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SUMMARY
Riparian forests in front of levees can dampen incoming waves and reduce erosion,
thereby decreasing the risk of flooding. This makes them a sustainable addition to
stand-alone dikes, potentially decreasing the overall costs for future dike reinforce-
ment measures. However, there are currently no guidelines for the design, monitor-
ing, and maintenance of dike-forest combinations as significant uncertainties remain.
For instance, most studies on the effectiveness of forests in attenuating waves fo-
cus on mild wave climates or rely on scaled tests using simplified tree mimics. As
a result, prototype-scale studies on wave damping by forests under extreme condi-
tions—essential for design and assessment purposes—are lacking.

This thesis investigated wave damping by riparian forests, with a specific focus on
pollard willow trees, which are commonly found along the riverbanks in the Nether-
lands and other parts of Europe. The primary aim was to reduce the uncertainties as-
sociated with the application of forest-dike combinations. The foundation and source
of innovation for this thesis is the data from real-scale flume tests (van Wesenbeeck et

al., 2022), conducted on a 40-m-long live pollard willow forest, subjected to signifi-
cant wave heights up to 1.5 metres (Appendix A). The analysis of these tests revealed
several important areas for further investigation.
First, the vertical frontal-surface area (Av) distribution of leafless trees should be mea-
sured in detail (Chapter 2), as leaves were found to minimally affect wave damping.
Second, flume studies at various scaled often form the basis of calibration and vali-
dation of analytical, numerical and empirical wave-vegetation models, however, the
extent to which small-scale tests accurately represent wave-vegetation interaction at
real scale remains unknown. The data from the real-scale tests made it possible to
design scaled tests (with 3D-printed tree mimics) and compare the results between
both scales (Chapter 3). Lastly, during real-scale tests, the live tree branches were
observed to sway by nearly 180 degrees under the highest water levels and wave
conditions, highlighting the importance of and need for further research into branch
flexibility (Chapter 4).

IX



X SUMMARY

Numerical models of vegetation largely underestimate the vegetation surface by
assuming that vegetation consists of only stems and a single branch order and by ne-
glecting tapering of branches. In Chapter 2, we investigate methods to obtain accurate
Av distributions over the height of live willow trees. One method used a combination
of manual measurements and tree allometry relations to create tree models (resulting
in a detailed representation of Av). This method was compared to the results of a
relatively more practical method: Terrestrial Laser Scanning. The findings showed a
large variation of (calibrated) bulk drag coefficients between measuring methods and
highlight the importance of reliable frontal-surface area estimations and consequently
for reliable wave attenuation predictions.

Until now, no prior studies have compared real-scale and scaled tests with woody
vegetation. We therefore conducted scaled tests with complex 3D-printed willow
tree mimics to explore scale effects in scaled tests with vegetation (Chapter 3). The
maximum measured wave damping (30%) was shown to be roughly 1.5 times higher
than the real-scale tests (20%) for water levels just above the knot of the trees. The
amount of wave height damping decreased for larger water levels, following the same
trend as that of the real-scale tests. The largest effects were attributed to increased
viscous damping (due to smaller branch Reynolds numbers), and non-exact flexibil-
ity scaling. These notable deviations illustrate that real-scale tests, though expensive,
may still be needed to validate the results of scaled tests for woody vegetation. Al-
ternatively, accounting for these discrepancies can increase the reliability of scaled
tests for wave damping studies on woody vegetation and reduce the need for more
expensive real-scale tests.

Additionally, scaled tests with flexible conical shapes were conducted to study the
effects of flexibility on wave damping in greater detail (Chapter 4). The first-mode
cone deflection was determined at ≈ 0.7 times the length of the cone to avoid higher-
order modes in the measurements. The findings showed that cone deflections greater
than 5° had a large spread in force reduction and resulted in a significant decrease in
measured forces of up to 50% compared to their rigid counterparts. This work demon-
strated that the effective length principle, which has already been successfully applied
to grassy vegetation such as salt marshes and seagrass, is a promising dimensionless
parameter for predicting force reduction in conical shapes–and could potentially be
extended to tree canopies.

Lastly, the experimental data was used as input for analytical wave damping mod-
els, which allowed us to discuss the opportunities for riparian forest-dike solutions
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in the Netherlands (Chapter 5). The outcome of our probabilistic study suggested
that pollard forests in front of existing dikes offered the greatest benefit in mitigat-
ing failure caused by the erosion of grass on the outer-slope of the dike due to wave
impact. We also discussed that the height of the trunk, which determines the loca-
tion of the knot—where the frontal surface area, and consequently wave damping, are
greatest—can serve as a key design parameter for forest-dike systems.

The thesis offers an overview of key parameters and their associated uncertain-
ties, contributing to the ongoing integration of (riparian) forests into dike design and
assessment methodologies.





SAMENVATTING
Rivierbossen voor dijken kunnen inkomende golven dempen en erosie verminderen,
waardoor het overstromingsrisico afneemt. Dit maakt ze een duurzame aanvulling
op tranditionele dijken, met mogelijk lagere kosten voor toekomstige dijkverster-
kingsmaatregelen. Er zijn echter momenteel geen richtlijnen voor het ontwerp, de
monitoring en het onderhoud van dijk-boscombinaties, omdat er nog aanzienlijke on-
zekerheden zijn. Bijvoorbeeld, de meeste studies naar de effectiviteit van bossen bij
het dempen van golven richten zich op milde golfklimaten of maken gebruik van ge-
schaalde testen met vereenvoudigde boom replicas. Hierdoor ontbreken studies op
prototypeschaal naar golvendemping door bossen onder extreme omstandigheden–
essentieel voor ontwerp–en beoordelingsdoeleinden.

In deze dissertatie is onderzocht hoe oeverbossen golven dempen, met specifieke
aandacht voor knotwilgen, die veel voorkomen langs de rivieren in Nederland en
andere delen van Europa. Het primaire doel was om de onzekerheden rondom de
toepassing van dijk-boscombinaties te verminderen. De basis en bron van innova-
tie voor dit proefschrift is data van grootschalige testen, uitgevoerd op een 40 meter
lang levend knotwilgenbos, blootgesteld aan significante golfhoogtes tot 1,5 meter
(Appendix A). Analyse van deze testen bracht verschillende belangrijke onderzoeks-
vragen naar voren.
Ten eerste zou de verticale frontale-oppervlakte (Av) van bladloze bomen in detail
gemeten moeten worden (Hoofdstuk 2), aangezien bladeren een minimale invloed
hadden op de golfdemping. Ten tweede vormen goottesten op verschillende schalen
vaak de basis voor de kalibratie en validatie van analytische, numerieke en empiri-
sche golf-vegetatiemodellen, maar de mate waarin kleinschalige testen interactie tus-
sen golven en vegetatie op ware schaal correct weergeven, blijft onbekend. De data
van de grootschalige experimenten maakte het mogelijk om geschaalde experimenten
(met 3D-geprinte boom replicas) te ontwerpen en de resultaten tussen beide schalen
te vergelijken (Hoofdstuk 3). Ten slotte werden tijdens de grootschalige experimen-
ten levende boomtakken waargenomen die tot bijna 180 graden bewogen onder de
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hoogste waterstanden en golfomstandigheden, wat het belang en de noodzaak bena-
drukt van verder onderzoek naar het effect van de flexibiliteit van de takken op de
golfdemping (Hoofdstuk 4).

Numerieke vegetatiemodellen onderschatten vaak het vegetatieoppervlak door aan
te nemen dat vegetatie alleen uit stammen en één takorde bestaat en de vernauwing in
de diameter van de takken te negeren. In Hoofdstuk 2 onderzoeken we methoden om
nauwkeurige Av-verdelingen over de hoogte van levende knotwilgen te verkrijgen.
Eén methode combineerde handmatige metingen en boom-allometrische relaties om
boommodellen te creëren (resulterend in een gedetailleerde weergave van Av). Deze
methode werd vergeleken met de resultaten van een relatief praktischere methode:
Terrestrische Laser Scanning. De bevindingen toonden een grote variatie in (ge-
kalibreerde) bulkweerstandscoëfficiënten tussen meetmethoden en benadrukken het
belang van betrouwbare schattingen van de frontale-oppervlakte, en daarmee voor
betrouwbare voorspellingen van golfdemping.

Tot nu toe hebben eerdere studies geen grootschalige en geschaalde experimenten
met houtachtige vegetatie vergeleken. Daarom voerden we geschaalde experimenten
uit met complexe 3D-geprinte knotwilgenmodellen om schaaleffecten te onderzoe-
ken (Hoofdstuk 3). De maximale gemeten golfdemping (30%) was ongeveer 1,5 keer
hoger dan bij de grootschalige testen (20%) bij waterstanden net boven de knot van
de bomen. De hoeveelheid golvendemping nam af bij grotere waterstanden, volgend
dezelfde trend als die van de grootschalige testen. De grootste effecten werden toe-
geschreven aan verhoogde viskeuze demping (door kleinere tak-Reynolds-getallen)
en niet-exacte schaalverhoudingen in flexibiliteit. Deze afwijkingen illustreren dat
grootschalige experimenten, hoewel duur, mogelijk nog steeds nodig zijn om de re-
sultaten van geschaalde experimenten met houtachtige vegetatie te valideren. Alter-
natief kan het corrigeren voor deze discrepanties de betrouwbaarheid van geschaalde
experimenten voor studies naar golvendemping door houtachtige vegetatie verhogen
en de noodzaak voor duurdere grootschalige experimenten verminderen.

Bovendien zijn geschaalde experimenten met flexibele conische vormen uitge-
voerd om de effecten van flexibiliteit op golvendemping in meer detail te bestuderen
(Hoofdstuk 4). De eerste-mode kegeldeflectie werd bepaald op ≈ 0,7 keer de lengte
van de kegel om hogere-orde modi in de metingen te vermijden. De bevindingen
toonden aan dat kegeldeflecties groter dan 5° een grote spreiding hadden in kracht-
reductie en resulteerden in een significante afname van gemeten krachten tot 50% in
vergelijking met hun rigide equivalent. Dit onderzoek toonde aan dat het effectieve



XV

lengteprincipe, dat al succesvol is toegepast op grasachtige vegetatie zoals kwelders
en zeegras, een veelbelovende dimensieloze parameter is voor het voorspellen van
krachtreductie in conische vormen—en mogelijk kan worden uitgebreid naar boom-
kruinen.

Ten slotte zijn de experimentele data gebruikt als input voor analytische golven-
dempingsmodellen, waarmee we de mogelijkheden voor oeverbos-dijkoplossingen
in Nederland hebben besproken (Hoofdstuk 5). Het resultaat van onze probabilisti-
sche studie suggereerde dat knotwilgbossen voor bestaande dijken het grootste voor-
deel boden bij het beperken van falen door erosie van gras op de buitentalud van de
dijk door impact van de golven. We hebben ook besproken dat de hoogte van de
stam, die de locatie van de knot bepaalt–waar de frontale oppervlakte en daarmee
de golvendemping het grootst zijn–als een belangrijke ontwerpparameter voor dijk-
bossystemen kan dienen.

Deze dissertatie biedt een overzicht van sleutelparameters en hun bijbehorende on-
zekerheden en draagt bij aan de voortdurende integratie van (oever)bossen in dijkontwerp-
en beoordelingsmethodologieën.
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4 1. INTRODUCTION

1.1. Forest-Dike interventions for Flood Safety

C limate change affects us on a global scale, in the form of rising temperatures,
more intense storms, prolonged droughts, heavier rainfall, and accelerated sea

level rise (IPCC, 2022). As most of the world’s urbanisation occurs in coastal re-
gions, hundreds of millions of people are foreseen to be impacted, primarily through
increased flooding (Wong et al., 2013). Human activities increase the vulnerability of
coastal and riverine environments to these threats, particularly through actions such
as large-scale deforestation and upstream damming of rivers. This can, for instance,
lead to land subsidence, increasing the risk of floods and causing harm to surrounding
ecosystems (Syvitski et al., 2009; van Wesenbeeck et al., 2014). Consequently, today
these systems face the challenge of protecting more vulnerable hinterlands, where the
risk of flooding increases by both exacerbated natural and human-induced factors.

Conventional flood protection mainly uses ‘hard measures’, such as dikes and
dams, which can disrupt sediment fluxes, can negatively impact ecosystems, and often
require frequent dike reinforcement. Awareness of the anthropogenic origin of these
environmental challenges has led to climate policies with mitigation and adaptation
to climate change as the main objectives. These objectives are followed by many
organisations that are exploring new approaches to combat climate change. Flood
protection is a good example of a field in need of more attention and could offer the
possibility of implementing more sustainable solutions than those used in the past.

Nature-based flood defences, in particular dike-vegetation combinations, can at-
tenuate waves, decrease storm surges, and increase sedimentation. It is also found
that vegetation provides resilience against sea level rise, if there is sufficient sed-
iment supply (Fu et al., 2019) and accommodation space (Schuerch et al., 2018).
This can make Nature-inclusive solutions (often referred to Nature-based Solutions,
NbS) more adaptive and cost-effective than conventional flood protection methods.
In addition to flood safety benefits, NbS provides several other ecosystem services.
Well-known examples are creating breading areas, increasing biodiversity, providing
shelter for species (Rog et al., 2017) and functioning as carbon sinks (Chen et al.,

2015). Although the role of wetlands has been underestimated in the past, there is a
growing recognition worldwide of their importance as low-impact multipurpose al-
ternatives to conventional flood defences (IPCC, 2022).

The widely known types of vegetation found in front of flood defences can be
aquatic plants (e.g., sea grass), salt marshes, and woody vegetation such as man-
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groves and willow trees. Mangroves are highly salt-tolerant plants and are present
in coastal ecosystems in the tropics and subtropics. The areas with the most com-
mon mangrove genus Rhizophora and Avicennia, are shown in Figure 1.1. In fresh
water habitats, the Salicaceae family, with two living genera namely Salix (willows)
and Populus (poplars) (Taylor, 2009), is preeminent along floodplains in the northern
temperate zone (Karrenberg et al., 2002). The locations of Salix Alba (a species in
the genera Salix) are shown in Figure 1.1. These are deciduous trees and can have
various tree geometries, depending on pruning practices (see Figure 1.2A). Cypress
and Tupelo forests (e.g., Nainar et al., 2021) are other examples of freshwater forest
ecosystems that can contribute to the safety against flooding.

Unfortunately, the outcome of most wave damping studies through vegetation is
site-specific and generally leads to wave damping predictions with large uncertainty.
As a consequence, usually high safety factors and therefore high costs are associated
with these solutions. An example of where a willow forest is already applied as part
of the flood protection system in a riverine area in the Netherlands is the Noordwaard
(see Figure 1.3). Still, the majority of riparian forests are not yet included as part of
the flood protection system (e.g., see Figure 1.2B).
The design of ’hard’ structures, such as a breakwater with distinct armour units or un-
usual slopes, requires additional testing prior to implementation. This is also the case
for forest-dike interventions. Hence, a generalised formulation is needed for a more
accurate quantification of these phenomena to promote the presence of vegetation in
our flood protection policies and designs.

1.2. Challenges for wave modelling through
vegetation

Several studies have been conducted on wave damping through vegetation fields;
however, there is a wide spread in the findings. Predictions of wave attenuation
through vegetation fields require understanding of wave-vegetation interactions, which
depend on both vegetation and hydrodynamic parameters. The amount of wave dissi-
pation through vegetation fields is expressed as the amount of work done by the waves
on vegetation (Suzuki, 2011). The effects of vegetation on the incoming wave energy
are in most cases predicted with a formulation of Dalrymple et al. (1984), which is
extended by Mendez and Losada (2004). This analytical model uses a parametrisa-
tion of the drag force using a bulk drag coefficient CD (Mendez and Losada, 2004).
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Figure 1.1.: Global occurrence of mangroves (Rhizophora and Avicennia) and willow
trees (Salix Alba) (Data from: gbif.org)

Figure 1.2.: A: An example of a mechanically pruned, manually pruned (also known
as pollard willow), and natural willow tree of the species Salix Alba; B:
Riparian forest partly submerged in front of a dike in the Netherlands,
however, not yet accounted for in the flood safety assessment (source:
Waterschap Drents Overijsselse Delta)

The bulk drag coefficient is usually fitted to experimental results and also accounts for
physical processes which are undefined in the formula, such as changes in velocity
profiles inside canopies and flexibility of branches, which makes this coefficient de-
pendent on many parameters and hence difficult to predict. Several studies have been
conducted on salt marshes ( Mullarney and Henderson, 2010; Maza et al., 2015; Vuik,

2019) and aquatic vegetation (Luhar and Nepf, 2011; Gijón Mancheño, 2016). How-
ever, due to the lack of a generic practical formulation, it is not straightforward how
to extend the results of these tests to woody vegetation.
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The following knowledge gaps are identified to progress towards a generic practi-
cal formulation for wave damping through woody vegetation:

Performance under storm conditions - Data on wave damping by vegetation are
mostly gathered from scaled flume tests (e.g., Maza et al., 2019), field measuring
campaigns (e.g., Vuik, 2019), or large-scale tests with salt marshes (Möller et al.,

2014). Most field measurement campaigns showed promising wave attenuation rates
by mangroves (Mazda et al., 2006; Quartel et al., 2007); however, these often do not
cover extreme conditions. Furthermore, relevant assessments have been made on the
breakage of the stems of salt marshes under storm conditions (Vuik, 2019), but are
lacking for woody vegetation. Thus, there is a lack of data on wave damping perfor-
mance and on the breakage of woody vegetation under storm conditions.

Geometric complexity - Oscillatory flow through an array of rigid cylinders de-
pends on the cylinder spacing, density, stroke of motion of the waves, and other flow
conditions (Suzuki, 2011). As woody riparian vegetation has a complex tree geome-
try, the hydrodynamics within these structures is difficult to capture and predict. The
geometric complexity of woody vegetation can also lead to inadequate capture of the
vegetation structure and to discrepancies in the drag coefficient values. Usually, in
field measurements, the structure of plants is simplified and can be a reason for the
high scattering of the results. Furthermore, the large variations in space and time
of vegetation characteristics make quantifying vegetation parameters more difficult.
Measurement methods to identify the plant characteristics, especially frontal-surface
area, and how the used method affects the wave damping results, have not yet been

Figure 1.3.: Willow forest in the Noordwaard, the Netherlands (Photo Credit: Rob-
bert de Koning, Jeroen Bosch). At high water in the river the retention
area at the foreground floods, and the forest (green arrow) protects the
grass-covered dike (white arrow) against wave attack.
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investigated for woody vegetation.

Possible model and scale effects - Most wave damping studies use data from
laboratory experiments. Laboratory studies have the advantage of testing under con-
trolled hydraulic conditions and can be performed at different scales depending on
the flume size. Large-scale or full-scale tests are relatively expensive compared to
(small) scaled experiments, while scaled experiments are limited by the dimensions
of the flume. Furthermore, scaled experiments generally use stiff cylinders (Hu et

al., 2014) and scaled-down woody vegetation mimics. This can lead to limitations
in reproducing the physics behind wave-vegetation interactions because, for instance,
there is an inadequate resemblance to the mechanical behaviour of woody vegeta-
tion under wave loads. Furthermore, scaling down woody vegetation is a multiscale
problem (i.e., water depths of metres, vegetation stems of decimetres, and branches
of centimetres to millimetres), which poses another challenge. Thus, data from con-
trolled laboratory scaled experiments are prone to scaling or model errors (Heller,

2011), and comparisons with real-scale tests are lacking for woody vegetation.

Flexibility effects - Flexibility is shown to be an important parameter for predict-
ing wave attenuation over aquatic vegetation, such as sea-grass and kelp (e.g., Luhar

and Nepf, 2011; van Veelen et al., 2020). Several studies focused on the flexibility of
a single stem (Luhar and Nepf, 2016) or in sea-grass meadows (Lei and Nepf, 2019),
which showed that flexible vegetation introduces less wave damping compared to
less flexible vegetation. In the case of woody vegetation, evidence is lacking on the
role of flexibility of woody vegetation in oscillatory flow. This is especially the case
for the canopy that consists of varying branches and side-branches that taper in di-
ameter. A smaller diameter corresponds to a lower rigidity (higher flexibility). As
mentioned previously, the drag coefficient is indirectly accounting for all processes;
the quantification of which is still unknown, including the unaccounted processes due
to vegetation motion.

This thesis will address the identified knowledge gaps and offer insights that will
support the development of guidelines for integrating vegetation into flood protec-
tion systems. For these approaches to be incorporated into Dutch flood protection
standards, it is crucial to first reduce the uncertainties associated with vegetation-dike
solutions (Het Expertise Netwerk Waterkeren, 2007).
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1.3. Research Questions
The focus of this research lies in wave transformation and wave dissipation through
woody vegetation in oscillatory flow. The role of the flexibility of woody branches
and its effect on wave damping is an important aspect. The following research ques-
tion is formulated:

How can uncertainties in wave predictions through woody vegetation be limited?

This study has the following sub-questions:

i) How much wave damping through forests can we expect under storm condi-
tions?

ii) How can we obtain reliable vegetation input for current wave damping formu-
las?

iii) What is the potential magnitude of scale or model errors when conducting
scaled experiments with woody vegetation?

iv) How can the flexibility effect of woody vegetation be implemented in current
wave damping models?

1.4. Research Approach and Report Outline
The sub-questions presented in Section 1.3 will be answered by means of evidence
from physical experiments at two scales, namely real-scale (1:1) and 1:10 scaled ex-
periments. This will be used to suggest input values or adjustments for our current
analytical expressions to predict wave damping through woody vegetation. This is
depicted in Figure 1.4, showing the body of the thesis and the input flows with the
arrows between the chapters.

Appendix A - Wave damping under storm conditions
This Appendix shows the real-scale flume experiments with a 40-m-long forest (i.e.,
32 live pollard willow trees, species Salix Alba) conducted in the Delta flume in the
Netherlands. The tests included two water depths at the location of the trees, signifi-
cant wave heights of up to 1.5 metres, and peak wave periods of up to 7 seconds. The
wave damping obtained from different vegetation configurations, namely the 100%
canopy density with leaves and without leaves, and the 50% canopy density without
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Figure 1.4.: Schematic overview of research methodology and report outline.

leaves, are presented.

Chapter 2 - Vegetation frontal-surface area
In this chapter we show different methods for quantifying the tree’s frontal-surface
area distribution along the vertical. The real-scale experimental tests with live woody
vegetation (Salix Alba) under storm conditions, introduced in the previous chapter,
are further analysed. These methods are compared in terms of practicality and their
effect on wave dissipation by considering the resulting drag coefficient. The proposed
method, which relies on species-specific allometric relationships, is used to develop
tree model mimics for scaled experiments in the next chapter. In addition, the tree
model’s result is further explored in Chapter 5, where the integration of vegetation
into flood safety assessments is discussed.

Chapter 3 - Possible scale and model errors
Scaled experiments (1:10 scale) using 3D-printed realistic tree mimics are presented.
These tests mimic the real-scale tests (described in Chapter 2). Finally, by comparing
the tree motion and wave damping at both scales, scale and model effects are identi-
fied, which will allow for ways to account for them.

Chapter 4 - Flexibility effects
The effect of the flexibility of the woody branches on the amount of wave damping



1.4. RESEARCH APPROACH AND REPORT OUTLINE

1

11

will be the focus of this chapter. We simplified the branch geometry to conical shapes
with varying flexibility, and conducted scaled flume tests under regular waves. The
experimental results can be used in a (quasi-static) model for predicting the cone mo-
tion, the corresponding forces, and thereby the wave damping from the simplified
objects.

Chapter 5 - Discussion towards Application
We will reflect on this research by considering the applicability of woody vegetation
in the Netherlands. The influence of pollard willows on the failure probability for
wave impact on grass erosion is determined for a location in the Netherlands, in-
cluding the influence of flexibility. Moreover, locations where at present sufficient
vegetation might be available that can be taken into account for flood safety are iden-
tified.

Chapter 6 - Conclusions & Recommendations
The thesis ends with an overview of the conclusions and recommendations derived
from the preceding chapters.

1.4.1. Research Project: WOODY
This dissertation is part of the project WOODY, which studies full-scale hydraulic
and ecological optimisation of a dike-forest combination. The project is a sequel of
the Woodsversuswaves project on real-scale flume tests with live trees. The WOODY
project consists of 3 work packages (WP). WP1 is about modelling wave damping
through forests, which is discussed in this thesis; WP2 is focused on ecology and
whether dike-forest combinations support nature goals, by Corrine van Starrenburg,
and WP3 which is on failure mechanisms of forests and creating guidelines for dike-
forest combinations, by Alejandra Gijon. All WOODY data can be found in the
4TU repository. This project is financed by the Dutch Research Council (NWO)
through the Open Technology Program, number 17194. This project is supported by
Rijkswaterstaat, NIOZ, Deltares, Waterschap Drents Overijsselse Delta, Van Oord,
Boskalis, and the World Wildlife Fund.

https://data.4tu.nl/search?institutions=28586&searchscope=title&search=woody
https://data.4tu.nl/search?institutions=28586&searchscope=title&search=woody
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2.1. Introduction
Current flood protection systems are under pressure due to climate change, in the form
of more intense and frequent storms, heavier rainfall, and accelerated sea level rise
(Oppenheimer et al., 2019). Dikes will need to be made higher and stronger to keep
up with changing climate, which will increase costs (Jonkman et al., 2013). Because
of this, the interest in more cost-effective solutions has grown in recent years for both
coasts and rivers. Using vegetation in front of dikes has attracted a lot of attention
for its contribution to flood safety, as it adapts to rising sea levels, promotes sedi-
mentation and is able to attenuate incoming waves (van Wesenbeeck et al., 2013). In
addition to flood safety benefits, these so-called eco-engineering solutions or hybrid
flood defences provide several ecological benefits, such as increasing biodiversity by
providing nursery habitat for fish and breeding areas for birds (Rog et al., 2017).

Many studies were conducted on wave attenuation (oscillatory flow) through vege-
tation fields, such as kelp (Mendez and Losada, 2004), salt marshes (Vuik, 2019) and
mangroves (Mazda et al., 2006; Quartel et al., 2007). Two processes that lead to wave
energy damping through vegetation are wave breaking and wave-vegetation interac-
tions (Vo-Luong and Massel, 2008). Both vegetation characteristics (such as veg-
etation density, geometry and height) and hydrodynamic conditions (such as wave-
current interactions, wave orbital velocity, and wave period (Hu et al., 2014) influence
these processes. The hydrodynamics around one rigid cylinder and an array of rigid
cylinders is relatively well understood under oscillatory flow, and is commonly used
to mimic the presence of vegetation fields in physical and numerical models. These
models use a simplified description of tree structures containing a single diameter
and density of branches. Woody vegetation, such as mangroves in tropical regions
and willow trees in temperate regions, has complex structures (i.e., varying branch
densities, diameters, and angles). These structures not only make it difficult to cap-
ture the hydrodynamics, but also the vegetation parameters (such as frontal-surface
area), which is needed to estimate the wave attenuation. This, along with spatial and
seasonal variations of the vegetation, can lead to inadequate estimates of vegetation
parameters. Usually, the structure of plants is simplified (e.g., rigid cylinders with a
certain diameter and density) in analysis of field measurements and is assumed to be
constant in space or roughly divided into coarse layers (Suzuki, 2011). These sim-
plifications affect the wave attenuation from numerical or physical models, which in
turn can be one of the reasons for the wide range of CD values found in literature
(e.g., Wu and Cox, 2015; He et al., 2019). To gain more insight into the dissipation
of wave energy through woody vegetation fields, it is necessary to have reliable es-
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timates of the relevant vegetation parameters and accurate ways of measuring them.
We hypothesise that current methods of representing vegetation (illustrated in Figure
2.1) are overly simplified and that more thorough vegetation quantification including
diameter tapering and branch angles will improve model predictions of vegetation
and wave reduction.

The purpose of this study is to compare different methods for quantifying the
frontal-surface area of woody vegetation and to present their effect on wave damp-
ing predictions. We used data from large-scale flume experiments with live willow
trees under storm conditions, where significant wave heights, Hm0, up to 1.5 m were
tested (van Wesenbeeck et al., 2022). During these physical experiments, both man-
ual measuring techniques and Terrestrial laser scanning (TLS) were performed; these
are described in Section 2.3. The frontal-surface area estimation from the TLS data is
compared to tree models (i.e., simplified representations of the tree structure). These
tree models are developed by combining manual measurements and allometric rela-
tions, which are also included in Section 2.3. Afterwards, we used SWAN to calcu-
late the wave damping corresponding to the different tree models and the TLS output.
These results are compared to the wave damping measured from large-scale exper-
iments in Section 2.4. Finally, methods for quantifying the frontal-surface area of
vegetation, and recommendations for further research are suggested in Section 2.5.

2.2. Theoretical Background
2.2.1. Wave attenuation by vegetation

Many studies predicted the wave attenuation by vegetation using an increased bottom
friction coefficient (e.g., Hasselmann and Collins, 1968; Quartel et al., 2007), while
other studies (e.g., Dalrymple et al., 1984; Kobayashi et al., 1993) represented the
vegetation as an array of cylinders, considering the wave forcing on these structures.
The latter approach (i.e., cylinder approach) relates the wave attenuation to the plant
geometry (i.e., the vegetation height, diameter, and density), which is preferred over
the former. Studies such as Dalrymple et al. (1984) used the time-averaged energy
conservation equation. Here, the wave energy dissipation by vegetation, εv, is due to
the work done by the waves on the vegetation, integrated over the submerged vege-
tation height. The time-averaged rate of wave energy dissipation per unit horizontal
area becomes:

∂

∂x

(1
8

ρwgH2cg

)
= εv , (2.1)
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εv =
∫ −h+hv

−h
Fu dz , (2.2)

The resulting force on the vegetation is given by the Morison equation (Morison

et al., 1950):

Fx = FD +Fi =
1
2

ρwCDbvNuu+
π

4
ρwCMb2

vN
∂u
∂ t

, (2.3)

where FD is the drag force and Fi is the inertia force. The Morison equation is solely
suitable for determining the drag forces on slender objects (neglecting diffraction of
waves around the object). We can still use this equation for predicting drag forces on
trees with low canopy densities (i.e., no porosity effects namely effects of blockage
and sheltering) (Etminan et al., 2019), and the ratio between the wave length and
the diameter of the individual branches is small. Furthermore, most studies assume
linear wave theory to be valid within vegetation fields; therefore, the total force on
the vegetation is solely due to the drag forces as the inertia forces are out of phase
with the velocity signal. Dalrymple et al. (1984) found an analytical solution for the
wave height evolution through a vegetation field. His study focused on vegetation on
a flat bottom subject to regular waves. This application has been extended by Mendez

and Losada (2004), taking into account the sloping bottom and irregular waves. The
wave height decay through a vegetation field can be determined with the following
equation (Mendez and Losada, 2004):

Hrms

Hrms,in
=

1
1+βX

, (2.4)

with the wave attenuation coefficient, β , as

β =
1

3
√

π
C̃DbvNk

sinh3 khv +3sinhkhv

(sinh2kh+2kh)sinhkh
Hrms,in , (2.5)

where Hrms is the root-mean-square wave height behind the vegetation field, Hrms,in

is the incoming root-mean-square wave height (in front of the forest m),
X is the distance inside the forest, C̃D is the bulk drag coefficient, N is the number
of vegetation stems per horizontal area, bv is the average diameter of the individual
stems, k is the wave number, hv is the height of the vegetation that is submerged, and
h is the water depth. To date, the formulation of Mendez and Losada (2004) has been
widely applied and the vegetation parameters can be varied in space in the spectral
version of this vegetation dissipation model.

Suzuki (2011) adapted Equation 2.5 such that the vertical structure of vegetation
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can be taken into account (i.e., CD, bv and N can vary over intervals along the verti-
cal). This is implemented in numerical wave models such as SWAN (phase-averaged
model) (Suzuki, 2011). For other wave models, such as SWASH (phase-resolving
model), the wave dissipation due to vegetation is based on the Morison equation as
function of time and also requires the same geometric information of the trees as
vegetation input (i.e., N and bv).

The bulk drag coefficient is an important but uncertain parameter (Kobayashi et

al., 1993), as it generally accounts for neglected processes. For example, we usu-
ally assume rigid cylinders, thus neglecting vegetation motion, which influences the
relative velocity. Obviously, this becomes less valid for relatively flexible vegetation
and can influence the wave attenuation by these fields. Furthermore, simplifications
of the vegetation geometry can also affect wave attenuation processes. Nevertheless,
several studies reveal relations between the bulk drag coefficient and dimensionless
hydraulic parameters, such as the Reynolds number, Re (e.g., Hu et al., 2014) and the
Keulegan-Carpenter number, KC (e.g., Jadhav et al., 2013). Both Re and KC are pre-
dictors of the wake structures behind the vegetation (Sumer and Fredsoe, 1998). KC

is also a measure of the relative importance between drag and inertia. These studies
generally show that CD decreases with increasing KC and Re. In addition, other stud-
ies find better relations with non-dimensional parameters containing also vegetation
characteristics such as the vegetation submergence ratio (Mendez and Losada, 2004)

and the spacing between cylinders (Suzuki, 2011). These relations make it possible
to choose a value for the bulk drag coefficient accordingly. In the case of woody veg-
etation with enough space between branches without motion, one can expect the CD

values to be similar to that of rigid vertical cylinders, which holds a nearly constant
value of ≈ 1.0 to 1.2 in the sub-critical flow regime (103≤ Re ≤ 105) (Sumer and

Fredsoe, 1998; van Wesenbeeck et al., 2022).

2.2.2. Quantifying vegetation
Knowing the vegetation densities (N) and average diameters (bv) in space is usually
sufficient vegetation input for wave damping models for large enough Reynolds num-
bers, keeping in mind that the bulk drag coefficient can be used for calibration. An
example of two rather simple representations of a pollard willow tree is shown in
Figure 2.1. Unlike the simplified description in these wave damping models, the real-
istic branch structure of woody vegetation is difficult to capture by means of a single
diameter and density. It is difficult to get accurate approximations of these values,
especially for woody vegetation because these strongly vary in space. Furthermore,
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the individual branches are also characterised by an angle (i.e., direction in which
they grow) with respect to the incoming waves, which also complicates determining
the ’projected’ surface area. Alternatively, the frontal-surface area distribution of all
the branches, Av(z) = bv.N, gives a better approximation of the entire tree structure.
Hence, this research focusses on determining this parameter (van Wesenbeeck et al.,

2022).

Figure 2.1.: Simple vegetation quantification. Two examples of schematizing a pol-
lard willow tree, namely using a one-layered (Model A) or two-layered
model (Model B).

Obtaining vegetation parameters can be done in different ways, namely: by con-
ducting manual measurements or using remote sensing techniques (e.g., optical tech-
niques and lidar, which can be spaceborn, aerborne, or terrestrial); each having its
own advantages and disadvantages.
Manual measurements can be categorised into destructive (i.e., for biomass measure-
ments) and non-destructive measures (Nordh and Verwijst, 2004). The latter is a
simple way of obtaining geometric information of trees and, accordingly, for calcu-
lating wave attenuation. For example, the density and diameters in a certain volume
can be determined, after which a vertical and horizontal average value may be used.
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This is generally seen as a valid way to quantify vegetation and has been used in sev-
eral studies (e.g., Jadhav et al., 2013; Ozeren et al., 2014; Möller et al., 2014). Some
studies indicate that the vertical variation of vegetation parameters is important to
consider (e.g., Ozeren et al., 2014); and this vertical variation is already incorporated
into numerical models (Suzuki, 2011). Thus, a certain spatial resolution is needed
depending on the vegetation type, and conducting hand measurements often becomes
tedious.
Although solely hand measurements can be inefficient, we can still indirectly extent
this data by using it as input for tree allometric relations. These are mainly formu-
lations to obtain difficult tree parameters, such as tree height, through a relatively
easy measured parameter such as the diameter at breast height. It is shown to work
well for characterizing mangrove roots (Ohira et al., 2013). A branching method,
which also uses tree allometry, is developed by Järvelä (2004) to calculate the area
of trees. This method stems from the Strahlers ordering scheme, originally applied
on river systems and later on tree structures (McMahon and Kronauer, 1976). This
scheme starts at the smallest order (’finger-tip’), where two small bifurcations of the
same order meet, they sum up to a higher order stream and so on, until it reaches the
highest order stream (Order=n). Certain factors in between orders, also referred to
as branching factors, are obtained and used to calculate the total area of a tree. These
branching factors are mostly dependent on the tree species. For a detailed description
on this branching method, we refer to Järvelä (2004).
Lastly, remote sensing techniques can be used to obtain vegetation parameters. Space-
borne and airborne methods are effective for very large-scale measurements, for ex-
ample identifying the state of the vegetation, but are less accurate for capturing veg-
etation parameters such as height and canopy structures (Srinivasan et al., 2014). On
a smaller scale, optical techniques are commonly used, and provide detailed informa-
tion on the geometry (e.g., Norris et al., 2017; Maza et al., 2019). This method be-
comes more difficult and less accurate when dealing with larger objects, such as trees.
For tree and forest scale applications, Terrestrial laser scanning (TLS) shows to be
a good alternative. A comparison between TLS results and the branching method of
Järvelä (2004) showed a good agreement in terms of total area of trees, which was
afterwards used for determining the flow resistance during floods (Antonarakis et al.,

2009).
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2.3. Methods
Section 2.3.1 describes the large-scale physical experiments, which includes the set-
up and measurements of the forest and of the waves. Different methods for measuring
and modelling the frontal-surface area in space result in different estimates for frontal-
surface-area distributions over height, Av(z). These methods are described in Section
2.3.2. Results of Av(z), which can follow from combinations of measurements and
tree allometry relations, are called tree models in this work. These tree models are
used to determine the input required for the wave attenuation model, Aveg. Detailed
data of the tree parameters and of the wave damping by these trees is used from
large- scale physical experiments; hence, direct comparisons could be made between
the measured wave attenuation and the calculated wave attenuation.

2.3.1. Physical experiments
Full-scale experiments were conducted on live pollard willow trees under storm con-
ditions. These experiments were carried out in a 300-m-long, 5-m-wide and 9.5-m-
deep wave flume, where significant wave heights (Hm0) up to 1.5 m were tested. A
40-m-wide forest was created with 32 pollard willow trees (Salix Alba) in front of a
concrete levee. These trees formed 16 rows of 2, and were situated on a 85-m-long
and 2.33-m-high platform. The platform represented a shallow foreshore, which per-
mitted large wave height-water depth ratios to avoid having wave breaking inside the
forest. A more detailed description of the experimental set-up is given in the paper of
van Wesenbeeck et al. (2022).

Experimental Setup: Forest

Manual Measurements
The pollard willow trees (Salix Alba) were 15 years old with three-year-old primary

branches (i.e., branches that directly sprout from the knot of the tree). These primary
branches were categorised into 3 classes (see Figure 2.2) based on the diameter at
their base, DB (i.e., diameter at the location above the knot), namely: class 1 (DB >

50 mm), class 2 (20 < DB ≤ 50 mm ) and class 3 (DB ≤ 20 mm).
The main tree characteristics were manually measured prior to conducting test se-

ries 1 (full canopy with leaves). These include the following measurements:

• General tree characteristics:

• Diameter and height of the trunk (Dtrunk, Htrunk)

• Diameter and height of the knot (Dknot , Hknot )
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Figure 2.2.: (A) General tree characteristics of the pollard willow, (B) Examples of
the 3 different diameter classes of branches

• The number of branches per diameter class (Nclass1, Nclass2, Nclass3)

• Diameter and height of the canopy (Dcanopy, Hcanopy)

After the experiments, we took the following additional measurements:

• Characteristics of the primary branches:

• The DB with corresponding total branch length was measured in order to
create an allometric relation. Allometric relations are commonly used to
estimate tree parameters, which are challenging to measure (such as the
branch length) from an easier measurable parameter (such as the diameter
at breast height). A random sample size of 340 primary branches from the
entire forest, which in total consists of 2,852 primary branches, was used.

• Diameter decay relations were made for each branch class, since branches
have a tapering form. This was achieved by measuring the diameter at
increments of 1 metre along the main branch. A random sample size of
30 branches was used (10 branches per branch class).

• Sketches of 9 branches were made. These sketches include the number,
length and diameter of all the side branches; and they include the diameter
of the main branch at vertical increments of 1 metre.

• Additionally, strength and elasticity measurements were conducted on the
primary branches; however, these are not analysed in the present work.
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• Distribution of branch diameter and density over the vertical, by measuring an
individual tree (i.e., this tree was from the same location as the tested trees, and
contained shoots of the same age), named "Tree S":

• The general tree characteristics were measured (Htrunk, Dtrunk, Hknot , Dknot ,
Nclass1, Nclass2, Nclass3, Dcanopy, Hcanopy)

• The number of branches and their diameters were measured at 1 metre
vertical increments. This was eventually used to compute the density
of the branches (N) and the average diameter (bv) within each vertical
interval.

Terrestrial Laser Scanning
In addition to taking manual measurements, we also used Terrestrial laser scanning

(TLS). We scanned the forest prior and after each test series to monitor the state of
the forest and to detect possible loss of tree biomass. These scans were taken with a
FARO FOCUS 3D S 120 scanner from three fixed positions above the flume (Figure
2.5).

Experimental Setup: Wave Measurements

The tests (T001-T042) were carried out with different wave parameters and vegeta-
tion configurations. In total 5 test series (TS) were conducted, namely: TS 1 on the
trunks of the trees for low hydrodynamic conditions (i.e., low water levels and wave
heights), TS 2 on full canopies with leaves, TS 3 on full canopies without leaves, TS
4 on reduced canopy density without leaves, and TS 5 without willows (calibration
tests). A more detailed description of the wave conditions is given in Appendix B:
Table B.1.

The wave heights in front and behind the forest were measured with two types of
wave gauge (i.e., radar wave gauge and resistance wave gauge). The wave damping
due to the vegetation is expressed as the ratio between the incoming wave height
and the wave height reduction (i.e., the difference in wave height between the tests
with vegetation and the tests without vegetation), as applied in van Wesenbeeck et al.

(2022):

Dr =
(Hm0,noveg −Hm0,veg)

Hm0,in
, (2.6)

where Dr is the wave damping ratio by vegetation, Hm0,veg and Hm0,noveg are the
measured wave heights with and without vegetation at the location behind the forest,
and Hm0,in is the measured incoming wave height in front of the forest.
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2.3.2. Methods for quantifying Av

Tree model 1 - Primary branch model

The first method considers the primary branches (i.e., main shoots) and their taper-
ing form. Information of the branching structure and side branches is not included,
therewith the contribution of the side branches (secondary and tertiary) to the total
Av is neglected. Allometric relations between DB and the total length of the branches
(Section 2.3.1), the total number of branches counted per tree, together with diameter
decay relations of the primary branches were used to predict diameter and the total
number of branches at vertical increments of 1 m. With this, the frontal-surface area
is obtained at vertical increments of one metre for each tree. Hereby it is assumed that
the primary branches are oriented perpendicular to the knot, with the largest branches
located in the centre of the knot (see Appendix B Figure B.1).

Tree model 2 - Branching model (By example)

As in tree model 1 the side branches were neglected, a branching method similar
to that of Järvelä (2004) is used to account for the side branches. We made some
adjustments based on the measured properties of pollard willows. This method will
be illustrated with an example on one tree, named "Tree S".

Firstly, the regular pollarding practice on these trees impacts the tree structure,
namely with relatively thick knot and trunk with respect to its branches, deviating
from the "natural" willow structure. Therefore, the branches are regarded separately
from the trunk, applying the method to the primary branches (excluding the trunk).
We first identified the initial parameters for each tree. These are given in Table 2.1
for tree S. Besides these parameters, we also defined the minimum diameter,dmin of
0.003 m and the height of the canopy, Hcanopy of 3.4 m.

Table 2.1.: Initial parameters of the branches of tree S for the tree simulation.
Lhigh (m) DB (m) Nhigh(−)

Class 1 (DB > 50mm) 2.52 0.053 3
Class 2 (20< DB ≤ 50mm) 2.52 0.037 18
Class 3 (DB ≤ 20mm) 0.82 0.01 59

Secondly, we used detailed sketches of the branches to obtain three branching fac-
tors. These branching factors show the number of side branches that a mother branch
can support (RB), the diameter ratio (RD) and length ratios (RL) between subsequent
branch orders. These factors are defined as follows: RB=

Nb(m)

Nb(m+i)
, RD=

D(m+1)
Dm

, and RL=
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L(m+1)
Lm

; where m is the child branch, (m+1) is the mother branch, Nb is the number
of side branches, D is the diameter, and L is the length of the branch. The obtained
branching factors differ per order (Table 2.2), thus we maintained distinct values per
order instead of working with the average values and are assumed constant for all
trees.

Table 2.2.: Impression of branching method and the resulting branching factors.
These factors are defined as follows: RB=

Nb(m)

Nb(m+i)
, RD=

D(m+1)
Dm

, and RL=
L(m+1)

Lm
; where m is the child branch, (m+1) is the mother branch, Nb is

the number of side branches, D is the diameter, and L is the length of the
branch.

Branching method impression Branching factors

1st to 2nd order 2nd to 3rd order
RB 4.19 ( N1

N2
) 10.56 ( N2

N3
)

RD 1.71 ( D2
D1

) 6.26 ( D3
D2

)
RL 1.44 ( L2

L1
) 4.50 ( L3

L2
)

Thirdly, the frontal-surface area was determined by applying the branching factors
from Table 2.2 on the initial parameters from Table 2.1 . The highest order branch is
generally assigned to the trunk; however, in this work the primary branches are the
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highest order (3rd order) as mentioned before. The steps to obtain the total frontal-
area can be seen in Table 2.3. For example, the diameter factor, RD, is applied on
the highest order branch (i.e., the base diameter), D3, until a diameter of the smallest
order branch (d1) is equal to the minimal diameter (dmin) of ≈ 0.003 m.

Fourthly, we applied a factor of 0.5 on the obtained frontal areas of Table 2.3 to
account for the tapering form of the branches, as this is not accounted for in the
initial method. Finally, we validated the branching method by applying it to the nine
detailed sketches and on the measurements of the individual tree.

Table 2.3.: Frontal area calculation for all the branches of class 1 (DB ≤ 50 mm),
class 2 ( 20 mm < DB < 50 mm), class 3 (DB ≤ 20 mm) of tree S. The
values in bold represents the minimum diameter reached for each class.

Class 1
Branch-order, m NB (units) D (m) L (m) Frontal area (m2)
3 (Primary branch) 3 0.0530 2.52 0.38
2 32 0.0080 0.56 0.14
1 133 0.0047 0.39 0.24
Frontal area, total 0.77

Class 2
Branch-order, m NB (units) D (m) L (m) Frontal area (m2)
3 (Primary branch) 18 0.032 2.52 1.45
2 190 0.0051 0.56 0.54
1 796 0.0047 0.39 0.93
Frontal area, total 2.92

Class 3
Branch-order, m NB (units) D (m) L (m) Frontal area (m2)
3 (Primary branch) 59 0.010 0.82 0.49
2 247 0.0059 0.57 0.83
1 1035 0.0034 0.40 1.42
Frontal area, total 2.75

The method by Järvelä (2004) solely computes the total surface area of the tree;
moreover, it lacks information of the vertical distribution (Järvelä, 2004; Antonarakis

et al., 2009). The distribution cannot be determined from these methods, as no angles
between the branches, no tapering of the diameters, and no positions are consid-
ered. To determine the height variation of the surface area, we simulated the random
structure of individual branches based on the allometric relations described above.
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The simulations allow for variations in the branch positions while still following the
branching rules. This results in slightly different branches from each simulation,
mimicking "real" trees. The tapering form of the branches is included in the simula-
tion by assuming a linear-diameter decay along its length.
This tree model was validated as some tree parameters, such as the angles of the side
branches, the start positions of the primary branches on the knot, and the start posi-
tions of the side branches on their mother branch, do not have constant values and
their distributions are not known. Thus, we validated this tree model against the hand
measurements done on a single pollard willow (Tree S), keeping in mind that from
these hand measurements we could also obtain ∑ bv,i at vertical increments of 1 m.
The same step size (1 m) was used to calculate ∑ bv,i from the structure as simulated
with tree model 2. Furthermore, only diameters larger than 4 mm were considered,
as this was the cut-off diameter applied in the hand measurements.
As mentioned above, the angles between the branches were not measured. Still, this
may influence the value of Av(z). Hence, a range of angles between the side branches
was simulated from 10° to 45° with 5° increments to determine the influence of the
angles and to choose a suitable value. The outcome is shown in Figure 2.3. The angle
between 1st and 2nd order branches, α1=30°, and the angles between 2nd and 3rd order
branches, α2=25°. Finally, the frontal-surface area variation along the height, Av(z),

Figure 2.3.: Validation of tree simulations.

was calculated. This is defined as the projected surface area of the simulated branches
perpendicular to the incoming waves (see Figure 2.4). Thus, these three-dimensional
simulations take the branch angles, positions, and diameter decay into account.

∆Av =
1
2
∗∆s′ ∗ (Ds,i +Ds,i+1), (2.7)
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α = arccos
dZ√

dX2 +dY 2 +dZ2

ω = arctan
dX
dZ

∆s =
∆z

cosα

∆s′ =
∆z

cosω

Figure 2.4.: Schematic of the coordinate system used for calculating Av with the in-
coming waves from the positive y-direction. P is the endpoint of the
branch, and P’ is the projected branch perpendicular to the incoming
waves.

Terrestrial laser scanning - post processing

Data from scans of the leafless condition of trees were used to obtain Av(z). This
vegetation state coincides with the characteristics that we observe during extreme
conditions, which are high hydraulic loads and leafless trees (winter season). Not to
mention, scans during leaf-on conditions are less suitable to map the vegetation as
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most of the laser beams are directly blocked in the outer layers of the tree by leaf
density (see Figure 2.6) and leaves do not add significantly to the wave damping (van

Wesenbeeck et al., 2022). Figure 2.5 shows the entire forest without leaves and the 3
positions in the flume from which the TLS scans were created.
The post-processing of the point cloud data included sub-sampling, segmentation and
filtering of the point cloud, performed in CloudCompare. Segmentation was done to
remove excess information (e.g., measuring equipment, and flume walls) and sub-
sampling was needed for the sake of work-ability of the point cloud. Afterwards,
the point cloud data of each tree was analysed separately and the frontal area (i.e.,
does not include the angles of the branches relative to the incoming waves) was con-
structed using al pha− shape f unction, which is a built-in function in MATLAB.
This function uses an alpha parameter to control how it creates the bounding region
around the 3D-point cloud. An alpha shape value of 0.01 is used in this study, shown
in Figure 2.6.

Figure 2.5.: Side view of the 3D-point cloud of the entire forest without leaves. The
tree names (A-P) and the laser scanner positions (1-3) are illustrated.

2.3.3. Simulating Wave Attenuation and Bulk Drag Coefficients
The Morison equation is solely suitable for determining the drag forces on slender
objects (neglecting diffraction of waves around the object), but can be used for pre-
dicting drag forces on trees as well. In this study, the forest is characterised by low
canopy densities of around 13 branches per m2. The average spacing, ∆S becomes
28d, with d = 10mm as the average branch diameter. The density parameter as de-
scribed in Nepf (1999), ad = d2/∆S2, is approximately 0.001, indicating a relatively
sparse forest; hence, we can assume no porosity effects (i.e., blockage and sheltering).
Thus, the drag coefficient can be considered similar to that of a single cylinder (Etmi-

nan et al., 2019). In addition, the ratio between the wave length and the diameter is
small, following the characteristic of slender objects.
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Figure 2.6.: (A) Tree A1 with leaves, (B) Tree A1 without leaves, (C) Surface area
by alpha shape function (αshape=0.01).

SWAN in 1D-mode is used in this study to simulate the waves through the forest.
The SWAN model was defined in Cartesian coordinates with a spatial discretization
of 1 metre. The model is forced with identical JONSWAP spectra to those measured
at the deep water locations in the experiments (WHM01-03). SWAN was executed
without accounting for wind growth, white capping, refraction, diffraction, quadru-
plets, triads, and turbulence dissipation, as these processes are not relevant in this
flume experiment. On the other hand, frequency shifting in frequency space, bottom
friction with a roughness constant of 0.07 m2s−3, wave breaking , and vegetation
dissipation were activated. The wave energy dissipation through vegetation fields
accounts for the vertical structure of the vegetation and follows the action balance
formulation, as shown in Suzuki (2011). Following the same manner, the energy dis-
sipation by vegetation becomes:

⟨εv⟩= ∑
i=1:I

1
2
√

π
ρwC̃D

(
gk
2σ

)3

Aveg,i
(sinh3 kαih− sinh3 kαi−1h)+3(sinhkαih− sinhkαi−1h)

3k coshkh3 Hs
3,

(2.8)
where 〈εv〉 is the averaged wave energy dissipation due to vegetation; C̃D the bulk
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drag coefficient, g the gravitational acceleration constant; k the mean wave number;
αi the ratio between the depth at the top of the vertical layer i and the total water depth
( αi ≤ 1), where i = 1 represents the lowest vertical layer and i = I the highest vertical
layer; h the water depth; Hs,in the significant wave height; and Aveg,i the total frontal
width of vegetation perpendicular to the waves for layer i per unit area. Varying
this vegetation parameter Aveg,i, according to the different tree models, will result in
different wave attenuation outcome.

The bulk drag coefficient, C̃D, is important for predictive wave models and is there-
fore often estimated in studies on vegetation (e.g., Suzuki, 2011; Maza et al., 2015).
In this work, the SWAN model is tuned with the measurements such that the mod-
elled wave damping corresponds to the measured wave damping behind the forest.
To achieve this, the tuning parameter, namely the bulk drag coefficient, is calibrated
using exhaustive search. We made a distinction between the drag coefficient of the
canopy (CD,can) and the trunk (CD,tr) for the tests with high water levels. For these
high water level tests, the drag coefficient of the trunk is set to a constant value of 1.2
(Wieselsberger, 1921). The SWAN set-up is made following the same approach as
described in van Wesenbeeck et al. (2022). This is repeated for different vegetation
input [i.e., Av(z)] from the tree models and TLS results.

2.4. Results
This section shows the general characteristics of the 32 pollard willow trees (Section
2.4.1), and the characteristics of the resulting tree models (Section 2.4.2). We anal-
ysed the frontal-surface area, Av(z) of each tree model, and afterwards we calculated
the corresponding wave attenuation and compared these results. In addition, the re-
lation between Keulegan- Carpenter number (KC) and drag coefficient (CD) for each
tree model is presented (Section 2.4.5). This provides us more insight into the errors
of different tree models and their effects on predicting wave attenuation.

2.4.1. General characteristics of pollard willows
From the manual measurements it follows that the smaller primary branches (Class 3)
take up a large portion of the total number of branches in a pollard willow tree (64%),
while the larger primary branches (Class 1) only account for 3% of the total number
of shoots. Therefore, a larger data set could be obtained for the smaller branches.
The fraction of each diameter class is given in Figure 2.7A with corresponding 95%-
confidence interval. Furthermore, the gathered data of the DB is plotted in Figure
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2.7B, which includes for the average value and the 95%- confidence interval.

Figure 2.7.: (A) Distribution of diameter classes for a pollard willow tree, (B) Diam-
eter range found for each class

Other tree parameters such as the Db, Nhigh and Lhigh, are given in Appendix B
Table B.2.

2.4.2. Tree model Results
Tree model 1: Primary branches

Solely considering the primary branches of pollard willow trees is a relatively sim-
ple way of mapping the vegetation. Besides this, relatively less wave attenuation
is expected from the smaller side-branches as these are more flexible than the pri-
mary branches. The manual measurements done at breast height (i.e., the number of
branches per class), the allometric relation between DB and branch length, and the
diameter-decay relations were the main input for this tree model. We assumed an
average diameter at breast height for each class (see Figure 2.7B). The DB-length re-
lation, diameter-decay relation, and a simplification of the tree without side-branches
(tree model 1), are shown in Figure 2.8. This model is considered as the lower limit
of the frontal-surface area as it only accounts for the main branches (neglecting the
side branches). It was initially expected to give a reasonable estimate of the total Av;
on the contrary, the comparison to the other tree model that follows hereafter shows
that this is not the case.

Tree model 2: Branching method

The branching method uses RNG to describe the branch structure for all branches
larger than ≈ 3 mm, which is used to create tree model 2. To statistically estimate
the Av(z), trees were simulated in Python to generate random branches that follow
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the branching rules shown in Table 2.2. The parameters from Appendix B Table
B.2 are input for generating the branches. An example of a generated branch from
each class is shown in Figure 2.9A. Figure 2.9B illustrates tree model 2, which is
formed by these generated branches positioned on the knot. In Figure 3.3A the Av(z)

as sampled from the generated trees is shown. As each realisation yields a different
Av(z), the output is a distribution for which the mean and the 95% confidence interval
are determined.

Figure 2.8.: (A) The relation between the diameter at the base of the knot (DB) and the
branch length for 340 branches (containing all classes), (B) The diameter
decay along the length of the branch for 10 branches of each class (class
1, 2, and 3), (C) Impression of tree model 1 (i.e., only accounting for
main branches).

2.4.3. TLS correction factor

The comparison of Av (Figure 3.3B) showed an overall underestimation by the TLS
results. Though, the TLS showed an overestimation in the upper layers of the trees.
This suggests that occlusion due to the canopy density is the main reason for the ob-
served errors in the lower canopy layers. A correction factor was applied on one tree
at the edge of the forest to improve the TLS results by accounting for the percentage
of blocked laser beams.
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Figure 2.9.: (A) An example of 3 simulated branch classes, (B) Impression of one
simulated tree which consists of a trunk, a knot and multiple branches of
each class.

Figure 2.10.: (A) Tree P1 with, (B) corresponding graph containing the relative error
of the laser scanner as function of the penetration distance of the beam,
r. The colors and the horizontal axis indicate the distance from the laser
scanner.
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AT LS,new,n = AT LS,n ∗ fcor,n, (2.9)

fcor,n =
Nl,t

Nl,t −∑
i=m
i=n+1 Nl

, (2.10)

where AT LS,n is the area obtained from the 3D-point cloud in layer n, fcor is a cor-
rection factor based on the number of blocked laser beams, Nl,t is the total amount of
laser points send out by the laser scanner, and Nl is the number of laser points blocked
in the layer before reaching layer n. The correction increased the Av,tot with 2.45 m2.
However, this correction could only be applied to trees near the laser scanner posi-
tions as occlusion by neighboring trees could be neglected. We applied this to tree
P1 as this tree is also most likely not hit by laser beams other than the laser scanner
nearest to it (see Figure 2.10).

2.4.4. Comparing Frontal-surface Area
The three different tree models are first compared considering their frontal-surface
area distributions, shown in Figure 3.3B. All the tree models are set to a similar res-
olution (i.e., namely at vertical increments of 1 m) of the results to get a more clear
comparison between the models. It shows that side branches amount to at least ≈
25% more Av,tot than only the primary branches. Furthermore, the TLS results un-
derestimate the canopies total frontal-surface area compared to the other tree models.
The underestimation by the TLS is mainly seen in the lower layers of the trees, while
in the upper layers there is an overestimation.

2.4.5. Comparing Wave Attenuation
A strong relation is found between C̃D and the Keulegan- Carpenter number (KC).
The KC number is usually calculated as follows: KC = U×T

L , where U is the orbital
velocity, T is the wave period, and L is the average diameter of the object. For deter-
mining KC, we chose the maximum horizontal orbital velocity based on linear waves
U0max, and Tm02 as a representative wave period of the wave spectrum. The definition
of KC is non-trivial for realistic tree structures, as these structures are characterised
by a distribution of branch diameters that varies over the height. The KC number in
this work is calculated at vertical increments of 1 m and averaged over the height.
The results show a decrease of C̃D with increasing KC numbers (Figure 2.12). Fur-
thermore, the differences in C̃D between the tree models are a consequence of dif-
ferent frontal-surface area distributions. Tree model 1, which is considered as the
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Figure 2.11.: (A) The average frontal-surface area (Av) of the 32 trees in the large-
scale experiments with 95% confidence interval using tree model 2, (B)
Frontal-surface area comparison of the tree models, considering the av-
erage tree without leaves in the wave flume.

lower limit for the frontal-surface area, shows larger C̃D values relative to tree model
2, due to its lesser frontal-surface area. The largest C̃D values are observed for tree
model 3. This is according to expectation, since the TLS method underpredicts the
frontal-surface area of the trees (Section 2.4.4).

Figure 2.12.: Relation between CD and KC for tree model 1 (only the Primary
branches), tree model 2 (primary branches including the side branches),
and tree model 3 (T LS measurements).
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2.5. Discussion and Conclusion
Globally, considerable claims are made of how trees, such as mangroves and fresh
water trees, reduce impact of waves during extreme storms and tsunamis (EJF, 2006).
Most research on wave attenuation by vegetation focused on investigating hydrody-
namics around the vegetation structure, whereas less attention is given to vegetation
parameters and methods to quantify these structures (e.g., Huang et al., 2011; Wu and

Cox, 2015). Vegetation, such as in salt marshes, is generally quantified in a simplified
manner using a spatial average diameter (bv) and density (N). For example, studies
on mangrove forests used similar approaches, where single values for the density and
diameter were used to represent the entire structure (e.g., Phan et al., 2019) or used
single values per layer to represent the roots, trunk and canopy separately (e.g., Vo-

Luong and Massel, 2008; Narayan et al., 2011; Ismail et al., 2012). More thorough
quantification of especially complex canopies seems to be lacking, but is needed to
obtain insight in processes that determine wave attenuation during extremes accu-
rately. For woody vegetation (e.g., willows and mangroves) the frontal-surface area
parameter, Av(z) is an useful way of quantifying this. Some studies have described
vegetation using similar parameters concerning the tree frontal area (e.g., Maza et al.,

2017a; Maza et al., 2019). However, these solely considered damping through roots
and trunks, neglecting the canopy.

Previously, large-scale experiments were conducted on a well-defined 40-m-long
willow forest (Salix Alba) for which wave attenuation during storm conditions was
determined (van Wesenbeeck et al., 2022), showing that most of the wave damping
occurred at mid-water levels through the canopies of the trees. This is where most
of the biomass and surface-frontal area was present; hence, improving our estimates
of the entire vegetation structure and developing methods to quantify this will im-
prove the predictability of wave attenuation by vegetation for different water levels
and wave heights. We used these large-scale experiments to obtain more insight in
methods to extract Av(z) of the trees, using both manual measurements and terrestrial
laser scanning (TLS). Manual measurements executed on all the branches at vertical
increments of 1 m, are relatively simple measurements, but tedious to perform on
every tree. The accuracy of these measurements depends on the size of the vertical
increments (i.e., layer thickness). With this, the diameter decay along the vertical
is taken into account to a certain extent. However, the angles of the branches are
neglected and side branches that are within the layers are also neglected.

Using simple manual measurements as input for allometric relations for trees is
an efficient way to include side branches. Based on this, a three-dimensional tree



2.5. DISCUSSION AND CONCLUSION

2

39

model is created (included positions and angles of the branches), which was used to
determine the frontal-surface area distribution in the vertical, Av(z). For this method,
it is important to note that the initial tree parameters and branching factors used in this
research are applicable to "pollard" willows with 3-year-old shoots (Salix Alba); these
values are likely to differ for "natural" willows of the same species. The simulations
from this method can nevertheless be used to obtain a more thorough representation
of the trees for numerical and physical models.
The side branches are relatively flexible branches, leading to more extreme branch
motion. This in turn can lower the significance that these small branches may have
on attenuating waves. On the other hand, it was found that the side branches could
take up to 25% of the total frontal-surface area of these trees. Thus, including these
branches in tree models may be necessary for wave attenuation predictions.

A more efficient method for assessing Av(z) could be through TLS measurements.
The TLS is a practical method to conduct measurements on a forest scale and has
the potential to be combined with satellite data to provide useful parameters for wave
damping models. However, the results of the TLS depend on the post-processing
and in our case, the chosen αshape- value. We showed that the TLS underestimates
the frontal-surface area, especially near the trunk region, where branch densities are
largest, which is mainly due to shadowing effects. However, this can be corrected
by applying a factor that accounts for the shadowing phenomenon (blockage of the
laser beams by high branch densities). These findings encourage further research on
the TLS as it is a promising measurement technique for mapping large heterogeneous
forests in the field. For this, it is recommended to position the TLS in the direction of
the incoming waves to investigate the blockage factor in more depth.

Furthermore, a decrease in bulk drag coefficient with increasing Keulegan-Carpenter
number (KC) was shown, which is a trend found also in other vegetation studies (e.g.,
Anderson et al., 2011; Ozeren et al., 2014; Etminan et al., 2019). The numerical
model validation showed large differences in wave attenuation for different tree mod-
els and a corresponding large range in bulk drag coefficients, especially for lower KC
numbers. This suggests that the discrepancies between the tree models in terms of
frontal-surface area are significant for wave attenuation. A range of CD between 0.94
and 1.70 was obtained for high KC numbers, emphasising the importance of reliable
frontal-surface area distributions.

Thus, having feasible methods to obtain reliable frontal-surface area of vegetation
fields is relevant for reliable wave predictions. This will increase the potential of
implementing hybrid flood defences, existing of coastal or riparian vegetation and
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engineered structures, such as embankments or levees. Only a combination of more
accurate measurements on vegetation, data and modelling can be used to system-
atically obtain more insight in what vegetation can actually contribute to flood risk
reduction during average and more extreme conditions.
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3.1. Introduction

Nature-based flood defences, specifically vegetation in front of dikes, can increase
the safety against flooding while providing many other ecosystem services (such as
storing carbon, sheltering habitat and trapping sediment) (Riis et al., 2020). Over the
last decades these solutions are increasing in popularity in the face of climate change
(IPCC, 2022). Nonetheless, implementation of these solutions remains a challenge
as design guidelines are missing. One of the reasons is that many wave damping
predictions are based on data from scaled flume tests or field experiments that cover
only mild wave conditions. Validation of these predictions is still scarce, which leads
to uncertainties in the design of these hybrid flood defences (Vuik, 2019). To correct
for scale errors in scaled experiments, we need validation under storm conditions,
especially compared to similar scaled tests.
There are few measurements covering extreme hydraulic conditions at large-scale
(e.g., Möller et al., 2014) and in the field (e.g, Vuik, 2019). However, the link between
realistic scale and scaled tests is missing. Measuring extreme conditions during field
campaigns is difficult as these events do not occur often, are not in a controlled and
repeatable setting, and pose difficulties with measuring equipment. As a result, most
field campaigns are conducted during mild wave climate (such as Phuoc and Massel,

2006; Quartel et al., 2007; Bao, 2011; Norris et al., 2017) and only few studies cover
extreme weather (such as Infantes et al., 2012; Vuik, 2019), mainly on sea-grasses and
salt marshes. Large-scale testing facilities with controlled conditions can be used to
test vegetation-wave interactions on realistic scales. However, conducting full-scale
(scale 1:1) and large-scale (i.e., up to 1:4 scale (National Research Council (U.S.),

1999)) experiments are relatively costly and time consuming, making experiments at
reduced scales with vegetation mimics attractive. Hence, scaled flume experiments
have been conducted frequently in the past to investigate wave propagation through
live grassy vegetation (Ozeren et al., 2014; Maza et al., 2015) or with mimics rep-
resenting woody vegetation, such as mangroves (Ismail et al., 2012; Hu et al., 2014;
Maza et al., 2019). However, down-scaling experiments can lead to discrepancies
with findings at full scale. The deviations between scaled models and their proto-
type can generally be contributed to three main sources: model effects, measurement
effects, and scale effects (Heller, 2011). Firstly, model effects occur when proto-
type features cannot be captured well enough in a modelling facility, such as material
properties and boundary conditions. Secondly, the specific characteristics of a mea-
suring technique may result in measurement effects. Thirdly, the relevant force-ratios

between the prototype and its scaled model may deviate, which can lead to scale ef-
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fects. Differences in the formulation of vortices is one example of these scale effects.
These deviations are likely to resonate in numerical models with inherent errors.
In this manuscript, we compare wave damping results from scaled tests with real-
scale tests to obtain insight in possible scaling errors in scaled flume tests. For this, we
use real-scale experiments with woody vegetation, specifically live willow trees (van

Wesenbeeck et al., 2022), to design the set-up of scaled experiments with 3D-printed
trees. The latter scaled experiments (scale 1:10) mimic the full-scale experiments in
terms of hydraulic conditions, location of the equipment, and consider the geometry
and flexibility of the trees. With the results, a first assessment of possible correction
for wave damping through woody vegetation when using scaled tests is made. This
will make scaled experiments more reliable and may lessen the need for expensive
large-scale experiments in the future. Most importantly, current wave-predictions can
be made more reliable with knowledge on these scale errors.

3.2. Methods
3.2.1. Experimental Setup
The prototype tests were conducted in a 291×5×9.5 (l×w×h) m3 wave flume, of
which 200 m of the total length was used for the experiments. A detailed description
of these tests can be found in van Wesenbeeck et al. (2022). We used a 1:10 scale
model (nL=10) ; this was the largest scaled model that could fit in the available flume
(i.e., l×w×h = 40×0.8×1 m3). A segment of this wave flume was used for these tests
to replicate the geometry of the prototype section. For this, a divider made of wood
was used to reduce the width of the flume to 0.5 m and a dike construction was built
with two slightly different slopes (namely, a composite 1:3.6 upper and 1:3 lower
slope) mimicking the dike slopes of the real-scale tests. This dike was placed such
that the desired flume length of 20 m was obtained. The scaled experimental set-up is
shown in Figure 3.1. Wave gauges (WG1-10) and one video camera from the side of
the flume (camera 1: SONY Handycam 25 fps) were mainly used for analysis in this
manuscript.

3.2.2. Scaling
Scale errors increase with the scale factor (nL), which is the ratio between the char-
acteristic length in real-world scale (Lp) and in model scale (Lm) (Heller, 2011). To
avoid scale effects, scaled models require the following similarities with their pro-
totype: geometric similarity, kinematic similarity, and dynamic similarity (Hughes,
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Figure 3.1.: The set-up of the 1:10 scaled tests (A) shows a side-view of the set-up,
where the wave gauges (WG), electromagnetic flow meters (EMF), two
cameras, and force transducer (F) are shown along the flume; (B) shows
a top view of the set-up, where the two rows of the trees and the divider
wall can be seen. The geometry of real-scale test setup was 10 times
larger.

1993). For dynamic similarity, the most relevant ratios controlling the investigated
phenomenon should be selected and ideally kept constant to the prototype values.
For models of free-surface flows Froude similarity, is typically used, ensuring that
most wave-related phenomena are well reproduced, calculated as follows Fr= U√

(gh)
with the velocity (U), gravitational constant (g), and the water depth (h). The Reynolds
number (Re= UD

ν
, where ν is the kinematic viscosity of the fluid and D is a represen-

tative diameter), which represents the ratio of inertial force to viscous force, is typi-
cally reduced at smaller scale. If Re is larger than a certain threshold, forces that flow
around objects separate and the forces on these objects (governed by inertial pres-
sures) will generally follow Froude scaling (Heller, 2017). The tested hydrodynamic
conditions were therefore scaled following Fr similitude.
If the motion of (branches of) vegetation is important, the Cauchy number also be-
comes important (Luhar and Nepf, 2016; Cavallaro et al., 2018; van Veelen et al.,

2020). This is related to the elastic force, with Cauchy being a reliable representative
number:

Ca =
ρwU2Dl3

EI
,
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where ρw= density of water; U= velocity; D= representative diameter of the object;
l= object’s length; E= Young’s modulus; I= second moment of area. We scaled flexi-
bility using the Cauchy number, implying that the material of the branches is chosen
such that the Young’s modulus of the model, Em, equals 1/10 (1/nl) times the Young’s
modulus of the prototype, Ep. The Ep was assumed to be within a range of 3800 -
4500 (Armanini et al., 2005). We selected a material within this range, namely Soft-
Flexible PLA, with a Young’s modulus of 390 MPa.
Scaling based on Fr automatically leads to the correct scaling of certain non-dimensional
numbers such as the Keulegan-carpenter number (KC= UT

D , representing the ratio of
drag-to-inertia force (Keulegan and Carpenter, 1958)). However, other relevant ratios
may deviate from prototype scale, such as the Reynolds number (Re) as we consid-
ered Fr similitude and kept the fluid identical between the model and prototype.

3.2.3. Design of Tree Mimics
We focused on vegetation tests excluding the leaves, as leaves were found to have an
insignificant effect (≤ 4%) on the amount of wave damping while having a relatively
large frontal-surface area compared to the branches (van Wesenbeeck et al., 2022).
The tests included represent two vegetation configurations, namely: trees with 100%
canopy density, and 50% canopy density (i.e., where 50% of the branches of each tree
were removed).
Tree mimics were made considering a 1:10 geometric scale of the real size trees and
including surface areas for different branch orders taken from Chapter 2. The pri-
mary branches, which are the main branches that sprout from the tree knot, were
categorised into three classes based on manual measurements of the diameter at
the knot (i.e., base diameter, DB). The canopy from the tree simulations in Chap-
ter 2 consisted of these three branch classes, namely: class 1 (Db>50 mm), class 2
(20<DB≤50 mm), and class 3 (DB≤20 mm). Furthermore, these classes are built up
from branch orders, starting at the tip of the branches (order 1, the smallest branch)
until the primary branch is reached at the knot (order 3). Figure 3.2 shows an example
of three different branch classes; the simplified branches; and finally an impression
of the entire tree, including one red-coloured medium branch (class2), which was
used to follow its movement. With the 3D printer, the minimum diameter that could
be printed was 1 mm, while the smallest order branches had a diameter of 0.3 mm.
Hence, we decided to have less smallest order branches to still achieve a frontal-
surface area distribution over the vertical, which was similar to the live trees (see
Figure 3.3). However, geometric deviations between the two scales are inevitable
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Figure 3.2.: (A) A 2D example of the 3 branch classes used to create a tree model of
the live trees; and an example of how a branch (i.e., class 1) is built-up
from different branch orders (order 1, 2, and 3), (B) simplified branch
classes for the 3D-printed mimics, (C) example of an entire tree, where
one medium branch was coloured (red) for tracking the branch motion.

using mimics. For more details on how these mimics were built, we refer to Kalloe

et al. (2022b).

Figure 3.3.: The calculated frontal-surface area profiles of the simulated (from Chap-
ter 2) and 3D-printed trees with the two tested water levels indicated,
namely 0.3 and 0.45 m.
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3.2.4. Forest Characteristics
The trees were placed in two rows of 16 trees each; an identical configuration to the
real-scale experiments. The canopy densities and their distribution over the flume
were kept largely the same as in the real-scale experiment. Each individual tree was
generated with the same number of main branches of the three classes, while the
exact configuration of the branch was randomly generated from allometric relations
based on a real pollard willow tree (see Figure 3.2). The entire tree was 3D printed.
The trunk and knot needed to be stiff, while the branches of the canopy were printed
with flexible material (see Section 3.2.2). To attach the trees to the bed, a streamlined
disk of 5 mm thickness was added to the lower part of the trunk. Figure 3.4 shows
the live forest and printed mimics. The live branches that sprout from the knot’s
circumference have a slight curve. As the modelled branches were not curved as
in reality, the divergence angle is somewhat smaller, leading to a higher density in
the centre compared to the live canopies. This is not expected to influence the wave
damping as the inter-branch distance is still large.

Figure 3.4.: (A) The real-scale experiments with the 50% density live trees, (B) the
scaled experiments with 50% density 3D-printed trees (1:10 scale).
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3.2.5. Experimental Conditions

The hydrodynamic conditions and the relevant dimensionless numbers (i.e., R̃e, K̃C
and C̃a) are compared at both scales in Table 3.1. This table shows the values for the
largest branches (class1 order 3), and the smallest branches (order 1).

Table 3.1.: An overview of the wave parameters (i.e., water depth at the forest h f ,
significant wave height Hs, and peak wave period Tp) and dimensionless
parameters (i.e., R̃e, K̃C and C̃a) for the largest (Class1Order 3, base di-
ameter= 62 mm) and smallest branches (Order 1, diameter= 3 mm) of the
real-scale (R001-R006) and scaled experiments (S001-S006).

Test h f
(m)

Hs
(m)

Tp
(s)

R̃elarge
×
103(−)

R̃esmall
×
103(−)

K̃Clarge
(−)

K̃Csmall
(−)

C̃alarge
(−)

C̃asmall
(−)

R
ea

ls
ca

le

R001 3 0.50 2.83 20.2 1.2 22 372 0.09 0.059

R002 3 1.17 3.58 50.3 2.9 68 1160 0.59 0.345

R003 3 0.50 4.00 21.9 1.3 32 563 0.11 0.065

R004 3 1.01 5.66 46.2 2.6 96 1665 0.52 0.280

R005 4.5 1.61 4.90 46.5 3.2 132 1767 4.28 0.425

R006 4.5 1.52 6.93 46.8 3.2 181 2475 4.28 0.412

1:
10

Sc
al

e

S001 0.3 0.05 0.9 0.7 0.1 21 112 0.09 0.0002

S002 0.3 0.12 1.13 1.6 0.3 66 347 0.56 0.009

S003 0.3 0.05 1.26 0.7 0.1 32 168 0.11 0.0002

S004 0.3 0.10 1.79 1.5 0.3 94 499 0.49 0.008

S005 0.45 0.16 1.55 1.6 0.3 122 530 3.51 0.011

S006 0.45 0.15 2.19 1.6 0.3 169 742 3.51 0.011

Calculating the non-dimensional numbers (such as Re and KC) is not straightfor-
ward as a tree consists of different components with distinct characteristics (such
as diameters and Young’s modulus) and are subject to varying velocities. The trees
were therefore separated into components, such as a knot, trunk, and different order
branches. The non-dimensional numbers were determined for layers over the water
column for these separate components. Figure 3.5 shows an example of how Rei is
calculated for a live pollard willow tree. This method shows that the main branches
(order 3) of each class (class 1, 2 and 3) were divided into layers over the water depth
because of the change in diameter and velocity values over the vertical axis. The di-
ameter tapering of the main branches sprouting from the knot (order 3) was assumed
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to be linear over the height. For this a minimum diameter (i.e., order 1 or tip of the
branch) of 3 mm for the live tree and 1 mm for the printed tree was assumed, while
the base diameters of the branches (Db) were similar between the live and printed
tree. This also implies that the tapering (branch slope) of the live trees is larger than
the tapering of the branch mimics.

R̃e =
1
N

N

∑
i=1

(uh(z).D(z))
ν

(3.1) K̃C =
1
N

N

∑
i=1

(uh(z).Tp)

D(z)
(3.2)

C̃a =
ρl3uh(z)2D(z)

EI(z)
(3.3) I =

πD(z)4

64
(3.4)

The horizontal velocity distribution, uh(z), was calculated with linear wave theory,
using Hs and Tp, as follows:

uh(z) = ωp
Hs

2
cosh(kpz)
sinh(kph)

,

where wave angular frequency ωp =
2π

Tp
; wave number kp= 2π

Lp
; and the wave length

Lp=
gT 2

p
2π

tanh(kph f ). Finally, the average value was calculated over the water column.
The K̃C value was calculated in a similar manner. This method was different for
C̃a, we used the average diameter and average velocity over the height of each tree
component (l).

3.2.6. Wave Damping, Transmission and Reflection

The incoming waves travel from deep water (measured by WG1-3) to the foreshore
step (measured by WG4-5), where shoaling and depth-induced breaking of waves can
occur. These waves travel further through the synthetic forest, where the incoming
wave height decreases due to wave damping by the forest; and the transmitted waves
reflect back by the dike slope behind the forest. The incident wave heights were de-
termined at deep water (WG1-3), in front of the forest (WG4-6), and in front of the
dike (WG8-10), using the method of Mansard and Funke (1980) for 3 wage gauges.
For the real-scale experiments the wave separation was done considering a combina-
tion of measurements, namely: using the same method with 3 wave gauges in deep
water; and co-located wave height and velocity gauges on the platform in front and
behind the willow forest using an adapted Maximum Entropy Method (van Wesen-

beeck et al., 2022).
The amount of wave damping (Dr) was afterwards calculated in the same manner as
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Figure 3.5.: Example of how the Reynolds number is calculated for test R001.

used in van Wesenbeeck et al. (2022):

Dr =
Hm0cal −Hm0wil

Hm0cal

, (3.5)

where Hm0 is the incident wave height behind the forest (i.e., in front of the dike
measured by WG8, WG9 or WG10).

3.2.7. Branch Deflection
The branch deflection at both scales was analysed due to variations in dimensionless
numbers, as shown in Table 3.1. This can impact the motion, and hence impact
the wave damping. We focused on a medium branch (i.e., Class 2) situated in the
first row of the forest, facing the wave-maker. The motion of the live branch was
estimated by observing an orange coloured flag attached on the tip of the branch,
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while the mimicked branch of interest was well captured from the side of the flume
(see Section 3.2.1) and tracked by its distinct colour (i.e., white) compared to the
colour of the canopy (i.e., black). The flag was captured with cameras above the flume
(see Appendix C.2, Figure C.1A) with the camera locations obtained from photos of
the camera setup. A grid with known dimensions (see Appendix C.2, Figure C.1B)
was used to approximate the "real" deflection of the flag, and hence the live branch.
Furthermore, we used Premiere Pro 2022 to remove lens distortions associated with
our type of camera (GoPro HERO4).
First, the distance between the flag and the camera was approximated to find the
required corrections; then the deflections were obtained. The uncertainty bandwidth
of the data is found by a sensitivity analysis on the relative distances. We refer to
Appendix C.2 for a detailed description of the procedure.
Finally, the deflection is related to a certain wave height in front of the tree. We used
linear wave theory to translate the surface elevations at WG6 to a location near the
tree. For the scaled tests, this was not needed, as the wave gauge just in front of the
forest (WG7) could be used.
The qualitative analysis to obtain the branch motion is performed on one test of 3 m
water depth (R201) as the class 2 branch (medium) was not clearly visible during the
high water level tests, h f = 4.5 m (i.e., R205 and R206).

3.2.8. Extending Data Set

Besides the scaled tests that were equivalent to the real-scale tests (shown in Table
3.1), additional scaled tests were conducted. These scaled tests were performed with
100% density mimics and included additional wave conditions for the nearly sub-
merged case (i.e., h f = 0.45 m); and tests under fully submerged conditions (i.e., h f =
0.57 m). The entire test overview is shown in Table C.1. These additional tests,
thus far, lack the validation of the real-scale experiments. Their results are therefore
corrected to obtain the wave damping by live willow trees under these additional hy-
drodynamic conditions. This was achieved by applying a correction factor ( fn) to the
measured wave damping at small-scale. This factor is defined as the average ratio of
the measured wave damping between the two scales, considering the 100% canopy
density tests.
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3.3. Results
3.3.1. Comparing Wave Damping
Two vegetation configurations, namely 100% canopy density and 50% canopy den-
sity, were tested at real-scale and 1:10 scale under hydrodynamic conditions shown
in Table 3.1. Wave damping measured during the scaled experiments is compared
to wave damping of the real-scale experiments, as shown in Figure 3.6. Data from
the scaled experiments are all positioned above the grey solid line (real-scale tests);
hence, measured wave damping by synthetic willows at a 1:10 scale was overall larger
than the wave damping by realistic willow trees.

Figure 3.6.: Measured wave damping from real-scale experiments versus measured
wave damping from scaled experiments (grey line); for vegetation with
100% canopy density (squares) and 50% density (triangles).

3.3.2. Comparing Branch Motion
The deflection of one medium branch was determined using video images from both
scaled and real-scale experiments. The obtained estimated deflections are shown in
Figure 3.7. The data points shown in this figure represent single waves taken from one
irregular wave test with ca. 1000 waves at real-scale (R201 with h f =3 m, Hs=0.5 m,
Tp=2.83 s) and its equivalent scaled test (S201 with h f =0.3 m, Hs=0.05 m, Tp=0.9 s).
The uncertainty bandwidth for live branches is added as the exact positions of the live
branch and camera were unknown. Overall, deflections of mimicked branches were
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lower than the observed deflections of the live branches. For both scales, a positive
trend is observed between wave height and deflection.

Figure 3.7.: Shows the maximum deflec-
tion (dx) with correspond-
ing wave height (H). These
results are for one test of
the real-scale tests, R201
(squares), and scaled tests,
S201 (circles). The de-
flection and wave height of
test S201 were multiplied by
nL = 10.

Figure 3.8.: Shows the measured wave
damping through 100% den-
sity trees at real-scale (green
circles) and scaled (green
squares) for different sub-
mergence ratios; and addi-
tional scaled tests (squares)
and the expected damping
(stars) after applying a cor-
rection for scale errors on
these additional scaled tests.

3.3.3. Correcting Wave Damping
The amount of wave damping through the forest with 100% canopy density is shown
for emergent, nearly submerged, and fully submerged conditions (see Figure 3.8).
Only the emergent and nearly submerged cases have equivalent real-scale results,
while the fully submerged tests are shown with and without a correction factor, fn =

0.5. After applying the correction factor, the results show that the fully submerged
trees dampen significantly less waves than the emergent and nearly submerged cases.

3.4. Discussion
Until now, many studies on wave damping through woody vegetation have used data
from scaled experiments that are susceptible to scale errors; which in turn can result
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in discrepancies in wave attenuation through real-scale forests. Here, we confirm and
illustrate the mismatch in wave damping between scaled and full-scale tests. Wave
damping by a pollard willow forest is over-predicted by approximately a factor 1.5 in
1:10 scaled tests. This can be caused by multiple factors that we elaborate on below.

First, Froude similarity is applied for scaling these types of experiments; however,
simultaneously the Reynolds number will deviate (i.e., relatively lower) from its pro-
totype value. Usually a lower limit for Reynolds is used to still get similar wake
formation behind the vegetation elements, yet very little to no data of full-scale tests
with extreme conditions exist with live vegetation, thus the validation is lacking (e.g.,
Wu and Cox, 2015; Maza et al., 2019). In this study, we used data from full-scale ex-
periments with live willow trees to design 1:10 scaled experiments, following Froude
similitude. We scaled the trees according to the Cauchy number to replicate similar
motion. However, there is no common approach to calculate these non-dimensional
numbers (e.g., Fr, Re, and Ca). Most research uses a single value for defining di-
mensionless numbers. This is fitting for vegetation with relatively simple geometry
such as salt marsh (e.g., Luhar and Nepf, 2016; Jacobsen et al., 2019). However, it
becomes less representative for woody vegetation that consists of a trunk and canopy,
which consists of branches of different orders. Previous studies on mangroves tried
to include this by defining dimensionless numbers for roots, the stem, and the canopy
(e.g., Maza et al., 2019; He et al., 2019; Kelty et al., 2022). This approach assumes
an idealised vegetation model, implying that the elements of the roots or canopy did
not vary in size or properties (e.g., single diameter). In the current study, we cal-
culated dimensionless discrete numbers for the various components of the tree (i.e.,
trunk and various branch orders) in the water column and showed that this results in
a wide range of values for dimensionless numbers (see Figure 3.5). Dimensionless
numbers were defined on the scale of the single elements. Other studies (e.g., Maza

et al., 2019; He et al., 2019) may use other characteristic length scales based on to-
tal canopy width or summed branch diameters, which can result in higher Reynolds
numbers.
Second, the frontal-surface area distribution along the height of each individual trees,
which was shown to be an important parameters in previous studies, was determined
using various methods described in Chapter 2. During these experiments a com-
prehensive representation of the trees was discussed and we used these results for
3D-printing the mimics; hence, we regarded the frontal-surface area to be well-
represented. Furthermore, fluid forces are argued to be more prominent in scaled
experiments than in the prototype. This has been referred to in previous work as
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‘damping’ effect (e.g., Heller, 2011). Hence, calibration runs (tests without vegeta-
tion) were included in our test program to account for the influence of bed and wall
friction at both scales. At the same time, we excluded the leaves from the scaled tests
as large over-estimations of wave damping are expected, as Cauchy scaling of leaves
and finding the appropriate material is prohibitively challenging. Most importantly,
the leaves of the real-scale willows had an insignificant effect on wave damping under
storm conditions van Wesenbeeck et al. (2022). In the end, we observed still overes-
timation effects in the scaled tests that could not be fully explained by a single rea-
son. It is assumed that this large component can be caused by the following reasons:
(1) dissimilar Reynolds number leading to increased viscous damping, (2) simplified
flexibility scaling, and (3) other mechanisms (such as air entrainment differences).

3.4.1. Reynolds scale effects
Firstly, Fr similitude was used to scale the global hydrodynamic conditions of these
experiments and Ca for the trees, while Re was not considered. Re is nevertheless
important to ensure similar wake formation behind the structure, making both Fr and
Re necessary to investigate the wave transformation through vegetation. Generally
lower Reynolds numbers were obtained during these scaled experiments, compared
to the real-scale tests that were in fully turbulent flow. As a consequence of this,
higher drag forces can be expected for lower Reynolds numbers. The Re-CD relation
is represented in Figure 3.9 for a single rigid cylinder in flow Sumer and Fredsoe

(1998). The R̃e range of the largest and smallest branches was added to this figure,
illustrating the difference in regimes between the two tested scales, especially for the
smallest diameter branches. This difference alone could lead to an increase of 5%
points in wave damping through the 40-metre-long willow forest. This estimation
was based on the conventional analytical formula (Dalrymple et al., 1984; Mendez

and Losada, 2004), using a weighted average drag coefficient (CDw) based on Figure
3.9 for both the average live tree (CDw ≈ 1) and the mimicked tree (CDw ≈ 1.37) (see
Appendix C.3).

For high Reynolds numbers (≥ 104), which usually is the case in real-scale settings,
the friction drag only accounted for maximum 2% of the total drag force and pressure
drag is the main contributor (Achenbach, 1968). For lower Reynolds numbers, where
there is not yet complete turbulent wake development behind the branches, the skin
friction might increase depending on the relative roughness of the object (Moody
diagram). This is also expected between 3D-printed branches and fluid, leading to
higher friction and causally higher wave damping. On the other hand, the roughness
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Figure 3.9.: shows the Re range of the real-scale tests (upper) and the scaled tests
(below) for the smallest and largest branches.

of parts of the live tree can lead to earlier transition to turbulence (drag crisis). As
this is mainly the case for the trunk and knot of the willow trees, this most likely has
a negligible effect on the measured wave damping.
The orientation of the cylinder (branch) relative to the incoming velocity can also
affect the forces if the angle of attack is larger than 35◦ (Sumer and Fredsoe, 1998).
Moreover, this dependency disappears for oscillatory flow when KC is large enough
(KC ≥ 20) (Sumer and Fredsoe, 1998). The angle of the side branches relative to
the trunk (0◦) can be 30◦ for the 2nd order branches and can reach up to 55◦ for the
1st order branches (i.e., smallest branches), leading to angle of attack ≈ 35◦ for the
smallest branches and the tests have a minimum KC of 22, which is yet within both
previously mentioned ranges, hence well-resembled.

3.4.2. Flexibility model effects
Secondly, woody vegetation also moved when subjected to storm waves, as discussed
in van Wesenbeeck et al. (2022). For simplicity, vegetation is usually considered to
behave as rigid cylinders (e.g., Hu et al., 2014; Tinoco and Coco, 2018; Sonnen-

wald et al., 2019). However, these simplifications can lead to wave damping over-
estimations. Vegetation motion was shown to impact the amount of wave damping
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van Veelen et al. (2020). Relatively smaller deflection was measured in the scaled
model compared to the real-scale tests, which can be a consequence of the variability
of the Young’s Modulus. Studies showed that the E-modulus of branches is not con-
stant across different sections of the branches, such as van Starrenburg et al. (2024),
while we used a single value for the Young’s modulus, E. For example, Sutili et

al. (2010) conducted bending tests for 6 different diameter classes of Salix × Rubens

(willow species), and showed that the average Young’s modulus ranged from ≈ 3.000
- 5000 N/mm2 depending on the diameter class.
Besides simplifications regarding the Young’s modulus, we also simplified the ge-
ometry. Branches with a smaller diameter than 1 mm were not possible with the
3D-printer. To still get similar frontal surface area, we lumped the smallest order
branches together. The volume is however not similar between model and prototype.
This could result in deviations in inertia forcing; however, we do not expect inertia
to play an important role relative to the drag force as the KC number of these small
branches is large (see Table 3.1), indicating drag-dominated regime (Sumer and Fred-

soe, 1998).
The geometric simplifications lead to thicker and thereby also stiffer 1st order branches
than required, and stiffer objects are generally known to dampen more than flexible
alternatives (Mullarney and Henderson, 2010). One could argue that this is also the
case for the printed branches. The flag used for the motion analysis at real-scale,
was attached on a 1st order branch – a relatively more flexible branch than its scaled
mimic. The analysis on the maximum deflection of the tip of the branch (see Figure
3.7) illustrated that the live branches had larger tip displacement than the 3D-printed
trees. This is in line with the wave damping measurements: less wave damping for
the live trees (more flexible small branches) that also showed more deflection under
waves. The discrepancies between the deflections at the two scales were more appar-
ent for higher waves; and we expect a similar trend for the other tests. Unfortunately,
this comparison could not be made for these irregular wave tests with larger signif-
icant wave heights or higher water levels, as the branch of interest was not visible
during these tests. On the contrary, the contribution of the smallest branches to the
wave damping is also unknown. We expect the motion of the tip of the branches (i.e.,
smallest diameter and highest flexibility) to have less impact on the wave damping
than the motion of the primary branches. Previous work for example used an ef-
fective length parameter for blades (Lei and Nepf, 2021). It is therefore relevant to
investigate the effectiveness of the different branch orders in wave damping.
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3.4.3. Aeration (Weber) scale effects
Thirdly, waves that travel through the forest, undergo wave transformations and also
changes in air entrainment (Tomiczek et al., 2020) that can impact the interaction
with the structure, and in turn also the wave damping results from scaled tests. Fur-
thermore, only few studies compared scaled experiments to prototype tests for wave
damping by woody vegetation. For example, Kelty et al. (2022) showed a good agree-
ment between synthetic mangrove forests at two scales. These tests had relatively
large scale and rigid tree models, such that here this aeration effect was isolated. The
direct effect of decreased mass density does not influence wave damping, as mass
density is present in both the wave energy flux and the dissipation term, such that it
cancels out in the final dissipation equation, Appendix C.3.1. Overall, this effect is
deemed to be smaller than the first two effects.

3.5. Conclusions
Scaled tests with Cauchy-scaled pollard willow mimics (30%) resulted in higher wave
damping compared to real-scale tests (20%). This over-prediction is argued to be
mainly due to scale effects (Reynolds dissimilarity) and to model effects, impacting
flexibility of the canopy. The trade-off between Fr and Re and flexibility modelling
is challenging, but nevertheless important to get reliable wave damping results from
these tests. Concluding, real-scale studies on realistic vegetation are still warranted
to improve our understanding of wave attenuation by flexible woody vegetation. The
wave damping by trees is a multi-scale problem. The different elements of a tree
(e.g., trunk and branches) are characterised by distinct dimensions and mechanical
properties; the drag force experienced by the tree is influenced by the vortices and
wave development at canopy-scale and element/branch-scale. We showed the impor-
tance of considering all elements of a tree (i.e., smallest to largest size branches) as
this leads to a wider range of relevant force ratios. Capturing these elements on a
smaller scale was technically and time-wise not feasible. To ensure proper up-scaling
for flood risk estimations, correction factors can be considered as presented in this
study. Still, more research is needed on varying the scale of the tests, the vegeta-
tion properties such as flexibility, and identifying other uncertainties. Based on our
results, scaled experimental studies should only be used for conservative wave damp-
ing estimates if no real-scale validation study is available.
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4.1. Introduction
Woody forests, such as mangroves along coastlines and willow trees in riparian zones,
are known to alter the hydrodynamics in their surroundings, thereby increasing safety
against flood events. For instance, studies have shown that mangroves can reduce flow
velocities and decrease wave heights (Quartel et al., 2007; Bao, 2011; Horstman,

2014; Best et al., 2022), promoting sedimentation and stabilising coastlines (Phuoc

and Massel, 2006; van Wesenbeeck et al., 2013). Furthermore, their ability to dampen
wave energy can lead to lower hydraulic loads on existing levees or dikes, potentially
reducing costs (IFRCRCS, 2014; Gijón Mancheño et al., 2021; van Zelst et al., 2021).

A recent real-scale flume study has demonstrated the resilience of the riparian for-
est during extreme events, representative of the design conditions for adjacent flood
defences (van Wesenbeeck et al., 2022). During these real-scale experiments with
pollard willow trees (forming a 40-m-long forest), a maximum reduction in wave
height of 20% was measured. In particular, this amount of wave damping occurred
at a water depth of 3 metres, whereby the water line was aligned with the maximum
frontal-surface area of the tree canopy. For a larger water depth, wave damping de-
clined to 10%. One reason for this can be the natural tapering form of the trees or
the flexibility of the branches. Typically, trees are characterised by thinner branches
(smaller branch diameters and also more flexible branches) higher up in the canopy
(McMahon and Kronauer, 1976). Flexible vegetation mimics are known to dampen
less than rigid mimics due to motion (van Veelen et al., 2020). Hence, the increasing
flexibility higher up in the canopy, combined with a decreasing frontal-surface area,
may lead to less wave damping through the willow forest when subject to large waves
at larger water depths.

Research on the effects of flexibility on wave damping was predominantly focused
on aquatic or salt marsh vegetation (Luhar and Nepf, 2016; Hong et al., 2022), which
are typically more flexible than woody vegetation. Consequently, the role of the flex-
ibility of trees, such as willows and mangroves, has been largely neglected in wave
damping studies. Instead, rigid cylinders are often used as vegetation mimics (Hu

et al., 2014; Wu and Cox, 2015; Sonnenwald et al., 2019) or tree components (such
as mangrove roots) are treated as inherently rigid structures (Maza et al., 2019). Fur-
thermore, when flexibility effects are considered, research typically focusses on stems
with a constant cross-section (diameter and flexibility EI), overlooking the variation
of these parameters over the height of the vegetation (e.g., Luhar et al., 2010).
Wave damping through idealised ‘rigid’ vegetation is commonly parametrised by the
drag force acting on the vegetation (using the Morison formulation as basis) (Dal-
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rymple et al., 1984; Mendez and Losada, 2004). For trees, this formulation can be
applied for several layers along the height of the tree, as each layer can have differ-
ent properties (generally stem/branch density and representative diameter) (Suzuki,

2011) and by using an empirically fitted drag coefficient (CD) to field or laboratory
measurements. However, the drag coefficients derived with such approaches display
a wide spread, which hinders their application in NbS designs (Het Expertise Netwerk

Waterkeren, 2007). For example, calibrating CD for forests is a common method to
account for any effects that are not directly accounted for by this formula, such as
branch thinning from base to tip and flexibility effects. The large differences in CD

values for woody vegetation could be due, among others, to the omission of these
aspects mentioned. Moreover, most scaling relationships are based on Re and KC

– parameters often used for rigid cylinders — which are ill defined for real trees
with complex morphology, flexibility and motion. The degree to which the previ-
ous aspects influence the uncertainty in parametrisations of wave damping by woody
vegetation, and their relative importance, is currently unknown.

Here, we conducted scaled flume experiments with flexible realistic tree mimics
and conical shapes, considering pollard willow trees (Figure 4.1a) and branches (Fig-
ure 4.1b). By doing so, we tested the effects of (1) decreasing frontal-surface area,
and (2) increasing flexibility along the height of the object. Past studies showed that
the Modulus of Elasticity (or Young’s modulus) of willow branches deviates over a
large range between willow species (van Starrenburg et al., 2024) and (or) between
branch orders (Sutili et al., 2010). Therefore, materials were selected to ensure a
wide range of flexibility. The extent to which flexibility influences the forces on these
mimics of woody vegetation was determined by using force and video data. The rigid
cone tests served not only as a benchmark for these tests, but were also used to de-
termine CD for conical shapes. Dimensionless parameters, such as Cauchy (Ca) that
are used to characterise cylindrical shapes (van Veelen et al., 2021), were defined and
quantified to verify whether these are reliable indicators for predicting the motion of
flexible cones under regular waves. Finally, forces on complex trees were measured,
which will provide valuable insights for future wave modelling studies.

4.2. Flume Experiments
Experiments were carried out on a scale of 1:10 (with respect to the tests described in
Chapter 3) with conical shapes, representing the branches of pollard willow. The main
focus of these tests was to keep the frontal-surface area distribution over the water
column and the second moment of area (I) constant between tests, while changing
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Figure 4.1.: shows a conceptual design of the mimics (A) at tree scale, and (B) at
branch scale a decrease in frontal-surface area along the height.
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the Young’s Modulus (E) and thereby the flexibility of the objects. In this case, the
diameter was similar between the test cases and, therefore, also the Reynolds number
(Re = UDb

ν
) and the Keulegan-Carpenter number (KC = UT

Db
, where Db is the branch

diameter at the base). In addition to the cone tests, we also conducted tests with a 6-
cone tree (simple) and 3D-printed trees (complex), both with two different materials
(stiff and flexible). Furthermore, we removed all the side-branches of the complex
trees, keeping only the primary branches of the tree (i.e., main branches attached to
the knot of the tree). This can be useful in determining the contribution of the side
branches – most flexible parts of the tree – to the total force; however, this is outside
the scope of this work.

4.2.1. Experimental Set-up
Tests were conducted in a wave flume (height×width ×length = 1 m×0.8 m×40 m)
that contained a wooden platform (0.23 m in height). The object was placed after
a wooden platform with a 1:10 slope. A force transducer was placed underneath the
object, inside the platform to measure the total force on the object without obstructing
the velocities. The forces on the entire object were measured with the force transducer
(FT). Wave heights were measured with a Wave Gauge (WG7). The motion of the
cone was recorded with a camera (Sony 4K FDR-AX33 20.6 MegaPixels Handycam).
Flow velocity was measured using EMS at the position of the object (EMS3) (Figure
4.2). A wave damping structure was placed at the end of the flume. Additional
equipment, such as velocity and wave gauges, was present in the flume but not used
in this study.

Figure 4.2.: An overview of the test set-up, including all the instruments placed along
the flume.



4

72 4. FLEXIBILITY EFFECTS

4.2.2. Hydrodynamics
Individual cones and 6-cone tree mimics were tested under regular wave conditions,
while realistic trees were tested under irregular waves. The results from the realis-
tic trees were compared to those from the earlier test campaign in Chapter 3, which
involved flexible realistic trees with similar morphology. The test programme con-
sisted of 20 different wave conditions shown in Figure 4.3, in which the water depth
at the foreshore (h f ), wave height in deep water (H) and the wave period (T ) are
given. Most of the waves were non-breaking waves, except for tests 6, 9 and 10. The
complete test programme and the positions of all the placed instruments are given in
Appendix D.1.

Figure 4.3.: The regular wave conditions (test 1 -20) and their location in the diagram
of applicability of different wave theories (adapted from Le Mehaute
(1976)).

The complex trees were tested under irregular wave conditions for 3 water depths
(see Table 4.1).

4.2.3. Vegetation Mimics
Vegetation mimics were based on the live pollard willow trees in van Wesenbeeck et

al. (2022) and Kalloe et al. (2022a); and consisted of a stiff cylinder (height= 10 cm,
base diameter= 3.45 cm) that represents the trunk, and a cone (length= 42.5 cm)
that can represent a canopy or branch. The canopy consisted only of one simpli-
fied branch in the form of a cone, focussing on the motion of a single element. The
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Table 4.1.: Irregular offshore wave conditions with the complex tree mimics with and
without side branches. hd is the water depth at deep water (offshore),
while h f is the water depths at the foreshore.

Emerged conditions
(hd= 0.53 m, h f = 0.3 m)

Nearly submerged conditions
(hd = 0.68 m, h f =0.45 m )

Submerged conditions
(hd = 0.8 m, h f = 0.57 m )

Test (-) Hs(m) Tp(s) Test (-) Hs(m) Tp(s) Test (-) Hs(m) Tp(s)

1 0.05 0.9 5 0.05 0.9 11 0.05 0.9
2 0.12 1.13 6 0.1 1.27 12 0.12 1.13
3 0.05 1.27 7 0.05 1.27 13 0.05 1.27
4 0.10 1.79 8 0.1 1.79 14 0.1 1.79

9 0.16 1.55 15 0.16 1.55
10 0.15 2.19 16 0.15 2.19

cone had a constant height (l) of 0.425 m, while the base diameter (Db) varied. The
following two base diameters were tested: (1) 0.0346 m denoted as ‘Large Cone’
and (2) 0.0137 m denoted as ‘Medium Cone’. Both cone sizes were 3D-printed us-
ing four different materials with varying Young’s modulus (E), namely: 3200 MPa
(stiff), 56 MPa, 7.5 MPa, and 5 MPa. Important dimensionless numbers, namely the
Keulegan-Carpenter and Reynolds numbers, are calculated across the vertical axis (z)
to have an indicator of the flow regime we can expect around the objects.

I(z) =
π

64
D4

c(z), Re(z) =
Uh,max(z).Dc(z)

ν
, KC(z) =

Uh,max(z).T
Dc(z)

An overview of both cone models with varying rigidity (EI), KC and Re along the
height of the cones is shown in Figure 4.4. For further details on the printer settings
and materials, we refer to Appendix D.2.

For conical shapes, C̃a and L̃ are defined as follows:

C̃a =
ρwD̄Û2

h,maxl2
wet lcone

EĪ
, L̃ =

lconeω

Ûh,max
, (4.1)

where ω = 2π

T , Ûh,max represents the horizontal orbital velocity at the waterline
according to linear wave theory, D̄ is the average diameter throughout the length of
the cone and EĪ is the average rigidity throughout the length of the cone (see Figure
4.4).

The ’Medium’ cone was used to construct a 6-cone tree mimic (see Figure 4.5C),
which was tested in two variations: one with high stiffness (E = 3200 MPa) and the
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Figure 4.4.: Overview of the geometry of the cones with corresponding stiffness (EI),
Reynolds number (Re) and Keulegan-Carpenter number (KC) along the
height of the object.

other with low stiffness (E = 7.5 MPa).
Furthermore, we reused one ‘Realistic’ tree that was in the front row of the forest
tested in Chapter 2: ‘Tree A1’. The realistic tree mimic was also tested in a relatively
stiff variation (E = 3200 MPa) and a flexible variation (E = 400 MPa).
As mentioned before, the effect of the side-branches was not investigated in this work.
We removed all the side-branches (both 1st and 2nd order branches), leaving only
the primary branches in the tree (see Figure 4.5B). However, for completeness, the
characteristics of the trees are described in Appendix D.1.

4.3. Data processing
4.3.1. Force Measurements
The force transducer, placed below the trunk, measured the horizontal component of
the total force on the objects (shown in Figure 4.5). The forces on the cone (i.e.,
excluding the trunk) were also estimated for further analysis. These cone forces were
determined by subtracting the time-series measurements of the trunk tests (‘calibra-
tion tests’) from the tests with the whole object (‘trunk+cone’). Hereafter, the first
five fully developed waves were selected to calculate the average peak force (Fp).
Figure 4.6 shows an example of the cone forces of test 1 with the stiff Large Cone.
The averaged peak forces obtained for the stiff cones were compared with the results
of the flexible cones of identical geometry. We followed these steps to obtain peak
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Figure 4.5.: Shows an overview of the tested realistic tree mimics (A and B) and
simplified branch mimics (C, D, and E).

forces on all the individual conical shapes and on the 6-cone mimics. Furthermore,
the effect of flexibility on the forcing is also analysed for the ‘realistic’ trees under
irregular wave conditions. For this, we compared the significant force on the entire
flexible tree with the significant force on the geometrically equivalent stiff tree.

Figure 4.6.: A measurement time series of 5 waves to obtain the average peak force
of the cone (yellow upward triangles), Fp. Test 1 with stiff Large Cone is
shown as an example.
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4.3.2. Velocity profiles - Regular Waves

Velocity profiles over the water column were estimated using Fenton’s theory (higher-
order waves) (Fenton, 1985). The surface elevation predicted by Fenton was com-
pared with the surface elevation measurements (from WG7). Appendix D.3 shows
this with the corresponding velocity profiles for each regular wave test.

4.3.3. Video Images Cones

The maximum horizontal displacement that the cone experiences (θ ) was determined
by recording and tracking the movement at a point located at ≈ 0.7×length of the
cone, l. This specific point was chosen because it minimises the influence of higher-
order modes (up to mode 3) on the motion. This point is shown with the horizontal
green dashed line in Figure 4.7A. The shapes result from the modal analysis of a
modified version of the model developed by ter Meulen et al. (2024). The cone
was represented with 10 two-node 2D Euler-Bernoulli beam elements. The entire
length of the cone was hence discretised with 11 nodes (see Figure 4.7A), where each
node (except for the base node which serves as a clamped connection) has 3 degrees
of freedom. The geometric properties of the elements change along the height of
the cone, for instance, the diameter, and therefore the mass and flexural rigidity EI

decrease per element. Details on the input can be found in Appendix D.4.

Figure 4.7.: (A) Large Cone and its modal shapes (in vacuo modes); (B) example of
obtaining θ .

The maximum angle of deflection was determined as the angle between two vec-
tors. First, the state of the cone at rest is vector u, and the state of the cone at maximum
deflection is vector v (see Figure 4.7b). The angle θ between the vectors u⃗ and v⃗ is:

θ = cos−1
(

u⃗ · v⃗
∥⃗u∥∥⃗v∥

)
,

where the dot product u⃗ · v⃗ is defined as:
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u⃗ · v⃗ = uxvx +uyvy,

and the magnitudes of the vectors are:

∥⃗u∥=
√

u2
x +u2

y , ∥⃗v∥=
√

v2
x + v2

y .

Furthermore, the video images were also used to obtain the change in position of
the cone (response) of the flexible cones over time. The video images were first syn-
chronised with the wave gauge and force data using cross-correlation. For this, data
from wave gauge 7 (WG7), located at the tree, was used to ensure that the correlation
between the video and wave gauge data exceeded 0.9. After synchronising these data
sets, five developed waves were chosen for analysis in this work (by excluding the
first 10 waves). Finally, 20 video frames during each wave cycle were used to track
the position of the object during one wave. Colour masks were used mainly to obtain
the shape of the cones. For more details regarding these video processing steps, we
refer to Appendix D.5.

4.4. Results and Discussion
4.4.1. Realistic Tree Mimics
The effect of flexibility on the measured forcing was analysed for realistic tree mimics
under irregular wave conditions. We compared the significant peak forces (Fs) mea-
sured on the entire flexible tree (including the stiff trunk) to those of the geometrically
equivalent stiff tree, as shown in Figure 4.8A.

The results indicate that Fs increases with the calculated depth-averaged maximum
velocity based on Linear Wave Theory (Ũ), following the classic quadratic drag law
F ∝ U2. For the stiff trees (dark green markers), the relationship between force and
velocity aligns with this law. This relationship has also been observed in other stud-
ies using stiff mangrove mimics under varying water depths (Maza et al., 2017b).
However, for realistic vegetation with flexible branches, this relationship may devi-
ate. Vogel (1989) demonstrated that the force-velocity relationship is not necessarily
quadratic, introducing the equation F ∝ Ũ2+v, where v is the Vogel exponent, for reg-
ular waves and cylindrical shapes. The range for this exponent is -4/3 < v < -1/10
(Hong et al., 2022), suggesting a more linear relationship between force and velocity.
This alteration in the F −U relationship is primarily due to flow-induced deforma-
tion, also known as vegetation reconfiguration (Vogel, 1989), which depends on both
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Figure 4.8.: (a) Measured significant peak forces (Fs) as function of the calculated
depth-averaged maximum velocity based on Linear Wave Theory (Ũ)
with corresponding water depth (h f ). This is shown for the stiff tree
(dark green hexagons) and flexible tree (light green diamonds). (b) Force
difference for different tree submergence levels.

plant properties (such as structural geometry and material properties) and flow char-
acteristics (such as the velocity profile) (Hong et al., 2022). Our results align with
observations by Hong et al. (2022); our Fs measurements for the flexible tree (light
green markers) are overall lower than those for the stiff tree (dark green markers).
This difference tends to increase with increasing velocities, indicating that a more
flexible tree indeed demonstrates a more linear F −U relationship (de Langre, 2008;
Leclercq and de Langre, 2016). This also coincides with findings from a full-scale
study conducted with live flexible riparian trees under flow, where the quadratic drag
equation seems to be appropriate for very low velocities, while less accurate for high
velocities (Whittaker et al., 2013). Notably, in our tests, this relationship was not ap-
parent when using the maximum velocity Ûmax instead of the depth-averaged velocity
Ũ (see Appendix D.6).

In addition to the velocity relationship, our results illustrate how the level of sub-
mergence influences the force experienced by the flexible versus stiff tree. Figure
4.8B shows the measured peak forces at various vegetation submergence levels for
flexible trees (diamond markers) and stiff trees (hexagon markers). Flexibility has
a minor effect at the lowest water depths (h f = 0.3 m) compared to the other tested
depths, regardless of the velocity. The smallest difference between the tests occurs for
the ‘emergent’ trees (h f /htree ≈ 0.55), corresponding to the waves reaching the least
flexible parts of the tree. The largest difference is observed for the ‘nearly emergent’
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case (h f /htree ≈ 0.85). The force difference between the stiff and flexible trees de-
creases again for the ‘fully submerged’ case (h f /htree ≈ 1.1) compared to the ‘nearly
emergent’ case. Moreover, Figure 4.8B demonstrates that vegetation submergence
is important not only for the force difference due to flexibility, but also for the total
force exerted on trees (and therefore for the expected wave damping by the trees).
Anderson et al. (2011) showed that the wave damping depends on the plant structure
(frontal-surface area) relative to the water depth. Most studies with flexible vegeta-
tion show more wave damping at lower water depths (Stratigaki et al., 2011; Maza

et al., 2015). In our scaled experiments, the smallest water depth did not directly cor-
respond to the largest measured forces. Instead, the largest forces were found in the
nearly submerged cases (h f = 0.45 m), which then decreased for the fully submerged
case (h f = 0.57 m). This is arguably due to the higher wave heights achieved in the
nearly submerged case compared to the emergent case. Therefore, when comparing
similar wave heights among different vegetation submergence levels, the lower water
depths indeed experienced the highest forces.

While the analysis of realistic tree mimics provides valuable insight, the study
of conical shapes offers a more controlled approach by removing additional effects
caused by complex geometries, such as interference by neighbouring branches, vary-
ing angle of wave attack, and shape factors on (side) branches with different orienta-
tions. The upcoming sections will therefore focus on the conical shapes.

4.4.2. Flexible Cones
The reduction in force due to flexibility is quantified by comparing the peak force
of the flexible cone to that of its rigid counterpart (Fp, f lex/Fp,sti f f ). Appendix D.8
presents the peak forces acting on the cone (Fp,cone), the total peak forces on the
trunk&cone (Fp,total), and the measured cone deflections (θ ) for each test. The Large
Cones (squares) show relatively smaller deflections (θ < 5°) than the Medium Cones
(triangles), see Figure 4.9. This is due to the greater overall rigidity (EI) of the Large
Cones compared to the Medium Cones. It is important to note that tests involving the
Large Cone 56 MPa (here 56 MPa represents the modulus of elasticity E of the cone
material) showed minimal deflections for all tests and were therefore excluded from
this analysis.

These results demonstrate an overall declining trend in the measured force-deflection
relationship, as expected. This indicates that more flexible cone mimics (represented
by lighter green markers) exhibit relatively larger deflections and experience lower
peak forces compared to stiffer mimics (represented by darker green markers). Con-
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Figure 4.9.: The cone without the trunk (Fp, f lex,cone/ Fp,sti f f ,cone). This is illustrated
for both Large (squares) and Medium cones (triangles) for two tested
water depths (h f ). The colours represent the E-modulus, with dark green
indicating lower flexibility and light green indicating higher flexibility.

sequently, we expect reduced wave damping from more flexible conical shapes com-
pared to geometrically equivalent stiff cones. The reduction in wave damping by
flexible vegetation is supported by other studies. For instance, Mullarney and Hen-

derson (2010) found that the wave damping by salt marsh vegetation was 30 % of that
expected from stiff mimics based on field measurements. Similarly, van Veelen et al.

(2020) reported a 70 % reduction in the drag coefficient for flexible mimics compared
to stiff mimics.

Lastly, in certain low deflection cases, mainly for the large flexible cone tests, the
peak force increased to a factor of 1.2 compared to the equivalent stiff cone tests.
This increase might be attributed to the lock-in phenomenon, where high-frequency
lateral oscillations caused by vortex-induced vibrations can occur (Hong et al., 2022),
which were also observed in the tests (see Appendix D.7).

4.4.3. Drag Coefficients of Cones
Many studies use the drag coefficient, CD, of stiff cylinders to model wave damp-
ing through woody vegetation. However, in this study, we modelled willow trees
using conical shapes and hence determined the drag coefficient of stiff cones. Tests
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with stiff large and medium conical shapes were used to find these drag coefficients.
Figure 4.10 illustrates that the drag coefficient decreases with increasing KC num-
bers for both Large and Medium cones. This trend is similar to that observed for
stiff cylindrical shapes, where CD decreases between 1 and 1.5 for high KC numbers
(Keulegan and Carpenter, 1958; Wu and Cox, 2015). The CD values in this work
were obtained using the peak force measurements and peak velocities calculated with
Fenton’s Theory; this analysis was carried out on a selected subset of tests with KC
numbers greater than 20. The main assumption is that the peak force on the object is
governed by drag, neglecting the inertia forces.

Figure 4.10.: CD-KC relation for stiff conical shapes. The horizontal grey dashed line
illustrates the lower limit of the relation from Keulegan and Carpenter
(1958).

Despite this simplification, the drag coefficients obtained can be useful in estimat-
ing the expected peak force on flexible conical objects at high KC numbers, which
is the case for willow branches under extreme wave conditions. The bulk drag coef-
ficients derived from real-scale tests with live pollard willow trees were found to be
smaller than 1.2 at high KC numbers by van Wesenbeeck et al. (2022). This reduction
can be attributed to the flexibility of the canopy under high water levels and wave
heights (i.e., high velocities). Nevertheless, their results showed a similar decreasing
trend when using the calibration method to obtain CD.
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4.4.4. Cone Deflections
The relation between force (Fp) and deflection of slender tree branches (θ ) can be
captured by the well-known Euler-Bernoulli beam theory (Neild and Wood, 1999),
which can be expressed as follows:

dφ

dz
=

M(z)
EI(z)

, (4.2)

where
M =

∫ ∫
qdz =

∫
F dz

φ is the angular deflection, q is the external load, M is the moment due to the
external load, E is the Young’s modulus of the material, and I is the moment of inertia.
The bending stiffness (EI) represents the restoring force, while q is the external force
acting on the object’s frontal area along the water depth (i.e., by the wave orbital
velocity). The peak force (Fp) on the cone was measured as shown in Section 4.3.1.

Assuming a constant moment (or moment line of constant shape), integrating the
equation above yields for the angle at z = 0.7l: θ(0.7l) ∝ Ml0.7l/EI. The moment
will be proportional to Fplwet (force times arm). Combining these two expressions
yields the following hypothesised proportionality for the maximum deflection (θ )
at the height of 0.7.lcone: This assumption is valid for the Large cones since they
exhibited relatively small deflections during the experiments. Figure 4.12A confirms
a good correlation found for the Large cones using Equation 4.3 with a correlation
coefficient R2 = 0.94.

This definition of lwet is applicable for small deflections (specifically θ ≤ 5◦) when
lcone > h f . The initial fit was less suitable for the medium cones, as indicated by an
R2 value of 0.65 (see Figure 4.12B). For large deflections, predominantly observed in
these cones, the method for determining the moment arm is inadequate. Investigating
whether a ’large-deflection’ beam theory (e.g., Chen, 2010) can improve the fit for
the medium cones is recommended for further analysis.

4.4.5. Force reduction
The reduction of the total peak force due to flexibility effects can be assigned to
two aspects, (1) vegetation reconfiguration, which reduces the frontal-area (deflected
length) and generally causes a more streamlined shape (Alben et al., 2004; Albayrak

et al., 2011; Wunder et al., 2011; Losada et al., 2016;), and (2) due to reduced rela-
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θ ∝
Fpl0.7conelwet

EI
, (4.3)

where

lwet = h f − ltrunk +(H/2),

Figure 4.11.: Schematic of the large cone
for small deflection and a
fully emergent case: lcone >
h f .

Figure 4.12.: Relation between the measured deflections and the dimensionless num-
ber based on the measured peak forces.

tive velocity between the vegetation and the water, which varies along the height of
vegetation (Bradley and Houser, 2009; Luhar and Nepf, 2016; Lei and Nepf, 2019).



4

84 4. FLEXIBILITY EFFECTS

(A)symmetry and mean position flexible cones

The motion of the 7.5 MPa Large Cone, 7.5 MPa Medium Cone, and 5 MPa Medium

Cone are shown as an example in Figure 4.13. The frontal-surface area reduction of

Figure 4.13.: Motion during one wave cycle of test 15: {h f = 0.45 m; H= 0.14 m; T =
1.23 s} for (a) 7.5 MPa Large Cone, (b) 7.5 MPa Medium Cone, and (c)
5 MPa Medium Cone. The thin solid and thin dashed line show forward
and backward motion, respectively. The thick dashed line shows the
mean position of the cone during one wave cycle.

the Large Cone is negligible as the deflection is ≈ 2 cm (θ < 5°), and the mean posi-
tion is centred, implying symmetry of the cone movement in time. It can be seen that
in contrary to the Large Cone, the motion of both medium cones showed to be more
asymmetric – leaning towards the direction of the incoming waves. The asymmetry
can be due to short period waves, as the flexible stem may have insufficient time to
react to changes in short period waves as stated in Zeller et al. (2014). Furthermore,
as flexible stems tend to follow the orbital motion of waves, the tip is exposed to a
smaller backward velocity (lower in the water column) than the forward orbital veloc-
ity (higher up in the water column), which also promotes asymmetry in the direction
of wave propagation (Döbken, 2015). Note that at some instances the tip of the cone
is missing (e.g., shown in Figure 4.13b,c), because it could not be captured by the
current video processing method.

Predicting force reduction

The effective length is a parameter for predicting forces and consequently wave
damping in flexible vegetation with a constant diameter, such as idealised salt marsh
grasses (Luhar and Nepf, 2011). In the case of trees, which consist of branches with
varying diameters, the effective area that contributes to damping becomes more ap-
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propriate. The effective area is defined as follows:

Ae

A
=

Fp, f lex,measured

Fp,rigid,measured
, (4.4)

where Fp, f lex is the measured peak force on the flexible object, and Fp,rigid is the
measured peak force on the geometrically equivalent stiff object.

Dimensionless numbers containing the Cauchy number (Ca) and the ratio of veg-
etation length to wave excursion (L), such as CaL and CaL/KC, have been demon-
strated to be effective predictors for the effective length for non-tapered objects (cylin-
drical or rectangular shapes) under both currents (Luhar and Nepf, 2011) and waves
(Luhar and Nepf, 2016; Luhar et al., 2017). For conical shapes, the Ca and L are
defined as shown in Equation 4.1.

Figure 4.14.: CaL and CaL/KC for predicting the effective area ratio, showing the
Large cones (squares) and Medium cones (triangles) for all the tests.
The relation le

l ≈ (CaL)−
1
4 , derived from Luhar and Nepf (2016) for

sea-grass under wave conditions is shown with the black line.

CaL shows less scatter to predict the effective area compared to CaL/KC. When
CaL exceeds 10, a reduction in frontal-surface area and force can be expected, whereas
for CaL values less than 10, it can be assumed that the cone exhibits rigid behaviour.
These findings are shown in Figure 4.14. Furthermore, our data points show a less
steep slope (less severe change in frontal-surface area) than the relation found for sea
grass (black line in Figure 4.14).
During typical storm conditions in Dutch riverine areas (H = 1 m, Tp = 5 s, h f =

3 m), wave orbital velocities can reach up to 1.2 m/s (Ũmax). A primary branch of
the stiffest willow species (sprouting from a tree knot) can have a Young’s modu-
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lus (E) of 4500 MPa (van Starrenburg et al., 2024). Considering a typical class 1
branch with a base diameter of 50 mm, a tip diameter of 3 mm (average diameter
D̄ of 50+3

2 = 27 mm), and a total length of 4 m, the CaL is approximately 50, using
Equation 4.1. For a less stiff willow species with a Young’s modulus of 2000 MPa,
the CaL would be around 100 for a similar class 1 branch. This indicates that despite
the variation in E-modulus between the willow species, the order of magnitude in
force reduction remains within the data spread. On the contrary, varying the diameter
of the branches while keeping all other properties constant has a larger impact on
CaL. Smaller diameters (thinner branches) are typical for younger trees, suggesting
that canopy age is more important than willow species (Sutili et al., 2010). Still, a
younger branch can have a lower CaL because it is naturally shorter in length (DBH-
length allometric relation). We recommend conducting experiments with live willow
branches with varying base diameters to determine the frontal-surface area reduction,
with and without side-branches. We expect the tests without the side-branches to fol-
low a trend similar to the results of the conical shapes in this study.

4.5. Conclusions
Our study demonstrated that flexibility significantly influences the forces exerted on,
and therefore, the wave damping by pollard willow trees, both in real-scale and scaled
tests. The classical F ∝ U2 relation was appropriate for relatively stiff trees. How-
ever, for flexible and realistic tree mimics, the force-velocity relationship became
more linear, particularly under submerged conditions and to a lesser extent under
emerged conditions. We designed conical shapes with two different diameter sizes
(and hence different moment of inertia Ī ≈ [1,5.10−8; 4,2.10−10] m4) and with vary-
ing E-moduli (E ≈ [3200.106; 56.106; 7,5.106; 5.106] N/m2); and tested (measured
deflections and force) these simplified mimics individually under regular wave condi-
tions. The first-mode cone deflection was determined at ≈ 0.7 times the length of the
cone to avoid higher-order modes in the measurements. Small deflections (theta<5°)
could be well captured with the relation based on Euler-Bernoulli (θ ∝

Fplwetlcone
EI ). On

the other hand, cone deflections greater than 5° showed a large spread and resulted in
significant decrease in measured forces, with reductions up to 50% compared to their
rigid counterpart. Lastly, the CaL number showed a strong correlation with the effec-
tive surface area for the flexible cones and is a promising indicator for the effective
area for conical tree branches.
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5.1. Introduction
Riparian woodlands – particularly pollard trees – are a unique trait of Dutch rural
landscapes and an important habitat for various species (Cizek et al., 2021). In addi-
tion, they can also increase the flood safety of the hinterland by dampening incoming
waves when (partly) submerged. The safety norms against flooding are becoming
stricter in the Netherlands (Schweckendiek and Slomp, 2018). Tighter regulations,
along with increases in river discharge and sea level rise (as a consequence of climate
change), mean that many dikes will likely need to be reinforced in the upcoming years
to meet updated safety standards (van Loon-Steensma and Schelfhout, 2017). Dike
reinforcements are costly and require space. Higher and wider dikes will become
more difficult to integrate in Dutch landscapes. Implementing existing vegetation or
planting additional vegetation in front of the dike can have lower construction costs
compared to a dike heightening of 1 m (assuming sufficient space and relatively shal-
low water) (Vuik, 2019), while also increasing other ecosystem services.

Given the many benefits of floodplains, the EU (e.g., Kaderrichtlijn Water, KRW)
and national policies encourage the integration of nature-based solutions in flood
risk management plans and emphasise the importance of conserving and restoring
floodplain ecosystems where feasible (Diaz et al., 2019; Christiansen et al., 2020).
For instance, the national ‘Bossenstrategie’ aims to create 2000 hectares of forests
along Dutch riverbanks by 2030 (derived from the Programma Aanpak Grote Wa-
teren, PAGW) (Ministerie van Landbouw Natuur en Voedselkwaliteit, 2020). Though
attention is required for the successful integration of riparian forests without hinder-
ing the river discharge. Projects such as the Room for the River project (a Dutch river
management concept) aimed to increase river discharges to sea and, thereby, lower-
ing the flood levels (without rising dike levels). This was achieved by relocation of
dikes, depoldering, creating side channels, and removing hydraulic obstacles in rivers
such as riparian forests, among other measures (Silva et al., 2001). It is important to
note that these programs work together with the Hoogwaterbeschermingsprogramma
(HWBP) which focusses on flood safety for 2050, and the Deltaprogramma, whose
primary focus points are protecting the country against flooding, sufficient fresh water
supply, and to withstand (or adapt) to climate change for 2050.

The suitability of riparian vegetation as part of hybrid flood defences is yet of-
ten unclear for practitioners. While guidelines for up-scaling and implementation of
nature-based solutions are available (e.g., Ecoshape, 2024), quantitative guidelines
are still lacking. Due to the many uncertainties related to hybrid flood defences,
current dike design procedures recommend excluding the effect of existing riparian
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vegetation in the area (Het Expertise Netwerk Waterkeren, 2007). Consequently, tra-
ditional dike reinforcement measures, such as raising crest heights or widening dikes,
are often the default preference for practitioners – even when they may not be the
most cost-effective alternative. However, incorporating existing vegetation into the
dike design to delay costly dike renovations could significantly reduce costs in dike
reinforcement programmes.

This chapter explores the potential for integrating or preserving riparian woodlands
in the Netherlands as a natural flood protection measure. With the insights gained
from this thesis, we discuss the effect of vegetation, particularly pollard willow trees,
on wave attenuation and how this can be included in probabilistic assessments for dike
design. For example, Chapter 2 provided tools, such as the frontal-surface area model
of the pollard willow trees and an analytical model to calculate wave damping, which
are applied in this discussion chapter. Through a case study in the Netherlands, the
practical implications are discussed, demonstrating how pollard willow forests can
influence the design of the dikes and enhance the safety assessments of the dikes in
the country.

5.2. A Case Study
The impact that a forest can have on the design of the dike is evaluated through a case
study area located along the river IJssel near the town of Kampen under Waterschap
Drents Overijsselse Delta (WDODelta). Figure 5.1 illustrates the area of interest in
front of the dike (trajectory 10-3), which is part of the IJsseldijk that protects the
Mastenbroek polder against flooding.

The current dike revetment consists of a grass cover and a bare foreshore (i.e., no
forest) in front of the dike. The potential (maximum available) width for a forest to
develop is approximately 60-80 m (determined using Google Earth Pro). The level
of safety against flooding during the national assessment (occurring every 12 years
(Vergouwe, 2010)) was not met—specifically for the failure mechanisms of piping,
macro-stability, erosion of the grass revetment on the outer slope, and insufficient
dike height (IHW, 2023). In the project for the improvement works to reach the reach
the required safety standard, WDODelta is looking at different alternatives, with the
aim of starting the reinforcement works in 2029. The ‘signal value’ for this site is
1/10,000 and the ‘lower threshold’ is 1/3,000 per annum (probability of flooding)
(IHW, 2023). The ‘signal value’ was established because dike reinforcements gener-
ally take at least 10 years to complete, and during this time, the flood defence must
continue to meet the required protection level (the ‘lower threshold’) (Slootjes and



5

94 5. DISCUSSION TOWARDS APPLICATION

Figure 5.1.: Dike [trajectory 10-3] along the river IJssel, where the black coloured
raster shows the potential forest area and the red line indicates the pri-
mary dike.

van der Most, 2016).

In the case of hydraulic loads acting on a structure, a forest in front of a levee
can decrease wave action (1) by lowering the required crest height, and (2) changing
outer-slope and inner-slope revetment (see Figure 5.2). A dike with grass cover is
preferred over hard revetments such as asphalt or stone, because (1) it can be cheaper
and more sustainable depending on the availability of the materials, and (2) it makes
it easier to adapt in the future (van Loon-Steensma and Schelfhout, 2017).

Figure 5.2.: Example of a cross-section of a forest-dike combination.



5.2. A CASE STUDY

5

95

5.2.1. Deterministic calculation
The hydrodynamic conditions with a 1/10,000-year return frequency are assumed
for the calculations of the dike of the dike revetment (inner- and outer-slope) for
our case study (dike trajectory 10-3). This design scenario includes a significant
wave height Hs of 1.05 m, with a peak period (Tp) of 4 s, and a water level (h) of
+ 3.34 mNAP, as determined using the Hydra-NL tool 1. Note that this leads to
a conservative design as the input variables are independent from each other. The
dike profile used in the analysis was obtained from data from AHN-viewer (Actueel
Hoogtebestand Nederland)2, which was used to find the outer slope (with tanα = 0.2)
and the dike crest height (+ 4.25 mNAP). Consequently, the minimum crest freeboard
(Rc) was determined as the difference between the crest height and the water level,
which has a value of 0.91 m (4.25-3.34 m) (van der Meer et al., 2018). The forest is
assumed to be composed of pollard willow trees that are analogous to those tested in
van Wesenbeeck et al. (2022). Wave reduction by a potential forest at the case site will
be estimated using the implementation of a combination of the layer model of Suzuki

(2011) and analytical integration of Mendez and Losada (2004). These trees were
modelled using six vegetation layers with a frontal surface area distribution based on
the ‘tree model 2’ from Chapter 2. For the bulk drag coefficient, we applied the value
for a rigid cylinder, 1.2, but also a value found for flexible willow branches of 0.7
(van Wesenbeeck et al., 2022). A maximum width of 80 metres is available at the
site; however, due to tri-annual cutting of the branches of the pollard willows, the
entire width will not have a full canopy permanently available. With this is mind, the
forest width of 40 m is taken into account in further discussion.

Reduced Wave height

The wave reduction results of varying forest widths and water depths is shown in
Figure 5.3. The lower limit of Hs is 0.5 m (≈ 1/100-year return period) and the upper
limit of Hs is 1.1 m (≈ 1/10,000-year return period), with a constant peak wave period
(Tp) of 4 s, which is a conservative calculation as the expected peak wave period
is maximum 3 seconds considering a constant wave steepness for locally generated
waves. Wave damping is defined as H0−H1

H0
, where H0 is the incoming wave height

and H1 is the wave height at the toe of the dike; this is calculated for scenarios with
and without a forest.

1settings: ontwerpmodus for 2050, all uncertainties on, locatie: Dkr 10 IJssel k 992-993 Locatie ‘1-
193440-506070’

2ActueelHoogtebestand Nederland is a digital dataset with detailed elevation data for the Netherlands,
offering 5 cm accuracy relative to the Amsterdam Ordnance Datum (NAP) (RWS, 2019)
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Figure 5.3.: Expected wave damping through various forest widths and water levels
combinations. left: wave damping due to a bare foreshore width; right:
wave damping due to a foreshore width covered with a forest.

Dike elements

We assume the design of the crest height depends on the maximum allowable over-
topping discharge (qtol), where an overtopping discharge of 1 l/s/m is initially a
standard value to consider for river dikes (TAW, 2008). The maximum allowable dis-
charge depends, among others, on the quality of the inner-slope and crest revetment.
For instance, no additional requirements are needed for the resistance against erosion
of the inner-slope if a maximum overtopping discharge of 0.1 l/s/m is applied – a
sandy inhomogeneous ground with poor quality grass would suffice in this case. If
the overtopping discharge is larger than 10 l/s/m, the quality of the revetment should
be extremely high paired with high maintenance (TAW, 2008) or hard revetment (e.g.,
grass block pavers, asphalt or stone revetment) can be chosen instead (Waterkerin-

gen., 1985). The overtopping discharge is calculated using the equation in van der

Meer et al. (2018), see Appendix E.2. Figure 5.4 shows that a 40-m-long forest can
reduce the overtopping discharge such that a moderate grass cover would suffice on
the inner slope.
The outer-slope of the dike can erode (fail) due to wave impact and (or) wave run-up
(run-down), as calculated with the Gras Buitentalud module (Deltares, 2019). First,
erosion due to wave impact is calculated using the formulation for allowed impact du-
ration in Appendix E.2.2, where the top layer and sublayer provide resistance against
erosion (failure). The duration of the storm, and therefore the duration of the load
(tload) is set to 12 hours (RWS, 2022). Figure 5.5A shows that the wave height of
the toe with vegetation makes a clay layer thickness of 0.5 m sufficient to withstand
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Figure 5.4.: Overtopping discharge without vegetation (cross) and with vegetation
(plus) for a 1/10,000 wave height and water depth.

Figure 5.5.: Overtopping discharge without vegetation (cross) and with vegetation
(plus), and the grey line indicates the overtopping for a range of wave
heights.
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wave impact during a 12-hour-long storm, while without vegetation a 1 m thickness
of the layer would be more appropriate. Second, wave run-up affects the revetment
above the wave impact zone. The load on the dike on the upper slope is quantified by
the cumulative overload parameter, D, which is based on the flow velocities over the
revetment (see Appendix E.2.3). The critical value of this overload value (Dcrit, f ailure)
depends on the type of revetment. For instance, the resistance against failure for a
healthy grass cover is 7000 m2/s2 (Hoven et al., 2013). The formulations for ob-
taining the cumulative overload are shown in Appendix E.2.3. Figure 5.5B shows
that the dike can withstand erosion due to wave run-up without vegetation, hence, the
forest has no impact on the design regarding wave run-up for the 1/10,000-year wave
condition.

5.2.2. Reduced Probability of Flooding
Dikes are designed using reliability methods which can be semi-probabilistic or fully
probabilistic. These are linked to the safety levels, which vary across the country; the
safety norm per dike trajectory is divided into the probability of failure for different
dike failure mechanisms. For instance, the failure budget for revetment failure and
erosion is 10% of the total failure probability, where 4,5% is allocated for erosion
of the grass revetment (de Bruijn et al., 2017). For instance, the lower limit failure
probability allocated for erosion of the grass revetment is 0,045 ×1/3,000 =1,5.10−5

and the signal value is 0,045 ×1/10,000 =4,5.10−6.

Figure 5.6.: (a) Dike cross-section and water elevation levels of varying return peri-
ods (1/10 - 1/100,000); (b) conditional probability of failure; (c) com-
bined probability of failure. (Source: adjusted from Scheel (2024))

A probabilistic study (using Monte Carlo method) has been done on the effect of
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vegetation in front of part of the IJssel dike (trajectory 10−3) (Scheel, 2024). A
length-effect parameter of 1 (NL = 1) was assumed for the probabilistic assessments,
and the water depths for return periods 1/10 till 1/100,000 (see Figure 5.6A), were
determined using Hydra-NL. This probabilistic study showed that the pollard willow
forest had most effect on the failure mechanism erosion outer-slope due to wave im-
pact, and not for wave run-up as the hydrodynamic conditions did not lead to severe
cumulative overload (as shown in Section 5.2.1); and hence, the probability of failure
of the outer-slope revetment due to wave run-up was negligible.
Figure 5.6B shows the conditional probability of failure P(F|h) given the occurrence
of the water level, h. The conditional probability of failure is afterwards combined
with the marginal probability of occurrence of the specific water level P(h) to deter-
mine the combined probability of failure P(F|h)P(h), as shown in Figure 5.6C. Lastly,
the total probability of failure due to the outer-slope Pf is calculated by integrating
the combined probability of failure curve for wave impact. These results are shown
in Figure 5.7 for different scenarios.

Figure 5.7.: Total probability of failure for wave impact for the different scenarios:
1) no forest for a foreshore width of 40 m and 100 m, 2) forest with
‘flexible’ trees, and 3) ‘stiff’ trees for a forest width of 40 m and 100 m.
(Source: adjusted from Scheel (2024)).

The results in Scheel (2024) suggested that the frontal-surface area distribution of
vegetation is important in assessing failure probability due to wave impact. This is
evident from the observed drop in Pf at the point where the frontal-surface area of the
trees reached its maximum around a height of 2 m, as shown by the horizontal dashed
line in Figure 5.6. It is also clear that the largest frontal-surface area of the tree, giving
most failure probability reduction, is located at the elevation that contributed most to
the (unvegetated) probability of failure due to wave impact. Hence, the pollarding
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height of trees (that can some extent be chosen freely) seems to be optimal for im-
proving flood safety. Furthermore, the comparison of rigid (CD= 1.2) and flexible
(CD= 0.7) configurations shows that neglecting flexibility leads to approximately 2-
20 times smaller probability of failure estimation, with the largest differences for
the wider forest (100 m). These findings also suggest that the discrepancies between
scaled and real-scale tests, as shown in Chapter 3), may be less pronounced for rel-
atively small widths. However, as the forest width increases, these discrepancies
become more significant, leading to substantial variations in failure probability (Pf ).
Moreover, the length of the forest (B f ) was identified as a critical parameter. The
probability of failure (Pf ) for a 40-metre-long forest was calculated to be 10−4, while
it decreased to 10−6 for a 100-metre-long forest with flexible trees. These variations
are significant, as they result in a change in the safety classification of the dike from
Level IV (where the dike section meets the alert threshold but does not meet the min-
imum threshold) to Level II (where the dike section still meets the alert threshold),
as illustrated in Figure 5.7. This shift could potentially lead to less heavy (cheaper)
outer-slope revetment or postponement for reinforcements.

5.3. Potential Locations
In the previous section, it was shown that the forest width is one of the key parame-
ters for dike-forest solutions. Therefore, it is important to identify locations where the
foreshore width is sufficient to support forest growth without conflicting with other
objectives, such as increasing roughness in the main discharge channel. This infor-
mation is valuable during the initial phase of dike reinforcement projects, helping to
determine whether dike-vegetation solutions are feasible. The following section will
explore potentially suitable locations and provide suggestions for future suitability
analysis.

5.3.1. Mapping Willow Forest Locations
Locations with vegetation presence in the Dutch rivers were obtained from the Veg-
etatielegger (Rijkswaterstaat, 2024) – a map with vegetation areas that are cate-
gorised using roughness to indicate locations where they do not interfere with the
river discharge. The vegetation types ‘Struweel’, ‘Mengklasse 90/10’, and ‘Mengk-
lasse 50/50’ were filtered from this map to calculate the areas where pollard willow
trees are allowed to grow. ‘Struweel’ (shrub) was the only homogeneous vegetation
class selected, because the other types of homogeneous vegetation (namely ‘bos’ (for-



5.4. IMPLEMENTATION OF RIPARIAN FORESTS IN flOOD PROTECTION SYSTEM: AN
OUTLOOK

5

101

est), ‘riet’ (reeds), and ‘gras’ (grass)) have relatively lower roughness compared to
willow species. Furthermore, two mixed vegetation classes were selected, ‘Mengk-
lasse 90/10’ and ‘Mengklasse 50/5’, where the vegetation area was multiplied by the
maximum allowable area percentage that can contain ‘Struweel’ vegetation, namely
0.2 and 0.6, respectively (see Appendix E.1 for more information on Vegetatieleg-
ger). Furthermore, these vegetation patches were located up to 120 metres in front of
a primary dike and were schematised into simple geometries using rectangular shapes
(see Figure 5.8 for an example).

The resulting map, with the locations where pollard willow vegetation may grow
(and which are close to a primary dike), is shown in Figure 5.9. These locations were
categorised as function of their area. This shows that most forests are smaller than
100 m in length (perpendicular to the dike) and there are around 200 sites (5% of all
areas) wider (perpendicular to the dike) than 100 m in the Netherlands. Some well-
known large nature areas in the Netherlands are for example (1) the Biesbosch area
– the largest riparian forest in the Netherlands (Peters et al., 2021); (2) Vossegat in
the Grentse Waard, which developed naturally on large sand deposits along the Waal
(Peters et al., 2021); (3) Blauwe kamer along the Neder-Rijn near Rhenen, which was
a river clay mining area where nature developed (Silva et al., 2001); (4) Duursche
Waarden along the IJssel; and (5) Koningsteen along the Maasvallei (Ministerie van

Landbouw Natuur en Voedselkwaliteit, 2008). It is important to note that most of
the forest locations on the map are part of the Natura 2000-network (protected nature
areas).

5.4. Implementation of riparian forests in flood
protection system: an Outlook

This chapter highlighted the application potential of water depth for wave attenuation
through pollard willow trees. A forest can reduce the probability of dike failure and
can be incorporated into probabilistic dike safety assessments, as discussed in Sec-
tion 5.2.2. These trees are particularly effective in reducing design requirements for
water depths that go through the knot of the trees – the location with greatest frontal-
surface area. This is also where the least flexible branches are located; however, the
change in flexibility for different water levels was not incorporated in the probabilis-
tic assessment. Nonetheless, the probabilistic assessment showed that pollard willow
forests, in particular, are expected to have a significant impact on the failure mech-
anism related to grass erosion on the outer slope due to wave impact. Alternatively,
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Figure 5.8.: (a) Zoom-in on the Vegetatielegger, and (b) the simplified selected vege-
tation areas.

Figure 5.9.: Riparian forests categorised with respect to their area.
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optimising the height of the tree’s trunk can enhance their effectiveness for different
failure mechanisms. For example, in the case a reduction of erosion of the inner-slope
of the dike is required (linked to wave overtopping rather than wave impact), a larger
trunk height could be more effective than the pollard trees with a 1-meter trunk height
used in this study.

Previous studies, particularly those focused on salt marshes, have demonstrated
that vegetation can effectively reduce flood risks in areas, depending on the economic
stakes (Vuik, 2019). To expand the applicability of riparian forests, future research
should explore river dikes and assess additional failure mechanisms, while also inves-
tigating how these mechanisms relate to established safety norms. Existing research
has already identified several promising locations for implementing dike-vegetation
combinations, such as those described in Penning and Levelt (2017). The wave damp-
ing model validated through real-scale experiments with pollard willow trees (see
Appendix A and Chapter 2) can be used to identify and further explore potential lo-
cations for vegetation planting or development. However, as discussed in Section
5.3, many of these promising areas lie within the Natura-2000 network, which is ded-
icated to the conservation of natural environments and species. This highlights the
need to also investigate the role of natural, mixed-species forests. Specifically, fur-
ther research is required to obtain accurate frontal area (Av) data for heterogeneous
forests and to assess how the variability in Av influences probabilistic safety assess-
ments. Finally, a life-cycle analysis is essential to ensure that these structures provide
the minimum safety standards for their designed lifespan (50+ years). Such an anal-
ysis will require more data on the temporal and spatial dynamics of riparian forests.
The maintenance approach (such as annual pruning of part of the forest) should also
be incorporated in the life-cycle analysis. The experience of the Noordwaard wave
damping forest (Figure 1.3) can be used as input for this analysis. Maintenance costs
will be lower for a fully natural forest; however, due to the large variation in such
a forest, it is expected that larger widths of forest will be required than a designed
(homogeneous) forest.
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6.1. Main Findings
Wave damping studies with vegetation are often site-specific and typically result in
predictions with large uncertainty. Most of the research is focused on salt marshes
(Mullarney and Henderson, 2010; Maza et al., 2015; Vuik, 2019) and aquatic veg-
etation (Luhar and Nepf, 2011; Gijón Mancheño, 2016), while research on woody
vegetation remains limited. The absence of a widely applicable and practical for-
mulation makes it challenging to extrapolate the findings of these studies to woody
vegetation. As a consequence, high safety factors and therefore high costs are asso-
ciated with hybrid dike-forest combinations for flood protection. The uncertainties
related to these hybrid structures need to be decreased; specifically, the uncertainties
from our current wave damping predictions through forests need to be improved to
promote the use of hybrid dike-vegetation structures in our flood protection systems.
This dissertation addresses four key knowledge gaps in its four chapters, aiming to
improve the reliability of integrating vegetation into flood risk mitigation strategies.
To achieve this, we used data from both real-scale and scaled (1:10) physical flume
experiments. Four main issues were investigated, namely: the lack of studies on the
performance of willow trees under storm conditions; the difficulty of accurately de-
termining the frontal-surface area of willow trees; uncertainties related to scaled tests
with woody vegetation; and challenges in accounting for the flexibility of woody
vegetation in wave damping.

1. How much wave damping through forests can we expect under storm
conditions?

There are large uncertainties in the ability of vegetation to dampen waves under ex-
treme conditions due to a lack of real-scale measurements. We tested a 40-m-long
willow forest, consisting of 32 trees, in the 300-metre-long Delta flume. The results
showed that these trees lead to maximum 20% wave damping without significant
damage (i.e., limited loss of frontal surface-area). These tests included maximum
wave heights up to 2.5 m – our storm conditions for riverine dikes – and three dif-
ferent tree configurations, namely: 100% canopy density with leaves, without leaves,
and 50% canopy density without leaves. The estimated bulk drag coefficient, C̃D, was
lower than 1 for high Reynolds numbers (large water depths with large waves), and
these conditions corresponded to large wave forces leading to more branch motion
and lower wave damping. The leaves of the willow tree did not contribute signifi-
cantly to the total amount of wave damping through the forest, but the frontal-surface
area distribution relative to water levels proved extremely relevant.
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2. How can we obtain reliable vegetation input for current wave damping
formulas?

Commonly accepted methods to quantify vegetation by means of a average diame-
ter and density (i.e., bv×N) in wave models, were not accurate enough to represent
real-scale flume tests with live willow trees. Instead, we recommend including the
frontal-surface area Av(z) of the leafless state of willow trees, in wave models. It is
also important to include smaller branches and make a more detailed estimation of the
surface area than cylinder models are doing. Terrestrial laser scanning techniques are
appropriate for this, but suffer from shadowing effects (i.e., blockage of laser beams)
due to the density of the canopies. Better estimates of the surface area were achieved
by conducting manual measurements in combination with tree allometric relations to
map the rather homogeneous willow forest. This technique could be extended to other
species and tree ages, and with increased knowledge, the required measurements to
reconstruct Av(z) could be reduced. Lastly, the large variation of wave damping out-
comes between methods for vegetation mapping showcased the importance of stating
the selected method for reliable Av(z) estimations – and consequently for reliable
wave attenuation predictions.

3. What is the potential magnitude of scale or model errors when conducting
scaled experiments with woody vegetation?

Most wave damping studies on woody vegetation use data from scaled laboratory ex-
periments. However, data from controlled laboratory scaled experiments are prone to
scaling or model errors and comparisons with real-scale tests are lacking for woody
vegetation. Here, we conducted scaled tests (1:10) with 3D-printed replicas of willow
trees and compared them with real-scale experiments on live trees. The maximum
measured wave damping (30%) was 10 percentage points more than the damping
found in the real-scale experiments (20%) with live willow trees under storm con-
ditions. Many studies have focused on finding reliable predictive tools using scaled
flume tests with vegetation mimics. Scaling down vegetation can however lead to
discrepancies with realistic scales, also known as scale errors. These significant devi-
ations illustrated that real-scale experiments, although expensive, are still needed to
validate the results of scaled experiments for wave damping through woody vegeta-
tion.
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4. How can the flexibility effect of woody vegetation be implemented in
current wave damping models?

Flexibility is shown to be an important parameter to predict wave attenuation in
aquatic vegetation, such as seagrass and kelp. Several studies focused on the flex-
ibility of a single stem or in seagrass meadows, which showed that flexible vegetation
introduces less wave damping compared to less flexible vegetation. In the case of
woody vegetation, evidence on the role of flexibility of woody vegetation in oscilla-
tory flow is missing, and in numerical models vegetation is often assumed to be rigid,
represented in CD values close to 1. Our study demonstrated that flexibility signifi-
cantly influences wave damping by woody vegetation. For relatively stiff trees, the
classical force-velocity relationship F ∝ U2 was effective. However, for the flexible
realistic tree mimics, this relationship became more linear, particularly under sub-
merged conditions. We designed and tested conical shapes with varying flexibility,
showing that deflections greater than 5 ° resulted in significant force reductions – up
to 50% compared to rigid counterparts. Smaller deflections (θ < 5◦) could be accu-
rately captured with the quasi-static Euler-Bernoulli relation. Lastly, the CaL number
was strongly correlated with the effective surface area of the flexible cones, sug-
gesting it as a promising indicator to implement flexibility effects in wave damping
models.

5. Discussion Towards Application

Pollard willow forests in the Netherlands can be used as a (nature-based) solution to
reduce wave impact on dikes, thereby lowering flood risk. For a case study location,
we predicted by performing multiple Monte Carlo simulations that an effectively 40-
m-wide foreshore with willow forest can reduce the failure probability of outer-slope
erosion by a factor of ten. The important parameters that came out of the sensitivity
analysis were the frontal-surface area, forest width, and flexibility (which was rep-
resented by adjusting CD). We also showed that the height of the trunk (position of
the knot and resulting frontal-surface area distribution) can be a design parameter for
optimising forest-dike solutions for flood protection. Aspects like long-term perfor-
mance, including forest maintenance and environmental variability, need to be taken
into account.
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6.2. Recommendation further research
6.2.1. Future Measurements
Data (i.e., hydrodynamics and vegetation parameters) from real-scale experiments
and field experiments (which cover extreme conditions) are crucial to implement
dike-forest combinations as flood protection. Field campaigns are highly recom-
mended to collect wave damping data from natural forests, along with data from
planted and heavily managed forests (e.g., the vegetation field at Fort Steurgat , the
Netherlands). Natural forests are difficult to replicate in flume testing facilities, but
are nevertheless important as most floodplains (see Chapter 5) contain diverse vege-
tation and are nature conservation areas. Besides field data, scaled experiments are
still crucial for the fundamental understanding of wave attenuation by woody veg-
etation, as they serve for more controlled conditions besides being relatively less
time consuming and less expensive. For instance, the effect of flexible vegetation on
wave damping can be successfully studied in scaled flume studies, especially with
improved 3D-printing technologies, which enable the creation of vegetation mimics
with varying flexibility (different printing filaments). We recommend studying coni-
cal shapes (rather than cylinders) in more detail, as they better capture the characteris-
tics of woody vegetation, particularly the decrease in frontal-surface area and rigidity
along the height. However, these conical shapes are simplified, and understanding
the role of different order side-branches (i.e., the complexity of the geometry) will be
crucial for up-scaling the results to live trees.

Furthermore, to improve predictive wave models, it is important to collect detailed
vegetation input parameters, specifically frontal-surface area distributions. We rec-
ommend exploring Terrestrial Laser Scanning (TLS) further as a method for vegeta-
tion mapping. However, manual measurements remain critical to further refine this
technique and develop accurate tree models for common species in riparian forests.
These tree models, based on allometric relationships, offer more accurate input for
both physical and numerical simulations. Expanding these models to include diverse
vegetation types and age classes will require additional data. For example, additional
manual measurements on Salix alba are needed to enhance existing tree models and
extend them to other woody vegetation. This approach has already been successfully
applied to mangrove species like Avicennia (Nova, 2022), and could also be adapted
for other common willow species in the Netherlands, such as Salix rubens and Salix

viminalis (van Starrenburg et al., 2024).
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In addition, long-term data collection is essential to track tree growth and under-
stand the evolution of mechanical properties across species. For instance, calibrat-
ing allometric relationships for each species by analysing their dependence on easily
measurable parameters (such as tree height and diameter at breast height), while ac-
counting for regional and site-specific variations, to provide accurate input for tree
models. This requires large-scale data collection across wide geographic areas and
over extended time periods. Collaborating with other fields, such as forest man-
agement and ecology, which have already collected substantial data on tree growth
and long-term survival, could accelerate this process. For example, van Casteren et

al. (2012) collected and analysed data on branch failure, including Salix Alba; and
Schoutens et al. (2024) gathered on both the shoot scale and on the canopy scale,
showing that measurements for these allometric relations are critical for predicting
the wave-damping performance of forests. Furthermore, citizen science (engaging
the public) could also play a key role in extending data sets in combination with in-
terdisciplinary collaboration. This would not only enhance data collection on tree
growth and survival—supporting intensive field campaigns—but also promote a mul-
tidisciplinary approach to advance vegetation mapping for dike-forest solutions in
flood protection.

6.2.2. Modelling Practices
Modelling wave transformation through vegetation fields requires understanding of
key processes, such as wave-vegetation interactions, which can be effectively cap-
tured using process-based models. We recommend enhancing existing analytical
models by incorporating a flexibility parameter, distinct from the traditional calibra-
tion of the drag coefficient (CD). This parameter, based on the effective area principle
(see Chapter 4 Section 4.4), is still based on calibration but provides a more physics-
based framework for representing flexible vegetation than the traditional drag coef-
ficient calibration. For practical purposes, the spatial scale of dike-forests solutions
suggests that simplified analytical models are well suited for input into probabilis-
tic assessments – a necessary step for implementation within Dutch flood protec-
tion systems. Additionally, it is crucial to consider temporal scales by incorporating
long-term processes into the models. This includes accounting for vegetation growth,
decay, and subsequent impacts on flood protection safety levels over time. Address-
ing these factors is essential for improving the reliability of long-term flood defence
strategies.
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A
WAVE DAMPING UNDER

STORM CONDITIONS

Worldwide, communities are facing increasing flood risk, due to more frequent and intense hazards and
rising exposure through more people living along coastlines and in flood plains. Nature-based Solutions
(NbS), such as mangroves, and riparian forests, offer huge potential for adaptation and risk reduction. The
capacity of trees and forests to attenuate waves and mitigate storm damages receives massive attention,
especially after extreme storm events. However, application of forests in flood mitigation strategies remains
limited to date, due to lack of real-scale measurements on the performance under extreme conditions.
Experiments executed in a large-scale flume with a willow forest to dissipate waves show that trees are
hardly damaged and strongly reduce wave and run-up heights, even when maximum wave heights are up
to 2.5 m. It was observed for the first time that the surface area of the tree canopy is most relevant for wave
attenuation and that the very flexible leaves limitedly add to effectiveness. Overall, the study shows that
forests can play a significant role in reducing wave heights and run-up under extreme conditions. Currently,
this potential is hardly used but may offer future benefits in achieving more adaptive levee designs.

This chapter has been published in Scientific Reports as:

van Wesenbeeck, B. K., Wolters, G., Antolínez, J. A. A., Kalloe, S. A., Hofland, B., de Boer, W. P.,
Çete, C., & Bouma, T. J. (2022). Wave attenuation through forests under extreme conditions. Scientific
Reports, 12(1), 1–8. https://doi.org/10.1038/s41598-022-05753-3
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A.1. Introduction
Vegetated foreshores, such as marshes and mangroves, are promoted globally for their
capacities in reducing impacts of waves, winds and surges (Costanza et al., 1997;
Temmerman et al., 2013; Koch et al., 2009; Gedan et al., 2011; Zhu et al., 2020; Shep-

ard et al., 2011). Besides along coastlines there is also potential for reducing wave
heights and run-up in rivers and lakes by floodplain vegetation and riparian forests
(Coops et al., 1991; van Wesenbeeck et al., 2017). Although the capacity of trees
to reduce hydrodynamic energy is intuitive and measured under benign conditions in
the field on mangroves (Quartel et al., 2007; Bao, 2011; Horstman et al., 2014), their
effectiveness under more extreme events is not well substantiated with quantitative
evidence. Numerical models generally simplify vegetation by representing it as rigid
cylinders (Dalrymple et al., 1984; Suzuki et al., 2012). Laboratory-flume studies with
scaled forests result in parameterised bulk drag values, but these are not yet validated
for real-scale extreme situations. Hence, varying flexibility and surface area of leaves,
branches and stems, result in scale effects and as a consequence calibrated drag coef-
ficients remain inaccurate (Maza et al., 2019; Nepf, 1999).
Previous field and laboratory-flume measurements on wave attenuation over grassy
vegetated foreshores and plants show that energy dissipation depends on incident
wave energy, ambient water depth, and the (vertical) structure and flexibility of veg-
etation (Wolters et al., 2005; Vuik et al., 2016; Yang et al., 2012; Bouma et al., 2005;
Bouma et al., 2010). Field studies included significant wave heights up to around
0.6 m (Yang et al., 2012; Ysebaert et al., 2011) with extremes up to 1.0 m. Möller

et al. (2014) carried out flume experiments exposing real flexible grassy vegetation to
maximum wave heights of 0.9 m. In contrast, for forests no such large-scale quanti-
tative evidence exists for storm conditions. Current field observations represent rela-
tively mild conditions with significant wave heights in the range of 0.1-0.5 m (Mazda

et al., 2006; Granek and Ruttenberg, 2008; Horstman, 2014). To obtain a quantitative
understanding of wave-attenuation capacity of forests under more extreme conditions,
we ran real-scale flume tests with various water levels and significant wave heights
up to 1.5 m, using both intact and defoliated 15 years old willows (Salix alba) trees.

A.2. Results
A.2.1. Experimental setup
We constructed a real-scale willow forest in a wave flume of 300 m long, 5.0 m wide
and 9.5 m deep. The forest existed of 32 willow trees that were placed in 16 rows of 2
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to build a 40-m-long forest on an 85-m-long platform (Fig. A.1). The pollard willows
(Salix alba) existed of stems that were 15 years old and branches that were 3 years
old since the last cutting. Willows were placed with their roots (in a clod) in the sandy
base of the platform and fixated by applying a concrete layer of 20cm as bed. At the
back of the forest a concrete levee slope was present (Fig. A.1). Wave attenuation by

Figure A.1.: (a) Setup of experiments inside the Delta Flume with the most important
instruments, (b) Front top view of willow forest, (c) view from the back
slope.

the willow forest and associated run-up on the slope were measured for different water
depths in the forest (h = 3.0 and 4.5m), significant incoming wave heights at the start
of the forest. (Hm0,i = 0.2 m−1.5 m) and different steepness

(
Sop = 0.02−0.06 ,

where Sop = Hm0/
(
gT2

p/2π
)

is the fictitious deep water wave steepness). For wil-
lows with leaves only tests with 3.0 m water levels were performed as it was feared
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that with higher water levels and higher wave heights immediate destruction of the
trees would jeopardize further measurements. The tests were designed to limit wave
breaking by using water depth ratios of h/Hm0 larger or equal to 3. The flume is
equipped with a reflection compensation system (ARC). All tests were performed
with a JONSWAP wave spectrum and a duration of 500 waves per test to allow for a
proper statistical analysis of the wave characteristics (Kirkegaard et al., 2011). Due to
the lack of data on specific wave spectra at Dutch willow site locations, a JONSWAP
spectrum was chosen because it was considered to best represent the young/growing
wave conditions. Test series on willows with leaves, without leaves, with a thinned
branch density and, as control, without any willows (bare platform) were executed
over a period of three weeks (Table A.1, for all tests see Supplementary Information
S1). Tests generally lasted for 2-3 days after which the water was lowered. Trees
stayed alive and started making new leaves during the tests. Wave characteristics
were measured in front of the platform, in front of the forest and behind the forest
using resistance wave gauges and radar wave gauges. Wave run-up on the slope was
measured using cameras, a laser scanner and visual recordings.

Table A.1.: Summary of the tested hydrodynamic conditions for the different tree
forest configurations (series). Test series 1 is omitted due to low water
depths. All values are based on the wave height in front of the forest with
significant incoming wave height (Hm0,i), maximum wave height (Hmax),
wave period (Tp), water depth (h) and wave steepness (Sop). For all tests
of these series that are analyzed in this paper see Table S2.

Vegetation treatment Series Hm0,i (m) Hmax (m) Tp (s) h (m) Sop (−)

willow with leaves and full canopy 2 0.43 - 0.97 0.74 - 1.75 2.84 - 5.57 3.00 0.02 - 0.05
willow without leaves and full canopy 3 0.43 - 1.41 0.72 - 2.45 2.84 - 6.85 3.00 - 4.50 0.02 - 0.06
willow without leaves with reduced canopy 4 0.43 - 1.44 0.78 - 2.52 2.84 - 6.85 3.00 - 4.50 0.02 - 0.06
no willows 5 0.17 - 1.43 0.26 - 2.51 2.84 - 6.85 0.60 - 4.50 0.03 - 0.05

A.2.2. Reduction in wave height and run-up through the forest
The wave attenuation effect of the forest was represented as the measured transmit-
ted wave height behind the willow forest (i.e., with leaves, without leaves, reduced
branch density), in reference to the case with bare platform (without willows) (Eq. 2.1
in "Methods"). Plotting the wave attenuation as function of the significant incoming
wave height, Hm0,i, shows that for constant 3 m water depth and equal tree config-
uration the wave damping seems to increase somewhat as a function of wave height
(Fig. A.2A). The maximum wave attenuation by the willow forest is approximately
22% over 40 m . Maximum attenuation is found for the willow forest with leaves
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and full canopy (Series 2), as could be expected based on the amount of frontal sur-
face areas around the water line. Wave damping with leaves is 1.5−4% (percentage
point) higher than for a canopy without leaves (i.e., approximately 20% over 40 m ).
Wave attenuation with full canopy density but without leaves is 3− 7% (percentage
point) larger than with a reduced canopy density (i.e., approximately 15% over 40 m
). Wave attenuation was found to be strongly dependent on water level. Attenuation
for a water depth of 3 m is larger than for 4.5 m . With larger water depths, waves
moved through the thinner part of the canopy which also proved more flexible and
showed significantly more bending (pers. obs.). Similar effects have been reported
with increasing wave heights for salt marshes (Möller et al., 2014). As effects of the
bottom are already accounted for in our calculation method for wave attenuation, this
likely is explained by the fact that the strongest wave damping occurs when the water
depth is around the middle of the canopy height (above the trunk), where the tree has
most frontal surface area. The loss of biomass during different test series was rela-

Figure A.2.: (a) Relation between measured wave attenuation (%) and incoming sig-
nificant wave height (Hm0,i). Markers represent the different willow for-
est configurations (2 = with leaves, 3 = without leaves, 4 = reduced den-
sity branches), and the colors show water levels (green= 3 m and blue=
4.5 m), (b) Relation between relative reduction in wave run-up on the
slope and the wave attenuation through the forest.

tively small (less than 1% of total branches and leaves biomass). Limited breaking of
stems or branches was recorded throughout repeated extreme tests, including average
wave heights of 1.5 m and maximum wave heights of 2.5 m. Likely, the extreme
flexibility of the willow branches limits the amount of actual breaking but also causes
reduction in wave damping with larger wave heights.

The wave attenuation by the willows was also assessed using the measured (re-
duction in) wave run-up on the slope (Fig. A.2B). Plotting the relative reduction in
wave run-up height against the relative wave attenuation reveals these two quantities
have a similar magnitude of the reduction effect (i.e., up to 20%). However, runup
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is influenced by both wave height and wave steepness which is represented by the
Irribarren number. The exact influence is not clearly defined for Irribarren numbers
around 2, such as in these experiments, but with lower wave heights, the Irribarren
number increases, which in its turn increases runup again. Hence, it can be expected
that the damping of runup is somewhat less than for wave height.

Also, the observed trends are similar, such as an increase in run-up reduction for
increasing wave heights and lower run-up reduction for reduced canopy density. Note
that in most cases the wave attenuation based on the wave run-up is somewhat lower
than the wave attenuation based on the incident wave height. This might be caused
by the method used for the separation of incident and reflected waves (MEM) which
is based on linear wave theory, see "Methods" section. The test result for a relative
reduction in wave run-up of 17% and wave damping of 8% (test T05, filled green
square) seems to be an outlier not in line with the rest of the experiments, since the
most similar test in Series 3 also produced a wave damping rate of 17% (just as the
wave run-up measurement for T05 ).

A.2.3. Implications of measurements for wave-vegetation
modelling

We utilized the new measurements, to calibrate the spectral wave model SWAN (Sim-
ulating Waves Nearshore) (Booij et al., 1999). This model was used in similar studies
on wave attenuation over vegetated foreshores (van Wesenbeeck et al., 2017; Suzuki

et al., 2012; Vuik et al., 2016) and is frequently used in engineering practice. Suzuki
et al. implemented the effects of vegetation in SWAN based on the phase-averaged
wave energy dissipation model due to rigid stems for irregular waves (Dalrymple et

al., 1984; Mendez and Losada, 2004). The vegetation model is based on bulk wave
dissipation (integrated over all wave frequencies), which is dependent on the incom-
ing wave energy, the water depth and the vertical structure of the vegetation (Eq. 2.2
in "Methods"). A limitation of this vegetation model is that trees are mostly assumed
to behave as a rigid material under hydraulic forces (Mazda et al., 2006). Further-
more, uneven biomass distribution over the vertical and differences between stems,
branches and leaves are limitedly included through varying exposed frontal area.
Generally, vegetation is described by a single branch diameter (bv;m) and density(
Nv;m−2

)
per vertical elevation level (Suzuki et al., 2012; Mendez and Losada,

2004). However, plants have different branches of different sizes and densities.
Therefore, here vegetation was represented by a single parameter fi(z)

(
m2/m3

)
,

which described the total frontal area per unit volume, instead of bv Nv
(
m/m2

)
. This



A.2. RESULTS

A

131

parameter is determined for the present trees by counting all branches at breast level,
measuring their diameter and then applying the branching model of Jarvela (Järvelä,

2004) (Fig. A.3a). Only branches larger than 3 mm were considered. A single rep-
resentative tree was fully measured to derive a frontal area and determine the frontal
surface area distribution over the vertical. This distribution was assumed to hold for
all the trees in the flume. For vegetation-wave models, especially the value of the
bulk drag coefficient

(
C̃D
)

has been subject to debate. For flexible vegetation the
value of this factor is reduced compared to the value for rigid cylinders because flexi-
ble vegetation moves with the flow, which results in less drag force experienced by the
vegetation (Sumer and Fredsoe, 1998). The C̃D parameter relies on complex physics
(e.g., skin friction, pressure differences, swaying of vegetation), which in turn de-
pend on the vegetation properties in relation to the hydraulic conditions (Vuik et al.,

2016). Therefore, instead of determining the C̃D values a-priori, several studies have
attempted to calibrate the C̃D values to measurements and relate them to the Reynolds
number (Mendez et al., 1998; Jadhav and Chen, 2012; Anderson et al., 2011; Möller

et al., 2014) or the Keulegan-Carpenter number KC (Mendez and Losada, 2004; Jad-

hav et al., 2013; Ozeren et al., 2014; He et al., 2019).
Here, the C̃D versus the KC number, ûsTm/d was obtained through optimisation of CD

for the present tests by comparing model results and measurement data of the exper-
iments (Fig. A.3b and S5). The KC number that is used here is based on the spatial
weighted average of branch diameter and velocity, and the orbital motion based on Hs

and wave period Tp. Values for low KC numbers are close to the relation by Keule-
gan and Carpenter (Keulegan and Carpenter, 1958) for a single rigid cylinder, as at
these KC numbers branches do not bend much. For larger KC numbers the drag co-
efficient is decreasing, which might be due to increasing motion of the branches that
reduces the relative flow velocity. With our measurements we extended CD values for
larger KC numbers, showing that CD values for larger KC numbers are rather con-
stant. Also, CD values for large KC number from our experiments are considerably
lower than values from previous small-scale experiment (Winsemius et al., 2013). He
et al. based CD on measured wave height decay with models of mangrove trees of
up to 35 cm height that included roots, trunk and canopy. These larger values for
CD might be due to wall friction that is incorporated in the CD values derived from
small-scale experiments, the influence of viscous stresses becoming relatively more
important at small scale, or to swaying of tree branches, which was observed in our
experiments. Jadhav et al. based their large values of CD on wave pressure decay
in field measurements on salt marsh vegetation. Mendez and Losada (2004) show
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Figure A.3.: (a) Frontal surface area of willow schematization (based in biomass
schematization) for test series with full biomass with and without leaves
(2 and 3) and with half of the branches removed (4), (b) The KC-CD rela-
tion for all test series (2 + 3 + 4) and the comparison with the relations by
He et al. (2019) (HE2019), Jadhav et al. (2013) (JA2013), Mendez and
Losada (2004) (ML2004), Keulegan and Carpenter (1958) (KC1958).
For higher KC numbers steady flow would be a straight-line equaling
CD= 1.2.



A.3. DISCUSSION

A

133

low CD for low KC numbers as these were small scale experiments with very flexible
vegetation. For rigid mangrove mimics, Maza et al. (2019) did measure similar val-
ues of C̃D between 0.5 and 1.5 at scale 1:6. However, such relations did not exist yet
for woody vegetation with a complex vertical structure under extreme conditions on
realistic scales (i.e., a wide range of Re and KC numbers).

A.3. Discussion
The present real-scale tests added crucial measurements on the wave attenuation and
run-up reduction by forests under extreme conditions and clearly illustrate that flood-
plain and mangrove forests can contribute significantly to flood safety. This con-
stitutes yet another step towards large-scale implementation of vegetation and levee
combinations, or so-called hybrid solutions (Sutton-Grier et al., 2015). These so-
lutions have already been promoted as the way forward under climate change and
rising sea levels, as they are considered more adaptive and resilient to uncertainty
in environmental boundary conditions (Cheong et al., 2013; van Wesenbeeck et al.,

2017). However, integrated designs for levees or seawalls in concert with mangroves,
marshes and floodplain forests are not yet captured in engineering handbooks and
guidelines. Current experiments revealed that areas with only small widths of woody
vegetation reduce wave impact and run-up considerably (up to 20% ).

Results also showed that the amount of reduction is largely dependent on incoming
wave heights and lengths, on present surface area of the vegetation and on movement
of branches. Especially, representation of complex vegetation by surface area re-
mains a large unknown in these numerical models and is mostly oversimplified by
using cylinder shapes for vegetation representation. Looking in Figure A.2A, there
are clear effects of reduced density on wave attenuation. If the plant frontal area is
determined correctly, then for high KC and Re numbers, the fitted CD should become
a constant value, approaching 1.2, which is representative for cylinders in uniform
flow (Wieselsberger, 1921). This is also illustrated by measurements for rigid man-
grove mimics by Maza et al. (2017a). For our experiments, CD values with high
KC numbers are somewhat lower, which is likely due to flexibility of branches under
high wave conditions. Even though KC and Reynolds are defined differently in dif-
ferent studies, which makes comparison between studies difficult, based on this work
and previous work we can conclude that there is a region for high KC/RE numbers
where CD approaches uniform flow. These relationships between KC numbers and
CD allow to better calibrate CD values for situations with high KC numbers, thereby
increasing accuracy of future model predictions and avoiding overestimations of the
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damping effects of trees during storms. More studies with real vegetation and reliable
and representative surface areas for field conditions are needed to improve vegetation
representation in numerical modelling practices.

Caution should be taken to promote trees as a generic solution for mitigation of
extreme hazards, as localised studies are always required. With respect to the mea-
surements, the present study deals with emergent vegetation only and the usually
observed regime shift with vegetation submergence does not take place and effects of
changes in wave profiles or currents are limited (Jacobsen et al., 2019). We also fo-
cus on wind waves, as infra-gravity waves are typically not present in situations with
riparian vegetation where willow grows. For mangroves growing along more open
coasts, infra-gravity waves may play a role. Effects of more diverse forests, such as
mangrove
forests with different age stands and biomass distribution, have not been explored yet.
However, considering the importance of biomass distribution, which was demon-
strated by these experiments, more diverse forests may lead to unforeseen results.
Although tests with more tree species are obviously desirable, current experiment
generated unique first quantitative insights in the wave attenuation capacity of mature
trees that can directly be used for modelling and optimizing foreshore management.
For application in the field, wave damping is just one of many design aspects that
needs to be considered in the safety assessment of a willow forest. Other aspects such
as maintenance, uprooting of trees, and damage due to illness or fire are worth explor-
ing. Nevertheless, the first examples of levee foreshore combinations are emerging in
the field (Borsje et al., 2011) and likely more are yet to come.

A.4. Methods
A.4.1. Wave measurements
The incoming wave height was based on the wave gauge on the platform in front of
the forest. This wave gauge was validated for all test series using the radar measure-
ments (RADAC1) in front of the forest. Wave attenuation by the vegetation during
each test is defined as the wave height reduction relative to the incoming wave height,
which is obtained from the difference between the wave energy spectra measured with
and without vegetation:

Wave attenuation =
Hm0, nowillows −Hm0, willows

Hm0, nowillows
(2.1)

With: Hm0 the significant wave height behind the forest.
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This method to assess wave attenuation proved most reliable, since it allowed us to
exclude effects of wave reflection and damping effects of the platform (which resulted
in additional wave attenuation of 2-18%). By using a combination of wave gauge
with velocity gauge (EMS) the incident wave height at the foot of the dike (with the
exclusion of the reflection component from the dike) could be reliably determined
using the Maximum Entropy Method MEM (Massel and Brinkman, 1998). Note
that the distance between the end of the willow forest and the foot of the dike slope
was chosen as large as physically possible in the flume (20 m) to limit the effect
of evanescent wave modes. Since evanescent wave modes are typically limited to a
distance of 0.4 Lp from the structure (Klopman and Meer, 1999), this was fulfilled by
all tests. Also, wave run-up on the slope was measured using cameras, a laser scanner
and visual recordings. Wave run-up was obtained through (z2%,nowillows-z2%,willows) /
z2%,nowillows.

A.4.2. Vegetation measurements
Experimental research and field studies on plants (either cultivated or wild), including
the collection of plant material, was complied with relevant institutional, national,
and international guidelines and legislation. Willows were harvested from private
lands where they had been growing for 15 years. They contained stems that were
15 years old and branches that were 3 years old since the last cutting. The branches
of the willow trees were categorized into 3 classes based on their diameter at breast
height (DBH), namely class 1(DBH > 50 mm), class 2(20 < DBH ≤ 50 mm) and
class 3(DBH < 20 mm) (see Fig. S4 in Supplementary Information). Relevant tree
data was gathered manually, among which: the total number of branches per class for
each tree at breast height, the DBH and branch length for 340 branches, and detailed
sketches of 9 primary branches.

A.4.3. Frontal surface area distribution
The frontal surface area distribution over the vertical was determined for vegetation
configurations with and without leaves. The total frontal surface area of the leaves
was estimated by the product of the measured total dry weight (38 kg) and a specific
leaf area of 145 cm2/g (Wuytack et al., 2010), resulting in a value of 1 m2/m3 for
the leaves. However, under wave loads, leaves bend, leading to a more stream-wised
position. Assuming that leaves were situated with the smallest frontal area facing the
stream, the specific leaf area becomes 1 cm2/g (considering a leaf thickness of 0.34
mm, leaf width of 20 mm and dry weight of 0.07 g), which corresponds to a pro-
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jected surface area of approximately 0.005 m2/m3. This shows that the contribution
of the leaves to the total frontal surface area is limited.

The tapering form of the branches and the occurrence of side branches in the upper
layers (i > 2), lead to varying frontal surface areas (equivalent to Ni · bv,i) over the
vertical. We used a branching method to estimate the total frontal surface area of each
tree ( ftotal ). This method was developed by Järvelä (2004) and originates from the
Strahlers ordering scheme. This ordering scheme characterises branch orders (i.e., the
conjunction of two branches of order "m" results in an order "m+1" branch, starting
with the smallest branches, which are assigned to order m = 1). It requires only a few
initial tree parameters (such as the average diameter of the smallest branches, dmin,
and the average diameters of the highest order, dhigh , in this case DBH) to estimate
total frontal area of a tree ( ftotal ) by using branching factors (RB,RD,RL) between
subsequent branch orders. A more detailed description of the steps is given in the
work of Järvelä (2004). A factor of 0.5 was applied to the resulting frontal area
per order, to account for the frontal surface area of a cone shaped branch instead of
cylinders. Both measurements at breast height and detailed sketches of the primary
branches were input to determine the initial parameters and branching factors. These
detailed sketches were also used to validate the outcome of this branching methods
(See Supplementary Information S1 for further details). With this, the total frontal
area for each tree was determined. Although this method is used to predict the total
frontal area for trees, its distribution over the height is yet unknown. Therefore, an
additional step was added to determine how total frontal area is distributed over height
( f (z)). For this, a single tree was fully measured (i.e., diameters bv,i and the number
of branches Ni at every meter along the height of the tree). This distribution was
assumed to hold for all the trees in the flume.

A.4.4. Wave dissipation model

The spectral wave model SWAN (Simulating Waves Nearshore) (Booij et al., 1999)

following Suzuki (2011) was used to model the amount of wave dissipation by willow
trees. SWAN was run in its 1D stationary mode, in a Cartesian and regular compu-
tational grid. The willow forest was modelled by accounting for 7 vertical layers of
vegetation (expressed as frontal surface area), which were assumed to be uniform
along the forest length. SWAN is based on the bulk wave dissipation (integrated over
all wave frequencies), which depends on the incoming wave energy, relative water
depth and vegetation characteristics:
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⟨εv⟩= ∑
i=1:7

1
4
√

2π
ρC̃D

(
gk
2σ

)3

fi

(
sinh3 kαih− sinh3 kαi−1h

)
+3(sinhkαih− sinhkαi−1h)

3k cosh3 kh
H3

s

(2.2)
where ⟨εν⟩ is the averaged wave energy dissipation due to vegetation, C̃D the bulk

drag coefficient, g the gravitational acceleration constant, k the mean wave number,
α the portion of the water depth covered by vegetation for layer i,h the water depth,
Hs the significant wave height, and fi the total frontal width of vegetation per surface
area for layer i, which is equivalent to the generally used bv,iNv,i.

A correlation was found between the bulk drag coefficient (CD) and the Keulegan-
Carpenter number (KC) (Keulegan and Carpenter, 1958), as shown in Fig. A.3b. The
KC number is defined as KC = ûsTm/Dv, where ûs is the characteristic velocity, Dv

is a representative diameter for the branches of the entire tree, and Tm is the wave
period. The characteristic velocity (ûs ) is the maximum velocity per layer integrated
over the water depth based on linear wave theory. The representative diameter (Dv)

is determined for each water depth as the branch diameter weighted over the number
of branches per vegetation layer and over the layer thickness. The KC number was
determined by considering separate layers over the height. This was necessary as
willow trees have complex geometries which involve diameter decay and varying
branch densities. Several other references use the total width per tree/plant, which has
no direct physical meaning in the sense of the original definition of the KC number
(Keulegan and Carpenter, 1958). Additionally, other studies show differences in
flexibility and absence of extra viscous forces that influence results at a small scale.

A.4.5. Statement on plant materials
Experiments in this research were executed with cultivated willow species (Salix

alba) of 15 years old that were obtained from a Dutch private site. Trees were re-
placed with new younger trees. Salix alba does not occur on the list of threatened
species for the Netherlands and is labeled as stable.
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B.1. Wave conditions

Table B.1.: Overview of the test series with corresponding hydrodynamic conditions
and vegetation configurations.

Test series
(TS) Description Significant wave height,

Hm0 (m)
Peak wave period,

Tp (s)
Water depth,

h (m)

1 (T001-T004) Trunk only 0.19 – 0.28 1.80 - 2.80 0.6, 0.7
2 (T005-T012) Full canopy with leaves 0.43 – 0.97 2.84 - 5.57 3.0, 4.5
3 (T013-T022) Full canopy without leaves 0.43 – 1.41 2.84 – 6.85 3.0, 4.5
4 (T023-T030) Reduced canopy without leaves 0.43 – 1.44 2.84 – 6.85 3.0, 4.5
5 (T031-T042) No willows 0.17 - 1.43 1.78 - 6.85 0.6, 0.7, 3.0, 4.5

B.2. Tree parameters forest

Table B.2.: The initial parameters used as input for the simulations. [Lower limit;
average value; Upper limit]. Here the Lower Limit and the Upper Limit
values are given according to 95% Confidence Interval. The height of the
canopy, Hcanopy, for all the 32 trees was [3.41; 4.4; 5.5] and the minimum
diameter, dmin was 3 mm.

Lhigh (m) DBH (m) Nhigh (-)

Class 1 [2.5; 3.2; 4] [0.05; 0.052; 0.062] [0; 3; 9]
Class 2 [2.46; 2.5; 2.52] 0.037 [17; 28; 49]
Class 3 0.82 0.01 [27; 57; 108]

B.3. Position primary branches on the trunk

B.4. Analytical Formulation Including for Layers
In (Mendez and Losada, 2004) no layer schematization of the vegetation was in-
cluded, hence the assumption was made that the vegetation can be described with an
average diameter and density over the height. However, the vertical distribution of
vegetation parameters is important for accurate wave damping predictions, especially
for woody vegetation. With this perspective, (Suzuki, 2011) incorporated layers in
wave damping models. This was included in numerical models such as SWAN and
SWASH. In this section we aim to incorporate the layer schematization in the analyt-
ical formulation of (Mendez and Losada, 2004).
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Figure B.1.: (A) The primary branches (class 1, 2 and 3) are positioned on the trunk
taking the maximum radius of the canopy into consideration, (B) Po-
sitions of the primary branches on the trunk, with the largest branches
(class 1) positioned at the centre of the knot, (C) The maximum angle

The energy balance equation:

∂ (Ecg)

∂x
= εv (B.1)

where εv is the time-averaged energy dissipation rate per unit area by vegetation. In
this case the energy dissipation by vegetation will be the sum of dissipation by every
single vegetation layer.

εv =
I

∑
i=1

εv,i (B.2)

εv,i =
∫ −h+αi·h

−h+αi−1·h
Fu dz (B.3)
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∫ −h+αi·h

−h+αi−1·h
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We assume flat bottom, thus the water depth and group wave velocity do not change
in space. The energy balance equation then be written as:

∂ (Ecg)

∂x
=

1
8

ρgcg
∂H2

rms

∂x
(B.4)
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where B0 =
8
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The general solution of Equation B.5 is:

Hrms

Hrms,0
=

1

1+ B0Hrms,0
2 x

=
1

1+βx
(B.6)
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1
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[
∑
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sinhkpαih)

]
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We substitute σ(sinh2kh+2kh)
2k sinh2kh for cg. Hereafter, we simplify 2g2k4 sinh2kh

σ4k cosh3 kh
to 4k

sinhkh as
shown in Equation 1.12.

β = 1
3
√

π

kp
sinhkh(sinh2kh+2kh) ×[

∑
I
i=1 CD,iNibv,i(sinh3 kpαi−1h− sinh3 kpαih)+3(sinhkpαi−1h− sinhkpαih)

]
Hrms,0

In terms of Hm0, the formulation can be rewritten by substituting HS = 1.416 Hrms.
The above formulation becomes:

Hs

Hs,0
=

1

1+ B0(Hs,0/1.416)
2 x

=
1

1+βx
(B.7)

β = 1
3
√

π

kp
sinhkh(sinh2kh+2kh) ×[

∑
I
i=1 CD,iNibv,i(sinh3 kpαi−1h−sinh3 kpαih)+3(sinhkpαi−1h−sinhkpαih)

](
Hs,0

1.416

)
Where Nibv,i can be written as one parameter, called the frontal surface area of

vegetation in layer i, Av,i. However, this β from Equation B.7 accounts for wave
energy dissipation by vegetation and the flume walls, therefore now referred to as
βveg& f lume. However, we need to remove bottom friction and wall friction effects and
find βveg. For this, we use the calibration tests (i.e., tests without vegetation). From
the calibration tests we find β f lume. This is according to the study of Maza et al.

(2019).
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1
1+βvegx

=
1

1+βveg& f lumex
− 1

1+β f lumex
, (B.8)

where
Hs

Hs,0
=

1
1+βveg& f lumex

and
Hs,calibration

Hs,0,calibration
=

1
1+β f lumex

We assumed a constant drag coefficient for the trunk of 1.1 (CD,trunk), while search-
ing for the drag coefficient of the canopy. The equation for finding CD,canopy is then
as follows:

CD,canopy =

βveg−CD,trunkAv,trunk
1√
2π

kHs,0
sinhkh(sinh2kh+2kh)

(
(sinh3 khαi=0−sinh3 khαi=1)+3(sinhkhαi=0−sinhkhαi=1)
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C.1. Experimental conditions
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Table C.1.: Overview of the entire scaled test program with equivalent real-scale tests.

Vegetation Small-scale test Real-scale test h0(m) h f (m) Hs0(m) Tp(s)

50% density

S101 R101 0.53 0.3 0.05 0.9
S102 R102 0.53 0.3 0.117 1.13
S103 R103 0.53 0.3 0.05 1.265
S104 R104 0.53 0.3 0.101 1.79
S105 - 0.68 0.45 0.05 0.9
S106 - 0.68 0.45 0.103 1.265
S107 - 0.68 0.45 0.05 1.265
S108 - 0.68 0.45 0.1 1.79
S109 R109 0.68 0.45 0.161 1.55
S110 R110 0.68 0.45 0.152 2.19

100% density

S201 R201 0.53 0.3 0.05 0.9
S202 R202 0.53 0.3 0.117 1.13
S203 R203 0.53 0.3 0.05 1.265
S204 R204 0.53 0.3 0.101 1.79
S205 - 0.68 0.45 0.05 0.9
S206 - 0.68 0.45 0.103 1.265
S207 - 0.68 0.45 0.05 1.265
S208 - 0.68 0.45 0.1 1.79
S209 R209 0.68 0.45 0.161 1.55
S210 R210 0.68 0.45 0.152 2.19
S211 - 0.8 0.57 0.05 0.9
S212 - 0.8 0.57 0.103 1.265
S213 - 0.8 0.57 0.05 1.265
S214 - 0.8 0.57 0.1 1.79
S215 - 0.8 0.57 0.161 1.55
S216 - 0.8 0.57 0.152 2.19

No Vegetation

S001 R001 0.53 0.3 0.05 0.9
S002 R002 0.53 0.3 0.117 1.13
S003 R003 0.53 0.3 0.05 1.265
S004 R004 0.53 0.3 0.101 1.79
S005 - 0.68 0.45 0.05 0.9
S006 - 0.68 0.45 0.103 1.265
S007 - 0.68 0.45 0.05 1.265
S008 - 0.68 0.45 0.1 1.79
S009 R009 0.68 0.45 0.161 1.55
S010 R010 0.68 0.45 0.152 2.19
S011 - 0.8 0.57 0.05 0.9
S012 - 0.8 0.57 0.103 1.265
S013 - 0.8 0.57 0.05 1.265
S014 - 0.8 0.57 0.1 1.79
S015 - 0.8 0.57 0.161 1.55
S016 - 0.8 0.57 0.152 2.19
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C.2. Branch Motion Real-scale Experiments
The camera set-up of the real-scale tests is shown in Figure C.1. Every 0.5 m along the
wall was horizontally marked (with dots and crosses), while the vertical was marked
every 1.25 m with the black cross and half-way with a red dot (62.5 cm).
The maximum tip deflection of a class 2 primary branch (20≤Db≤50 mm) on the
tree in the first row of the forest was determined. The total length of the branch
was approximated using Db −branchlength relations from Figure 8 in Kalloe et al.

(2022a), where it was shown that the total length can range between 2-4 m. We chose
the average total length to be 3 m.

Figure C.1.: Set-up of the cameras for the qualitative analysis of branch motion from
the real-scale experiments.

First, the wave signal measured at WG6 (x= 96.5 m) was translated to the position
in front of the tree (x= 113.5 m). We validated this by applying this translation to the
measurements by RADAC01 and predicted the measurements at WG6. This is shown
in Figure C.2 for test R201.

After this, we selected 5 wave heights (Table C.2) to approximate the maximum
branch deflection. These wave heights were chosen such that the flag was still visible
during the wave attack.

C.2.1. Sensitivity Analysis
The deflection of the live branches was determined by video analysis. This was a
qualitative analysis were the maximum deflection related to a certain wave height
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Figure C.2.: Measured elevation signal versus the reconstruction at that location of
the signal for R201

Table C.2.: The selected wave heights for obtaining maximum branch deflections

R201 S201
H (m) frame H (m) frame

0.23 484 0.020 3440
0.29 2037 0.029 2947
0.33 1306 0.033 366
0.48 1508 0.046 4593
0.50 1677 0.050 4395

could only be approximated as the exact position of the camera and the flag relative to
the reference object were unknown. A sensitivity analysis was performed to visualize
the range of expected outcomes. The following ranges in values were considered:

• length of the branch, lbr = 3 ± 1 m,

• distance flag from wall, dyw− f lag = 0.64 ± 0.2 m and dzw− f lag = 0.5 ± 0.2 m,
and

• the relative distance of the camera to the flag: dxc= 4 ± 1 m ; dyc=3.11 ± 1 m
dzc=5.69 ± 1 m.
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Figure C.3.: The correction applied in x-direction following the flag on the class2,
medium branch.

C.3. Difference in Wave damping by Re
The aim of this section is to get an indication of how much of the measured over-
estimation of wave damping could be assigned to the Reynolds differences of the
different branches. Firstly, the average drag coefficient was determined for the small-
est and the largest branches. These values are based on Figure 3.9, showing the CD-Re

relation for a smooth rigid cylinder.

Table C.3.: Average values from Re-CD graph of a smooth cylinder.

CD,average Real-scale tests Scaled tests

Largest branches (order 3) 1.15 1
Smallest branches (order 1) 0.93 1.58

Afterwards, the weighted average drag coefficient of the canopy was calculated,
where the weight is assigned to the ratio of the total frontal area. Tables C.4 and
C.5 show the weighted average drag coefficient for the live tree and 3D-printed tree
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respectively. All the branches in the real-scale experiments can be considered to be
in turbulent flow conditions, as even the smallest branches have a Reynolds number
≥ 103 (see Figure 3.9); hence, the weighted average drag coefficient of the canopy is
expected to be around 1.

Table C.4.: Weighted drag coefficient calculation for the average live tree

Live tree

Branch-order Nb(units) D(m) L(m) Frontal area(m2) Weight CD CDW

Class 1
3 (Primary branch) 3 0.053 2.52 0.200 0.046 1.15 0.053
2 32 0.008 0.56 0.071 0.016 0.93 0.015
1 133 0.004 0.39 0.104 0.024 0.93 0.022
Class 2
3 (Primary branch) 28 0.032 2.52 1.129 0.258 1.15 0.297
2 296 0.0051 0.56 0.422 0.096 0.93 0.090
1 1239 0.0047 0.39 1.135 0.259 0.93 0.241
Class 3
3 (Primary branch) 57 0.01 0.82 0.234 0.053 1.15 0.061
2 239 0.0059 0.57 0.402 0.092 0.93 0.085
1 1001 0.0034 0.4 0.680 0.155 0.93 0.145

4.38 1 1.01

Table C.5.: Weighted drag coefficient calculation for the average 3D-printed tree

Printed tree

Branch-order Nb(units) D(m) L(m) Frontal area(m2) Weight CD CDw

Class 1
3 (Primary branch) 3 0.0053 0.252 0.002 0.055 1 0.055
2 24 0.001 0.056 0.001 0.019 1.58 0.029
1 48 0.001 0.039 0.001 0.026 1.58 0.041
Class 2
3 (Primary branch) 28 0.0032 0.252 0.011 0.311 1 0.311
2 168 0.001 0.056 0.005 0.130 1.58 0.205
1 336 0.001 0.039 0.007 0.180 1.58 0.285
Class 3
3 (Primary branch) 57 0.001 0.082 0.002 0.064 1.58 0.102
2 114 0.001 0.057 0.003 0.089 1.58 0.141
1 228 0.001 0.04 0.005 0.126 1.58 0.198

0.04 1 1.37

The above tables show that approximately 60% of the entire frontal-surface area of
the average printed willow tree is assigned to the branches with a diameter of 1 mm,
the remaining branches are order 3 branches (i.e., largest branches) and, hence, are
assigned to have a drag coefficient of 1. The weighted average drag coefficient of the
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canopy is around 1.37 for the printed trees.

This increase of drag coefficient (1.01 to 1.37) is approximately 37%. As the drag
coefficient is linearly related to the damping ratio (β ), β also increases with 37% if all
other parameters (such as Av) are kept constant. The formula C.5 and C.6 show that
for the forest width of 40 metres (= constant) and wave damping of 20% (Transmis-
sion coefficient, 1-0.20 = 0.80), the damping ratio, β is around 0.00625. Increasing
β by 37% (β=0.00856) leads to a transmission coefficient of 0.74, hence a wave
damping ratio of 26% for the same forest in a lower Reynolds regime. As previ-
ously mentioned, a maximum 30% wave height damping was measured in the scaled
experiments, and a significant amount of this can be attributed to the differences in
Reynolds numbers, following the reasoning above.

C.3.1. Analytical Formulation

The analytical solution stems from the energy balance equation:

∂ (Ecg)

∂x
= εv, (C.1)

where E is the amount of wave energy per horizontal area = 1/8ρgH2; ρ = fluid
density; H = wave height; cg is the wave group velocity; εv = time-averaged energy
dissipation rate per unit area due to vegetation. In this case the energy dissipation by
vegetation will be the sum of dissipation by every single vegetation layer, as described
in Suzuki (2011).

εv =
I

∑
i=1

εv,i (C.2)

where
εv,i =

∫ −h+αi·h

−h+αi−1·h
Fu dz

In which F is often simplified as the drag force (namely the pressure/ or form drag
force) on the plant and u is the horizontal orbital velocity.

The general solution of the balance equation (first order ODE) is:

Hs

Hs,0
=

1

1+ B0(Hs,0/1.416)
2 x

=
1

1+βx
, (C.3)
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where

β =
1

3
√

π

kp

sinhkh(sinh2kh+2kh)

[
I

∑
i=1

CD,iNibv,i(sinh3 kpαi−1h− sinh3 kpαih)+

3(sinhkpαi−1h− sinhkpαih)

](
Hs,0

1.416

)
,

Where Nibv,i can be written as one parameter, called the frontal surface area of veg-
etation in layer i, Av,i. This β from Equation C.3 accounts for wave energy dissipation
by vegetation and the flume walls, therefore now referred to as βveg& f lume. However,
we need to remove the bottom friction and wall friction effects and find βveg. For this,
we use calibration tests (i.e., tests without vegetation). From the calibration tests, we
find β f lume. This is according to the study of Maza et al. (2019).

1
1+βvegx

=
1

1+βveg& f lumex
− 1

1+β f lumex
, (C.4)

where
Hm0,veg

Hm0,veg,in
=

1
1+βveg& f lumex

, and
Hm0,noveg

Hm0,noveg,in
=

1
1+β f lumex

For simplicity, we assume a one-layer schematization of the forest, with constant
frontal-surface area along the height as we showed that the frontal-surface area be-
tween the two scales was similar – the only vegetation parameter that varies is the
drag coefficient (CD). The definition used in this work for wave damping was accord-
ing to van Wesenbeeck et al. (2022):

Dr =
Hm0,noveg −Hm0,veg

Hm0,in
, (C.5)

This is equivalent to:

Hm0,noveg −Hm0,veg

Hm0,in
= 1− 1

1+βvegx
(C.6)

Thus, an increase of 10 percentage points of Dr will lead to a decrease of 10 per-
centage points of 1

1+βvegx .
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D.1. Full Program
D.1.1. Hydrodynamic Conditions

The positions of the measuring equipment (Wave gauges and Force transducer) are
shown in Table D.1.

Table D.1.: Positions of the wave gauges and force transducer.

X (m) Notes

WG1 4.05
WG2 4.35
WG3 4.95
WG4 9.65 (before 16.01.2023, WG4 was 9.51 m)
WG5 9.95
WG6 10.55

WG7 & FT 11.3
WG8 14.57
WG9 14.87

WG10 15.47

Table D.2.: Comparing characteristics of tree A1 and tree D1.

Tree A1 Tree D1

Trunk height (m) 0.84 0.63
diameter (cm) 30.88 22.92

Knot height (m) 0.47 0.29
diameter (cm) 70 58

Tree height (m) 6.7 6.4

Canopy
Nclass1 (-) 10 6
Nclass2 (-) 19 18
Nclass3 (-) 39 30

Canopy height (m) 5.39 5.48
Total frontal area (m2) 6.4 4.7

D.2. Printer settings
The printer (Ultimaker S7 Pro Bundle) was used with a different printer setting de-
pending on the filament. The table below shows an overview of the important printer
settings for each object (cone) and material.
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Material Em (MPa) Color Leverancier

Large cone

PLA 3200(Stiff) black ultimaker

TPU 95 56 red ultimaker

Filaflex TPE Ultra-
Soft70A

7.5 red filament2print

Filaflex 60A Pro 5 black filament2print

Medium
cone

PLA 3200(Stiff) black ultimaker

TPU 95 56 red ultimaker

Filaflex TPE Ultra-
Soft70A

7.5 red filament2print

Filaflex 60A Pro 5 black filament2print

Small cone
PLA 3200(Stiff) black ultimaker

Soft PLA-Flexible 40 neutral filament2print

D.3. Fenton

D.4. Dynamic response cone

The numerical model in ter Meulen et al. (2024) (applied on an Offshore Wind Tur-
bine) is applied for conical shapes. The equation of motion in the model is expressed
as:

Mẍ(t)+Cẋ(t)+Kx(t) = F(t), (D.1)

where M is the mass matrix, C is the damping matrix, and K is the stiffness matrix;
F(t) is the applied load in time, x(t) is the displacement in time (response), ˙x(t) is the
velocity and ¨x(t) is the acceleration. The material properties (material density and
Young’s modulus) are known, and hence, the M and K are known. Furthermore, we
assumed a modal damping ratio of 5% for all the segments.

As mentioned above, the cone is modelled as a clammed cantilever tapered beam.
The cone is initially divided into 10 segments; having 10+1 number of nodes. By per-
forming frequency domain decomposition, we plotted the first 4 modes for a cylinder
(E= 7.5 MPa with D= 0.016 m) and for our Large cone (E= 7.5 MPA, Db= 0.0345
m, Dt= 0.001 m). Furthermore, we used a constant material density of 1.09 g/cm3,
gravitational constant of 9.81 m/s2, and fluid density of 1000 kg/m3.

The modal shapes for both cylinder and cone shape are shown in the figure below.
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Figure D.1.: Comparing the surface elevation (η) from Fenton to WG7 (measured) of
all tests (1-20), with correlation coefficient (r).
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Figure D.2.: Comparing the velocity profile from Fenton theory with Linear wave
theory (LW) all tests (1-20).
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Figure D.3.: Comparing the modal shapes of a cylinder versus a cone.

D.5. Video Images - Post processing
The video data is synchronized with the remaining data (e.g., WG and FT data). The
wave gauge and force data were gathered in the same Dasylab file, hence these data
sets are already synchronized. Firstly, the surface elevation was detected in front and
behind the object. This was done until a peak of 5 mm was found within this video
data. This short data set of the video data was afterwards correlated with the Wave
Gauge (WG7) data that was positioned inline with the cone. The shift just in the
center (t0,vid) of the object is assumed to be the average of the time found in front and
behind the object. Correlation values between video data and wave gauge data were
minimum 0.9.

Secondly, 5 developed waves were chosen for the analysis in this work, where 20
frames of each wave cycle was used to obtain the shape of the objects. The shape of
the object was obtained for each of these frames by cropping the surroundings of the
cones; the colours are masked depending on the colour of the cones (white or yellow)
and the light brightness during the tests (see Figure D.4); object thinning was applied
to get the centre line of the object; finally storing the pixel coordinates of the centre
line (see Figure D.5C).

From pixel coordinates to metres, for this we distinguish the parts that are above
water versus under water because they have slightly different pixel transformations
(1 pixelwater= 0.555 m , 1 pixeldry= 0.625 mm). Finally, statistical analysis using
student t-distribution for the outcome of the 5 waves.
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Figure D.4.: Example of the result after colour mask applied (b) on the original image
(a).

Figure D.5.: Interpolating between tip and base of the cone to remove the waterline.

D.6. Force-velocity relation complex tree

Figure D.6.: Comparing the Force-velocity relations
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D.7. Possible High Frequency Oscillations in Force
Data

In some cases, higher cone forces were found for the flexible Large cones compared
to the stiff Large cones. This could be due to the high frequency oscillations of the
higher modes (tip oscillations), which can be also reflected in the measured force
time series. Below you can find a comparison between the measured forces during
the rigid Large cone and during the flexible cones (7.5 MPA Large Cone) for test 15.
The measured peak force was defined as the average maxima found for the 5 subse-
quent waves. It can be seen from Figure D.7A, that the stiff cone shows less deviation
in the peak values between the individual waves. On the other hand, Figure D.7B
shows that for the flexible Large cone (7.5 MPa), the force signal shows a ’spike’ in
the first wave that appears to decrease for following individual waves.

Figure D.7.: A: Force measurement of the ’Stiff Large cone’ test 15 (cone+trunk); B:
force measurement of the ’7.5 MPa Large cone’ test 15 (cone+trunk)
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D.8. Peak Forces on Cones
The peak forces on the total object, namely the trunk and the cone, are given in Table
D.3. The peak forces on solely the cone and the cone deflections are shown in Table
D.4 and Table D.5, respectively.

Table D.3.: Overview of the peak forces on the single cones and trunk.
Test Large Cone

Stiff
Large Cone

56 MPa
Large Cone

7.5 MPa
Large Cone

5 MPa
Med Cone

Stiff
Med Cone

56 MPa
Med Cone
7.5 MPa

Med Cone
5 MPa

T01 0.319 0.308 0.311 0.32 0.165 0.161 0.162 0.158
T02 0.682 0.653 0.642 0.706 0.357 0.358 0.35 0.381
R03 1.147 1.193 0.997 0.981 0.45 0.487 0.438 0.46
T04 0.759 0.804 0.749 0.754 0.38 0.372 0.367 0.358
T05 1.133 1.272 1.328 1.259 0.548 0.534 0.495 0.456
T06 1.419 1.409 1.339 1.363 0.577 0.504 0.404 0.398
T07 0.296 0.284 0.285 0.295 0.166 0.165 0.161 0.161
T08 0.971 0.863 0.996 0.938 0.388 0.36 0.289 0.312
T09 1.51 1.396 1.713 1.517 0.671 0.639 0.323 0.365
T10 1.894 1.617 1.419 1.448 0.621 0.6 0.421 0.416
T11 0.23 0.224 0.23 0.23 0.109 0.102 0.104 0.102
T12 0.458 0.438 0.45 0.474 0.223 0.23 0.211 0.191
T13 0.609 0.56 0.577 0.611 0.3 0.3 0.289 0.276
T14 0.461 0.446 0.473 0.468 0.264 0.266 0.249 0.243
T15 0.7 0.706 0.848 0.667 0.37 0.356 0.317 0.308
T16 1.008 0.958 1.127 0.939 0.521 0.455 0.408 0.353
T17 0.249 0.238 0.241 0.246 0.139 0.139 0.137 0.14
T18 0.416 0.386 0.518 0.42 0.232 0.205 0.215 0.202
T19 0.833 0.802 0.976 0.85 0.458 0.401 0.392 0.397
T20 1.364 1.329 1.321 1.24 0.726 0.671 0.526 0.508

Table D.4.: Overview of the peak forces on the cones (excluding trunk).
Test Large Cone

Stiff
Large Cone

56 MPa
Large Cone

7.5 MPa
Large Cone

5 MPa
Med Cone

Stiff
Med Cone

56 MPa
Med Cone
7.5 MPa

Med Cone
5 MPa

T01 0.197 0.191 0.193 0.2 0.051 0.057 0.045 0.046
T02 0.544 0.521 0.543 0.535 0.213 0.182 0.157 0.173
T03 1.045 1.055 0.933 0.875 0.284 0.307 0.188 0.141
T04 0.679 0.724 0.69 0.693 0.221 0.221 0.143 0.166
T05 0.963 1.085 1.187 1.124 0.325 0.356 0.25 0.218
T06 1.098 1.224 1.185 1.235 0.371 0.29 0.225 0.224
T07 0.201 0.191 0.189 0.202 0.073 0.076 0.071 0.069
T08 0.831 0.731 0.899 0.825 0.235 0.232 0.185 0.173
T09 1.517 1.191 1.48 1.255 0.378 0.364 0.23 0.203
T10 1.66 1.052 1.273 1.05 0.31 0.371 0.274 0.177
T11 0.15 0.144 0.151 0.15 0.035 0.028 0.033 0.032
T12 0.33 0.298 0.325 0.313 0.131 0.107 0.093 0.076
T13 0.486 0.476 0.516 0.456 0.189 0.145 0.123 0.126
T14 0.386 0.352 0.455 0.395 0.188 0.151 0.157 0.156
T15 0.638 0.674 0.844 0.668 0.307 0.254 0.222 0.225
T16 0.948 0.887 1.1 0.912 0.457 0.403 0.301 0.247
T17 0.164 0.162 0.185 0.166 0.052 0.054 0.052 0.049
T18 0.377 0.354 0.473 0.392 0.19 0.165 0.169 0.161
T19 0.731 0.7 0.885 0.787 0.367 0.306 0.307 0.306
T20 1.184 1.147 1.19 1.086 0.555 0.498 0.365 0.337

D.9. Peak Forces on 6-Cone Tree
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Table D.5.: Overview of the measured deflections.

Test Large Cone
Stiff

Large Cone
56 MPa

Large Cone
7.5 MPa

Large Cone
5 MPa

Med Cone
Stiff

Med Cone
56 MPa

Med Cone
7.5 MPa

Med Cone
5 MPa

T01 - - 0.44 - - - 1.64 3.00
T02 - - 1.09 1.29 - 0.78 10.78 -
T03 - - 1.85 2.70 - 1.63 15.68 20.67
T04 - - 0.55 1.35 - 0.78 10.85 13.04
T05 - - 2.62 4.05 - 2.70 19.93 24.54
T06 - - 0.00 - - - - -
T07 - - 0.43 - - 0.01 2.19 2.71
T08 - - 2.07 2.42 - 1.35 15.64 16.94
T09 - - - - - - - -
T10 - - - - - - - -
T11 - - 0.43 0.55 - 0.05 2.62 2.38
T12 - - 1.08 1.62 - 1.34 6.95 9.11
T13 - - 2.83 0.00 - 2.39 10.23 10.11
T14 - - 1.52 1.62 - 1.34 6.16 7.18
T15 - - 2.07 2.68 - 2.67 13.28 10.90
T16 - - 4.80 5.16 - - 15.81 -
T17 - - 0.43 0.33 - 0.02 3.18 3.88
T18 - - 1.85 1.90 - 1.34 9.13 8.65
T19 - - 2.60 3.82 - 2.95 15.02 15.16
T20 - - 5.57 6.53 - - 21.08 -

Table D.6.: Over of the peak forces on the 6-cone tree including and excluding the
trunk.

6*Med Cone (Total object ) 6*Med Cone (excluding trunk)

Test Stiff 7.5 MPa Stiff 7.5 MPa
T01 0.336 0.355 0.189 0.208
T02 1.112 0.979 0.773 0.64
T03 2.063 1.405 1.645 0.987
T04 1.317 1.011 0.973 0.667
T05 2.079 1.554 1.645 1.12
T06 2.61 1.482 2.224 1.096
T07 0.411 0.393 0.262 0.244
T08 1.558 0.947 1.307 0.696
T09 2.708 1.306 2.383 0.981
T10 2.648 1.59 2.323 1.265
T11 0.234 0.248 0.134 0.148
T12 0.613 0.486 0.419 0.292
T13 1.056 0.685 0.789 0.418
T14 0.767 0.63 0.532 0.395
T15 1.366 0.939 1.052 0.625
T16 2.124 1.218 1.764 0.858
T17 0.389 0.357 0.259 0.227
T18 0.777 0.626 0.607 0.456
T19 1.442 1.054 1.212 0.824
T20 2.453 1.462 2.154 1.163
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E.1. Vegetatielegger
The Vegetatielegger (since 2014) is a map with information of where different types
of vegetation are allowed to be in the Netherlands owned by Rijkswaterstaat, it takes
into account the river discharge, water quality, and nature enhancement conform to
the Waterwet (since 2009). The vegetation types on the map include 4 homoge-
neous vegetation classes, namely: Gras en akker, Riet en ruigte, Bos, Struweel; and
3 Mixed vegetation classes, namely: Mengklasse 90/10, Mengklasse 70/30, Mengk-
lasse 50/50.
The classification into four homogeneous vegetation types was based on roughness,
indicating the extent to which vegetation can hinder river discharge and, as a conse-
quence, increase river water level. The vegetation height is an important parameter
regarding the roughness and is therefore also a key distinction between the homoge-
neous classes. Specifically, gras and akker have a maximum height of 50 cm, riet
and ruigte can reach up to 1 to 2 metres, struweel is between 2 and 5 metres (stru-
iken), while bos is 5- 15 metres in height. An important difference between ‘bos’ and
‘struweel’ is that bos has a limited amount of branches in the first few layers com-
pared to struweel, making struweel the roughest vegetation class as a consequence
(Figure E.1).
The vegetation of ‘mengklasse’ (mixed class) is classified following Table E.1, show-
ing the minimal percentage of the vegetation type with the lowest roughness and the
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maximum percentage of the vegetation type with the highest roughness.

Figure E.1.: Vegetation schematization in riverine areas and their affect on the flow
velocity, adjusted from Peters et al. (2006).

Table E.1.: Description of mixed vegetation classes of the VEGETATIE LEGGER.

mixed class gras & akker riet &
ruigte

bos struweel

70/30 minimum 30 % maximum 40 % Undefined

50/50 minimum 10 % Undefined Maximum 60 %

90/10 minimum 80 % maximum 20 %

It is important to note that in the case of a homogeneous vegetation class type at
some location, there is room to develop a higher roughness class than the one given
on the map, if this new vegetation area is < 500 m2. It is therefore easier to change
to a less rough vegetation class than to a rougher vegetation class, to avoid the river
discharge issues. Lastly, removing vegetation that is already present in the area is
not easily allowed from a water quality perspective, this needs to conform to the
Waterwet.
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E.2. Dike Design
When the incident waves break, the wave impact zone of the dike slope is affected
(subsection E.2.2). Afterward, the wave front moves upward; this upward motion
continues until it reaches a maximum height Ru, after which the wave flows back
down the slope (subsection E.2.3). If the run-up height exceeds the crest height,
overtopping occurs (subsection E.2.1), allowing water to flow over the crest and down
the inner slope.

E.2.1. Overtopping
Formulation 4.3 from (van der Meer et al., 2018) is used, namely:

q√
g ·H3

m0

=
0.023√

tanα
· γb ·ξm−1,0 · exp−(2.7

Rc

ξm−1,0 ·Hm0 · γb · γ f · γβ · γv
)1.3, (E.1)

with a maximum of:

q√
g ·H3

m0

= 0.09 · exp−(1.5
Rc

Hm0 · γ f · γβ · γv
)1.3, (E.2)

where
ξm−1,0 =

tanα√
Hm0
L0

(E.3)

and the deep water wave length L0 =
gT 2

2π
.

E.2.2. Wave impact
We calculate the resistance time for the top-layer (ttop) and the sub-layer (tsub). The
resistance of the top-layer:

ttop = fα

1
cb

ln
[max((Hm0 − cc);0)

ca

]
The resistance time for the sub-layer depends on the total thickness of the top-layer

and the sub-layer (dtot ), the sand fraction (cd) and the significant wave height. The
resistance time of the sub-layer is calculated as follows:

tsub = fα

[ max((dtot −0.2);0)
cd(1/3)1.5max((Hm0 −0.5);0)

]
,

where α is a correction factor that accounts for differences in the duration of erosion
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for varying slopes, calculated in the following manner:

fα =
(rα−1)

3
tanα

+2− rα ,

where rc is 1.51 and cd = 1.1+8∗max(( fsand −0.7);0)

E.2.3. Wave run-up
Erosion due to wave run-up is assessed by comparing the critical overload Dcrit with
the cumulative overload Dload,z. The critical overload represents the strength of the
grass revetment, and depends on the level of damage/failure. de Waal and van Hoven

(2015) stated two different values for damage and failure of the grass revetment,
namely Dcrit,damage = 4000 m2/s2 and Dcrit, f ailure = 7000 m2/s2.

The cumulative overload Dload,z, as presented by de Waal and van Hoven (2015)

for a stationary storm event is calculated as follows:

Dload,z =
N

∑
i=1

max
[
(αmU2

i,z −αsU2
crit);0

]
), (E.4)

where Ui,z is the front velocity of the wave run-up for a single wave i on the evalu-
ation level z; Ucrit is the critical velocity; αm is a correction factor for increased load;
and αs a correction factor for decreased strength (e.g., at transitions and objects such
as stairs and roads). These α-factors are set equal to 1. Furthermore, N is the number
of waves during a time interval N = 3600∆T

Tm
, with ∆T as the load duration of a station-

ary event (constant still water level) and Tm is the mean wave period.
The critical front velocity Ucrit represents the quality of the grass revetment, with
lower values indicating weaker revetments. For stronger grass revetments, Ucrit is
6.60 m/s, while for weaker ones, it is 4.30 m/s. Overload occurs when the front
velocity Ui,z exceeds Ucrit , and the cumulative overload Dload,z is calculated by sum-
ming up all instances of overload.

The front velocity of the wave run-up Ui,z is calculated as follows:

Ui,z =Ui,max ·max
(

0;min
(

1;
Rui − z
0.25Rui

))
, (E.5)

where Ui,max is the maximum front velocity along the slope of wave run-up i at a
certain evaluation level above the still water level (z = zeval −zswl), Ui,max = cu

√
gRui,

where cu is a constant equal to 1.1 (de Waal and van Hoven, 2015) and Rui is the run-
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up level of run-up event i with respect to the water level.
The run-up level Rui of run-up event i with respect to the water level is calculated

as follows:

Rui = Ru2%

√
ln
(
1− i

N+1

)
ln(0.02)

, (E.6)

where Ru2% is the 2% run-up level, the run-up level that is exceeded by 2% of incident
waves and the number of waves N. With the 2% run-up level Ru2% described in van

der Meer et al. (2018) as follows:

Ru2%

H
= a · γb · γ f · γβ ·ξ (E.7)

With a maximum of:

Ru2%

H
= b · γ f · γβ

(
4− 1.5√

γb ·ξ

)
, (E.8)

where a and b are stochastic normal-distributed variables; γb, γ f and γβ are influ-
ence factors for a berm, roughness elements, and oblique wave attack, respectively.
ξ is the Iribarren number (or breaker parameter), as shown in Equation E.3.
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αshape alpha shape factor −

α angle of side branch °

αi ratio of the depth of layer i −

D̄ average diameter throughout the length of the cone m

εv averaged energy dissipation by vegetation N/m/s

Ûh,max horizontal orbital velocity at the waterline according to linear wave
theory m/s

ν kinematic viscosity fluid m2/s

ω wave radian frequency s−1

ρw fluid density kg/m3

θ deflection of slender tree branches °

C̃a averaged Cauchy number −

L̃ averaged dimensionless number for the relative velocity between branch
and fluid −

Ũ depth-averaged maximum horizontal velocity following Linear Wave
Theory

ξ breaker parameter −

Av frontal-surface area density per tree m/tree

B f length of the forest perpendicular to the dike m

cd sand fraction −

D cumulative overload parameter m2/s2

Dcrit, f ailure critical cumulative overload parameter m2/s2

dmin minimum branch diameter (of a first order branch) m

dtot total thickness of the top-layer and sub-layer m

fn correction factor scaled experiment −
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Fp averaged peak force N

Fs significant peak forces N

fcor a correction factor based on the number of blocked laser beams −
hd water depth at deep water m

htree tree height m

L0 deep water wave length m

qtol maximum allowable overtopping discharge l/s/m

Rc mimimum crest freeboard m

tload duration of the wave load hrs

tsub resistance time for the sub-layer hrs

ttop resistance time for the top-layer hrs

C̃D bulk drag coefficient −
AT LS,n total frontal-surface area obtained from TLS measurements m2/tree

Aveg,i total vegetation width per horizontal area m−1

bv average diameter of the individual stems m

CDcan drag coefficient for the canopy layers −
CDt r drag coefficient for the trunk layers −
CDw weighted average drag coefficient of the canopy based on diameter

sizes −
cg wave group velocity −
CM inertia coefficient −
DB Branch diameter at the location above the knot m

Dcanopy canopy diameter m

Dknot knot diameter m

Dtrunk trunk diameter m

Dr wave damping ratio by vegetation −
dx maximum branch deflection m

Em Young’s modulus of the model MPa

Ep Young’s modulus of prototype MPa

FD drag force N

Fi inertia force N

fn correction factor for scale and model effects −
Fr Froude number −
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g gravitational acceleration constant m/s2

H wave height m

h water depth m

hv height of the vegetation that is submerged m

Hcanopy canopy height m

h f water depth at the foreshore m

Hknot knot height m

Hm0 significant wave height estimated from wave spectrum m

Hrms,in root-mean-square wave height in front of the forest m

Hrms root-mean-square wave height m

Htrunk trunk height m

I second moment of area m4

k wave number m−1

KC Keulegan-Carpenter number −
L branch length m

lcone length of the cone m

Lm model length scale m

Lp real-world length scale m

N number of vegetation stems per horizontal area units/m2

Nb number of side branches −
Nclass1 number of branches of diameter class 1 −
Nclass2 number of branches of diameter class 2 −
Nclass3 number of branches of diameter class 3 −
Nl,t total amount of laser points by the laser scanner −
Nl total amount of laser point blocked in the layer before reaching layer

n −
nL scale factor −
r penetration distance of a laser beam m

RB ratio that includes the number of side branches per mother branch −
RD diameter ratio between subsequent order of branches −
RL length ratio between subsequent order branches −
Re Renolds number −
Ru2% 2% run-up level m
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Tp peak wave period s

Ucrit critical front velocity depending on quality of revetment m/s

uh horizontal orbital velocity m/s

x distance inside the forest m

M moment due to external load Nm
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As the wave comes by, the willow branches bend as if in a fluid dance. In their wake,

their side-branches flicker, as though waving the passing wave goodbye.

The Author
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