.1 m, 1 m, 1.91 s, 0.33, 0.1 m
x̂ , h, Δh 0.7, 0.3 m, 0.1 m
x (m), L (m), 1

10 ;
1
20 ;

1
50

� �
[7;14; 35], [10; 20; 50]

Hrms, 1
10 ;

1
20 ;

1
50

� �
, (m) [0.09; 0.12; 0.11]

κ, 1
10 ;

1
20 ;

1
50

� �
[0.24; 0.07; 0.17]

Rrms×10−4, 1
10 ;

1
20 ;

1
50

� �
, [4.85; 6.28; 5.46]

F̂ ×102 using CD, using C̃D

F̂ rms×102, 1
10 ;

1
20 ;

1
50

� �
[4.50; 4.95; 4.68], [2.82; 2.36; 2.61]

F̂ 1/3×102, 1
10 ;

1
20 ;

1
50

� �
[6.73; 7.42; 7.04], [4.01; 3.44; 3.77]

F̂ 1/10×102, 1
10 ;

1
20 ;

1
50

� �
[9.16; 11.19; 10.01], [4.92; 4.37; 4.70]

Ratio, using CD, using C̃D

Rarms, 1
10 ;

1
20 ;

1
50

� �
[1.24; 1.37; 1.29], [1.05; 1.04; 1.05]

Ra1/3, 1
10 ;

1
20 ;

1
50

� �
[1.86; 2.05; 1.94], [1.00; 0.99; 1.00]

Ra1/10, 1
10 ;

1
20 ;

1
50

� �
[2.53; 3.09; 2.76], [1.00; 1.00; 1.00]

a)

b)

c)

Fig. 6. Stochastic to approximate method ratios for F̂ rms (Rarms, a), F̂ 1=3 (Ra1/3, b), F̂ 1=10

(Ra1/10, c) versus x̂ for the two models and the three slopes. The vertical lines represent
the example given in Table 1 for x̂ ¼ 0:7.

18 P.-Y. Henry, D. Myrhaug / Coastal Engineering 78 (2013) 13–20



Eqs. (3) and (5)). However, this approximation holds if theMéndez and
Losada (2004) is used for F̂ 1=3 and F̂ 1=10, while for F̂ rms it is only the case
when x̂ approaches 1. It should be noted that these results are valid for
this example, i.e. for b = 0.1, Δ = 0.33 and Tp = 1.91 s. More discus-
sion of the results will be given in the Example of calculation.

4.3. Example of calculation

An example is given to illustrate the use of the graphs presented
in Figs. 3–6. As already mentioned, the conditions at the seaward
location are taken similar to those used by Méndez et al. (2004):
Hrms,0 = 0.1 m,h0 = 1 mand Tp = 1.91 s. Table 1 gives the results calcu-
lated at the horizontal location x̂ ¼ 0:7. At this location thewater depth is
h ¼ h0− h0=Lð Þx ¼ h0−h0x̂ ¼ h0−h0 � 0:7 ¼ 0:3m, the dimensions of
the plant are Δh = 0.33 × 0.3 m = 0.1 m and b = 0.1 m. For the three
slopes it corresponds to that the calculations are made at the locations
x = 7 m, 14 m, 35 m; Fig. 7 shows a sketch of these three situations.

From Table 1 it is seen that the slope 1/20 leads to the highest Hrms

and the lowest κ, suggesting a lower breaking activity at this location.
Moreover, Rrms varies between 4.85 × 104 and 6.28 × 104, which is
within the definition domain of C̃ D, but outside of the definition
domain of CD (see Section 2.2 and Fig. 2a). As mentioned in Section 2.2,
the definition of CD by Eqs. (3) and (5) is extended to higher values
of R to serve the purpose of demonstrating the use of the methods. At
x̂ ¼ 0:7 it is also seen that for the C̃ D model the stochastic method can
be replaced by the approximate method, while this is not the case for
the CD model; for the C̃D model the ratios are in the range 0.99 to 1.05
depending on the statistical values considered; for the CD model the ra-
tios are in the range 1.24 to 3.09 depending on the statistical values
considered.

The presentedfigures and Table 1 give non-dimensional parameters.
As seen from Eqs. (1), (2), (11) and (17), the total wave-induced drag
force on a vegetation patch is taken to be equal to the sum of the indi-
vidual drag forces on each plant. Recently Siniscalchi et al. (2012)
performed some flume experiments with a vegetation patch in steady
flow. They found that themean drag force experienced by each individ-
ual plant is fairly constant, with only a weak reduction of the forces
along the patch axis. But there is no evidence that this is the case in os-
cillatory flow. The dimensional force is obtained by multiplying the
non-dimensional force with the factor 1

2ρbNU
2
rms. Thus it is possible to

limit the results to one plant (N = 1), or to assume that the drag
force on a vegetation patch is the sum of the forces on each plant
(with N > 1). In that case the wave related quantities used in the for-
mulas (i.e. Hrms, urms) should be evaluated at the horizontal position in

the middle of the vegetation field. This approach should be sufficiently
accurate for engineering applications.

5. Summary

A practical stochastic method for estimating the drag force on
vegetation exposed to shoaling non-breaking and breaking random
waves is provided. An example of calculation has illustrated the effect
of energy dissipation due to wave breaking on the wave-induced
maximum drag force on a plant at different positions on a planar
beach with three different slopes. Two different drag models are con-
sidered: CD (Méndez et al., 1999) and C̃ D (Méndez and Losada, 2004),
and the stochastic method has been compared to a deterministic
approach. The stochastic method is represented by using the rms
value of the maximum wave-induced drag force and the expected
value of the maximum wave-induced drag force caused by the (1/n)
th highest wave.

For the flow conditions exemplified here, the present results suggest
that the drag force formula based on C̃D for regular waves can be
applied for random waves if the random waves are represented by
the mean of the (1/n)th highest waves for n = 3 and n = 10, and by
the rms wave height, but only close to the shore. However, this is not
the case for the drag force formula based on CD; the stochastic method
is required. It should be noted that for other flow conditions, the results
may be different.

Although the stochastic method is simple, it should be useful for
having first estimates for engineering applications of the drag force
on a vegetation field in shoaling conditions beneath non-breaking
and breaking random waves on a planar beach.
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a b s t r a c t

Plant-flow interactions are characterised by an assemblage of processes acting at different temporal and
spatial scales. In order to mathematically characterise these interactions, such processes have to be
parameterised given some simplifications. Typically, drag coefficients are derived from experiments to
characterise the plant reconfiguration and wave energy dissipation processes. By reviewing the different
plant drag coefficients CD valid in oscillatory flows, this study first highlights the lack of normalisation of
the different existing CD formulations and identifies possibilities for a standardisation of the formulations
for oscillatory and steady flows. Then, by taking into account the wave crest height distribution of a sea
state condition, this study further develops a stochastic method to compute the expected wave induced
forces on a plant in linear/nonlinear random waves plus current based on two different CD formulations
for waves alone and waves plus current. This method improves the characterisation of the stochastic
planteflow interactions by allowing the calculation of expected values under different randomwave plus
currents conditions. Results are compared to a classic deterministic approach and some differences are
identified, calling for further investigations against experimental datasets. Based on the appropriate CD
formulations, this study finally revealed that wave nonlinearities have a significant effect on expected
wave forces for a higher wave activity, and that in presence of an increasing current, the effect of wave
nonlinearities decreases while the expected wave forces increase.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Vegetation is a ubiquitous feature in aquatic environments
affecting many physical, chemical, and biological processes across a
wide range of spatial and temporal scales (Nikora, 2010; Nepf,
2012; Nikora et al., 2012). The interaction between flow and
vegetation has important implications for many ecological and
engineering applications and has consequently been in the focus of
research in the past decades. A large body of research has focused
on the exerted drag forces by mimicking vegetation with stiff ele-
ments such as cylinders although most plants are flexible (e.g.,
Aberle and J€arvel€a, 2013). Both stiff elements and flexible plants
offer resistance to the incoming flow, generating an energy transfer
from the flow to the plant, which in turn affects turbulence and
wave-patterns. Compared to stiff elements, flexible plants will,
under energetic flow conditions (high currents or wave-induced
velocities), adopt a streamlined shape and reduce their projected

frontal area to reduce their exposure to the flow attack (de Langre
et al., 2012; Miller et al., 2012; Siniscalchi et al., 2012; Albayrak
et al., 2013). The reconfiguration depends on the plants' mechani-
cal and structural properties and is the key to their survival in high
energy flows.

Flexible plants such as salt marsh plants and seagrasses have,
among others, been recognised as potential wave-dampers (Feagin
et al., 2011; Paul and Amos, 2011; M€oller et al., 2014). The adequate
design of such natural engineering structures requires an enhanced
understanding of the relevant processes and hence of fluid forces
(and the corresponding main component, the drag force), energy
dissipation (turbulence, wave damping), and plant ecology (plant
mechanical and physiological stresses). One of the keys for the
adequate description of drag forces can be seen in the parameter-
isation of a proper plant related drag coefficient CD (Mendez and
Losada, 2004; M€oller et al., 2014; Ozeren et al., 2014; Zeller et al.,
2014). This parameterisation is presently one of the major diffi-
culties when describing planteflow interactions not only in coastal
but also in fresh water environments (Aberle and J€arvel€a, 2013,
2015). In general, many different approaches for the parameter-
isation of drag forces have been suggested for both environments* Corresponding author.
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(Nepf, 2011). However, drag coefficients for flexible aquatic plants
have always been derived from experimental datasets as informa-
tion on plant reconfiguration and wave energy dissipation is
required for their determination. Thus, the derived formulations
are, in theory, limited to the conditions covered by the experiments.

Moreover, many experimental or numerical studies focused on
drag force estimations under simplified boundary conditions
(linear waves or current alone; e.g. (Suzuki et al., 2012; Anderson
and Smith, 2014; Ozeren et al., 2014) although these estimations
are generally more complex in field conditions (Massel et al., 1999;
Paul and Amos, 2011; Jadhav et al., 2013). Deterministic approaches
are commonly used to characterise random wave conditions,
reducing for example the spectrum of wave-induced velocities to a
single statistical value (typically the root-mean-square value).
These approaches may lead to a misrepresentation of the stochastic
planteflow interactions (Bradley and Houser, 2009; Jadhav et al.,
2013; Anderson and Smith, 2014).

After a critical review of the available CD formulations under
wave conditions, this study develops a stochastic method to
compute characteristic statistical values of thewave-induced forces
on a single plant in various random waves plus current conditions.
CD formulations derived for regular waves by Ozeren et al. (2014)
(waves alone) and Hu et al. (2014) (waves plus current) are
applied, within their domain of applicability, to each single wave of
the narrow-banded irregular wave spectrum. Nonlinear wave ef-
fects (long- and short-crested) are included and discussed consid-
ering the Forristall (2000) wave crest height distribution. Finally,
the method is applied to live salt marsh plants (Juncus roemerianus)
using the Ozeren et al. (2014) CD formulations, and discussed in the
light of the conclusions of the critical review.

2. CD formulations for an aquatic plant in waves

2.1. Drag forces for regular waves plus current

The simplest approach to derive an expression of the fluid forces
experienced by plants is to consider only the main component, i.e.
the drag force, and neglecting the plants' swaying motion and in-
ertial force (Mendez and Losada, 2004) resulting in a so-called
Morison-type equation. This approach is systematically used in
coastal engineering descriptions of planteflow interaction and the
horizontal time-varying force on a plant community per unit vol-
ume is thus expressed as:

FðtÞ ¼ 1
2
rCDbvN uðtÞ juðtÞj (1)

where u(t) is the undisturbed horizontal wave-induced velocity at a
reference location along or in the vegetation region, t is the time, r
is the density of water, bv is themean plant width (corresponding to
the plant area per unit height of the vegetation stand normal to
u(t)), N is the number of plants per unit area, and CD is a bulk drag
coefficient. It should be noted that the correct calculation of F(t)
requires the use of the relative velocity between the fluid and the
plants instead of u(t). In addition, there is normally no linear rela-
tion between the total force exerted on a plant patch and its
number of stems. However, it is common practice to link F(t) and N
linearly as described in Eq. (1) so that potential shading effects and
interactions with other stems are taken into account by CD as done
in river flows by Lindner (1982) or Li and Shen (1973). In order to
provide general results, the dimensional forces computed in this
section correspond to the force on one plant per unit area (N chosen
equal to 1 by default in Eq. (1)). Eq. (1) is also valid for a flexible
plant (Mendez and Losada, 2004; Henry and Myrhaug, 2013).
Applying Eq. (1) to oscillatory flows, the maximum horizontal drag

force per unit volume within a wave cycle is given by

Fmax ¼ 1
2
rCDbvU

2
w (2)

where Uw is the maximum horizontal velocity within the wave
cycle. For the case of regular waves plus current Umax¼Uw þ Umay
be used instead of Uw, where U is the bulk velocity of the steady
current. The accuracy of this formulation depends not only on the
plant width but also on the definition of the drag coefficient CD.

2.2. Drag coefficient formulations for oscillatory flows

Formulations for the drag coefficient CD have generally been
derived by determining the ratio Fmax/Uw

2 from experimental data
for different flow conditions. Regarding oscillatory flows, CD-values
have mostly been determined from observations of the wave decay
over a vegetation patch following the method first described by
Dalrymple et al. (1984), although it is also possible to determine
these values using direct measurements of Fmax and Uw (Hu et al.,
2014). In general, two different kind of formulations have been
developed for the determination of CD which are based on the
Reynolds number Re and the KeuleganeCarpenter number KC,
respectively, with the corresponding approaches being summa-
rized in Table 1.

Expressing CD as a function of the Reynolds number Re is the
classical expression used in fluid mechanics. For waves the corre-
sponding relationship is mostly written as CD ¼ ba þ ðbb=ReÞg, where
ðba; bb;gÞ are non-dimensional parameters, and Re ¼ Uwbv=n, where
n is the kinematic viscosity of the fluid. As for steady flow cases,
typical for fresh water environments, various parameters ðba; bb;gÞ
have been suggested for oscillatory flows (Table 1 and (Nepf, 2011)).
On the other hand, CD can also be expressed as a function of the
KeuleganeCarpenter number KC (defined as the ratio between the
fluid particle excursion amplitude and the characteristic dimension
of the plant) for oscillatory flows. The corresponding expressions
can take different forms (Table 1), but themost common expression
is CD ¼ a Kb

C , where (a,b) are non-dimensional parameters, and
KC ¼ UwT=bv, where T is the wave period which can be replaced by
the spectral peak wave period Tp in the case of random waves.
Inertia forces cannot be neglected for relatively small values of KC
(Ozeren et al. (2014)) so that in a coastal environment, approaches
based on Eq. (1) are only valid for larger values of KC (or Re), i.e.
when drag forces dominate over inertia forces due to the flow
separation and vortex shedding processes in thewake of the plants.
However, Bradley and Houser (2009) argued that under lower-
energy conditions, wave energy dissipation is driven by relative
blade motion, best described by KC, and not in-canopy turbulent
dissipation typical for high-energy conditions (and best described
by Re). As a consequence, there exists a range between very low
energy and high energy flows where a formulation of the bulk drag
coefficient based on KC seems to describe experimental data better
than that based on a Reynolds number (Mendez and Losada, 2004;
Lowe et al., 2007; S�anchez-Gonz�alez et al., 2011; Jadhav et al., 2013;
Ozeren et al., 2014). This may explain why M€oller et al. (2014)
observed that the expression for CD dependent on Re formulation
led to over prediction of wave dissipation for low-energy condi-
tions. It should be noted, however, that all of these different for-
mulations neglect the relative velocity of the plant compared to the
flow, and doesn't explicitly include reconfiguration processes
(bending, pronation), whichmay lead to inaccuracies inwave forces
and energy dissipation estimations (Zeller et al., 2014).

In the case of irregular waves, the bulk drag coefficient CD varies
for each individual wave, depending on the wave height and wave
period. Bradley and Houser (2009) argued that plants (seagrasses)
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tend to move out of phase with waves at the (higher) peak fre-
quency, while moving in phase with less energetic waves at a lower
frequency. As a consequence higher frequency waves tend to be
more attenuated than lower frequency waves, leading to a fre-
quency dependent drag coefficient. Jadhav et al. (2013) discussed
the dependency of CD upon the wave frequency and concluded that
a frequency-dependent drag coefficient predicts the spectral dis-
tribution of wave energy dissipation better than a drag coefficient
averaged over the frequencies. Similarly, Anderson and Smith
(2014) showed that for irregular waves propagating over a

vegetation field with a double peaked spectrum, the attenuation of
the different frequency ranges is not necessarily uniform,
depending on the plant's submergence ratios and the stem density.
However, the definition of a wave-frequency dependent drag co-
efficient depends on both wave conditions and the tested plants,
and is impractical to determine a-priori. Thus for random waves,
the plant drag coefficient is generally derived as a function of Rerms,
the root-mean-square value of Re (or KCrms instead of KC, as defined
in Table 1), by replacing the maximum horizontal velocity Uw in
periodic waves by its rms value in random waves (Urms). The wide

Table 1
Review of the different bulk drag coefficients formulations for wave forces on different aquatic plants. Here, Uw is the characteristic velocity acting on the plants (defined as the
maximumhorizontal velocity within thewave cycle at the top of the vegetation), bv is the plants averagewidth and n is the kinematic viscosity of the surrounding flow, Tp is the
spectral peak wave period, Hs is the significant wave height, and U is the steady flow velocity component (current). D is the vegetation height divided by the water depth (D > 1
for emergent vegetation and D < 1 for submerged vegetation) and h is the water depth.

(Bulk) drag coefficient formulation Author Comments

1. CD ¼ ba þ
 bb

Re

!g

or CD ¼ ba þ
 bb

Rerms

!g

; with Re ¼ Uwbv
n and Rerms ¼ Urmsbv

n

ðba; bb;gÞ ¼ ð0:08; 2200; 2:4Þ;
2200< Re< 18000

Kobayashi et al.
(1993)

Best fit to flume data of Asano et al. (1988) e Regular waves over artificial seaweeds (polypropylene
strips)

ðba; bb;gÞ ¼ ð0:08; 2200; 2:2Þ; rigid plants &
200< Re< 15500

ðba; bb;gÞ ¼ ð0:40; 4600; 2:9Þ; swaying plants
& 2300< Re< 20000

M�endez et al. (1999) Best fit to flume data of Asano et al. (1993) e Regular waves over artificial seaweeds (polypropylene
strips)

ðba; bb;gÞ ¼ ð0:1; 925; 3:16Þ
200 < Rerms < 800

Bradley and Houser
(2009)

Best fit to field records of irregular waves over live seagrass meadow (Thalassia testudinum) in fetch-
limited conditions

ðba; bb;gÞ ¼ ð0:06; 153; 1:45Þ
HS� 0.1m

Paul and Amos
(2011)

Best fit to field records of irregular waves over live seagrass meadow (Zostera noltii) at four different
stages during the growth cycle.

ðba; bb;gÞ ¼ ð0; 2400; 0:77Þ;
1000< Re< 3200

Koftis et al. (2013) Best fit to flume data of Stratigaki et al. (2011) e Regular waves over artificial seaweeds (P. oceanica-
PVC)

ðba; bb;gÞ ¼ ð0:87; 2200; 0:88Þ;
2800< Re< 8500

Maza et al. (2013) Best fit to flume data of Stratigaki et al. (2011) e Regular waves over artificial seaweeds (P. oceanica-
PVC)

ðba; bb;gÞ ¼ ð�0:05; 306; 0:98Þ; regular
waves, 1000< Re< 10500

ðba; bb;gÞ ¼ ð0:16; 227; 1:62Þ; irregular
waves, 200< Re< 12000

M€oller et al. (2014) Best fit to large-scale experiments for regular and irregular waves over salt marshes

ðba; bb;gÞ ¼ ð2:1; 793; 2:39Þ; regular waves,
400< Re< 4300;

ðba; bb;gÞ ¼ ð1:5; 1230; 0:95Þ; irregular
waves, 200< R e< 1600;

Ozeren et al. (2014) Best fit to flume data of regular and irregular waves. ðba; bb;gÞ estimated for rigid cylinders, valid for
different densities/submergence ratios.

2. Other Re-based CD formulations

CD ¼ ba þ
 bb

QRe

!g

, with QRe ¼ Rerms

D1:5

ðba; bb;gÞ ¼ ð0:11; 2067:7; 0:64Þ

Anderson and Smith
(2014)

Spectral analysis of wave attenuation over salt marsh mimics (flume work) and definition of bulk CD

CD ¼ ba þ
 bb

Re

!g

, Re ¼ ðUwþUÞbv
n

ðba; bb;gÞ ¼ ð1:04; 730; 1:37Þ
for 300 < Re < 4700

Hu et al. (2014) Best fit to experiments for pure reg. waves and reg. waves plus current over staggered arrays of
submerged stiff cylinders

3. CD ¼ a Kb
C or CD ¼ a Kb

Crms; with KC ¼ UwT=bv and KCrms ¼ UrmsTp=bv
(a,b) ¼ (126.45, �2.76)
for 1< KCrms <6

Bradley and Houser
(2009)

(see above)

1) (a,b) ¼ (22.9, �1.09)
2) (a,b) ¼ (35.5, �1.12)
3) (a,b) ¼ (39.5, �1.08)
for 15< KC < 425

S�anchez-Gonz�alez
et al. (2011)

1) flume tests of reg. and irreg. waves over artificial seagrass 2) derived from Asano et al. (1993); 3)
derived from Mendez and Losada (2004)

(a,b) ¼ (70, �0.86) Jadhav et al. (2013) Spectral average of the drag coefficient obtained on the field for salt marsh vegetation (Spartina
alterniflora) under a tropical storm (random waves).

4. Other KC-based CD formulations

CD ¼ expð�0:0138 QÞ
Q0:3 ; 7<Q <172 , with

Q¼ KC rms/D0.76, and
KC rms¼UrmsTp/bv

Mendez and Losada
(2004)

Best fit to flume data of Dubi and Torum (1995) e Irregular waves (JONSWAP spectrum) over a bed of
artificial kelp (L. digitata)

CD ¼ ba þ
 bb

QKc

!g

, with QKc ¼ Kcrms

D1:5

ðba; bb;gÞ ¼ ð0:97; 33:5; 1:69Þ

Anderson and Smith
(2014)

(see above)

CD ¼ a½KCD
�2�b , with KC ¼ UwTp

bv
,

(a,b) ¼ (55.2, �0.817);
regular waves, 5< KC< 80;
(a,b)¼ (58.5, �0.641);
irregular waves, 3< KC< 40;

Ozeren et al. (2014) Best fit to flume data of regular and irregular waves over artificial and live seagrasses. (a,b) valid for
different densities/submergence ratios
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range of available approaches for the determination of the drag
coefficient and their different ranges of validity (see Table 1) shows
that care must be taken when selecting a given drag coefficient
formulation.

Among these different formulations, Hu et al. (2014) proposed
an approach for the determination of the drag coefficient valid for
waves alone and waves plus current:

CD ¼ 1:04þ
�
730
Re

�1:37
with Re ¼ ðUw þ UÞbv

n
(3)

This formulation is the only one taking into account steady
currents in Table 1. For waves alone, Ozeren et al. (2014) derived CD-
formulations for regular and irregular waves, valid for rigid
cylinders:

CD ¼ 2:1þ
�
793
Re

�2:39
with Re ¼ ðUw þ UÞbv

n
(4a)

CD ¼ 1:5þ
�
1230
Rerms

�0:95
with Rerms ¼ ðUrms þ UÞbv

n
(4b)

and live salt marsh plants (see Table 1 for details on the range of
validity):

CD ¼ 55:2
h
KCD

�2
i�0:817

with KC ¼ UwTp
bv

(4c)

CD ¼ 58:5
h
KCrmsD

�2
i�0:641

with KCrms ¼
UrmsTp

bv
(4d)

The comparison between the stochastic and deterministic
methods developed in the following sections is made possible by
the fact that these sets of equations (Eqs. (4a-b) and (4c-d)) are
valid for similar conditions in regular and irregular waves. This
range of validity also corresponds to the one of Eq. (3), allowing
steady currents to be taken into account.

2.3. Links between the drag coefficient and Vogel exponent

The drag coefficient formulations given in Table 1 are functions
of the inverse of Re or KC, and thus CD decreases as the flow velocity
increases. As a consequence, the drag forces are no longer pro-
portional to U2

w (Eq. (2)). For large enough Re, this drag reduction is
mainly due to the reconfiguration processes (i.e. the plant modify
its shape and position) of the plant under higher hydrodynamic
loadings (Vogel, 1984; Gaylord et al., 1994; Gosselin and De Langre,
2011). In steady flows, this has been expressed by the Vogel
exponent j:

F � U2þj (5)

with j between 0 and �2; the most commonly reported values
being between �0.2 and �1.2 (de Langre et al., 2012), and U is the
steady flow velocity component (current). The Vogel exponent was
originally derived to investigate the drag force response of vege-
tation in regions of large deformation, i.e. above a certain threshold
velocity. Although this approach is mostly adopted in steady flows,
it might as well be derived for waves by combining the expression
of CD such as CD ¼ a Kb

C in Eq. (2). Then it can be shown that:

Fmax � U2þb
w (6)

which is the same as Eq. (5) in case U ¼ 0. As a consequence, CD
formulations based on KC define directly a Vogel exponent for

different plants tested in oscillatory flows. For the formulations
based on the ðba; bb;gÞ coefficients (all the formulations based on Re
and some based on KC), the link is more complex as
F � baU2

w þ bbg
U2�g
w . The deviation from the U2-proportionality is

therefore more difficult to assess and g cannot be related to the
Vogel exponent. However, recent works showed that CD formula-
tions based on KC perform better in low-energy wave conditions
(Mendez and Losada, 2004; S�anchez-Gonz�alez et al., 2011; Jadhav
et al., 2013; Ozeren et al., 2014; Zeller et al., 2014) so that the
calibration of a Vogel exponent in steady flow and a CD based on KC
in oscillatory flows represents a possibility to consider the recon-
figuration processes (or drag reduction) of flexible plants under
different types of low-energy hydrodynamic loadings leading to
large plant deformations (high flexibility). However, further in-
vestigations are needed for unifying the drag coefficient formula-
tions for higher energy flows.

Themultitude of the different CD-coefficients is a major problem
if the general processes involved in the planteflow interactions are
to be understood andmodelled for further engineering purposes. In
order to incorporate a physical meaning into these coefficients,
Aberle and J€arvel€a (2013); Whittaker et al. (2013); V€astil€a and
J€arvel€a (2014) and Whittaker et al. (2015) recently attempted to
link the morphological and biomechanical properties of different
types of aquatic vegetation to the forceevelocity relationship. To
the authors' knowledge, this type of parameterisation has not been
used in the open literature for oscillatory flow. However such an
approach, developed for both oscillatory and steady flows, is
needed to both improve our understanding of the links between
plant reconfiguration and flow energy dissipation, and allow for a
better modelling of planteflow interactions.

The above review clearly points out that there is currently no
universal formulation for CD available which is valid for different
types of conditions (waves alone, current alone, or combined con-
dition) and for different plant-types (live/surrogate, rigid/flexible).
As a consequence more complex conditions have to be described
with existing and simplified formulations which is associated with
a narrower range of applicability. Based on this reasoning, the
second part of this paper investigates drag forces on submerged salt
marsh-like plants (surrogate/live) in nonlinear random waves
based on the Hu et al. (2014) and Ozeren et al. (2014) drag coeffi-
cient formulations, allowing a direct comparison of the stochastic
and deterministic methods derived, and considering the effect of
steady currents on wave induced forces in combined random-
waves plus currents.

3. Drag forces for nonlinear random waves plus current

3.1. Mathematical formulation

Based on a similar approach to the one applied byMyrhaug et al.
(2009), Myrhaug and Holmedal (2011) and Henry and Myrhaug
(2013), this section derives drag forces exerted on a plant for
nonlinear random waves plus current. For these conditions, the
maximum drag force is parameterized according to Eq. (2) and by
replacing Uw with Umax¼Uc þ U, where Uc is evaluated using
Stokes' second-order wave theory, given by the horizontal orbital
velocity under the wave crest. At a fixed point in a sea state with
stationary narrow-band random waves consistent with Stokes
second-order regular waves in finite water depth, hc is defined as
the nonlinear crest height and arms the rms value of the wave
amplitude. Then, the non-dimensional nonlinear crest height,
wc¼ hc/arms, and the non-dimensional nonlinear maximum hori-
zontal particle velocity under thewave crest, ûc¼Uc/Urms, are (Dean
and Dalrymple, 1991)
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wc ¼ ba þ O
�
kparms

�ba2 (7)

buc ¼ ba cosh kpðzþ hÞ
cosh kph

þ O
�
kparms

�ba2 (8)

Here ûc is evaluated at any elevation z between the mean free
surface and the sea bottom, and â¼ a/arms denotes the non-
dimensional linear wave amplitude defined as the ratio of the
linear wave amplitude a to the rms-value arms, with h the water
depth, and

Urms ¼ arms
upr cosh kph
sinh kph

(9)

Moreover, O(kparms) denotes the second-order (nonlinear) terms
which are proportional to the characteristic wave steepness of the
sea state, kparms, where kp is the wave number corresponding to up

(¼peak frequency of wave spectrum) given by the dispersion
relationship for linear waves with a following current (which is also
valid for Stokes second-order waves)

�
up � kpU

�2 ¼ gkp tanh kph (10)

where g is the acceleration due to gravity. Moreover,
upr¼ (gkptanhkph)1/2 is the frequency relative to a reference system
moving with the current velocity U. Eq. (7) can be inverted to give
â¼wc�O(kparms)â

2, which substituted in Eq. (8) gives ûc as in Eq.
(8) with â replaced by wc (see details in Appendix). Neglecting the
higher order terms, the maximum orbital velocity under the wave
crest at an elevation z in dimensionless and dimensional forms can
thus be expressed as:

buc ¼ wc
cosh kpðzþ hÞ

cosh kph
(11)

Uc ¼ hc
upr cosh kpðzþ hÞ

sinh kph
(12)

The drag force formula for regular waves in Eq. (2) can be
rearranged to obtain a formula valid for random waves plus cur-
rents. To do so Umax¼Uc þ U is used instead Uw, where Uc¼ ûcUrms

with ûc from Eq. (11). Normalising Umax by Urms, and using the non-
dimensional symbol ^ gives:

bUmax ¼ UC þ U
Urms

¼ buC þ U
Urms

(13)

Substituting Eq. (13) in Eq. (2), a dimensional formulation of the
maximum drag force Fmax is obtained for waves plus currents.
Consequently, the non-dimensional maximum drag force fmax for
individual narrow-band nonlinear randomwaves can be derived as

fmax≡
Fmax

1
2 rCDbvNU2

rms
¼
�buC þ U

Urms

�2
(14)

which finally gives:

fmax ¼ w2
c
cosh2kpðzþ hÞ

cosh2kph
þwc

2Uupr cosh kpðzþ hÞ
armsgkp cosh kph

þ
�

Uupr

armsgkp

�2
(15)

The total non-dimensional drag force per unit horizontal area is
obtained by integration over the height Dh of the plants, i.e.

f max≡

 
Fmax

1
2 rCDbvNU2

rms

!
¼
Z �hþDh

�h
fmax dz (16)

This integration requires the evaluation of the integrals:

Z �hþDh

�h
cosh2kpðzþ hÞdz ¼ 1

2

�
1
2kp

sinh 2kpDhþ Dh
�

(17)

Z �hþDh

�h
cosh kpðzþ hÞdz ¼ 1

kp
sinh kpDh (18)

By combining Eqs. (15)e(18), f max can be expressed as

f max ¼ Aw2
c þ Bwc þ C with

8>>>>>>>>>><
>>>>>>>>>>:

A ¼ 1

2 cosh2kph

�
1
2kp

sinh 2kpDhþ Dh
�

B ¼ 2Uupr

armsgk2p
sinh kpDh

C ¼
�

Uupr

armsgkp

�2

Dh

(19)

Having derived a formulation for f max based on wc, the drag
coefficient CD also needs to be expressed as a function of wc. In
Section 2 we showed the benefit of using a CD-formulation based on
KC for low-energy flows as such a formulation offers the possibility to
link KC to the Vogel exponent. This allows the consideration of both
waves and currents. Hu et al. (2014) developed an alternative
approach to derive CD for these conditions by considering the com-
bined velocities in the Reynolds number (Eq. (3)). Even though Re-
based drag coefficients tend to be better suited for higher energy
flows (Bradley and Houser, 2009), the Hu et al. (2014) approach is the
only existing formulation allowing for the direct consideration of
waves plus currents in the drag coefficient. Thus, in order to gain
insight on the effect of wave nonlinearities on the drag force expe-
rienced by an aquatic plant for combined random waves plus cur-
rents, the Hu et al. (2014) CD formulation is adopted (Eq. (3)). The
Reynolds number in Eq. (3) has to be modified to be valid for
nonlinear random waves so that Re ¼ ðUc;rms þ UÞ
bv=n ¼ bucRerms þ Rec, where Rerms¼Urmsbv/n and Rec¼Ubv/n, withbuc ¼ Uc=Urms being the non-dimensional nonlinear maximum hor-
izontal particle velocity under the wave crest evaluated at the top of
the plants (z¼ -hþDh). Eq. (3) can be rearranged to give the drag
coefficient for individual narrow-band nonlinear random waves as

CD ¼ ba þ
 bb
wcrRrms þ Rec

!g

(20)

with the parameters defined by Hu et al. (2014) in Eq. (3):
ðba; bb;gÞ ¼ (1.04,730,1.37), and

r ¼ cosh kpDh
cosh kph

(21)

Moreover, by taking Rerms þ Rec as a characteristic statistical
value of Re for random waves plus currents (i.e. considering an
equivalent sinusoidal wave), the same threshold values for Re can
be used to define the range of validity of the CD-formulation, i.e.
300<Rerms þ Rec < 4700. By combining the definition of f max in Eq.
(19) with Eqs. (20) and (21), it follows that the non-dimensional
drag force bF for individual nonlinear random waves plus currents
is given as
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bF≡
 

Fmax
1
2 rbvNU2

rms

!
¼ CDfmax

¼
h
Aw2

c þ Bwc þ C
i"ba þ

bb
wcrRrms þ Rec

#g

(22)

This equation is valid for random waves plus currents and for
random waves alone when U¼ 0. In order to compare the work of
Hu et al. (2014) (leading to Eq. (22)) with the work by Ozeren et al.
(2014), Eqs. (4a) and (4b) in Table 1 can be re-arranged as:

CD ¼ ba þ
 bb
wcrRrms

!g

(23)

with the associated ðba; bb;gÞ coefficients, leading to the non-
dimensional drag force bF for individual nonlinear random waves:

bF≡ Fmax
1
2 rbvNU2

rms
¼ CDfmax ¼ Aw2

c

"
ba þ

 bb
wcrRrms

!g#
(24)

Finally, considering the CD formulations for live salt marsh
plants (Eq. (4c) and (4d) last row of Table 1), the drag coefficient can
be expressed as

CD ¼ ba þ
 bb
wcrKCrmsD

�2

!g

(25)

with KCrms¼ (Urms Tp)/bv as the KeuleganeCarpenter number for
irregular waves. Thus, the non-dimensional drag force is given as:

bF≡
 

Fmax
1
2 rbvNU2

rms

!
¼ CDfmax ¼ Aw2

c

"
ba þ

 bb
wcrKCrmsD

�2

!g#

(26)

It should be noted that here ðba; bb;gÞ ¼ ð0; a; �bÞwhere a and b
are given in Eqs. (4c) and (4d).

Thewaves are parameterised applying the Forristall (2000) crest
height distribution based on second-order theory. This model in-
cludes both sum-frequency and difference-frequency effects and
has been derived for 2D (long-crested) and 3D (short-crested)
random waves using a two-parameter Weibull distribution with
the cumulative distribution function (cdf) of the form

PðwcÞ ¼ 1� exp

"
�
�

wcffiffiffi
8

p
a

�b
#

; wc � 0 (27)

The Weibull parameters a and b based on the wave steepness S1
and the Ursell parameter UR defined by

S1 ¼ 2p
g

HS

T21
(28)

and

UR ¼ HS

k21h
3

(29)

Here HS is the significant wave height, T1 is the spectral mean
wave period, and k1 is the wave number corresponding to T1. It
should be noted that HS¼ 2

ffiffiffi
2

p
arms when the wave amplitude is

Rayleigh distributed. For a narrow-band process T1 and k1 can be
replaced by Tp and kp, respectively, in Eqs. (28) and (29). Moreover,
for random waves plus currents Tp¼ 2p/upr. The wave steepness

and the Ursell number characterize the degree of nonlinearity of
the waves in finite water depth. At zero steepness and zero Ursell
number (linear waves) Forristall (2000) forced the fits to match the
Rayleigh distribution, i.e. a ¼ 1/

ffiffiffi
8

p
z 0.3536 and b ¼ 2. Note that

this is the case for both 2D and 3D linear waves. The resulting pa-
rameters for the 2D-model (long-crested waves) are

a2D ¼ 0:3536þ 0:2892 S1 þ 0:1060 UR
b2D ¼ 2� 2:1597 S1 þ 0:0968 U2

R
(30)

and for the 3D-model (short-crested waves)

a3D ¼ 0:3536þ 0:2568 S1 þ 0:0800 UR
b3D ¼ 2� 1:7912 S1 þ 0:5302 UR þ 0:284 U2

R
(31)

Forristall (2000) demonstrated that wave setdown effects are
smaller for short-crested than for long-crested waves, which is due
to the second-order negative difference-frequency terms being
smaller for 3D waves than for 2D waves. Consequently the wave
crest heights are larger for 3D waves than for 2D waves.

For a better description of the stochastic process, the expected
value of the (1/n)th largest values of the non-dimensional force bF
caused by the (1/n)th highest wave crests in a sea state is a quantity
of interest, and is given by

bF1=n≡E
hbF ðwcÞ

			wc >wc 1
n

i
¼ n

Z ∞

wc 1n

bF ðwcÞpðwcÞdwc (32)

where wc 1
n
¼

ffiffiffi
8

p
aðln nÞ

1
=b and p(wc) is the probability density

function (pdf) derived from Eq. (26) as p(wc) ¼ dP(wc)/dwc. This
expected value is obtained by numerical integration. Similarly, the
root-mean-square (rms) value of bF is given as

bF rms≡


E
hbF2i�1=2 ¼

0
@Z ∞

0

bF2ðwcÞpðwcÞdwc

1
A1=2

(33)

In the following sections, the subscripts linear, 2D and 3D are
added to bF rms and bF1=n to refer to the non-dimensional forces under
linear, long-crested (2D) or short-crested waves (3D), respectively.

3.2. Rationale

A practical way to characterise wave forces on an aquatic plant
under random waves is to use a bulk CD coefficient formulation
directly calibrated against Rerms or KCrms and use the rms wave ve-
locity of the corresponding sea state conditions. This approach,
hereafter named deterministic method, is widely used to charac-
terise wave attenuation and wave forces on plants (Mendez and
Losada, 2004; Bradley and Houser, 2009; Paul and Amos, 2011;
S�anchez-Gonz�alez et al., 2011; M€oller et al., 2014). In this study,
this deterministic method is used to calculate the non-dimensional
force bF rms per unit area on a plant, introducing the velocity of the
equivalent rms monochromatic wave Urms in Eq. (2) and CD
expressed as in Eq. (23) with wc ¼ 1 (i.e. corresponding to linear
waves) and the coefficients from Eq. (4b) (see Fig. 1). This bulk
coefficient, which has been calibrated by Ozeren et al. (2014)
against experimental data, characterises the plant's reconfigura-
tion under the tested conditions. Thus calculating bF rms with this
deterministic method gives an averaged representation of the ex-
periments conducted by Ozeren et al. (2014) in irregular waves.
However, this approach is based only on a single statistical quantity
describing the wave activity, typically the rms values of the wave
height or wave induced velocities, and therefore any potential
changes in the plant's behaviour due to the interaction with a
stochastic process (irregular waves) are not taken into account (see
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Section 2). The previous section detailed the implementation of a
stochastic method to compute different statistical values of bF linear ,bF2D and bF3D using CD as expressed by Eq. (4a) (Ozeren et al., 2014)
and Eq. (3) (Hu et al., 2014), together with the wave spectrum
parameterised in Eqs. (27) to (31) (Forristall, 2000) (see Fig. 1).
Thus, this method allows for the characterisation of thewave action
on the plant under each single wave height composing the irregular
wave spectrum.

The stochastic approach based on Forristall (2000) wave crest
height distribution can be used to address effects of wave non-
linearities on the expected wave-induced forces for 2D and 3D
crested irregular waves plus currents (with the corresponding co-
efficients from Eqs. (30) and (31), respectively). Using the appro-
priate (a, b) coefficients for linear, 2D and 3D waves, nonlinear
results can be compared with the corresponding linear results for
both 2D and 3D waves. For waves alone, the nonlinear to linear
ratios for 2D and 3D waves are calculated based on Eq. (32):

R2D=linear ¼ bF1
=n

;2D

.bF1
=n

;linear (34)

R3D=linear ¼ bF1
=n

; 3D

.bF1
=n
; linear (35)

Additionally, the ratio between the total non-dimensional wave
forces on the models per unit volume for 3D and 2D nonlinear
waves is given as:

R3D=2D ¼ bF1
=n

;3D

.bF1
=n

;2D (36)

The effects of currents in combined irregular waves plus current
conditions are described using the Hu et al. (2014) drag coefficient
formulation, as CD is a function of Urmsþ U (derived from Eq. (3)). By
taking Eq. (3) to be valid for regular waves, the non-dimensional
drag force bF for individual nonlinear random waves in waves plus
current conditions is deduced by implementing Eq. (22). The rms
value and the expected value due to the 1/nth highest wave crest
are given by Eqs. (33) and (32), respectively. Expected wave-
induced forces are subsequently computed and examined against
a current to wave velocity parameter defined as:

Ucwrms ¼ U=ðU þ UrmsÞ (37)

4. Results and discussion

Unless otherwise stated, the results presented in this section are
computed for a water depth h¼ 1 m, a submergence ratio D ¼ hv/
h¼ 0.8, a plants width bv¼ 1 cm, and a peak wave period Tp¼ 2 s.
This set of input-parameters is an example of the conditions tested
by Ozeren et al. (2014) and Hu et al. (2014), representing a common
field condition over salt marshes (Jadhav et al., 2013). In addition,
since KCrms is directly related to Rerms by the relation
KCrms ¼ Rerms½nTp=b2v �, dimensional and non-dimensional forces are
only plotted versus KCrms. First, salt marsh mimics (rigid cylinders)
are considered for waves alone (linear/nonlinear) and waves plus
current conditions, and then an example for live salt marsh plants
(J. roemerianus) is given and discussed to illustrate the use of the
stochastic method.

4.1. Waves alone

4.1.1. Deterministic and stochastic methods
The results from the deterministic method applied to rigid cyl-

inders are represented in Figs. 2 and 3 by the full lines. The grey
shaded area represents a confidence interval based on the rms error
defined during the fitting process (rms error of 0.99 for the cali-
bration of Eq. (4b), see Ozeren et al. (2014)). In addition, Figs. 2 and
3 present the expected values (broken lines) of the total wave forces
on the plants per unit area versus KCrms depending on the CD-
formulation considered in the stochastic method. In these two
figures, the left column (subfigures a, c and e) shows the non-
dimensional forces, while the right column (subfigures b, d and f)
shows the dimensional forces. Additionally, each row corresponds
to the values under a given wave crest height. Rows 1, 2 and 3
correspond to bFrms, bF1=3 and bF1=10, respectively. bF1=3 and bF1=10 are
computed using Eq. (32) for n ¼ 3 and n ¼ 10, respectively, whilebFrms is computed using Eq. (33). Fig. 2 shows the comparison be-
tween the deterministic method as derived in Section 3, and the

Fig. 1. Description of the deterministic and stochastic approaches to compute forces on aquatic plants in nonlinear random waves plus current.
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stochastic approach used to compute the expected wave forces
using the CD-formulation from Ozeren et al. (2014), derived for
regular waves (Eq. (4a)). Fig. 3 shows a similar comparison, but the

stochastic approach is using the CD-formulation for regular waves
plus current applied to waves-alone from Hu et al. (2014) (Eq. (3)).
Thus, between Figs. 2 and 3, only the CD-formulation used in the

Fig. 2. Comparison of the deterministic method for linear waves (full line) and the stochastic approach to computed wave forces on a rigid cylinder using CD for irregular and regular
waves, respectively, from Ozeren et al. (2014). For the stochastic approach, linear waves are represented by the dashed line, long-crested waves (2D) are represented by the dash-
dotted line, while the short-crested waves (3D) are represented by the dotted line. The rms force calculated with the deterministic method is represented in every sub-plot for
comparison and the grey shaded area represents a confidence interval based on the rms error (Ozeren et al., 2014).
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stochastic methods (broken lines) is different, while the deter-
ministic method results (full lines) are the same.

Figs. 2 and 3 show that bF rms;linear , bFrms;2D and bF rms;3D are lower
compared to bF rms. A-priori, this result is contradictory to the find-
ings of Henry and Myrhaug (2013), who first compared the sto-
chastic and deterministic methods using the drag coefficient
formulations of Mendez and Losada (2004), showing a good

agreement between the methods, and then the M�endez et al.
(1999) formulation for swaying plants, leading to a clear underes-
timation of the stochastic results by the deterministic method. This
suggests that the agreement between the stochastic and deter-
ministic methods depends on the input flow conditions as well as
on the CD-formulation used.

However the choice of different drag coefficients implemented

Fig. 3. Comparison of the deterministic method for linear waves using CD for irregular waves from Ozeren et al. (2014) (full lines) and the stochastic approach to the computed wave
forces on a rigid cylinder using CD for regular waves plus current applied to waves-alone from Hu et al. (2014) (broken lines). For this stochastic approach, linear waves are
represented by the dashed line; long-crested waves (2D) are represented by the dash-dotted line, while the short-crested waves (3D) are represented by the dotted line. The rms
force calculated with the deterministic method is represented in every sub-plot for comparison and the grey shaded area represents a confidence interval based on the rms error
(Ozeren et al., 2014).
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in the two approaches does not affect the results, as it can be shown
that the use of the same CD-formulation leads to similar deviations
between the stochastic and deterministic approach.bFrms;linear , bF1=3;linear , and bF1=10;linear (in the rows 1,2 and 3,
respectively, of Figs. 2 and 3) have been computed with the sto-
chastic method in order to compare it with the deterministic
method. It appears that bFrms and Frms (deterministic method, linear
waves) agree better with the stochastic method using CD from Eq.
(4a) (Ozeren et al., 2014), i.e. bF1=3;linear and F1=3;linear in Fig. 3c and d.
Using CD from Eq. (3) for waves alone (Hu et al., 2014), bFrms and Frms

are better represented by bF1=10;linear and F1=10;linear (Fig. 3e and f).
This confirms that the choice of the CD-formulation has an impact
on the results, and is crucial when calculating wave induced forces.

4.1.2. Nonlinear effects
The non-dimensional forces (Figs. 2a, c, e and 3a, c, e) decrease

rapidly as thewave activity increases for small KCrms. For larger values
ofKCrms the forces level off for linearwaveswhile they increase for 2D
and 3D nonlinear waves for higher wave activity. This trend is
clearest in Fig. 2a, c and e using CD from Ozeren et al. (2014) and is
observed for approximately KCrms > (40, 35, 30) under the rms, 1/3rd
(significant) and 1/10th wave crest height, respectively. According to
Fig. 3a, c and e this increase starts around KCrms¼ (65, 60, 45) for the
rms, 1/3rd and 1/10th wave crest height, respectively, using CD from
Hu et al. (2014). Considering the dimensional forces on a plant (right
column), all estimated forces increase as KCrms increases. From Figs. 2
and 3 it appears that nonlinear waves induce larger drag forces than
linear waves, which is a direct effect of wave second-order non-
linearities on the wave-induced forces. The deviation from the linear
wave case increases as the wave activity increases, and the forces
under nonlinear waves can be up to 1.3 times that for linear waves
for higher wave activity (KCrms > 500, Figs. 2 and 3). This is caused by
the larger maximum velocity under the wave crest for second-order
stokeswaves compared to linearwaves.Moreover, Figs. 2 and 3 show
that 3D nonlinear waves give slightly larger forces than 2D nonlinear
waves. This is caused by the smaller wave setdown effect for 3D
waves than for 2D waves in finite water depth, which is due to the
smaller second-order negative difference frequency effects for 3D
waves (as discussed in Section 3.2). However, the effects of this dif-
ference on the wave-induced forces on the plant are small and only
visible for higher values.

Fig. 4, shows the isocurves of the ratios R2D/linear, R3D/linear and
R3D/2D defined by Eqs. (34)e(36) versus the Ursell number UR (Eq.
(29)) and the wave steepness S1 (Eq. (28)) for the same input pa-
rameters as for the results presented in Figs. 2 and 3. Based on the
discussion of Figs. 2 and 3, the ratios are shown for the best
agreement with the results from the deterministic method, i.e. for
the 1/3rd value using the Ozeren et al. (2014) CD-formulation (left
column); for the 1/10th crest height using the Hu et al. (2014) CD-
formulation (right column). The corresponding wave conditions
described by Tp, Rerms and KCrms are shown in the mid column.
Overall, the results in the left and right columns of Fig. 4 show the
same qualitative behaviour for both 2D (Fig. 4a,c) and 3D (Fig. 4d,f)
waves: for a given value of UR (i.e. for a given water depth), the
nonlinear to linear ratio increases as S1 increases; for a given value
of S1, the ratio increases as UR increases (i.e. as the water depth
decreases). As nonlinear effects on the wave-induced velocities
increase with an increase in S1 or UR, these features appear to be
physically sound. Moreover, the nonlinear to linear ratio ranges up
to about 2.2 (Fig. 4a) and 2.4 (Fig. 4c) for 2D waves, and up to about
2.4 (Fig. 4d) and 2.6 (Fig. 4f) for 3D waves, indicating that the
nonlinear to linear ratio is only slightly larger for 3D waves than for
2D waves, except for smaller values of S1. This is confirmed by
Fig. 4g and i, where the isocurves for the 3D results to the 2D results
ratios are plotted against S1 and UR.

Except for the smaller values of S1 (i.e., for S1 smaller than 0.4
(Fig. 4i) to 0.6 (Fig. 4g)), it appears that the force is always larger
beneath 3D waves than beneath 2D waves, which is due to the
smaller wave setdown effect for 3D waves than for 2D waves.
However, the differences in the results for 2D and 3D waves are
small, i.e. in the ranges 0.96e1.06 (Fig. 4g) and 0.94e1.14 (Fig. 4i). The
higher value in Fig. 4i compared with those in Fig. 4g are due to the
larger nonlinear effects beneath 3Dwaves among the 1/10th highest
waves rather than the 1/3rd highest waves compared to 2D waves.
This highlights again the importance of the choice of an appropriate
characteristic wave and a drag coefficient formulation in order to
obtain a good description of the expected force per unit area.

It should be noted that the wave conditions tested by Hu et al.
(2014) and Ozeren et al. (2014) are within the ranges of UR and S1
shown in Fig. 4. In the Hu et al. (2014) experiments, UR and S1 were
in the ranges (0.02; 1.12) and (0.02; 0.04), respectively; while for
Ozeren et al. (2014), UR and S1 were in the ranges (0.001; 0.82) and
(0.005; 0.20), respectively, suggesting that these studies contained
nonlinear waves. These conditions correspond to the parameter
ranges 1.5s < Tp < 3 s; 0 < Rerms < 8000 and 0 < KCrms < 250.

4.2. Waves plus current

Hu et al. (2014) derived a CD-formulation (Eq. (3), Table 1) valid
for both waves alone and waves plus currents. Since this formula-
tion is based on regular sinusoidal waves, the mean velocity U
should correspond exactly to the current speed. However, for waves
alone, Hu et al. (2014) observed a non-zero mean velocity in the
opposite direction of the wave propagation suggesting a weak
recirculation current due to the wave propagation in a flume
(Hudspeth and Sulisz, 1991). Hu et al. (2014) calibrated their drag
coefficient including this recirculation. In this study, the mean ve-
locity U is considered to be the same as the current speed, so that
waves alone correspond to U¼ 0.

By using the same input conditions as in Section 4.1, Fig. 5 shows
the computed values of bF1=10 for linear (Fig. 5a), 2D (Fig. 5b) and 3D
(Fig. 5c) nonlinear waves plus current, as well as the corresponding
nonlinear to linear ratios for 2D (Fig. 5d) and 3D (Fig. 5e) waves, and
the 3D to 2D ratio (Fig. 5f) defined by the Eqs. (34)e(36). These
results are plotted against Ucwrms¼U/(U þ Urms), corresponding to
the validity range of the Hu et al. (2014) formula from 0 (waves
alone) to 0.7 (for currents alone Ucwrms ¼ 1).

UR ranges from 0.01 to 0.71 and S1 from 0.003 to 0.078. Fig. 5
shows that for a given Rerms (i.e. for a given wave activity), the
non-dimensional force (bF1=10) increases as Ucwrms increases (i.e. as
the current increases) for linear waves (Fig. 5a), 2D (Fig. 5b) and 3D
(Fig. 5c) nonlinear waves. Forwaves alone (Ucwrms¼ 0) the results in
Fig. 5a, b and c correspond to the results in Fig. 3e, showing thatbF1=10 decreases as Rerms increases for small wave activity for linear
waves, 2D and 3D nonlinear waves; then bF1=10 levels off for linear
waves (Fig. 5a) and increases slightly for 2D (Fig. 5b) and 3D
(Fig. 5c) nonlinear waves as Rerms increases for larger wave activity.
Overall, this is also the case as Rerms increases for a given value of
Ucwrms (Fig. 5a,b,c).

The effects of wave nonlinearity on bF1=10 are also explored in
Fig. 5def: for a given value of Ucwrms (i.e. for a given relative
magnitude between current and waves), the nonlinear to linear
ratio increases as Rerms increases (i.e. as the wave activity increases)
for both 2D (Fig. 5d) and 3D (Fig. 5e) nonlinear waves. These results
confirm that the effect of wave non-linearities on drag forces in-
creases as the wave activity increases. As discussed in section 4.1.2,
these ratios ranges up to 1.4 for higher wave activity in wave
dominated conditions (Ucwrms close to 0). However, in Fig. 5def, for
a given value of Rerms, the nonlinear to linear ratio decreases as
Ucwrms increases (i.e. as the current increases), indicating that the
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effect of wave nonlinearities on the forces decreases as the current
increases. In current dominated conditions (Ucwrms closer to 1), the
magnitude of wave-induced velocities is small compared to the
current, and thus small nonlinear deviations from the linear wave-
induced velocity will be attenuated inwave plus current conditions
compared to that for waves alone. Furthermore, the nonlinear ra-
tios are only slightly larger for 3D waves than for 2D waves,
consistent with the slightly smaller wave setdown effects for 3D
waves than for 2D waves. These features are demonstrated in
Fig. 5f, showing that the 3D to 2D ratios range up to about 1.04 for
high wave activity in wave dominated conditions (Rerms > 4000,
Ucwrms close to 0). However, as the current attenuates the nonlinear
effects, these small differences between 3D and 2D nonlinearities
become even smaller for current-dominated conditions (R3D/2D/ 1
as Ucwrms / 1).

4.3. Example of application

Although valid for cylinders, which is a simple representation of
a salt marsh, the results presented above describe the effects of

wave nonlinearities on the expected forces on plants for waves
alone and waves plus current conditions. In their study on wave
attenuation through model and live vegetation, Ozeren et al. (2014)
also derived drag coefficients for a live salt marsh plant species (J.
roemerianus) for different plant submergence (Eqs. (4c) and (4d)).
Thus, the same approach as in Section 4.1 can be applied to the case
of live plants using CD as expressed in these two equations. Since
Ozeren et al. (2014) derived CD based on the wave energy decay, no
observed experimental data of measured force on stems exist to
validate these theoretical results. As in the previous sections, only
the stochastic and the deterministic method are compared using
the two empirically determined drag formulations derived from
wave attenuation measured by Ozeren et al. (2014) for a specific
case (2857 stems/m2 for J. roemerianus). The results presented in
Fig. 6 have been obtained for the same conditions as in Section 4.1,
i.e. for a water depth h¼ 1 m, a submergence ratio D ¼ hv/h¼ 0.8, a
spectral peak period Tp ¼ 2 s, but for a smaller stem diameter
compared to the rigid cylinders, i.e. bv ¼ 1.5 mm. This stem diam-
eter is typical for the plant characterized by Ozeren et al. (2014).
Considering that the vegetation parameterisation using the

Fig. 4. Influence of the wave steepness and Ursell number on the nonlinear to linear ratio results for the expected 1/3rd (left column) and 1/10th (right column) wave heights on a
rigid cylinder using CD for regular waves from Ozeren et al. (2014) on the left column and from Hu et al. (2014) on the right column. The middle column details the wave conditions
the parameter range corresponds to.
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different CD coefficients is physically meaningful and that the
flexibility of salt marsh vegetation is comparable to that of the
vegetation used in Ozeren et al. (2014), the results in Fig. 6 are
estimates of the expected forces on salt marsh plants in nonlinear

random waves. Fig. 6 is organised as Figs. 2 and 3 (see detailed
description in section 4.1) except that rows 1, 2 and 3 correspond tobFrms, bF1=10 and bF1=100 , respectively. UR ranges from 0.02 to 0.23 and
S1 from 0.004 to 0.054.

Fig. 5. Effect of wave nonlinearities on the expected wave forces under the 1/10th wave crest using the stochastic approach and the CD for regular waves plus current from Hu et al.
(2014).
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Overall, Fig. 6 shows the same features as in Figs. 2 and 3 for the
different forces (see the discussion of Figs. 2 and 3 in Section 4.1 for
further details). The rms error originating from the drag coefficient
calibration for irregular waves is smaller for the live plant (0.45)

compared to the cylinders (0.99), but the rms error increases as the
wave activity increases (i.e. as KCrms increases), corresponding to the
increased shaded area in the right column of Fig. 6. It can be seen
that Rerms remains low despite of large wave activity (i.e. Rerms in

Fig. 6. Comparison of the deterministic method for linear waves (full line) and the stochastic approach to the computed wave forces (broken lines) on emergent J. roemerianus using
CD for irregular and regular waves, respectively, from Ozeren et al. (2014). For the stochastic approach, linear waves are represented by the dashed line; long-crested waves (2D) are
represented by the dash-dotted line, while the short-crested waves (3D) are represented by the dotted line. The rms force calculated with the deterministic method is represented
in every sub-plot for comparison and the grey shaded area represents a confidence interval based on the rms error (Ozeren et al., 2014).
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Fig. 6e, f is about 1/10th of Rerms in Fig. 2e, f and 3e, 3f) which is
associated with the small plant diameter. Moreover, Fig. 6 shows
that F1/10,linear is about 3 times larger comparedwith Frms,linear, while
F1/100,linear is only about 1.5 times larger compared with F1/10,linear.
This smaller increase of the forces for higher wave characteristics is
a direct consequence of the drag coefficient reduction for larger
wave velocities, and depends on the coefficient formulation.

4.4. General comments

As there are no experimental data, to the authors' knowledge,
available for irregular waves allowing for a validation of both
methods, it is not possible to conclude if the deterministic or sto-
chastic approach performs better. Thus further experimental in-
vestigations are needed. The use of a stochastic method appears,
however, justified to describe forces under randomwaves, allowing
for the consideration of different types of wave distributions. In
addition, the stochastic aspect of planteflow interactions can be
better captured as the expected forces under different character-
istic wave heights can be computed. This is an improvement
compared to the averaged representation of the wave height con-
dition by a single value (here the rms wave height) used in the
common deterministic approach. In addition, it should be noted
that the effects of wave nonlinearity due to 2D and 3D Stokes
second-order waves are not possible to estimate by using the
deterministic method since nonlinearities are not included in the
regular wave formulae. Hence this stochastic approach is more
mathematically sound than using Hrms and Tp in an otherwise
deterministic method. Moreover, it also provides results which
arise from 2D and 3D Stokes second-order wave nonlinearities
inherent in the Forristall (2000) parametric wave crest distribution,
and comparison with more data is required to confirm these re-
sults. In the meantime the approach should be of practical interest
for estimating random wave-induced forces on a plant based on
available wave statistics in waves plus current.

As for a classic deterministic method, the relevance of this sto-
chastic method is bounded to the correct parameterisation of the
vegetation and its reconfiguration in the drag coefficient CD used.
As highlighted in Section 2, the physical processes linking wave-
induced drag forces and wave attenuation remains fundamentally
unexplained and the different drag coefficient derived cannot be
generalised to different type of aquatic vegetation because of their
calibration against specific experiments. Aquatic vegetation is often
characterised by complex geometries, varying mechanical proper-
ties and spatial distributions. Incorporating this type of complexity
in the formulation of the drag force as exerted on the plants poses a
challenge that has to be met before the physics of the interaction
between vegetation and wave-induced as well as current forces is
to be fully understood and mathematically captured over spatial
scales of several metres distance. Thus, a unified CD formulation
based on the description of the physical processes is to be devel-
oped before any approach can be meaningfully compared to flume/
field experiments.

5. Summary

By reviewing the different plant drag coefficients proposed for
oscillatory flows, this study first pointed out the lack of normal-
isation of the different CD formulations. Due to of their calibration
against experimental datasets, there is a multitude of coefficients
which are in theory strictly valid for the flow conditions tested, and
the plant species or surrogate used. The generalisation of these
coefficients to the characterisation of planteflow interactions in
waves and currents is thus not straight forward, although a direct
link can be established between a CD based on a KC number (low-

energy wave conditions) and a Vogel exponent (current). An
alternative approach to link waves and currents in the CD formu-
lation is to consider the sum of the wave-induced and current bulk
velocities in the Reynolds number. To this date, this approach has
only be adopted by Hu et al. (2014). Overall, a meaningful param-
eterisation of the planteflow interactions seem to depend on an
expression of CD based upon some key biomechanical and
morphological properties, which are still to be formulated.

Based on existing CD formulations (Hu et al., 2014; Ozeren et al.,
2014), this study further develops a stochastic method to compute
the wave-induced forces on a plant in various random waves plus
current conditions. By taking into account the Forristall (2000)
wave crest height distribution, this method allowed the calcula-
tion of characteristic statistical values of the forces for a range of
flow conditions, which is an improvement compared to the
commonly used procedure of substituting the wave-related quan-
tities with their characteristic statistical values, such as the rms
values, in an otherwise deterministic approach. The comparison
between these two approaches revealed differences between the
estimated values, depending on the flow conditions. However,
experimental data for comparison are required before any conclu-
sion can be made regarding the validity of the approach. This study
includes 2D and 3D nonlinear wave effects on the forces, demon-
strating an increase of 20e40% compared to linear waves for the
conditions exemplified. However, 3Dwaves give only slightly larger
forces than 2D waves. For combined waves plus current conditions,
using the Hu et al. (2014)'s CD formulation, the forces increase as
the current increases, while the effect of wave nonlinearity on the
wave-induced forces on the plant deceases.

Appendix

In Section 3.1, Eq. (7) can be expanded as:

wc ¼ ba þ O
�
kparms

�ba2 þ h:o:t: (A1)

where h.o.t. stands for higher order terms, â being a first order term
whilewc, O(kparms) are second order terms. Eq. (A1) can be inverted
and â expressed in terms of wc, so that:

ba ¼ wc � O
�
kparms

�

wc � O

�
kparms

�ba2�2 (A2)

which is developed as:

ba ¼ wc � O
�
kparms

�
wc þ h:o:t: (A3)

Similarly, Eq. (8) can be written as:

buc ¼ ba cosh kpðzþ hÞ
cosh kph

þ O
�
kparms

�ba2 þ h:o:t: (A4)

In this expression of ûc, the first term is a first order termwhile the
second one is of second order. By introducing Eq. (A3) in Eq. (A4)
and neglecting the h.o.t., ûc is expressed as:

buc ¼ wc
cosh kpðzþ hÞ

cosh kph
þ O

�
kparms

�
wc

�
wc � cosh kpðzþ hÞ

cosh kph

�

� 2O
�
kparms

�2w2
c þ O

�
kparms

�3w2
c

(A5)

In this second expression of ûc, the first term is now of second
order while the following ones are of higher orders. Since this study
is focussing on second order effect, included in the first term, Eq.
(A5) can be simplified as:
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buc ¼ wc
cosh kpðzþ hÞ

cosh kph
þ h:o:t: (A6)

which corresponds to Eq. (11) by neglecting the higher order terms.
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Aquatic vegetation interacts with the flow by posing an obstruction and in return experiences drag and is
reconfigured by acting forces. It is suggested that plant buoyancy and stiffness affect these bio-physical interac-
tions and hence should be considered when including vegetation in physical and numerical hydrodynamic
models. However, data on these parameters is either lacking for many species or existing information is insuffi-
cient to model flexible aquatic vegetation correctly. Previous studies have focused on plant stems, but did not
take plant foliage into account. The present study extends the existing knowledge base by providing data for
four northern European brown macroalgae and also provides a comparison between the mechanical properties
of stem and blade tissue for these species. Specimens of Alaria esculenta, Laminaria digitata, Fucus serratus and
Fucus vesiculosus were collected from a small tidal inlet in Norway. Other than F. serratus, the macroalgae were
positively buoyant and all stems showed bending moduli in agreement with previous studies with respect to
their order of magnitude. Only L. digitata exhibited a significant difference between bending moduli for stems
and blades and also between the tip and the base of the blades. However, there were differences in flexural rigid-
ities (product of bending modulus and secondmoment of cross-sectional area) of both stems and blades and the
tip and the base of blades of all but F. serratus. This highlights the important influence of cross-sectional area and
cross-sectional shape on stiffness.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

It has been recognised that coastal vegetation enhances wave atten-
uation (Augustin et al., 2009; Méndez and Losada, 2004; Möller et al.,
1999; Paul et al., 2012) and that there may be great potential in using
vegetation for coastal protection purposes (Feagin et al., 2010; Feagin
et al., 2011). Aquatic vegetation reduces fluid velocities by imposing a
blockage, causing drag (Bal et al., 2011; Miler et al., 2012), generating
turbulence and enhancing roughness (Ghisalberti and Nepf, 2002;
Nepf and Ghisalberti, 2008). In return, hydrodynamic forcing leads to
plant reconfiguration which can cause leaf shading and impact upon
photosynthesis (Bal et al., 2011). These bio-physical interactions are
partly governed by geometrical plant properties such as stem and
shoot dimensions and density (i.e. number of plants per unit area)
(Boller and Carrington, 2006; Bouma et al., 2010; Bradley and Houser,
2009; Fonseca and Koehl, 2006; Möller et al., 1999; Newell and Koch,
2004; Paul and Amos, 2011). Additionally, mechanical parameters, in
particular buoyancy and stiffness, strongly influence the drag imposed

on vegetation (Nepf and Koch, 1999) and play a significant role in
wave attenuation (Bouma et al., 2005; Denny and Gaylord, 2002; Paul
et al., 2012; Stewart, 2006).

Advances have beenmade to numerically simulate the interaction of
vegetation with hydrodynamics (Dijkstra and Uittenbogaard, 2010;
Luhar and Nepf, 2011), but validation has only been undertaken using
surrogate plants. To date, the ability of physical models of plants to
mimic real vegetation has mainly been determined by visual observa-
tion (Folkard, 2005; Manca, 2010; Paul et al., 2012). However, a more
quantitative approach is desirable to increase transferability of results
between the field and numerical and laboratory models. A recent
study of Laminaria digitata based on the data presented here shows
that knowledge of mechanical plant properties can aid the production
of more realistic surrogates (Paul and Henry, 2013). The effect of the
developed surrogates on hydrodynamics was comparedwith real vege-
tation under field conditions at the field site used during this study and
yielded very good agreement for mean velocity and turbulence profiles
adjacent to plant locations (unpublished data). Moreover, detailed
knowledge of mechanical plant properties may improve the perfor-
mance of numerical models that simulate the interaction between
vegetation and hydrodynamics through improved parameterisation
(Dijkstra and Uittenbogaard, 2010; Méndez and Losada, 2004).
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However, mechanical parameters are not commonly established during
field monitoring of aquatic vegetation and hence data is lacking to
adequately consider bio-physical processes in physical and numerical
models.

A number of past studies have presented data for mechanical prop-
erties, especially Young's bending modulus, withmost data being avail-
able for riparian vegetation (e.g. Freeman et al., 2000; Ostendorp, 1995).
Recently, engineering properties of the salt marsh plant Spartina
alterniflora were evaluated, which yielded a bending modulus of
1.41 ± 0.71 GPa for healthy, fully developed stems (Feagin et al.,
2011). This value is similar to bending moduli obtained for the
seagrasses Zostera marina (0.4–2.4 GPa) (Luhar and Nepf, 2011) and
Posidonia oceanica (0.47 ± 0.06 GPa) (Folkard, 2005). Other aquatic
species that have been investigated to date yielded lower values, indi-
cating that they are more flexible. Miler et al. (2012), for instance,
analysed four fresh water species and observed bending moduli of
12.5–90 MPa, with one species being too fragile for testing. Several
other studies have addressed macroalgae (Dubi, 1995; Harder et al.,
2006; Koehl, 1979; Stewart, 2004), yielding values between 3.5 MPa
(Durvillaea antarctica) and 109.4 MPa (Laminaria hyperborea). It should,
however, be noted that all previous studies focused on plant stems only
and did not evaluate the mechanical properties of leaves or blades.

The present study adds to the existing datasets by presenting geo-
metrical andmechanical properties of four species of brownmacroalgae
fromafield site inNorway.Moreover, and to our knowledge, for thefirst
time, data for blade sections are also presented. Together with the data
for stems of the same specimens, this identifies differences between
plant parts that may be of importance for future modelling activities.

2. Methods

2.1. Site

The study site is a small tidal inlet located at the entrance of
Trondheimsfjord, Sør-Trøndelag, Norway (Fig. 1a). The inlet is approxi-
mately triangular in planform, with its mouth to the northwest. The
deepest parts of the inlet are to the centre and northeast, where the
depth is between 25 and 30 m. A delta, formed of coarse sand and
broken shells, has been deposited in the northwest corner of the inlet
(Fig. 1b). This delta is fed by a channel which connects the inlet to the
fjord. The channel is 15 m wide and up to 4 m deep at the bridge that
marks the seaward margin of the inlet (Fig. 1b). The bed of the outlet
channel is formed of gravel and cobbles. The outlet channel is pinned
to the northern edge of the delta and thus the depth of water over the
delta shallows from west to east and from north to south. For much of
the delta, the average water depth above the flat sandy bed is 0.5 m.

The site is well sheltered fromwaves and the speed of the current in
the study area is entirely dependent upon tidal forcing. In the sampling
area, the tidal range varies between 0.3 m during neap and 1 m during
spring tides; tides are semi-diurnal, strongly asymmetric and flood-
dominated. During the sampling period (May 2012) maximum veloci-
ties of 0.4 m s−1 during flood tides and 0.15 m s−1 during ebb tides
were observed in the sampling area. Flow velocities increase towards
the mouth of the inlet and can reach up to 6 m s−1. The catchment
area of the inlet is negligible (1.9 km2). Therefore the salinity in the
inlet is close to the values found in the fjord (31 ± 4 ppm), and varies
depending on the thermal and tidal conditions. A more detailed site
description can be found in Thomas et al. (2013), who evaluated the
effect of macroalgae presence on the mean and turbulent flow fields
at the location.

2.2. Species

Biodiversity in the study area is remarkably high, with many species
of algae, molluscs, crustaceans and fish observed in a very small area.
Different species of algae cover much of the study area in spring and

summer. Most specimens are brown algae, but green algae have also
been observed. In this study, samples of four different species
of brown macroalgae were collected along the southern shoreline
of the outlet channel (Fig. 1b). The species under investigation are
Alaria esculenta, L. digitata, Fucus vesiculosus and Fucus serratus. All four
species colonise hard substrate along the eastern and western shores
of the North Atlantic with the Fucus species extending south as far as
theAzores and Canary Islands. At the study site, rocks, pebbles andmus-
sel shells, both dead and alive, provided the substrate to which plants
attach with their holdfast.

A. esculenta (Fig. 2a) colonises the lower intertidal and the upper
subtidal zone along rocky shores of the North Atlantic (Dring, 1982). It
grows a single stipe from a holdfast that continues as a tapering midrib
through the whole blade. In sheltered conditions, A. esculenta produces
a long stipe and wide lamina base while both stipe and base tend to be
shorter under exposed conditions (Widdowson, 1971). The wavy blade
is brown in colour, and is very thin,flexible and delicate. Blades typically
grow to 0.3–1.5 m in length and may be torn by waves. However, they
can reach up to 4 m in length in locations with strong currents and low
wave action. Below the base of the blade, flat sporophylls that carry the
reproductive organs branch off the stipe (Guiry, 1997).

At its lower depth boundary, A. esculenta overlaps with L. digitata
(Fig. 2b). L. digitata also consists of a holdfast, a single stipe and a large
(up to 2 m length) oval blade. However, in contrast to A. esculenta, the
blade lacks a midrib, and is thicker and less flexible than that of
A. esculenta (Lobban and Harrison, 1997). The substrate conditions in

Fig. 1. a) Location of the tidal inlet (Hopavågen bay; 63°35′37″N, 9°32′11″E); b) aerial
view of the sampling area (www.norgeskart.no).
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the study area do not allow L. digitata specimens to grow close to one
another, as pebbles and mussels that act as support are spaced widely
apart. Thus, competition for light is low, which may be one reason
why specimens in the study area produce only a short stipe that
supports a large, smooth, brown blade.

F. serratus (Fig. 2c) is a much smaller species of the lower eulittoral
and the upper sublittoral along sheltered and semi-exposed shores. Its
blades are olive-green, dichotomously branched and grow to lengths
of 0.3–0.6 m. The flattened blades have serrated edges and a midrib
(Lüning, 1990) that extends from short dark stalks which originate
from a common holdfast. F. serratus is prone to colonisation by briozoa,
which was the case for many specimens in the study area.

F. vesiculosus (Fig. 2d) can be found landward of F. serratus.
F. vesiculosus has dark green fronds with smooth edges. It can be easily
identified by almost spherical air bladders in the upper part of the
blades that provide buoyancy (Lüning, 1990). However, air bladders
may be reduced or absent in wave exposed locations. Blades develop
from a branching stem that continues as a midrib through the dichoto-
mously branched fronds. F. vesiculosus is a common host for the tube
worm Spirorbis spirorbis, which was observed to colonise the majority
of F. vesiculosus specimens at the study site.

2.3. Measurements

Plantswere collected from the study area (Fig. 1b) between 21st and
31st May 2012. They were removed by hand, including the object their
respective holdfast was attached to, and transferred to the laboratory.
There, they were immersed in salt water collected from the sampling
location and stored at 4 °C. The number of specimens per species was
limited by availability and a sample size larger than 10 was hence only
achieved for L. digitata (Table 1). Each specimen was tested within
48 h of harvesting and all plant parts were kept under a damp cloth
between tests.

Prior to processing, the holdfast was removed from the plant and is
consequently not included in the values for plantmass andmass density
ρ. To obtain the mass of each plant, all excess water was removed from

the surface of the specimen with a paper towel and then the plant was
weighed on a balance with a precision of ±0.1 g. To evaluate mass
density (mass/volume) and hence buoyancy, the total volume of a
plant was determined by measuring its displacement in unfiltered
fresh water at room temperature (20 °C).

Stemdimensionsweremeasuredwith a calliper gauge to thenearest
0.05 mm. To record the extent of stem tapering, measurements were
taken at the base, centre and tip of the stem. The projected surface
area was computed from digital photographs. To enable this, the plants
were laid flat onto a white background and pressed down with a trans-
parent Perspex sheet. Photographswere then taken from directly above
from a height of approximately 1.5 m and were rectified in MATLAB®
using markers with known x, y coordinates on the white background.
The images were then split into the individual RGB colour channels,
where the blue channel yielded the strongest contrast between the
plant and the background. Pixels with a blue value b50 were defined
as part of the plant and the number of pixels in combination with the
set pixel size of 1 mm2 gave the projected plant area.

To investigate whether differences in internal and external shapes
and structures between stem and blade lead to differences in flexural
rigidity and bending modulus, bending tests were performed on stems
and parts cut from the base and tip of the blade. Stems were left at full
length and blade parts were cut to a length of 180 mm. For the blades
of A. esculenta and L. digitata, blade parts were trimmed to a width of
40 mmwhile the parts of Fucus sp. were kept untrimmed. Each sample
was clamped horizontally between twometal plates on either sidewith
a span s of 43 mm for the stems and 155 mm for blade parts. The short
span for stem sampleswas chosen tominimise the effect taperingmight
have on thebending behaviour. Ametal bar (15 mmwide) attached to a
force meter (FMI-250A5 from Alluris, Freiburg, Germany, resolution
0.001 N, precision ±0.05%) was lowered manually onto the centre of
the test section using a lever (Fig. 3). The bar spanned the width of
the sample and the vertical deflection h was recorded, together with
the required force P. Tests were terminated when applied forces
exceeded the maximum measurable load of the force metre (5 N) or
the sample ripped. The latter was only observed for A. esculenta blades.

Fig. 2. Example images of brown algae found in the study area. a)Alaria esculenta, b) Laminaria digitata, c) Fucus serratus, and d) Fucus vesiculosus. The bar in each image represents a length
of 0.20 m.
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Strain rate variations caused by the manual operation of the test stand
may introduce uncertainty into measuredmaterial properties, although
previous studies have shown that algal tissues are reasonably insensi-
tive to strain rate variations (Gaylord et al., 2001). Furthermore,
brown algae tissue may be viscoelastic and whichmay lead to creeping
under applied loads (Dunn and Dabney, 1996). However, creeping was
considered negligible in this case, as each loading lasted less than 5 s.

From amechanical perspective, half the sample (from a fixed end to
the centre) can be considered a cantilever that is fixed at one end and
exposed to a point load at the other, where the load in this case is P

2.
For deflections less than 10% of the cantilever length, shear and tensile
stresses can be neglected and the force–deflection curve can be used
to calculate flexural rigidity according to beam theory (Niklas, 1992):

J ¼
s
2

� �3P
6h

: 1

For linear force–deflection curves, the bendingmodulus E is defined
as the ratio of flexural rigidity to the area second moment of inertia I at
the point of application of the force (Miler et al., 2012):

E ¼ J
I
: 2

The force–deflection curve for stems of A. esculenta, L. digitata and
F. serratus was linear (Fig. 4) and its slope for a deflection up to 10% of
cantilever length yielded the ratio P/h. However, the force–deflection
curve for the stem of F. vesiculosus and all blade samples was best
described by a power relationship, indicating nonlinear elasticity. Each
best fit curve was used to compute P/h for a deflection of 10% cantilever
length. For nonlinear elastic materials, ΔP/Δh gives the instantaneous
ratio for a given deflection and allows calculation of the tangent modu-
lus Et equivalent to Eq. (2). However, ΔP/Δh increases with increasing
stress levels and hence results in different Et depending on the location
in the force–deflection curve. To enable comparison between bending
and tangent modulus for the different materials in this study, a deflec-
tion of 10% cantilever length was used to compute P/h in all cases.

The area second moment of inertia I is a geometric quantity that
accounts for the size and shape of a sample, and therefore differed for
sampleswith differing cross-sectional shapes. Visual observation identi-
fied F. vesiculosus stems as filled circular, A. esculenta and F. serratus
stems as elliptic and all blades as rectangular (subscripts cf, e, and r,
respectively). L. digitata stems, however, consist of a relatively stiff
wall with a soft pith in the centre. It is assumed that the pith does not
contribute significantly to the stability of the stem, and that any
strength and stiffness can be attributed solely to the wall (cf. Dunn
and Dabney, 1996). Thus, in cross-section, L. digitata stemswere identi-
fied as hollow circular (subscript ch):

Icf ¼
πd4

64
3a

Ie ¼
π α3γ
� �
64

3b

Ir ¼
bt3

12
3c

Ich ¼
π d4out−d4in
� �

64
3d

where d = diameter (outer and inner, respectively), α = semi-major
axis, γ = semi-minor axis, b = strip width and t = blade thickness.

Table 1
Mean values (±1 standard deviation) for physical and mechanical parameters of four brown macroalgae.

Wet weight [g] Mass density
[kg m−3]

Stem width [cm] Stem length [cm] Projected area [cm2] Flexural rigidity
[×10−4 Nm2]

Young's bending or tangent
modulus [MPa]

Sample
size n

A. esculenta 146.9 ± 51.7 861.7 ± 143.2 0.58 ± 0.09 9.5 ± 1.4 1985.7 ± 409.2
Stem 24.57 ± 6.16 16.12 ± 4.08 5
Blade base 13.95 ± 7.89 3059.32 ± 4629.88 5
Blade tip 2.31 ± 0.88 15520.09 ± 12880.45 4

L. digitata 203.7 ± 90.7 1001.5 ± 102.7 0.78 ± 0.14 9.3 ± 1.9 2145.5 ± 504.1
Stem 28.88 ± 7.06 28.67 ± 13.22 20
Blade base 54.15 ± 27.58 3073.55 ± 1627.08 21
Blade tip 51.96 ± 30.35 13355.75 ± 8385.60 20

F. serratus 119.6 ± 98.5 1485.6 ± 692.4 0.76 ± 0.22 11.3 ± 1.3 772.1 ± 563.6
Stem 19.54 ± 8.89 10.68 ± 4.15 2
Blade base 39.09 ± 17.78 4321.46 ± 1845.88 5
Blade tip 30.19 ± 15.16 3879.68 ± 1806.66 4

F. vesiculosus 257.8 839.7 0.23 ± 0.03 11.6 ± 3.9 253.4 ± 54.2
Stem 4.21 ± 2.54 353.21 ± 232.06 5
Blade base 220.92 ± 155.86 123987.34 ± 91968.72 5
Blade tip 78.83 ± 67.59 70226.44 ± 77641.58 5

Fig. 3. Three point bending test apparatus.
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3. Results and discussion

Measurements of plant dimensions reflect the general differences in
size between the four species (Table 1). A. esculenta and L. digitata have
similar stem lengths and are comparable in projected area while both
Fucus species are smaller in area but grow, on average, longer
stems. These similarities do not hold, however, for mass density and
resulting buoyancy. As expected, F. vesiculosus is positively buoyant
(ρ = 839.7 kg m−3), due to the air bladders near the blade tips.
The data show that A. esculenta yields a similar mass density
(ρ = 861.7 kg m−3) without visible air inclusions in the tissue.
L. digitata is almost neutrally buoyant (ρ = 1001.5 kg m−3), while
F. serratus is significantly denser than sea water (ρ = 1485.6 kg m−3).

Flexural rigidity varies from 2.31 × 10−4 N m2 (A. esculenta
blade top) to 2.21 × 10−2 N m2 (F. vesiculosus blade base) and
hence is within an order of magnitude of the flexural rigidity of the
tropical brown algae Turbinaria ornata (1.45-4.51 × 10−3 N m2,
Stewart, 2004) and the fresh water plants Glyceria fluitans (6.78 ×
10−4 N m2),Ranunculus penicillatus (2.2 × 10−5 N m2) andMyriophyllum
alterniflorum (2.5 × 10−5 N m2) (Miler et al., 2012). There is fairly
large variability in the data for flexural rigidity of all four species (Fig. 5),
which may be attributed to internal (e.g. age, vitality) and/or exter-
nal (e.g. damage, feeding) factors. It should be noted that variability
was not reduced by increased sample populations (Table 1) which
suggests that these deviations are not measurement artefacts but
existing natural variability.

There is a significant difference (ANOVA, p b 0.05) between stem
and blade values for three of the species; only for F. serratus are the
values similar (p N 0.5). As flexural stiffness determines plant posture
and hence drag under hydrodynamic forcing (Bouma et al., 2005), this
difference should be accounted for when estimating the effect of vege-
tation on waves and flow.

Values of the bending modulus E (Table 1) of the stems of
A. esculenta, F. serratus and L. digitata fall within the values derived for
other aquatic plants (Table 2) while the values for F. vesiculosus well
exceed the observed range. Harder et al. (2006) derived mean bending
moduli for L. digitata stems (83.8 ± 84.1 MPa) which are approx.
three times higher than the E-values measured for this study

(28.7 ± 13.2 MPa). However, the data of Harder et al. (2006) show
very high natural variability (expressed by the standard deviation)
which suggests that a careful interpretation of the discrepancy is
required. The deviation may be caused by differences in the environ-
mental factors to which the respective populations are exposed. The
L. digitata population studied by Harder et al. (2006) grows in a location
with higher wave exposure than the vegetation in our study area and is
also likely to be exposed to different abiotic conditions (e.g. salinity,
water temperature). These differences in environmental conditions
may lead to a difference in mechanical properties. Moreover, a different
method was used in the present study than in the study of Harder et al.
(2006), which can lead to differences in the results (Bower, 2010).
Harder et al. (2006) used a modified four-point-bending test, with
loose support of the sample and forces applied to its ends. The current
study, however, applied a three-point-bending test following studies
on other marine species (e.g. Miler et al., 2012) where the sample was
clamped at both sides to prevent slippage. Comparative studies on
abiotic materials have shown that bending moduli obtained from
four-point-bending tests are generally higher than outcomes from
three-point-bending tests for the same specimen (Mujika, 2006). This
observation makes it difficult to directly compare values obtained
during different studies and highlights the need for a standardised
method to derive mechanical properties for plant parts. A three-point-
bending test has been used by several authors (Gaylord and Denny,
1997;Miler et al., 2012; Stewart, 2006), but they usually do notmention
whether sample ends were fixed or loosely supported which changes
the bending behaviour of the sample (Bower, 2010). Additionally, it
has been noted in the past that sample preparation can affect the
measured mechanical properties (Harder et al., 2006) but it is not yet
clear in what way and how big this effect is in comparison to natural
variation.

Tangent modulus values for blade parts are several orders of magni-
tude higher than the bending/tangentmodulus for the stems for all four
species (Table 1) and exceed previously observed values for flexible
aquatic plants (Table 2). However, from the presented data this differ-
ence is only significant for L. digitata (p b 0.01); the difference between
blade base and tip values is also significant (p b 0.01) for this species,
which may be due to the timing of experiments. L. digitata grows a

Fig. 4. Examples of force–deflection curves for a) A. esculenta, b) L. digitata, c) F. serratus, and d) F. vesiculosus. Curve shapes are representative for all specimens in this study.
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newblade from the base of the blade and sheds the old blade during late
spring every year. Specimens for this study were collected during late
Maywhen the blade consisted of tissue grown the previous year follow-
ed by newly grown tissue at the base of the same blade. The difference
in tangentmodulus between base and tipmay thus have been caused by
the difference in vitality between the old and new blade sections.

The lack of significant differences between stem and blade values,
however, is surprising, given the differences of several orders of magni-
tude between mean bending moduli and flexural rigidities. The general
difference in behaviour between stem and blade tissue is also evident in
the force–deflection curves derived during the bending tests (Fig. 4).
Apart from F. vesiculosus, stems exhibited a linear relationship between
applied force and deflection within the tested force range (b5 N), while
blades exhibited a power relationship, where the change of deflection
Δh caused by an increase of force ΔP was greater at large deflections
than at small deflections.

The results show that plant blades yield different tangent moduli
than plant stemswhich suggests that plant parts are adapted differently
to hydrodynamic forcing. Nikora (2010) identified ‘tensile plants’ with
low flexural rigidity that passively follow the flow and mainly
experiencing viscous drag and ‘bending plants’which have high flexural
rigidity and resist flow, generating downstream vortices and force drag.
The presented data suggests that a similar differentiation may be possi-
ble within a specimen, particularly for tensile plants where stems may
be stiffer than blades, but blade tissue is more tolerant to tension. Two
non-dimensional parameters that have been identified as potentially
controlling the dominant forms of plant adjustment are the buoyancy
number, i.e. the ratio between buoyant and elastic forces (Luhar and
Nepf, 2011) and the Cauchy number, i.e. the ratio between inertial and
elastic forces (Nikora, 2010). Both these numbers assume uniform
values for blade width and thickness as well as flexural rigidity which
emphasises the importance of blade length, width, thickness and also
the cross-sectional shape (through I). This is supported by the data
presented here which show that cross-sectional area and shape of a
plant are critical parameters when evaluating a plant's hydrodynamic
behaviour and thus care needs to be taken as to which values are used
to derive the area second moment of inertia I for Eq. (2). Neither
stems nor blades are necessarily uniform in cross section along a
plant. For the blades of F. serratus (0.8 mm) and F. vesiculosus
(0.5 mm) no change in blade thickness was observed with position
along the blade, but both A. esculenta and L. digitata tapered towards
the blade tip (Table 3). L. digitata blades reduce in thickness by 39%
and A. esculenta blades reduce in thickness by 82% from their base to
their tip. The circular stems of L. digitata tapered by 30%, while the ellip-
tic stemsof F. serratuswidened from the holdfast to the base of the blade
by 64%. For A. esculenta, on the other hand, the cross-sectional area in-
creased in the middle of the stem. This shape may be caused by the
onset of sporophylls in the mid-section of the stem, which may require
extra support. Due to these cross-sectional variations along the stems, a
single value may not be adequate to describe the stem structure,

Fig. 5. Median and variability in flexural rigidity for four brown algae. Only F. serratus does not show a difference between stem and blade parts statistically significant at the 5% level
(ANOVA). a) A. esculenta (F = 11.76, p = 0.0015), b) L. digitata (F = 4.96, p = 0.01), c) F. serratus (F = 0.72, p = 0.51), and d) F. vesiculosus (F = 3.77, p = 0.05).

Table 2
Young's bendingmodulus for selected aquatic vegetation (mean ± 1 standard deviation).

Young's bending
modulus [MPa]

Source

Durvillaea antarctica 8.5 ± 1.5 Harder et al. (2006)
Durvillaea antarctica 3.5 Koehl (1979)a

Durvillaea willana 12.2 ± 8.0 Harder et al. (2006)
Glyceria fluitans 90 ± 33 Miler et al. (2012)
Laminaria digitata 83.8 ± 84.1 Harder et al. (2006)
Laminaria hyperborea 109.4 ± 54.9 Harder et al. (2006)
Lessonia nigrescens 22.0 Koehl (1979)a

Myriophyllum alterniflorum 89 ± 38 Miler et al. (2012)
Nereocystis leutkeana ~50 Denny and Gaylord (2002)
Ranunculus penicillatus 12.5 ± 7.1 Miler et al. (2012)
Turbinaria ornata 29–34 Stewart (2004)

a It is not known how this modulus was derived and whether it refers to bending or
tension.
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especially as it is not clear which stem dimensions can be considered
representative (Feagin et al., 2011).

4. Conclusions

The data presented here provides some mechanical properties of
four brown macroalgae species from the North Atlantic. The samples
for this studywere all taken from the same current-dominated environ-
ment habitat that enables inter- and intra-species comparison under
identical environmental conditions. Specimens of the species under
investigation varied in size and shape and the geometrical andmechan-
ical properties of the components of individuals (i.e., stems and blades)
also varied. This emphasises the difficulty of describing plant dimen-
sions with single values for e.g. stem diameter or blade thickness. How-
ever, values agree with previous findings for brown macroalgae and
other aquatic species and therefore contribute to the description of
aquatic vegetation for engineering purposes.

Variability between and within species was also observed for buoy-
ancy and stiffness, both key parameters controlling the response of a
plant to hydrodynamic forcing. This variability may be caused by envi-
ronmental factors, age, vitality or other yet unknown factors. During
this study, it was not possible to establish whether the buoyancy of
plant tissue was consistent within the plants, with the exception of
F. vesiculosus where the presence of air bladders indicated a non-
uniform buoyancy distribution. However, it is suggested that the verti-
cal distribution of flexural rigidity and buoyancy affects the posture
and reconfiguration of a plant under hydrodynamic forcing (Feagin
et al., 2011). Therefore, a numerical or physical plant representation
with uniformly distributed bending modulus and buoyancy may lead
to inaccurate results, especially with respect to plant motion. Incorpo-
rating non-uniform distributions of these parameters within numerical
and physical models of flexible vegetation may thus improve model
performance and enhance understanding of the interaction of vegeta-
tion with waves and flow.

List of symbols
b strip width
din inner diameter
dout outer diameter
E Young's bending modulus
Et tangent modulus
F F-value (ANOVA)
h vertical deflection
I second moment of inertia
J flexural rigidity
p statistical significance (ANOVA)
P bending force

s span of sample
t blade thickness
α semi-major axis of ellipse
γ semi-minor axis of ellipse
ρ mass density
ρw mass density of water

subscripts
cf filled circular
ch hollow circular
e elliptic
r rectangular
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Abstract: Inert surrogates can avoid husbandry and adaptation problems of live vegetation in laboratories. Surrogates are generally 
used for experiments on vegetation-hydrodynamics interactions, but it is unclear how well they replicate field conditions. Here, 
surrogates for the brown macroalgae Laminaria digitata were developed to reproduce its hydraulic roughness. Plant shape, stiffness 
and buoyancy of L. digitata were evaluated and compared to the properties of inert materials. Different surrogate materials and 
shapes were exposed to unidirectional flow. It is concluded that buoyancy is an important factor in low flow conditions and a basic 
shape might be sufficient to model complex shaped plants resulting in the same streamlined shape. 
 
Key words: bending modulus, buoyancy, hydraulic forcing, Laminaria digitata, plant surrogate 
 
 
Introduction 

The interaction between hydrodynamics and ve- 
getation is of ecological interest, and also concerns 
questions regarding coastal protection and river mana- 
gement. Coastal vegetation attenuates waves and miti- 
gates storm flood effects[1] and can potentially be used 
for coastal protection measures[2,3]. Riparian vegeta- 
tion can stabilize river banks[4] and submerged plants 
and plant parts can reduce flow rates[5,6], resulting in 
increased sedimentation rates[7] and potentially cau- 
sing flow blockage and hence increase the risk of floo- 
ding. In order to predict these effects and their variabi- 
lity as well as assessing associated risks, it is importa- 
nt to understand the processes involved. One importa- 
nt tool for gaining insight into bio-physical interactio- 
ns is the use of physical models, but such experiments 
face major challenges when using live vegetation in 
the laboratory. Requirements with respect to plant 
health, vitality and adaptation to different and cha- 
nging environmental conditions limit the use of vege- 
tation in hydraulic laboratories. 

                                                                 

* Biography: Maike Paul (1978-), Female, Ph. D., Researcher 
 
 
 

As an alternative, abiotic surrogates have been 
used to investigate how individual plant properties af- 
fect flow[8] and wave motion[9] or a combination of the 
two[10]. Bouma et al.[9] used materials with varying sti- 
ffness and identical shape to investigate how plants 
with different growth strategies performed under ide- 
ntical hydrodynamic forcing. Other studies used surro- 
gates that resembled certain plant species in size, 
shape and stiffness[10,11]. However, bending behaviour 
was only compared visually between real plants and 
surrogates. It is not known whether such an optical si- 
milarity also reflects a hydraulic comparability and 
hence it is uncertain whether gained results can be 
transferred to real vegetation in the natural environme- 
nt. 

The aim of this study is therefore to evaluate how 
well abiotic surrogates can reproduce the hydraulic 
roughness of live vegetation and to investigate to what 
extend simplifications are possible while still yielding 
significant and transferrable results. The experiments 
are part of the eco-hydraulic work package (PISCES) 
of the HYDRALAB IV project which compares resu- 
lts from physical experiments to those obtained in the 
field. Vegetation, substrate and hydraulic conditions 
have been monitored at a field site and will be repro- 
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duced in the laboratory as closely as possible. Conse- 
quently, hydrodynamic conditions in the close vicinity 
of plants in the field and laboratory will be measured 
using identical instruments (see Ref.[12]). The domi- 
nant species at the field site is the brown macroalgae 
Laminaria digitata which was chosen as an example 
species for the present study. 
 
 
1. Material and methods 
 
1.1 Plant species 

The brown macroalgae Laminaria digitata will 
be modelled. This species was chosen as it dominates 
the region that is used for other field studies within the 
PISCES project. L. digitata colonises the upper subti- 
dal along rocky shores of the temperate zone. It con- 
sists of a holdfast, a single stipe and a large oval blade 
that can grow up to 2 m in length. The blade does not 
have a midrib and has a smooth glossy surface which 
is dark brown in colour and tapers slightly towards the 
tip where it can be ripped due to exposure to wave 
action[13]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1(a) Location of Hopavågen bay (63o35′37″N, 9o32′11″E) 
 

 
 
 
 
 
 
 
 
 
 
 
 
Fig.1(b) Aerial view of the sampling area (www.norgeskart.no) 
 

Specimens for this study were collected in the 
Hopavågen Bay, Sør-Trøndelag, Norway (Fig.1). The 

bay is connected to the Trondheim Fjord by a small 
inlet, which shelters it from waves and limits tidal va- 
riation. The tidal curve is strongly asymmetric and 
flood dominated, tidal elevation varies from 0.3 m du- 
ring neap and up to 1 m during spring tides. The sub- 
strate is mainly comprized of sand, but is interspersed 
with gravel, cobbles and mussel shells which provide 
support for L. digitata. A more detailed description of 
the sampling location was given in Ref.[12]. 
 

1.2 Measurement of plant and material properties 
At the site, 20 specimens of L. digitata were co- 

llected and analysed for their morphological and phy- 
sical properties in the laboratory within 48 h of colle- 
ction. During this time period, the macroalgae were 
stored in salt water from the bay at 4oC and samples 
were kept under a damp cloth between tests. 

Prior to analysis, the holdfasts were removed and 
were hence not part of this study. The thickness of 
stems and blades were measured with a calliper gauge 
to the nearest 5105 m. The surface area of the blades 
was obtained from digital photographs. Photographs 
were taken vertically from approx. 1.5 m height on a 
white background. Markers on the background were 
used to rectify the images in MATLAB®. From the 
RGB colour channels, the blue channel provided the 
strongest contrast between plant and background. 
Plant size was evaluated by defining pixels with a blue 
value 50  as part of the plant and computing the pro- 
jected plant area from the number of pixels and the set 
pixel size of 106 m2. 

Each specimen was dried with a paper towel to 
remove excess water from the surface and was then 
weighed with a precision of 0.0001 kg . Mass densi- 

ty (mass/volume) and hence buoyancy was determi- 
ned by measuring the plant’s displacement in unfilte- 
red fresh water at 20oC. 

In order to quantify the stiffness of plants, a 
three-point-bending test was performed for stems and 
parts of the blade cut from the base and the tip respe- 
ctively. Stems were used in one piece while blade se- 
ctions were cut to strips of 0.18 m length and 0.04 m 
width. Samples were clamped horizontally between 
metal plates, the distance between plates was 0.043 m 
for stems and 0.155 m for blade sections. Conseque- 
ntly, a metal bar of 0.015 m width was lowered ma- 
nually onto the centre of the sample. The bar was atta- 
ched to a force meter (FMI-250A5 from Alluris, reso- 
lution 0.001 N, precision 0.05% ). The required 

force to bend the sample was recorded in conjunction 
with the resulting deflection (resolution 105 m). Tests 
were terminated when applied forces exceeded the 
maximum measurable load of the force meter (5 N). 
Manual operation of the test apparatus may have cau- 
sed strain rate variations and hence may have introdu- 
ced uncertainty into the measured material properties. 
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Moreover, the tissue may creep under applied loads 
due to viscoelasticity[14]. Both sources of error were 
considered negligible in this case as algal tissues are 
considered reasonable insensitive to strain rate varia- 
tions[15] and each loading lasted less than 5 s. 

The force deflection curve was used to derive fle- 
xural rigidity J  according to beam theory for a canti- 
lever with one fixed end[16] 
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                                 (1) 

 
where s  is the distance between clamped ends of the 
sample, P  the applied force and h  the resulting ve- 
rtical deflection. For deflections 10%  of the canti- 
lever length, a best fit for /P h  and consequently J  
was computed after[16] and the bending/tangent modu- 
lus E  was derived. In this case, E  is defined as the 
ratio between flexural rigidity and the area second 
moment of inertia I  at the point of application of the 
force: 
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The latter is a geometric quantity that differs for sam- 
ples with different cross-sectional shapes as it accou- 
nts for the size and shape of a sample. L. digitata 
stems have a relatively stiff wall and a soft pith in the 
centre. Strength and stiffness are solely attributed to 
the wall and it is assumed that the pith does not con- 
tribute to the stem's stability[14]. The cross-section for 
L. digitata stems is therefore approximated as a ho- 
llow circular shape ( )sI , while the blade sections are 

considered to be rectangular in cross-section ( )bI : 
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with d  is the diameter (outer and inner respectively), 
b  is the sample width and t  is the blade thickness. 

The same method of analysis was applied to se- 
veral inert materials in order to find materials with 
properties comparable to L. digitata stems and blades 
with the aim to produce adequate surrogates. Plastic 
tubing of 0.09 m length was investigated as possible 
material for stem models as they are hollow cylinders. 
For blade models, various materials were tested that 
 
 

were all cut to 0.18 m0.04 m. For each material, 
three samples were tested. 
 
1.3 Surrogate development 

Surrogates were developed from the chosen ma- 
terials. The stems for all surrogates were produced 
from the same material with the length of 0.1 m, while 
three different materials (moosipren, artificial leather, 
geotextile) were used to mimic the blade of L. digitata. 
To compare material performance, the surrogates all 
had the same elliptic shape with a surface area of =a  
0.13 m2. Additionally, different shaped surrogates 
with identical surface area 

2( = 0.38 m )a  were produ- 

ced from one of the chosen materials (artificial leather) 
to assess the impact of shape complexity on hydrody- 
namics. These surrogates approximate the natural 
shape of a L. digitata blade to a closer (hand shape), 
intermediate (ellipse) or lesser (rectangle) degree. 
 
1.4 Laboratory experiments 

The surrogates were exposed to unidirectional 
flow under controlled laboratory conditions to evalua- 
te their effect on velocity and turbulence levels. Ex- 
periments were conducted in a 20 m long flume with a 
cross-sectional area of approx. 1 m1 m at Franzius- 
Institute in Hannover, Germany. It is equipped with a 
pumping system that allows discharges of up to   
200 l/s and a weir at the end to regulate water depth. 
Water depth was set to the maximum to provide full 
submergence of the surrogates and enable sufficient 
depth to collect velocity profiles that also cover the 
area above the surrogate. For the chosen flow veloci- 
ties (0.1 m/s and 0.2 m/s) these were 0.4 m  above 

the test section. The set velocities cover the typical ve- 
locity range encountered L. digitata in the Hopavågen 
Bay. 

 
 
 
 
 
 
 
Fig.2 Experimental setup. dashed lines indicate ADV positions. 

dimensions (m) 
 

The surrogates were deployed 10 m downstream 
of the inlet on an elevated test section of 2 m length 
(Fig.2). Profiles of the velocity components ( u , v  
and w  in the downstream, cross-stream and vertical 
direction, respectively) were recorded with an acoustic 
Doppler velocimiters (ADV, Sontek) placed 0.2 m in 
front of the surrogate, 0.15 m and 0.65 m behind the 
surrogate to monitor the size of a turbulent wake cau- 
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Table 1 Properties of L. digitata parts and selected abiotic materials (± standard deviation). Mass density is given for dry/wet 
material 

 Thickness 
(103 m) 

Mass density 
(kg/m3) 

Bending/tangent modulus 
(MPa) 

Flexural rigidity 
(104 Nm2) 

L. digitata stem 7.8 1.4  1001.5 102.7  28.67 13.22  28.88 7.06  

Fluor elastomer 8.0 435.0 17.61 0.53  30.01 0.90  

L. digitata blade base 0.8 1001.5 102.7  3073.55 1627.08  54.15 27.58  

L. digitata blade tip 0.5 1001.5 102.7  13355.75 8385.60  51.96 30.35  

Moosipren 1.0 186.1 / 280.6 10613.55 1475.34  44.22 6.15  

Artificial leather, PVC 1.3 568.1 / 938.0 14430.73 9367.02  60.13 39.03  

Geotextile, PP 0.8 258.1 / 1093.8 3316.58 1357.88  110.55 45.26  

 
sed by the surrogates. As the size of the surrogates va- 
ried, the two latter positions were not constant with re- 
spect to the flume setup but changed, depending on 
the experimental run. Velocity profiles consisted of 10 
measurement points each, with a vertical spacing of 
0.02 m, starting 0.04 m above the floor due to the li- 
mitations of the ADVs. Each measurement was taken 
at 100 Hz and lasted 4 min. Additionally, measureme- 
nts were performed without surrogates, but with the 
test section in place for reference. 

From the ADV records time averaged velocities 
( u , v  and w ) and their fluctuations ( u , v  and w ) 
were computed at each sampling location and turbule- 
nt kinetic energy (TKE, Jm–3) was calculated with   

being the density of water 
 

2 2 2TKE = 0.5 ( + + )u v w                      (5) 
 

Previous studies on the effect of vegetation on 
flow fields and turbulence have used the vegetation 
Reynolds number vRe  to describe the vegetation-flow 

interaction non-dimensionally[17-19]. vRe  requires a 

length scale specific for the vegetation and for simple, 
strip like vegetation (e.g., seagrass) the width of the 
plant can be used. For complex shaped vegetation and 
surrogates, however, it is debatable which length scale 
is adequate to enable comparison between specimens. 
It was therefore refrained from using vRe  in this 

study. 
 
 
2. Results and discussion 
 
2.1 Property comparison 

The L. digitata specimens tested during this 
study (Table 1) had a mean weight of 0.2037   
0.0907 kg and a mass density of 1 001.5   

 
 

102.7 kg/m3 which makes them almost neutrally buo- 
yant. The plants had a projected area of 0.21    
0.05 m2 and were hence relatively small for this spe- 
cies. In comparison to other populations, L. digitata in 
Hopavågen produced short stems (0.093 0.019 m)  

which may have been caused by the habitat’s substrate 
conditions. Pebbles and shells, to which holdfasts can 
attach, are spaced widely apart within the Hopavågen 
Bay and L. digitata specimens cannot grow close to 
one another. Consequently, specimens do not have to 
compete for light availability and it is sufficient to 
produce a short stipe. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Force deflection curves for L. digitata and curves for se- 

lected materials 
 

The bending moduli for stems (28.67   

13.22 MPa)  are approx. one third of bending moduli 

derived for an L. digitata population (83.8   

84.1 MPa)  on the island of Helgoland, Germany[20]. 

The high standard deviation in Harder’s[20] data indi- 
cates a high natural variability and hence a careful in- 
terpretation of the differences to the present study is 
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Table 2 Time and space averaged velocities and TKE (  standard deviation) for all profiles and velocity settings 

 u  (m/s) v  (m/s) w  (m/s) TKE (J/m3) 

ADV 1 
0.097 0.018  0.005 0.006    0.005 0.003  1.2 2.7  

0.189 0.039  0.009 0.006    0.006 0.004  1.4 3.6  

ADV 2 
0.010 0.004   0.001 0.006   0.001 0.001  1.5 1.6  

0.200 0.005   0.004 0.006  0.002 0.002   0.8 0.4  

ADV 3 
0.102 0.002   0.005 0.002  0.004 0.004   0.7 0.7  

0.197 0.004   0.012 0.005  0.011 0.007   0.6 0.2  

 
required. The two populations are likely to be exposed 
to different biotic and abiotic conditions (e.g., salinity, 
water temperature, nutrient availability) and the 
Helgoland population will also experience higher 
wave exposure than the specimens in the Hopavågen 
Bay. It is assumed that such differences in environme- 
ntal conditions can lead to differences in mechanical 
plant properties. Moreover, the testing methods app- 
lied in the two studies differed and in conjunction with 
possibly different environmental conditions during 
analysis may have led to the different values obtained 
for plants of the same species[16,21]. 

Classic 3-point bending tests usually require a 
ratio equal or lower than 16 between sample length 
and thickness[21]. This condition could not be met for 
the tests on L. digitata blades and therefore E has been 
named “bending modulus” for the stems and “tangent 
modulus” for the blades[16]. Comparison of bending/ 
tangent moduli for stems and blades (Table 1) showed 
a distinct difference between plant parts and the diffe- 
rence between blade base (3 073.55 1 627.08 MPa)  

and tip (13 355.75 8 385.6 MPa)  was statistically si- 

gnificant ( 0.01)p  , highlighting the inhomogeneity 

of blade tissue. The disparity between stems and bla- 
des suggests a difference in bending behaviour which 
also reflects in the force deflection curves (see Fig.3). 
Within the force range applied during this study 
( 5 N)  stems showed a linear relationship between 

force and deflection while blade sections resulted in a 
J-shaped curve with different slopes in the upper and 
lower parts of the relationship. These variations may 
be generated by the use of the same method for two 
different types of sample (stiff stems and very flexible 
blades). Therefore, direct comparison between ben- 
ding moduli for stems and tangent moduli for blades 
should be avoided, particularly when attempting to 
compare absolute values to results obtained with other 
methods. However, qualitative comparison between 
stiff materials and stems or flexible materials and bla- 
des remains possible in order to determine a surrogate 
material with a similar flexibility. 
 

A total of eight different tubes and 15 sheet like 
abiotic materials were tested to evaluate their compa- 
rability to L. digitata stems and blades, respectively. A 
comprehensive list can be found in the appendix and 
the materials considered most suitable for surrogate 
development are listed in Table 1. 
 
2.2 Results of laboratory experiments 

In the control runs, velocity profiles were logari- 
thmic and values averaged over the profiles indicated 
that the downstream flow dominated and both cross- 
stream and vertical velocities were negligible (Table 
2). 

The three materials showed very different postu- 
re when exposed to the flow which can be attributed 
to their mass density. Moosipren is highly buoyant 
(wet mass density of 280.6 kg/m3) and remained up- 
right in still water conditions, even penetrating the 
water surface. The slow flow scenario was not suffi- 
cient to overcome this buoyancy and the surrogate 
only bent and streamlined at the high flow velocity. 
The geotextile had a similar dry mass density   
(258.1 kg/m3) but had open pores. Consequently, it 
soaked with water resulting in a wet mass density   
(1 093.8 kg/m3) higher than water, it hovered close to 
the ground under both flow conditions. The artificial 
leather (wet mass density of 938.0 kg/m3) remained 
floating at the surface in still water conditions and the 
tips of the large hand shaped surrogate remained at the 
surface during low flow. But at a flow of 0.2 m/s all of 
the artificial leather surrogates streamlined at approx. 
0.05 m-0.15 m above the ground. 

Apart from the moosipren in low flow, the surro- 
gates moved very little due to the lack of turbulence in 
the approaching water (Table 2). Only the upright pos- 
ture of moosipren in a free stream flow velocity of  
0.1 m/s caused an undulating motion that moved the 
surrogate beyond the vertical against the approaching 
flow for short periods of time. 

Velocity profiles were affected by the presence 
of surrogates, irrespective of their material and postu- 
re. This included the profiles 0.2 m in front of them 
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Fig.4 Velocity profiles ( )u  for elliptic surrogates 2( = 0.13 m )a  of different materials under identical hydrodynamic forcing 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 TKE for elliptic surrogates 2( = 0.13 m )a  of different materials under identical hydrodynamic forcing, corresponding to 

velocity profiles in Fig.4 
 
(ADV 1). At this position, the velocity profile was still 
roughly logarithmic (see Fig.4) but the values of u  
 
 

were more scattered than in the profiles of the control 
runs. This upstream effect of flexible structures agrees 
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Fig.6 Velocity profiles ( )u  for artificial leather surrogates 
2( = 0.38 m )a  of different shapes under identical hydrodynamic forcing 

 
with observations made during measurements in a ve- 
getated stream, where the effect of a Ranunculus 
penicillatus patch could be observed in the velocity 
profiles 0.5 m upstream[22] although the flow diversion 
during the present study was not so pronounced. This 
could be explained with the different values of the 
ratio between stream/flume width and size of the ve- 
getation. In the field study, Ranunculus penicillatus 
occupied a large part of the stream’s cross-section, 
leading to a blockage high enough to cause water head 
loss[22], while in the present study no water head loss 
could be observed due to the small ratio of flume 
cross-section to frontal area of a single surrogate. 

Directly behind the surrogates (ADV 2), the arti- 
ficial leather and moosipren surrogates yielded similar 
velocity profiles despite the difference in posture. 
They showed a peak in the centre of the profile and re- 
duced velocities just above the bed and above the 
surrogate (see Fig.4). The geotextile, on the contrary, 
produced a scattered u  profile without a clear trend. 
At the last position 0.5 m further downstream (ADV 
3), the effect of surrogate presence reduced again to a 
scattered profile similar to ADV 1 and no difference 
between materials or posture was observed. Especially 
the profile similarity for moosipren and artificial lea- 
ther was unexpected, given their difference in posture 
at low flow. However, the observed differences reflect 
in the caused turbulence at ADV 2. Moosipren obstru-  
 
 

cted the flow mainly in the upper part ( 0.1 m)z   of 

the profile where the blade was positioned, while the 
artificial leather surrogate bent and hence obstructed 
the flow in the lower part of the profile ( 0.15 m)z  . 

These areas of obstruction correspond to lower TKE 
while turbulence is increased in unobstructed profile 
regions for both surrogates (Fig.5). This trend still 
persists 0.5 m further downstream (ADV 3), but is not 
as pronounced anymore. 

Under high flow, the moosipren surrogate also 
deflected and blade posture changed from buoyancy to 
stiffness dominated[23]. The obtained posture was si- 
milar to the one of the artificial leather, while the geo- 
textile remained closer to the bed. This behaviour re- 
flects the observations made during bending tests, 
where the force-deflection curves for moosipren and 
artificial leather were not significantly different while 
the geotextile yielded a different curve (Fig.3(b)). 

Tests with the different shaped surrogates yielded 
a decrease in u  in the upper part of the profile at 
ADV 1, although the intensity of decrease varied with 
shape (see Fig.6). The effect continued further down- 
stream (ADV 3) for the rectangle and ellipse, resulting 
in the same almost linear profile, while the profile for 
the hand shaped surrogate returned back to the profile 
shape in front of the surrogate. All three shapes led to 
increased TKE in the upper part of the profile, but the 
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Fig.7 TKE for artificial leather surrogates 2( = 0.38 m )a  of different shapes under identical hydrodynamic forcing, corresponding 

to velocity profiles in Fig.6 
 
profile for the hand shaped surrogate was more scatte- 
red than the other two (Fig.7). This increased scatter 
may be due to the higher overall length of the hand 
shaped surrogate. Hence the tip of the surrogate was 
closer to the profile than for the other two surrogates 
and turbulence levels may fluctuate more closer to the 
surrogate. At ADV 3, however, no difference in turbu- 
lence could be observed between the three shapes. In 
addition to the shape and biomechanic properties, 
other parameters such as the blade surface roughness 
can affect vegetation-flow interactions and may need 
to be considered in designing surrogates. However, 
Albayrak et al.[24]found that leaf surface roughness 
does not affect the flow field at spatial scales conside- 
red in this study and this aspect was therefore not add- 
ressed here. Nevertheless, it should be part of future 
work to improve plant modelling, particularly for nu- 
merical applications. 

All surrogates curled to the shape of a funnel 
under hydrodynamic forcing. The diameter of the fu- 
nnel increased with increasing buoyancy for the three 
surrogate materials, but was independent of shape. 
This curling may be an artefact of the flume, where 
wall effects may have caused lateral forces that lead to 
a curling response of the surrogates, although no sig- 
nificant lateral velocities existed in the obtained velo- 
city profiles that may have indicated such an effect. 
 
 

No such curling has been observed for natural L. 
digitata specimen in the field (Paul, pers. obs.) but 
have been reported for fresh water macrophytes in la- 
boratory settings (E. Penning, pers. com.). Hence, fur- 
ther tests with natural plants and surrogates under ide- 
ntical conditions are required to evaluate this beha- 
viour. 
 
 
3. Conclusions 

This preliminary study confirms the observations 
that flexible structures streamline under hydrodynamic 
forcing depending on their buoyancy and stiffness[23] 
and in return affect velocities and turbulence levels 
downstream as well as upstream of the structure. 

Identically shaped surrogates of different mate- 
rials lead to differences in velocity and turbulence 
profiles directly behind the surrogates. Velocity profi- 
les are more scattered with increased flexural rigidity 
while turbulence profiles depend on the posture of the 
surrogates in the water column with higher turbulence 
levels in the regions that are not directly obstructed by 
the surrogates. However, further 0.5 m downstream, 
no significant differences in profiles between the di- 
fferent materials could be observed. 

For the different shaped surrogates, the differe- 
nces in velocity and turbulence are reduced with in- 
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creasing flow velocity, which may be due to the ove- 
rall similar posture of the surrogates after streamlining. 
The present study therefore suggests that a simple sha- 
ped surrogate may be an adequate substitute for real 
complex shaped plants, given it assumes the same po- 
sture when streamlining. However, detailed research 
is necessary to evaluate whether the observed curling 
represents natural behaviour under the given hydrody- 
namic forcing. 
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Appendix 
 
Table A1 Properties of tested abiotic sheet materials as possible blade surrogates. All samples were 0.04 m wide and 0.18 m 

long, mass and density were only evaluated for one sample each 

 
Thickness 
(103 m) 

Dry 
mass 

(103 kg) 

Dry 
density 
(kg/m3) 

Wet 
mass 
(kg) 

Wet 
density 
(kg/m3) 

Flexural rigidity 
(104 Nm2) 

Tangent modulus 
(MPa) 

PVC 0.5 3.88 1077.78 3.95 1097.22 1263.95 20.27  303348.59 4865.64  

PVC foil 0.2 1.04 719.910 1.09 756.940 376.54 99.59  1412039.10 373475.23

PVC mesh 0.5 0.76 212.040 1.23 341.670 469.41 92.87  112658.59 22287.90  

Rubber gloves 0.5 2.63 729.630 3.04 844.440 37.79 8.17  9069.34 1959.85  

Bubble wrap 0.2 0.40 280.090 2.03 1409.72 139.23 13.01  522106.68 48794.84  

Geotextile 0.8 1.49 258.100 6.30 1093.75 110.55 45.26  3316.58 1357.88  

Artificial 
leather 

1.3 6.16 568.120 8.78 938.030 60.13 39.03  14430.73 9367.02  

Crafting foil 0.1 0.84 1166.67 0.89 1236.11 160.09 21.84  4802777.57 655151.87

Moosipren I 1.0 0.67 186.110 1.01 280.560 44.22 6.15  10613.55 1475.34  

Moosipren II 2.0 1.35 90.9600 1.55 104.410 116.48 7.98  436.82 29.91  

Lamp foil 0.5 3.52 977.780 3.56 988.890 527.80 225.61  126670.87 54147.38  

Cloth 0.5 0.82 227.780 9.96 2766.67 94.54 9.35  22690.09 2242.82  

Carbofol 406 0.5 6.02 1003.33 6.14 1023.33 564.68 117.84  135524.13 28282.63  

PP mesh 0.1 1.00 1388.89 1.45 2013.89 198.52 5955741.44 

 
Table A2 Properties of tested abiotic tube materials as possible stem surrogates. All samples were 0.09 m long 

 
Outer 

diameter 
(103 m) 

Inner 
diameter 
(103 m) 

Mass 
(103 kg) 

Density 
(kg/m3) 

Flexural rigidity 
(10-4 Nm2) 

Bending modulus 
(MPa) 

Rubber 8.00 5.0 5.32 482.45 17.120 0.640  10.050 0.380  

Silicone 8.00 5.0 2.98 270.25 11.510 0.510  6.7600 0.300  

PVC 8.00 5.0 3.14 284.76 22.000 1.470  12.910 0.860  

PVC mesh inforced 12.0 6.0 9.50 311.21 55.890 15.50  5.8600 1.620  

Tygon 8.00 4.8 3.40 293.29 12.990 0.070  7.4200 0.040  

Tygon R 100 8.00 4.8 3.12 269.12 6.9400 0.020  3.9700 0.010  

Fluor elastomer 8.00 5.0 4.80 434.99 30.010 0.900  17.610 0.530  

Teflon 7.00 5.0 3.84 565.88 115.37 18.09  132.34 20.75  
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       Plant biomechanics is a complex science where the tradi-
tional approaches of mechanics and structural engineering meet 
the complexity and the diversity of biological systems. When 
plants live in dynamic fl uid environments, the biomechanical 
properties of the plant become the key variables to understand 
behavior, adaptations, and the impacts of the plant on its envi-
ronment ( Gaylord and Denny, 1997 ;  Koehl, 1999 ;  Bouma et al., 
2005 ;  Niklas et al., 2006 ;  Demes et al., 2011 ;  Miler et al., 2012 ; 
 Nepf, 2012 ;  Nikora et al., 2012 ). Adopting an engineering ap-
proach allows the description of the plant behavior in terms of 
nondimensional numbers, based on the ratios of the different 
forces acting in the plant–fl ow system ( Nikora, 2010 ;  Luhar and 
Nepf, 2011 ;  de Langre et al., 2012 ). Because the fl exural rigid-
ity (or stiffness) of a plant represents the ability of the plant to 
stand in the fl ow, it is the most critical variable determining the 
mechanical response of the plant as well as its hydrodynamic 
performances. This fact has been highlighted by almost 30 yr 
of research on plants such as seaweeds ( Biedka et al., 1987 ; 
 Johnson and Koehl, 1994 ;  Gaylord and Denny, 1997 ;  Koehl, 
1999 ;  Hale, 2001 ;  Stewart, 2004 ;  Harder et al., 2006 ;  Stewart, 

2006 ;  Boller and Carrington, 2007 ;  Martone and Denny, 2008 ; 
 Demes et al., 2011 ;  Miler et al., 2012 ). 

 The fl exural rigidity given as  G    =    E  b  I  can be decomposed 
into the second moment of inertia of the plant’s cross section  I , 
and the (elastic) bending modulus  E  b . The latter is a character-
istic of the plant’s material and is the result of the integration of 
the biomechanical properties of the plant at a smaller scale. For 
this reason, these mechanical variables present a high variabil-
ity according to species, scale, and environment, and many of 
these aspects are still to be explored, especially on aquatic 
plants. For this reason,  Nikora (2010)  remarked on the high 
priority of collecting such data to improve the understanding 
of the plant–fl ow interaction in different contexts, as well as 
to develop solid mathematical and physical modeling works. 
However, researchers have been using various techniques with 
advanced laboratory set-ups to test plant mechanics, limiting 
measurements in the field and preventing most researchers 
from measuring flexural stiffnesses and comparing values 
across studies. In addition,  Paul and Henry (2014)  and  Paul 
et al. (2014)  recently pointed out that traditional testing meth-
ods (such as a 3-point bending test) may only give qualitative 
estimates of the bending properties of a plant because the test-
ing procedures used may not be valid for thin fl exible materials, 
meaning that the high fl exibility of a biomaterial (as macroal-
gal blades) is a limitation to the correct implementation of such 
tests. 

 To simplify the collection of some important mechanical 
data of different plant parts, this paper presents a method vali-
dated with standard techniques to collect fl exural rigidity values 

  1  Manuscript received 8 April 2014; revision accepted 14 April 2014. 
 The author thanks Prof. Dag Myrhaug for his support during this work 

in partial fulfi llment of his PhD requirements and Dr. Maike Paul for valuable 
discussions. Helpful comments were also received from the editors and 
reviewers on the fi rst version of this paper. 

  2  E-mail: pierre-yves.henry@ntnu.no 

 doi:10.3732/ajb.1400163 

 BRIEF COMMUNICATION 

  BENDING PROPERTIES OF A MACROALGA: 
 ADAPTATION OF PEIRCE’S CANTILEVER TEST FOR IN SITU 

MEASUREMENTS OF    LAMINARIA DIGITATA    (LAMINARIACEAE)  1  

   PIERRE-YVES T.     HENRY    2   

 Department of Marine Technology, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway 

  •  Premise of the study:  The mechanical properties of a plant are key variables governing the interaction between the plant and its 
environment. Thus, measuring variables such as the fl exural rigidity (bending) of a plant element is necessary to understand 
and predict the plant–fl ow interaction. However, plant elements such as macrophyte blades can be relatively thin and fl exible, 
thus diffi cult to characterize. Different adaptations of the classical 3-point bending tests can also affect the interpretation of the 
fl exural rigidity of an element. A simple, robust, method is newly applied to a biomaterial and validated here as an alternative 
to measure fl exural rigidity of thin, fl exible plant elements. 

 •  Methods:  Based on a bending test procedure developed for the textile industry, an apparatus for in-situ measurements was de-
veloped and compared with other normalized methods, then used in a fi eld test on the blade of a marine macroalga ( Laminaria 
digitata ) to assess its suitability to measure the bending modulus of a biomaterial. 

 •  Key results:  Results of the presented method on selected surrogate materials agree with a normalized cantilever method (ISO 
9073-7:1998) and 3-point bending test (ISO 178:2010). Values determined for the bending moduli for blades of  L. digitaria  
were in the typical range for algal material. The range of validity of the method is discussed. 

 •  Conclusion:  By validating this method with existing norms, this study suggests a better approach to measure bending properties 
of different biomaterials in the fi eld compared with more traditional bending tests and opens new possibilities.  

   Key words:  bending test; bending modulus; biomaterial; biomechanics; fl exural rigidity;  Laminaria digitata ; Laminariaceae; 
macroalga. 
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  Peirce (1930)  described a simple test for characterizing the 
fl exural rigidity of strips. Based on a cantilever test (a strip fi xed 
on one edge and bending under its own weight), the sample is 
fi rst slowly moved forward until the tip of the specimen touches 
a plane at an angle of  θ   =  43 °  with the horizontal plane. The 
projection of the length of the sample on the horizontal plane, 
known as the cantilever length  l  (see  Fig. 1 ), is then measured. 
Peirce introduced the notion of bending length  C  defi ned as: 

   C  =  l ·ƒ( θ ), (4) 

 where the function ƒ( θ ) is expressed in the formula: 

   
1/3

cos /2
( ) 0.5

tan
=f  . (5) 

 The fl exural rigidity  J  (per unit width) of the sample is then re-
lated to these quantities by the relation  J = C  3  w , where  w  is the 
weight per unit area of the strip (in N/m 2 ). This fi nally gives the 
relationship between the length of the overhanging strip  l , the 
angle that it bends to  θ  and the fl exural rigidity per unit width  J , 
also known as Peirce’s formula: 

   3 cos /2
8tan

=J wl  . (6) 

 The bending modulus of the sample is then deduced from: 

   
3

b 3

cos /212= /
8tan

= wl
E Jb I

t
 , (7) 

 where  I  is the second moment area of the sample considering a 
rectangular cross section, given by  I = bt  3  / 12, where  b  is the 
width and  t  the thickness of the sample ( Young et al., 2011 ). 

  Peirce (1930)  designed this test with  θ  = 43 °  for practical 
purposes as cos(43/2)/tan(43)  ≈  1. However, this relation is 
valid for different values of  θ , and angles of  θ  = 41.5 °  and  θ  = 
45 °  can also be used.  Szablewski and Kobza (2003)  conducted 
a sensitivity analysis of Peirce’s formula and found that a test 
conducted with an angle of  θ  = 53 °  gives the best accuracy for 
the defi nition of the fl exural rigidity. Although the variation of 
this accuracy is relatively small for angles between 40 °  and 50 ° , 
they recommended staying at least in this range ( θ  > 40 ° ) to 
reduce the uncertainties introduced during the measurements. 

of thin blade-type biomaterials. This method fi nds its origins in 
the textile industry ( Peirce, 1930 ) and can easily and inexpen-
sively be adapted by any researcher who wishes to collect me-
chanical data in a manner that will be easily understood and 
implemented by others. One characteristic of this method is to 
leave little room for error during the implementation. The mea-
surements can also be carried out directly in the fi eld, allowing 
tests on intact plants. An example of the implementation of this 
method is given with fl exural rigidity measurements on  Lami-
naria digitata  (Hudson) J.V.F. Lamouroux ( Lamouroux, 1813 ), 
a marine macroalga of the order Laminariales (Phaeophyceae), 
widely represented on the shores of the North Atlantic. 

 Peirce’s cantilever test —    This method describes the bending 
properties of fl exible materials, such as fabrics, and has been 
presented the fi rst time by  Peirce (1930) . In this work, the bend-
ing behavior of a thin beam (strip) was derived for large defl ec-
tions on the basic principles of the bending theory. Assuming a 
linear elastic behavior of the material, the integration of the 
bending stresses over the strip’s cross section characterizes the 
defl ection of the strip through the relation: 

  1/ r  =  M / G ,  (1) 

 where  r  is the radius of curvature of the defl ected beam,  M  is the 
bending moment at a given section, and  G  is the bending rigid-
ity or fl exural rigidity of the beam. The curvature  κ  is given as 
 κ   = 1 / r,  so the bending moment  M  can be expressed as:  

   M  =  G  κ .  (2) 

 Considering a point  P  at a distance  s  from the hanging edge of 
the strip,  φ  is the angle between the tangent in  P  and the hori-
zontal plane (see  Fig. 1 ),  the curvature  κ  is d  φ  /d s  and the bend-
ing moment  –G· d φ /d s . For an infi nitesimal change in the 
distance  Δ  s , the variation of the bending moment   Δ  ( –G· d φ /d s ) 
is equal to the change of the overhanging weight,  ws· cos φ · Δ  s , 
where  w  is the weight per unit area of the strip ( Peirce, 1930 ). 
Thus, the fl exural rigidity  G  is related to the defl ection charac-
teristics ( s  and  φ ) through the nonlinear second order differen-
tial equation along the strip:  

  d 2  φ /d s  =  ws· cos φ / G  .   (3) 

 This problem has been analyzed numerically by  Szablewski 
and Kobza (2003) , but at the time when this problem was de-
rived, only an approximation of the exact solution could be 
proposed.  

 Fig. 1. (A) Peirce’s testing apparatus and (B) two-dimensional parameterization of the problem. Figure adapted from  Booth (1969).    
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angle ( Figs. 1, 2 ). Recent standardizations of Peirce’s method suggest repeating 
measurements four times, i.e. on both ends of both sides of the strip, to improve 
accuracy (i.e., ISO 9073-7:1998 [ ISO, 1998 ]). We followed this recommenda-
tion to calculate the mean value, standard deviation (SD), and a coeffi cient of 
variation for each measure (CV ,  in percentage, CV  =  100·SD/Mean). 

 This procedure was applied to  Laminaria digitata  (order Laminariales, class 
Phaeophyceae) collected in the surrounding of Trondheim in Norway (N 63 
26.8522, E 10 19.7306). This species is widely represented on the sheltered or 
moderately exposed shores of the North Atlantic, typically located in the upper 
sublittoral zone ( Lüning, 1990 ). Ongoing research on different aspects of physi-
cal modeling of algae in hydraulic experiments led to the choice of this species 
( Paul and Henry, 2014 ;  Paul et al., 2014 ). Biomechanics of  L. digitata  has also 
been studied by  Harder et al. (2006) , thus providing results for direct compari-
son. To provide a fi rst set of results for this species and give an indication of the 
repeatability in time of the test on the same sample, the bending modulus of one 
sample from each of fi ve plants was monitored for 30 min after the blades were 
cut (samples numbered from 5 to 9). The testing protocol described above takes 
approximately 30 s, each blade was tested directly after being cut, then every 
3–4 min for 30 min. Between the tests, the samples were stored in (cold) seawa-
ter taken directly from the fjord. 

 Validation of the technique —   To assess the accuracy of the method for de-
termining a biomaterial’s bending modulus and promoting the comparison of 
these moduli across studies, we compared international standardized tech-
niques. Two different standards were chosen: the ISO 178:2010 standard ( ISO, 
2010 ), representing the classic mechanical test (3-point bending test) which 
inspired  Harder et al. (2006)  and  Paul et al. (2014)  to measure fl exural rigidities 
of  L. digitata  stipes, and the ISO 9073-7:1998 standard ( ISO, 1998 ), standard-
ization of  Peirce’s (1930)  method for industrial textile tests. In comparison to 
Peirce’s method developed previously, a 3-point bending test consists of laying 
the stripe of material on two supports (two points) and applying a force in the 
center of the sample at a third point. The force applied is recorded and plotted 
against the amount of displacement of the center point, allowing the bending 
modulus to be calculated (refer to the standard ISO 178:2010 [ ISO, 2010 ] for 
further information). The main constraint of this standard is that the tested 
length of the strip (the distance between the two support points) can be a maxi-
mum of 16 times the thickness of the sample. For reference material testing, 
samples were chosen among artifi cial materials (in contrast to biomaterials that 
are instable, thus highly dependent on time and environmental factors). The 
ISO 178:2010 testing was done by SINTEF Materials and Chemistry in Oslo 
(Norway), and the ISO 9073-7:1998 was done by Swerea IVF in Mölndal 
(Sweden). Because of the long distance between the testing sites, the blades of 
 L. digitata  could not be incorporated into this comparison because the stability 
of the blades during the standardized tests could not be guaranteed. Further-
more, due to the thickness constraint mentioned,  Paul and Henry (2014)  recog-
nized that a 3-point bending technique may not be valid when determining the 
bending modulus of the blades of  L. digitata . Consequently, materials slightly 
less fl exible than the algal blades had to be chosen to allow a comparison be-
tween the two standardized tests. The fi nal artifi cial materials were a thin sili-
cone of the same apparent fl exibility and thickness as the blades of  L. digitata  
(sample 1), the thin geotextile presented in  Paul and Henry (2014)  (sample 2), 
a coated geotextile (sample 3), and a thick silicone (sample 4). All the artifi cial 
samples were tested according to the ISO 9073-7:1998 standard and the present 
method adapted for in-situ measurements. Only samples 3 and 4 could be tested 
according to the ISO 178:2010 standard; the other two were too fl exible to fol-
low the same treatment. Finally, to assess the repeatability of the measure done 
with the fi eld apparatus and the impact of the experimenter’s judgment on the 
results of the tests, 10 people tested the four artifi cial samples using the protocol 
defi ned earlier. Thus, for each sample, means and standard deviations from the 
10 tests were compared with a single measurement. 

 RESULTS 

  Table 1   presents the mean values of the cantilever lengths 
measured, as well as the bending moduli and the densities de-
duced from the measurements for the four testing procedures. 
When applicable, the standard deviations of the cantilever 
length measured and the calculated bending moduli are shown. 
Since the ISO 178:2010 standard (3-point bending test) calcu-
lates the bending modulus directly from the force defl ection 
curves, only this last parameter is given. To analyze the standard 

 MATERIALS AND METHODS 

 In-situ implementation on L. digitata —   Based on the physics described in 
the introduction, it is possible to defi ne an experimental protocol to measure the 
bending properties of a plant strip in situ. The fl exural rigidity  G  and the fl ex-
ural rigidity per unit width  J  (respectively in Nm 2  and Nm, both deduced from 
Eq. 5) are quantities depending on the geometry of the strip tested (width and 
thickness). Therefore, the equation of interest is Eq. 6, which defi nes the bend-
ing modulus  E  b  (in Pa or N/m 2 ), a unique characteristic of the biomaterial 
tested. The bending modulus can be obtained by assuming the tests done on a 
homogeneous material. Although commonly used ( Niklas, 1992 ;  Harder et al., 
2006 ), this assumption is relatively crude when applied to biomaterials. There-
fore, this modulus is to be considered as an estimation of the more complex 
mechanical properties of the plant material ( Nikora, 2010 ). 

 For calculating the bending modulus for a given strip, the dimensions and 
properties of the strip (its length  L , width  b , thickness  t , and weight  w ) have to 
be measured (in S. I. units with two signifi cant digits). In this study, rectangular 
strips 20 cm  ×  2.5 cm were cut longitudinally from the middle of one of the 
blades of the plant. As soon as the samples were cut, thickness was measured, 
the sample weighed, and cantilever tests were realized. To do the cantilever test 
and measure the cantilever length  l  of the hanging strip, an apparatus made of a 
horizontal plane and a plane inclined at a known angle  θ  was set up by bending 
an aluminum plate at an angle  θ  of 45 ° , as this is the easiest angle to implement 
in a workshop ( Fig. 2 ).  As mentioned, this angle is in agreement with the con-
clusions of the sensitivity analysis conducted by  Szablewski and Kobza (2003) . 
Since gravity is playing a role in the test, it is important to set up the apparatus 
on a horizontal plane, which can be done by clamping it onto a table in a labora-
tory or any other horizontal structure in the fi eld. Once these conditions are met, 
the strip is laid on the horizontal plane with the extreme edge coinciding with 
the sharp angle of the apparatus. The upper support consists of a ruler with zero 
placed at the tested edge of the strip. Then, the sample is slowly moved forward 
until the tip of the specimen touches the inclined plane. During this phase, care 
should be taken that the strip does not slide away from the ruler or undulate. In 
that case, the projection of the length of the hanging sample on the horizontal 
plane is the same as the length between the tip of the ruler and the sharp angle 
of the apparatus ( Fig. 1A, B ). When the sample touches the inclined plane, this 
length is the cantilever length  l , and can be read directly on the ruler at the sharp 

 Fig. 2. Picture of the cantilever test device applied to one of the artifi -
cial materials (Sample 1).   
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0.4 and 1.3 MPa. However, sample 5 clearly shows a tempo-
ral decrease of its bending modulus, starting around 3.5 MPa 
when the blade is cut and fi nishing in the same range as the 
other samples (0.85 MPa). In parallel, the change in the standard 
deviation does not appear to be time dependent, but after 15 
min it is on average higher (SD  ≈  0.5, CV > 50%) for sample 5 
and sample 8. 

 DISCUSSION 

 Validation of the technique —    First, the results presented 
highlight the fact that bending of thin, fl exible materials cannot 
be tested with a 3-point bending technique (ISO 178:2010), but 
a Peirce test (ISO 9073-7:1998 and adapted fi eld test) is suit-
able for thin materials with a low bending modulus (sample 2; 
1–2 MPa). Both methods agreed reasonably well for determining 

deviations (SDs) in the context of their means, the coeffi cients 
of variation CV (as percentage of the mean) are calculated as 
CV  =  100·SD/mean. Density calculations (based on mass and 
size measurements) are reported and can be further used to 
choose a surrogate material for the blades of  L. digitata  ( Paul 
and Henry, 2014 ). Because samples 1 and 2 were too thin and 
fl exible, they could not be tested using the ISO 178:2010 stan-
dard, confi rming that the 3-point bending test is not applicable 
to thin, fl exible materials. Thus, only samples 3 and 4 could be 
tested according to both standardized methods, allowing a di-
rect comparison of the two types of tests (3-point bending and 
Peirce’s tests). The mean bending moduli for sample 4 is com-
parable with the two standardized tests (columns 1 and 4), and 
the standard deviations are relatively low. However, for sample 3, 
the bending modulus obtained with the ISO 178:2010 standard 
(3-point test) is almost double the bending modulus obtained 
with the ISO 9073-7:1998 standard (Peirce test). The associated 
standard deviations are both relatively low (CV < 10%) indicat-
ing small variations of the result for both measures. This point 
is discussed further in the next section.  

 In general, the results from the ISO 9073-7:1998 standard 
(standardized Peirce test) and the results from the tests with the 
fi eld apparatus compare very well with similar mean values and 
standard deviations of the four samples (columns 4 to 9). Note 
that the coeffi cients of variations CV are in the range of 10–20% 
for samples 1, 2, and 3, compared with sample 4 with CV = 
3.03% and CV = 4.27 for the two tests. Finally, when 10 people 
did the same test on the same materials, the mean values re-
mained similar, but the standard deviation increased slightly; 
CV ranked between 10 and 28% for the four samples (columns 
10 to 12). As mentioned previously, the statistics for the ISO 
9073-7:1998 test and a single fi eld test (columns 4 to 9) were 
based on four measurements, while the statistics for 10 tests 
with the fi eld apparatus (columns 10 to 12) were based on 10  ×  
4 = 40 measures. The statistics for the ISO 178:2010 test (col-
umns 1 to 3) were based on fi ve measurements. 

  Figure 3   presents the temporal variation in the bending mod-
uli from single tests with the fi eld apparatus of the fi ve samples 
of the algal blades (samples 5 to 9). It can be seen that for sam-
ples 6 to 9, there is no clear change in the mean bending modu-
lus for each sample over time, and all the values are between 

 Fig. 3. Bending modulus over time of blades of  Laminaria digitata , 
determined using the Peirce method adapted for the fi eld. The time origin 
refers to the time when samples were cut. The standard deviation for the 
four measurements at each time point is indicated by light-gray error bars.   

  TABLE  1. Summary of the determination of cantilever length ( l ), the bending modulus ( B  b ), and density ( ρ ) for the four artifi cial samples via the two 
standardized methods and the fi eld method.  

Sample Variable

Standard tests Tests with fi eld apparatus

ISO 178:2010 ISO 903-7:1998 1 person 10 people

Unit Means SD CV % Means SD CV % Means SD CV % Means SD CV %

1  l cm 5.90 0.18 3.00 5.00 0.25 5.03 4.98 0.47 9.51
 E  b MPa — — 4.40 0.41 9.27 3.31 0.79 23.8 3.32 0.93 28.0
 ρ kg/m 3 — — 1157.65 — 1268.29 — 1268.29 —

2  l m 7.80 0.55 7.00 7.63 0.36 4.71 7.58 0.38 5.05
 E  b MPa — — 2.87 0.65 22.5 1.97 0.27 13.5 1.94 0.30 15.5
 ρ kg/m 3 — — 188.57 — 140.00 — 140.00 —

3  l m 11.00 0.33 3.00 11.18 0.33 2.99 10.81 0.37 3.41
 E  b MPa 95.08 6.39 6.72 51.19 4.75 9.27 57.91 5.79 10.0 52.40 5.40 10.3
 ρ kg/m 3 — — 1188.57 — 1449.28 — 1449.28 —

4  l m 8.80 0.09 1.00 8.10 0.10 1.23 8.34 0.49 5.92
 E  b MPa 9.42 0.90 9.60 8.59 0.26 3.03 7.98 0.34 4.27 8.79 1.52 17.3
 ρ kg/m 3 — — 1182.79 — 1460.87 — 1460.87 —

 Notes : Dimensions ( L, b, t ) in meters of sample 1, thin silicone (2.05  ×  10 −1 , 2.50  ×  10 −2 , 8.50  ×  10 −4 ); sample 2, thin geotextile (2.00  ×  10 −1 , 2.50  ×  10 −2 , 
7.00  ×  10 −4 ); sample 3, coated geotextile (2.05  ×  10 −1 , 2.50  ×  10 −2 , 6.90  ×  10 −4 ); sample 4, thick silicone (2.05  ×  10 −1 , 2.50  ×  10 −2 , 1.15  ×  10 −3 ). Coeffi cient 
of variation CV was calculated as CV = 100·SD/mean. A dash (—) indicates that no measurement was done.
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material, typically 1–100 MPa ( Denny and Gaylord, 2002 ). In 
addition, the standard deviations obtained from the plant strips 
(samples 5 to 9) tend to be much greater than for the artifi cial 
materials (samples 1 to 4). For the artifi cial materials, the CVs 
were in the range of 5–30%, but CVs for the blades were some-
times over 50% (variations indicated by the error bars in  Fig. 3 ). 
The reason for that is the “impurity” of the blade’s material. This 
biomaterial is strongly inhomogeneous and anisotropic ( Harder 
et al., 2006 ). In addition, the blades of  L. digitata  sometimes had 
a small curvature, and small epibionts (for example, bryozoans) 
may be present at the surface of the blade. Because these factors 
infl uence the bending of the strip under its own weight, it will 
equally infl uence the determination of the bending modulus of 
the strip, resulting in a larger standard deviation of the measure-
ments. However, the bending modulus of a biomaterial is an 
idealized parameter, which does not refl ect the reality of the me-
chanics of the different tissues of the plant part ( Nikora, 2010 ). 
Therefore, the mean bending modulus should be considered as an 
estimation of the more complex bending properties of the plant’s 
material, while the standard deviation of the modulus character-
izing the variation of the measure gives an indication of the level 
of impurity/complexity of the material. These reasons also help 
explain why  Harder et al. (2006)  found a CV around 100% while 
determining the bending modulus of the stipes of some  L. digi-
tata  (mean = 83.8 MPa, SD = 84.1 MPa). 

 In general, it is not clear to which extent cutting a plant strip 
for a mechanical test can affect its mechanical properties. This 
procedure is even more critical for the thin blades of macroal-
gae (fragile material), and the potential effects on the blade’s 
mechanics is one of the reasons for carrying out time-dependent 
tests after the blades were cut. During the testing of the blades, 
the strips released a viscous liquid of unknown composition. 
After monitoring each strip for approximately 30 min ( Fig. 3 ), 
it was observed that except for sample 5, their bending moduli 
were not affected. However, the bending modulus of sample 5 
clearly decreased, suggesting a deterioration in the quality of 
the material over time. To the author’s knowledge, this phe-
nomenon is not documented and thus calls for further investiga-
tion. The fact that the blade strip can show signs of deterioration 
highlights the importance of testing the plant as close as possi-
ble to its environment, a requirement achievable with this alter-
native technique. However, other parts of macroalgae may prove 
to be more resistant to deterioriation; for example, in mechani-
cal tests on stipes of  L. digitata  in the laboratory, there was little 
deterioration ( Harder et al., 2006 ). 

 Conclusion —    The method developed is suited for collecting 
data in the fi eld and is valid for strip-like fl exible materials. 
This simple and low cost method can be implemented by any 
researcher and lead to a good estimation of the bending modu-
lus of a biomaterial. Cross comparisons between studies will be 
easier when a standard protocol is used. In case of biomaterials 
with a more complex structure (for example, undulating blades), 
other techniques in the same study by  Peirce (1930 , see the 
heart-loop method) can be validated as in the present study. 
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a b s t r a c t

Marine growth is a large technical, economic and environmental problem for almost all activities at sea.
Circular cylinders being widely used in different types of offshore structures, this study focuses on the
effects of different types of marine growth on cylinders' wake structure for low Re steady flows
(2.16�103oReo1.94�104). Qualitative results from wake visualisations and simple drag force mea-
surements confirmed that soft and hard roughnesses have completely different effects on the cylinder
hydrodynamics for the transitional subcritical regime, as soft fouling act as a passive flow separation
control. This study highlights the changes on the cylinder hydrodynamics induced by a developing
fouling community, going from small hard roughnesses to fully developed soft fouling.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

When a structure is submerged in the ocean, marine micro-
organisms concentrate from the beginning at the water/hard body
interfaces, initiating the settlement of a more complex fouling
community on the structure (Cooksey and Wigglesworth-Cooksey,
1995; Jonsson et al., 2004; Kerckhof et al., 2010; Railkin, 2003). In
return, these fouling communities cause the flow around the
structure to be altered as compared to without fouling, which in
general affect its performances (Heaf, 1979). As a consequence,
marine fouling is a large technical, economic and environmental
problem for almost all activities at sea, receiving an early interest
from oil and gas industries (Houghton, 1978), naval industries
(Woods Hole Oceanographic Institution, 1952), and more recently
aquaculture (Fitridge et al., 2012) and marine renewable energy
industries (Gill, 2005; Langhamer et al., 2009). The consequences
of marine fouling range from issues such as higher fuel costs and
emissions from ships, to lower the fatigue life for offshore struc-
tures or physical blockage of important systems, and by concealing
cracks and corrosion on a structure (Edyvean et al., 1988). Thus,
characterising the hydrodynamics of marine growth is crucial to
understand its effects when designing, installing and operating
offshore structures (El-Reedy, 2014; Engel and Ray, 1985; Iberahin
and Wolfram, 1996). The extent of the problem can be reduced by
using anti-fouling paint or by regularly inspecting and removing
the marine fouling, but this can be both expensive and

environmentally unfriendly. Especially the use of toxic anti-fouling
paints has caused great harm to the environment over the years
(Karlsson et al., 2010; Katranitsas et al., 2003). Gradually, such
paints have been banned from the market, and this has made
surface coating more challenging and costly for the maritime
industry (Banerjee et al., 2011). However, innovative non-toxic
physico-chemical antifouling strategies (Magin et al., 2010) and
antifouling solutions inspired from biological processes (enzyme-
based coatings, see Olsen et al. (2007)) are being developed with
success, offering future solutions to the fouling issue.

Marine growth varies in time and space. The fouling process
starting at a molecular level, micro-communities (bacteria,
microalgae, fungi) and then macro-communities (macroalgae,
invertebrates) later develop at the surface of the structure,
sometime hosting a more complex ecosystem (Langhamer, 2009).
Once fully grown, the fouling community may also vary depending
on the changing hydrodynamic conditions and seasonal variations.
In general, the composition of the community will depend on the
average temperature, turbidity, depth (Iberahin and Wolfram,
1996), distance from the coast, and type of seabed; thus making
marine growth a site-specific process. Finally, the species com-
posing the fouling community mostly depend on larval and spore
dispersion, thus relying on turbulent diffusion processes in the
wake of the structure (Langhamer, 2009).

From an engineering point of view, marine growth has an
impact on the hydrodynamic properties of a structure by
increasing its projected area and the surface roughness (increasing
the drag and inertia coefficients), and this modifies the properties
of the structure by increasing its mass, which in return decreases
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its natural frequency (Shi et al., 2012). Circular cylinders are widely
used as structural members in different types of offshore struc-
tures, and therefore their hydrodynamics has been thoroughly
studied and well documented (Sumer and Fredsøe, 1997; Wil-
liamson, 1996; Zdravkovich, 1997). Investigations on the effects of
surface irregularities on the surface of circular cylinders in steady
currents began in the 1930s, when Fage and Warsap (1930) mea-
sured the drag on circular cylinders with different sand paper
coverings. Later, Achenbach and Heinecke (1981) conducted
similar experiments investigating the vortex shedding. These
types of experiments often focus on hard marine growth, such as
models of mussel colonisation, but fewer studies consider soft
growth due to the difficulty to link artificial yarn properties to
biomechanical properties of soft organisms (Baarholm and
Skaugset, 2008). However, there is an increasing interest of the
aerodynamic science community as poroelastic systems offer an
efficient passive flow control solution (Favier et al., 2009; Gosselin
and de Langre, 2011).

In order to identify and understand the hydrodynamics of the
different types of marine growth, this study highlights the main
effects of hard and soft marine fouling on the wake structure
behind a cylinder using visualisation techniques, and characterises
the variations induced on the bulk forces in low Re number steady
flows (2.16�103oReo1.94�104). This experimental study pro-
vides qualitative information on the flow regime changes on a
single cylinder that occurs at different stages of the fouling
process.

2. Material and methods

2.1. Experimental set-up

Experiments were conducted in the circulating water tunnel
(CWT) at the Department of Marine Technology at the Norwegian
University of Science and Technology (NTNU). The test section is
2.50 m long, 0.61 m wide and 0.54 m deep; while the flume has a
total length of 9.10 m. The incoming free-stream turbulence intensity
is 1% of the mean speed. The set-up consisted of a stiff frame made of
Rexroth tubes fixed to the top of the CWT, on which a force sensor
was mounted (PW4MC3 single point load cell from HBM GmbH). The
cylinder was stiffly attached to the sensor via a connection especially
designed for this purpose, and the other end remained free, 4 cm
above the bottom of the flume (Fig. 1). As the main focus of these
pilot tests was on the fouling effect on of the mean drag forces, a
single load cell was aligned to measure the streamwise forces. At
lower velocities, oscillating forces from vortex shedding were too
small to be registered with this set-up. At higher velocities vortex
induced vibrations occurred, and the standard deviation of the drag
force measurement time series suddenly increased (from σo0.1 N to
σ41.5 N). As the cylinder was only clamped in its upper part, these
vibrations led to a visible movement of the cylinder. In order to make
sure that this process did not bias the observations made, the stan-
dard deviation criterion has been used to discard measurements
where vortex induced vibrations where too large to be assumed
neglectable regarding the cylinders' hydrodynamics. The load cell
was connected to a computer via an A/D converter where the drag
time series were saved. The bulk drag force F was then taken as the
time average of each force time series (3 min at 100 Hz). Velocities
are given in terms of the bulk velocities Ubulk, deduced by dividing
the discharge of the pumps by the wet cross section of the flume.
Bulk drag coefficients CD were defined for each run as CD ¼
F=0:5 ρ LD U2

bulk , where ρ is the density of water (rounded to
1000 kg/m3), D the diameter of the smooth cylinder, and L is the
length of the cylinder in water. Drag forces and drag coefficients are

reported for each of the conditions tested in Fig. 2, and discussed in
Section 3.

2.2. Visualisation technique

Flow visualizations were carried out by inserting fluorescent
dye just upstream of the cylinder and using UV light to reveal the
colours. The dye was inserted at mid-length of the cylinder to
minimize boundary effects (free end and free surface). Video
records were taken with a Canon EOS 5D, having a frame resolu-
tion of 1920�1080 at 23 fps. Single frames were extracted to
document the wake structure. The vortex shedding frequency f
was estimated as half the number of vortex structures advected
downstream divided by the duration of the video record. The
Strouhal number is then calculated as St ¼ fD

Ubulk
. Visualisations of

the different wake developments are reported in Figs. 3–5 for the
different cylinder tested.

2.3. Experimental conditions

Five steel cylinder models with the same dimensions (0.5 m
long, D¼42 mm) were used in the experiments; one smooth
cylinder for reference, and four cylinders covered with different
types of artificial roughness. The cylinders are henceforth referred
to as cylinders 1–5, where cylinder 1 is the smooth reference
cylinder, cylinders 2–4 are the hard roughened cylinders, and
cylinder 5 is coated with an artificial fur made out of synthetic
fibres (42% modacrylic, 42% polyacrylic, 16% polyester), with the
fibres having an approximately equal length of 34 mm (Table 1).
Drag force measurements were carried out for 3 min for each of
the 10 different flow speeds (from 0.058 m/s to 0.526 m/s), the
Reynolds number varying from 2.16�103 to 1.94�104

(Re¼UbulkD=ν, where ν¼1�10�6 m2/s is the kinematic viscosity
of the fluid). The repeatability of these tests has been checked, and
the flow visualisations were realised at a flow speed of 0.21 m/s
only (Re¼7.73�103).

Fig. 1. Test set-up as seen from the side of the tank. Water flowing in the positive x
direction.
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3. Results and discussion

Even though St and CD-coefficients are derived from these
observations, the results of this study remain qualitative as the
facilities and the set-up used does not allow for precise mea-
surements of cylinders' hydrodynamics.

3.1. Smooth cylinder

With Re in the range 2.16�103�1.94�104 for all these
observations, the vortex shedding regime can be qualified as a
shear-layer transition regime for the smooth cylinder, i.e. as part of
the sub-critical regime (Williamson, 1996). As can be seen in Fig. 3
for the cylinder 1, this regime is characterised by a two-
dimensional laminar-like vortex shedding mode together with
fine-scale two- and three-dimensional vortex structures develop-
ing from the shear layer Kevin–Helmholtz instabilities at the sides
of the cylinder (Williamson, 1996). The video records suggest the
presence of a small recirculation region behind the cylinder at
Re¼7.73�103, with a formation length of about one to two
cylinder diameter (see Fig. 3), which is in agreement with previous
investigations (Norberg, 1998; Unal and Rockwell, 1988; Zhou et
al., 2015). For this condition, St for the smooth cylinder is esti-
mated to about 0.19 (Table 1), which is typical of the vortex-
shedding process at this Re (Sumer and Fredsøe, 1997; Unal and
Rockwell, 1988). The value of the bulk CD-coefficient derived from
these tests for the range 2.16�103oReo1.94�104 is CD¼0.9,
which is slightly lower than the value expected for this range
(around 1.1, see Schlichting and Gersten (2000) or Sumer and
Fredsøe (1997)). This discrepancy is expected to come from the
experimental set-up used (free end at the lower part of the
cylinder, bulk velocity and force measurements). However, the
value of CD tends to confirm that these tests are in the shear-layer
transition regime (Williamson, 1996), or sub-critical regime
(Sumer and Fredsøe, 1997).

3.2. Hard roughness

One of the assumption of this study is to represent marine hard
fouling (such as barnacles and mussels) by an equivalent sand
roughness. Although this practice has been reported as
acceptable (Miller, 1976), and is still commonly used (Baarholm
and Skaugset, 2008), the roughness characteristics between sand
grains and barnacle/mussel colonies are obviously different,
potentially affecting the boundary layer at the surface of the
cylinder. In addition, Theophanatos (1988) pointed out that the
parameter k/D might not be the best roughness parameter to
characterise hard marine fouling as other parameters, such as
roughness skewness, distribution, or coverage have been shown to
have a greater influence on cylinders' hydrodynamics. Ameryoun
(2015) recently reviewed these challenges and introduced a sto-
chastic approach to describe the roughness of hard marine fouling
in time and space. However, as the aim of this study is to provide
qualitative information on the evolution of the cylinder hydro-
dynamics during the development of a fouling community (from
small hard roughnesses to fully developed soft fouling), the
representation of hard marine growth by surfaces with sand
roughness can be considered as an appropriate approximation of
hard marine roughness.

Although an increasing roughness at the cylinder’s surface
lowers the critical Reynolds number at which the drag crisis occurs
(sudden decrease of the drag coefficient due to the transition from
laminar to turbulent boundary layer, see Achenbach and Heinecke
(1981)), the range of conditions tested appears to remain below
this critical Re as the bulk CD-coefficients derived for each test
remains relatively constant over the Re-range tested (Fig. 2). From
Table1 and Fig. 2 it can be seen that CD increases from 0.9 to 1.24 as
k/D increases from 0 to 0.07. This confirms that for a transitional
subcritical regime, hard marine growth increases the drag coeffi-
cient, and thus the drag forces. These results are in agreement
with the conclusions of Zhou et al. (2015). In addition, Table 1
highlights the fact that the shedding frequency and the St-number
decrease as the roughness increases; i.e. at Re¼7.73�103 f
decreases from 0.93 Hz to 0.63 Hz, and St decreases from 0.19 to

Fig. 2. Mean drag forces and drag coefficients for each cylinder.
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0.13 as k/D increases from 0 to 0.07 (Adachi, 1997). For this
experimental set-up, this phenomenon delays the appearance of
Vortex Induced Vibrations (VIV), which is confirmed by the fact
that vibrations of the cylinder were not detected for k/D¼0.07 for
the Re-range tested, while VIV were detected for the smooth
cylinder (k/D¼0) for Re41.4�104. Note that the effect of the
roughness on these parameters may be influenced by the type and
the shape of the roughness elements (Achenbach and Heinecke,
1981).

Figs. 3 and 4 indicate that the morphology of the vortex street
at Re¼7.73�103 is very similar for the three roughened cylinders
(cylinders 2–4) compared to the smooth case. However, in addi-
tion to the change of shedding frequency, it can be seen that the
width of the vortex street increases for the roughnesses k/D¼0.01
(Fig. 3, right) and k/D¼0.02 (Fig. 4, left) compared to the smooth
case (Fig. 3, left), while for the rough case (k/D¼0.07, Fig. 4 right) it
decreases compared to the lower roughnesses. Regarding the wake
structure in the vicinity of the cylinder, Zhou et al. (2015) found
that for subcritical Re, the formation length of the recirculation
region behind the cylinder is expected to decrease with increasing
roughness for Reo1.2�104. However, this result as well as the
position of the flow separation on the cylinder wall cannot be
observed from the present video records as the area covered (10D
to 11D downstream) is too large to see the details of the cylinder
and of the recirculation zone.

3.3. Soft/flexible fouling

The soft fouling modelled here by the artificial fur has a dif-
ferent impact on the flow compared to a hard sand roughness as
the interface between the cylinder and the fluid is now a por-
oelastic system, as described by Gosselin and de Langre (2011) and
Favier et al. (2009). Because each single element of the fur adapts
and bends to counteract the near-wall separated flow, the fur
dampens the initiation of the larger scale vortices and elongates
the recirculation region behind the cylinder (Favier et al., 2009).
From Fig. 5 it can be seen that the formation length is about 6–7
cylinder diameters, compared to 1–2 diameters for the smooth
case. The Kevin–Helmoltz instabilities generated on the sides of
the cylinder are more visible and propagate along the elongated
recirculation region behind the cylinder. The vortex shedding
generated by these instabilities is characterised by a much lower
shedding frequency compared to the smooth case (f¼0.44 Hz,
Table1), giving St¼0.09. In addition to stabilise and modify the
shedding process in the wake of the cylinder, the fur increases
dramatically the drag forces on the cylinder, leading to a CD in the
range 2.5–3 (Fig. 2), confirming the findings of Favier et al. (2009).
However this result is to be linked to the fur high density, which
acts as a thick porous media. For some lower yarn densities, one
might expect a drag reduction, as small sparse “hairy” surface can
reduce the shear stress generated at the surface of the cylinder

Fig. 3. Time series of flow visualisation at Re¼7.73�103 for cylinders 1 (left, smooth) and 2 (right, k/D¼0.01).
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compared to the smooth cylinder case (see e.g. the review from
Bechert et al. (1997)). Note that in Fig. 2, the force–velocity curves
for Cylinder 5 have been obtained by first increasing the flow rate
(upper curve), and then decreasing it (lower curve). This hysteresis
reveals the dependence of the yarn position to the previous flow

condition. Due to yarn-to-yarn interactions, extra forces are
required to align the yarns in the flow direction as the flow
increases, while when the flow decreases, the yarns are already
aligned providing a more streamlined surface.

Soft marine fouling can be very diverse with algae going from a
couple of centimetres to the largest kelp species, and including more
diverse forms as biofilms or sea anemones (Ameryoun, 2015). Thus
the fur used in these experiments is a simplified representation of
the structure of such biological assemblages. In natural conditions,
one might expect these assemblages of soft marine fouling to be less
dense (more porous), more flexible and with a greater spatial het-
erogeneity compared to the dense artificial fur tested in this study.
This simplification gives, however, a good example of the potential
impact of soft marine fouling on cylinders' hydrodynamics.

4. Concluding remarks

The current visualisation study confirmed that soft and hard
roughnesses have completely different effects on the cylinder
hydrodynamics. In the subcritical regime, hard roughness enhan-
ces slightly the drag forces on the cylinder; reduces the shedding
frequency; and increases the vortex street width for small
roughnesses, while it decreases again for the largest roughness. On
the other hand, soft fouling interacts strongly with the vortex

Fig. 4. Time series of flow visualisation at Re¼7.73�103 for Cylinders 3 (left, k/D¼0.02) and 4 (right, k/D¼0.07).

Table 1
Main characteristics of the modelled artificial marine growth, vortex shedding
frequency, Strouhal number and drag force coefficient for the five cylinders.

Cylinder no. 1 2 3 4 5
Coating description Smooth

surface
Fine
grained
sand

Medium
grained
sand

Coarse
sand

Artificial fur

Mean grain size (μm) 0 427.5 900 3000 –

Relative roughness k/D 0 0.01 0.02 0.07 –

Mean yarn length
(mm)

– – – – 34

Mean yarn diameter
(mm)

– – – – 0.02

Yarn density (per cm2) – – – – �400
f (Hz) at Re¼7.73�103 0.93 0.77 0.73 0.63 0.44
St at Re¼7.73�103 0.19 0.15 0.15 0.13 0.09
CD for
2�103oReo2�104

0.9 1.06 1.12 1.24 2.7a

a Varying from 2.5 to 3 due to different yarn alignments in the flow.
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shedding processes by stabilising the cylinder wake. As a result,
the length of the recirculation region behind the cylinder increases
about 5 times, and the shedding frequency is reduced significantly.
This is of major importance for both industrial and ecological
considerations. By stabilising the wake, soft marine fouling
modifies the conditions of occurrence of VIV, and is recognized as
a passive separation control solution in different aerodynamic
applications (Favier et al., 2009). Furthermore, by creating an
extended recirculation zone behind the cylinder, soft marine
fouling increases the mixing processes in the vicinity of the
cylinder, which is the key to successful reproduction and spore
dispersion for many marine (benthic) species, and shelter pelagic
species (Langhamer, 2009). In terms of impacts of the marine

fouling on the cylinder hydrodynamics, this study highlights the
changes involved with a developing fouling community, going
from small hard roughnesses to fully developed soft fouling.
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Not all Laminaria digitata are the same! Phenotypic plasticity and the
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Environment and Earth Sciences, University of Hull, Hull, United Kingdom, (3) Faculty of Engineering Science and
Technology, Norwegian University of Science and Technology (NTNU), Trondheim, Norway, (4) Leibniz Universität
Hannover, Forschungszentrum Küste, Hannover, Germany, (5) Institut de Mecanique des Fluides, UMR CNRS/INP-UPS
5502, Toulouse, France, (6) GeoEcoMar, Dimitrie Onciul Nr.23-25, Bucureşti, Romania

Whilst early physical modelling and theoretical studies of the interactions between vegetation and flowing water
employed rigid structures such as wooden dowels, recent studies have progressed to flexible surrogate plants.
However, even appropriately-scaled flexible surrogates fail to capture the variability in thallus morphology,
flexibility and strength, both within and between individuals, and frontal or planform area over space and
time. Furthermore, although there have been a number of field studies, measurements of hydraulic variables
have generally been limited to time-averaged at-a-point measurements that aim to approximate the depth-mean
velocity. This is problematic because in spatially heterogeneous flows, point measurements are dependent upon
the sampling location. Herein, we describe research carried out by the participants in the PISCES work package
of the HYDRALAB IV project that sought to address these limitations and assess the level of complexity needed
to adequately reproduce the hydrodynamics of the natural system in physical models.

We selected an 11 m long × 6 m wide region of a tidal inlet, the Hopavågen Bay, Sør-Trøndelag, Norway,
that contained 19 Laminaria digitata thalli and 101 other macroalgae thalli. Two L. digitata specimens ∼0.50 m
apart were selected for detailed study and a 2 m long × 8 m wide frame was oriented around them by enforcing
zero cross-stream discharge at its upstream edge. We then quantified: 1. the mean and turbulent flow field of the
undisturbed condition (Case A); 2. the positions, geometrical and biomechanical properties of the macroalgae;
and 3. the mean and turbulent flow field after the macroalgae were completely removed (Case B). Later, Case A
was replicated in the same location (±0.025 m) before the 19 L. digitata thalli were replaced with 19 “optimized”
surrogates (Case C). These three cases were then repeated in the Total Environment Simulator at the University of
Hull, UK. Live macroalgae thalli could not be transported from Norway to the UK, so we used the same species
of live macroalgae harvested from a wave-dominated coast in the UK. These algae exhibited longer, narrower and
more flexible blades. The same surrogate plants were used in both the field and flume experiments. In all cases, a
profiling ADV was used to collect 45 velocity profiles composed of up to seven 35 mm-high profiles collected for
240 s at 100 Hz, at a streamwise spacing of 0.25 m and cross-stream spacing of 0.20 m.

The results show that the live macroalgae in the flume simulation exerted less influence on the flow field
than the live macroalgae at the field site. In contrast, the “optimized” surrogate macroalgae behaved similarly
to the live algae at the field site and yielded similar mean and turbulent velocity fields as our prototype live
macroalgae. This emphasizes both the importance of phenotypic plasticity and the importance of selecting
surrogates that adequately represent the mean characteristics of the species of interest.
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An integrated, multi-sensing approach to describe the dynamic relations
between turbulence, fluid-forces, and reconfiguration of a submerged
plant model in steady flows.
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(1) Dept. of Marine Technology, Norwegian University of Science and Technology (NTNU), Trondheim, Norway
(pierre-yves.henry@ntnu.no), (2) Dept. of Hydraulic and Environmental Engineering, Norwegian University of Science and
Technology (NTNU), Trondheim, Norway, (3) Deltares, Rotterdamseweg 185, Delft, The Netherlands

Aquatic vegetation plays a vital role in ecohydrological systems regulating many physical, chemical, and
biological processes across a wide range of spatial and temporal scales. As a consequence, plant-flow interactions
are of particular interest to a wide range of disciplines. While early studies of the interactions between vegetation
and flowing water employed simplified and non-flexible structures such as rigid cylinders, recent studies have
included flexible plants to identify the main characteristics of the hydrodynamics of vegetated flows. However,
the description of plant reconfiguration has often been based on a static approach, i.e. considering the plant’s
deformation under a static load and neglecting turbulent fluctuations. Correlations between drag fluctuations, plant
movements, and upstream turbulence were recently established showing that shear layer turbulence at the surface
of the different plant elements (such as blades or stems) can contribute significantly to the dynamic behaviour of
the plant. However, the relations between plant movement and force fluctuations might change under varying flow
velocities, and although this point is crucial for mixing processes and plant dislodgement by fatigue, these aspects
of fluid-structure interactions applied to aquatic vegetation remain largely unexplored.

Using an innovative combination of sensing techniques in one set of experiments, this study investigates
the relations between turbulence, fluctuating fluid forces and movements of a flexible cylindrical plant surrogate.
A silicone-based flexible cylinder was attached at the bottom of a 1m wide flume in fully-developed uniform flow.
The lower 22 cm of the plant surrogate were made of plain flexible silicone, while the higher 13cm included a
casted rigid sensor, measuring accelerations at the tip of the surrogate. Forces were sampled at high frequencies
at the surrogate’s base by a 6-degrees-of-freedom force/torque sensor measuring down to the gram-force. Point
measurements of turbulence were realized by two ADVs which were located upstream and downstream of the
surrogate. Detailed motions of the surrogate were recorded by two cameras above and next to the flume. Image
processing allowed for the characterization of the mean deformation and the different modes of horizontal and
vertical ‘vibration’ of the surrogate.

The experimental results were compared to numerical simulations obtained from an updated version of the
Dynveg code developed by Deltares. The results showed a clear correlation between the cylinder’s movements and
the (drag) force fluctuations. Due to the swaying motion of the surrogate, the turbulence spectrum is significantly
affected when the flow passes the plant model. The succession of several motion modes are observed as the
velocity increases, affecting the dominant frequencies in the drag force spectrum and the overall drag. These
preliminary results emphasise the importance of the dynamics of the plant flow interactions, and provide an
example of the use of new methodologies to provide deeper insights into the physics of complex flows.
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