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Vegetation in front of levees, dikes and seawalls can decrease wave energy and therefore contribute to the safety
against flooding. However, wave damping predictions by vegetation are still inaccurate due to measurement and
modelling uncertainties. Many studies focused on finding reliable predictive tools using scaled flume tests with
vegetation mimics. Scaling down vegetation can however lead to discrepancies with realistic scales, known as
scale errors. In this work scaled tests were conducted on 3D-printed elastic replicas of willow trees and compared
with real-scale experiments. We identified differences in measured wave dissipation between the scaled hy-
draulic model (1:10) and its real-scale prototype with 5 m high live willow trees under storm conditions (1:1).
The maximum measured wave damping (30%) was roughly 1.5 times higher than the real-scale experiments
(20%). Following the same trend of the real-scale experiments, this amount of wave height damping declined for
larger water levels. Largest effects are argued to be due to increased viscous damping (smaller branch Reynolds
numbers) and non-exact flexibility scaling. These significant deviations illustrate that full-scale experiments,
although expensive, are still needed to validate the results of scaled experiments for woody vegetation. Alter-
natively, accounting for these discrepancies can make scaled experiments more reliable and expensive real-scale

experiments less needed for wave damping studies on woody vegetation.

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 so-
lutions are increasing in popularity in the face of climate change (IPCC,
2022). Nonetheless, implementation of these solutions maintains 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. Vali-
dation of these predictions is still scarce, leading 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 in comparison with similar scaled tests.

There are few measurements covering extreme hydraulic conditions
at large-scale (e.g., Moller 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
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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 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, con-
ducting full-scale (scale 1:1) and large-scale (i.e., up to 1:4 scale (Na-
tional Research Council (U.S.), 1999)) experiments are relatively costly
and time consuming, making experiments at reduced scales with vege-
tation mimics attractive. Hence, scaled flume experiments have been
frequently conducted in the past to investigate wave propagation
through live grassy vegetation (Ozeren et al., 2014; Maza et al., 2015) or
with mimics representing woody vegetation, such as mangroves (Ismail
etal., 2012; Hu et al., 2014; Maza et al., 2019). However, down-scaling
experiments can lead to discrepancies with findings at full scale. De-
viations between scaled models and their prototype can generally be
contributed to three main sources: model effects, measurement effects,
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and scale effects (Heller, 2011). Firstly, model effects occur when pro-
totype features cannot be captured well enough in a modelling facility,
such as material properties and boundary conditions. Secondly, specific
characteristics of a measuring technique may result in measurement
effects. Thirdly, relevant force-ratios between the prototype and its
scaled model may deviate, which can lead to scale effects. 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 ex-
periments 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.

2. Methods
2.1. Experimental setup

The prototype tests were conducted ina 291 x 5 x 9.5 (1 x w x h)ym®
wave flume, of which 200 m of the total length was used for the ex-
periments. A detailed description of these tests can be found in van
Wesenbeeck et al. (2022). We used a 1:10 scale model (n; = 10); this
was the largest scaled model that could fit in the available flume (i.e., 1
x w x h =40 x 0.8 x 1 m®). 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

Ecological Engineering 202 (2024) 107241

(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 Fig. 1. The 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.

2.2. Scaling

Scale errors increase with scale factor (n;), which is the ratio between
the characteristic length in real-world scale (L,) and in model scale (L)
(Heller, 2011). To avoid scale effects, scaled models require the
following similarities with their prototype: geometric similarity, kine-
matic similarity, and dynamic similarity (Hughes, 1993). For dynamic
similarity, the most relevant ratios controlling the investigated phe-
nomenon 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 = i’g = with the velocity (U), gravitational

constant (g), and the water depth (h). The Reynolds number (Re = %,
where v is the kinematic viscosity of the fluid and D is a representative
diameter), which represents the ratio of inertial force to viscous force, is
typically 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 pressures) 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 becomes 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:

p,UDP

Ca = )
“ El

where p,, = density of water; U= velocity; D = representative diameter
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Fig. 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.
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of the object; I = object’s length; E = Young’s modulus; I = second
moment of area. We scaled flexibility using the Cauchy number,
implying that the material of the branches is chosen such that the
Young’s modulus of the model, E,,, equals 1/10 (1/n;) times the Young’s
modulus of the prototype, E,. The E, 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 = YT, representing the ratio of drag-to-inertia force (Keu-
legan and Carpenter, 1958)). However, other relevant ratios may
deviate from prototype scale, such as the Reynolds number (Re) as we
considered Fr similitude and kept the fluid identical between the model
and prototype.

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% can-
opy 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 Kalloe et al. (2022a). The primary branches, which are the
main branches that sprout from the tree knot, were categorized into
three classes based on manual measurements of the diameter at the knot
(i.e., base diameter, Dg). The canopy from the tree simulations in Kalloe
et al. (2022a) consisted of these three branch classes, namely: class 1
(Db > 50 mm), class 2 (20 < Dg < 50 mm), and class 3 (Dg < 20 mm).
Furthermore, these classes are built-up from branch orders, starting at
the tip of the branches (order 1, smallest branch) until the primary
branch is reached at the knot (order 3). Fig. 2 shows an example of three
different branch classes; the simplified branches; and finally an
impression of the entire tree including one red colored medium branch
(class 2), 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
Fig. 3). However, geometric deviations between the two scales are

A B
1
A
3 %
Class 1 Class2 Class 3

Class 1
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inevitable using mimics. For more details on how these mimics were
build, we refer to Kalloe et al. (2022b).

2.4. Forest characteristics

The trees were placed in two rows of 16 trees each; an identical
configuration to the real-scale experiments. 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 configu-
ration of the branch was randomly generated from allometric relations
based on a real pollard willow tree (see Fig. 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 2.2). For
attaching the trees to the bed, a streamlined disk of 5 mm thickness was
added to the lower part of the trunk. Fig. 4 shows the live forest and
printed mimics. The live branches that sprout from the knot’s circum-
ference 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 center compared to the live canopies. This is not expected
to influence the wave damping as the inter-branch distance is still large.

2.5. Experimental conditions

The hydrodynamic conditions and relevant dimensionless numbers
(i.e, ﬁe, KC and E‘a) are compared at both scales in Table 1. This table
shows the values for the largest branches (classl order3), and the
smallest branches (orderl).

Calculating the non-dimensional numbers (such as Re and KC) is not
straightforward as a tree consists of different components with distinct
characteristics (such as diameters and Young’s modulus) and are subject
to a varying velocities. The trees were therefore separated into compo-
nents, such as a knot, trunk, and different order branches. The non-
dimensional numbers were determined for layers over the water col-
umn for these separate components. Fig. 4 shows an example of how Re;
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 ve-
locity values over the vertical axis. The diameter tapering of the main
branches sprouting from the knot (order 3) was assumed 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 (D,) were similar

G

L~ \
//

Class 2

Class 3

Fig. 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 colored (red)
for tracking the branch motion. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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—=- Mean Simulated Trees
95% CI Simulated Trees

— = Mean 3D-printed Trees
95% CI 3D-printed Trees

—— Waterlevel 0.3 m H

—— Waterlevel 0.45 m

0 0.1 0.2

0.3 0.4 0.5

Frontal-surface area, A, (m/tree)

Fig. 3. The calculated frontal-surface area profiles of the simulated (Kalloe et al., 2022b) and 3D-printed trees with the two tested water levels indicated, namely 0.3

and 0.45 m.

Fig. 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).

between the live tree and printed tree. This also implies that the tapering
(branch slope) of the live trees is larger than the tapering of the branch
mimics.

= 1~ (m(z)D(z))
Re = N ;f (€D)]
~ _1 ul (_h Z)-Tp)
= pPu(2)’D(z)
N El(z) 3)

_ nﬁ(z)4

1= o ()]

The horizontal velocity distribution, ux(2), was calculated with linear
wave theory, using H; and T}, as follows:

H, cosh (kpz)

&) = 0 Sk h)

where wave angular frequency o, = ZT—;’; wave number k, = %—;’; and the
2
wave length L, = gzi,‘;tanh(kphf). Finally, the average value was calcu-

lated over the water column. The KC value was calculated in this similar
manner. This method was different for E‘a, we used the average diameter
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Table 1
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An overview of the wave parameters (i.e., water depth at the forest hy, significant wave height H;, and peak wave period T,) and dimensionless parameters (i.e., ﬁe, KC
and Ea) for the largest (Class1 Order3, base diameter = 62 mm) and smallest branches (Order 1, diameter = 3 mm) of the real-scale (R001-R006) and scaled ex-

periments (S001-S006).

Test hy (m) H, (m) T, (5) Retarge x 103( —) Regnan x 10%( —) KCiarge(—) KComan( —) Cajarge( —) Cagman( —)
ROO1 3 0.50 2.83 20.2 1.2 22 372 0.09 0.059
RO02 3 1.17 3.58 50.3 2.9 68 1160 0.59 0.345
RO03 3 0.50 4.00 21.9 1.3 32 563 0.11 0.065
Real scale
RO04 3 1.01 5.66 46.2 2.6 96 1665 0.52 0.280
ROO5 4.5 1.61 4.90 46.5 3.2 132 1767 4.28 0.425
RO06 4.5 1.52 6.93 46.8 3.2 181 2475 4.28 0.412
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
1:10 Scale 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

and average velocity over the height of each tree component (I).

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
determined 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 combination 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 Wesenbeeck et al., 2022).

The amount of wave damping (Dr) was afterwards calculated in the
same manner as used in van Wesenbeeck et al. (2022):

Hyo., — Hpo,,

L (5)
Hm()w[

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

2.7. Branch deflection

The branch deflection at both scales was analysed due to variations
in dimensionless numbers, as shown in Table 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 colored flag attached on the tip of the branch, while the
mimicked branch of interest was well captured from the side of the
flume (see Section 2.1) and tracked by its distinct color (i.e., white)
compared to the color of the canopy (i.e., black). The flag was captured
with cameras above the flume (see Appendix B, Fig. B.1A) with the
camera locations obtained from photos of the camera setup. A grid with
known dimensions (see Appendix B, Fig. B.1B) was used to approximate
the “real” deflection of the flag, and hence, the live branch. Further-
more, we used Premiere Pro 2022 to remove lens distortions associated to
our type of camera (GoPro HERO4).

First, the distance between the flag and the camera was approxi-
mated to find the required corrections; then the deflections were ob-
tained. The uncertainty bandwidth of the data is found by a sensitivity
analysis on the relative distances. We refer to Appendix B for the
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 for obtaining the branch motion is per-
formed 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, hy =
4.5 m (i.e., R205 and R206).

2.8. Extending data set

Besides the scaled tests that were equivalent to the real-scale tests
(shown in Table 1), additional scaled tests were conducted. These scaled
tests were performed with 100% density mimics and included additional
wave conditions for the nearly submerged case (i.e., hy = 0.45 m); and
tests under fully submerged conditions (i.e., hy = 0.57 m). The entire
test overview is shown in Table A.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 hydrodynamic conditions. This was achieved by applying a
correction factor (f;;) 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.

3. Results
3.1. Comparing wave damping

Two vegetation configurations, namely 100% canopy density and
50% canopy density, were tested at real-scale and 1:10 scale under hy-
drodynamic conditions shown in Table 1. Wave damping measured
during the scaled experiments is compared to wave damping of the real-
scale experiments, as shown in Fig. 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 wave damping by realistic willow trees.

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 esti-
mated deflections are shown in Fig. 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 by = 3 m, H; = 0.5m, T, = 2.83 s)
and its equivalent scaled test (S201 with hy = 0.3 m, H; =0.05m, T, =
0.9 5). The uncertainty bandwidth for live branches is added as the exact
positions of the live branch and camera were unknown. Overall,
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deflections of mimicked branches were lower than the observed de-
flections of the live branches. For both scales, a positive trend between
wave height and deflection is seen.

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 Fig. 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, f, = 0.5. After applying the
correction factor, the results show that the fully submerged trees
dampen significantly less waves than the emergent and nearly sub-
merged cases.

4. Discussion

Until now, many studies on wave damping through woody vegeta-
tion have used data from scaled experiments that are susceptible to scale
errors; which in turn can result 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

Ecological Engineering 202 (2024) 107241

1:10 scaled tests. This can be caused by multiple factors that we elab-
orate on below.

First, Froude similarity is applied for scaling these type of experi-
ments, however, simultaneously the Reynolds number will deviate (i.e.,
relatively lower) from its prototype value. Usually a lower limit for
Reynolds is used to still get similar wake formation behind the vegeta-
tion elements, yet very little to no data of full-scale tests with extreme
conditions exists 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 experiments with live willow trees to design 1:10 scaled ex-
periments, 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 dimensionless
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 as-
sumes an idealized vegetation model, implying that the elements of the
roots or canopy did not vary in size or properties (e.g., single diameter).

3.01 ,( — - R 5
] >| ] X * 3
25' »‘ ] X re A,
: >| 'S A s
2.0': —>| s X% X
] 4>| 11 & L % o
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] 4>I ] [
0.5'_ -
] —»{ 3 -
|
00 02 04 06 103 10%
un (M/s) Re (-)
A Class 1 Order 3 A Class 1 Order 2 Order 1 —— up,; trunk layers

* Class 2 Order 3 *
¢ Class 3 Order 3 &

Class 2 Order 2 [
Class 3 Order 2
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Fig. 5. Example of how the Reynolds number is calculated for test ROO1.
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In the current study, we calculated dimensionless discrete numbers for
the various components of the tree (i.e., trunk and various branch or-
ders) in the water column and showed that this results in a wide range of
values for the dimensionless numbers (see Fig. 5). Dimensionless
numbers were defined at the scale of the single elements. Other studies
(e.g., Maza et al. (2019); He et al. (2019)) may used other characteristic
length scales based on total 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
(Kalloe et al. (2022a)). During these experiments a comprehensive
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 ‘damping’ effect (e.g., Heller (2011)).
Hence, calibration runs (tests without vegetation) 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 chal-
lenging. Most importantly, the leaves of the real scale willows had an
insignificant effect on the wave damping under storm conditions van
Wesenbeeck et al. (2022). In the end, we observed still overestimation
effects in the scaled tests that could not be fully explained by a single
reason. 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 mech-
anisms (such as air entrainment differences).

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 forma-
tion behind the structure, making both Fr and Re necessary for investi-
gating the wave transformation through vegetation. Generally lower
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Fig. 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).
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Fig. 7. shows the maximum deflection (dx) with corresponding wave height
(H). These results are for one test of the full-scale tests, R201 (squares) and
scaled tests, S201 (circles). The deflection and wave height of test S201 were
multiplied by n;, = 10.
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Fig. 8. shows the measured wave damping through 100% density trees at real-
sale (green circles) and scaled (green squares) for different submergence ratios;
and additional scaled tests (squares) and the expected damping (stars) after
applying a correction for scale errors on these additional scaled tests.

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 Rey-
nolds numbers. The Re-Cp relation is represented in Fig. 9 for a single
rigid cylinder in flow Sumer and Fredsoe (1998). The Re range of the
largest and smallest branches were 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 in-
crease of 5% points in wave damping through the 40-m-long willow
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Fig. 9. Shows the Re range of the real-scale tests (upper) and the scaled tests (below) for the smallest and largest branches.

forest. This estimation was based on the conventional analytical formula
(Dalrymple et al. (1984); Mendez and Losada (2004)), using a weighted
average drag coefficient (Cp,) based on Fig. 9 for both the average live
tree (Cpy =~ 1) and the mimicked tree (Cp,, ~ 1.37) (see Appendix C).

For high Reynolds numbers (> 10*), 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 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.

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); Sonnenwald et al. (2019)).
However, these simplifications can lead to wave damping over-
estimations. Vegetation motion was shown to impact the amount of
wave damping 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 constant across
different sections of the branches, such as Starrenburg et al. (2023),
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 x Rubens (willow species), and showed that the average
Young’s modulus ranged from ~ 3.000-5000 N/mm? depending on the
diameter class.

Besides simplifications regarding the Young’s modulus, we also
simplified the geometry. 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 1), indicating drag-dominated regime
(Sumer and Fredsoe, 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
Fig. 7) illustrated that the live branches had larger tip displacement than
the 3D-printed trees. This is in line with the wave damping measure-
ments: less wave damping for the live trees (more flexible small
branches) that also showed more deflection under waves. The discrep-
ancies between the deflections at the two scales were more apparent for
higher waves; and we expect a similar trend for the other tests. Unfor-
tunately, this comparison could not be made for these irregular wave
tests with larger significant 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 un-
known. 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 effective length parameter for blades (Lei and Nepf,
2021). It is therefore relevant to investigate the effectiveness of the
different branch orders in wave damping.

4.3. Aeration (Weber) scale effects

Thirdly, waves that travel through the forest, undergo wave trans-
formations and also changes in air entrainment (Tomiczek et al., 2020)
that can impact the interaction with the structure, and in turn also the
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wave damping results from scaled tests. Furthermore, only few studies
compared scaled experiments to prototype tests for wave damping by
woody vegetation. For example, Kelty et al. (2022) showed a good
agreement 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 both in the
wave energy flux and the dissipation term, such that it cancels out in the
final dissipation equation, Appendix C.1. Overall this effect is deemed to
be smaller than the first two effects.

5. Conclusions

Scaled tests with Cauchy-scaled pollard willow mimics (20%)
resulted in higher wave damping compared to real-scale tests (30%).
This over-prediction is argued to be mainly due to scale effects (Rey-
nolds 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 characterized 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 importance 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 at 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 vegetation properties such as flexibility, and identifying other

Appendix A. Experimental conditions

Table A.1
Overview of the entire scaled test program with equivalent real-scale tests.
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uncertainties. Based on our results, scaled experimental studies should
only be used for conservative wave damping estimates, if no real-scale
validation study is possible.
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Vegetation Small-scale test Real-scale test ho(m) hg(m) Hy(m) Tp(s)
s101 R101 0.53 0.3 0.05 0.9
5102 R102 0.53 0.3 0.117 113
5103 R103 0.53 0.3 0.05 1.265
$104 R104 0.53 0.3 0.101 1.79
) 5105 - 0.68 0.45 0.05 0.9
50% density 5106 - 0.68 0.45 0.103 1.265
5107 - 0.68 0.45 0.05 1.265
$108 - 0.68 0.45 0.1 1.79
5109 R109 0.68 0.45 0.161 1.55
S110 R110 0.68 0.45 0.152 2.19
$201 R201 0.53 0.3 0.05 0.9
$202 R202 0.53 0.3 0.117 1.13
$203 R203 0.53 0.3 0.05 1.265
$204 R204 0.53 0.3 0.101 1.79
$205 - 0.68 0.45 0.05 0.9
$206 - 0.68 0.45 0.103 1.265
$207 - 0.68 0.45 0.05 1.265
) $208 - 0.68 0.45 0.1 1.79
100% density $209 R209 0.68 0.45 0.161 1.55
5210 R210 0.68 0.45 0.152 2.19
s211 - 0.8 0.57 0.05 0.9
$212 - 0.8 0.57 0.103 1.265
5213 - 0.8 0.57 0.05 1.265
$214 - 0.8 0.57 0.1 1.79
$215 - 0.8 0.57 0.161 1.55
5216 - 0.8 0.57 0.152 2.19
S001 ROO1 0.53 0.3 0.05 0.9
No Vegetation 5002 RO02 0.53 0.3 0.117 113
5003 RO03 0.53 0.3 0.05 1.265

(continued on next page)
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Table A.1 (continued)

Ecological Engineering 202 (2024) 107241

Vegetation Small-scale test Real-scale test ho(m) hg(m) Hy(m) Tp(s)
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 RO09 0.68 0.45 0.161 1.55
S010 RO10 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

Appendix B. Branch motion real-scale experiments

The camera set-up of the real-scale tests is shown in Fig. B.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 < D, < 50 mm) on the tree in the first row of the forest was determined. The total length
of the branch was approximated using D, — branchlength relations from Fig. 8 in Kalloe et al. (2022a), where it was shown that the total length can be
between 2 and 4 m. We chose the average total length to be 3 m.

Fig. B.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 RADACO1 and predicted the measurements at WG6. This is shown is Fig. B.2 for test R201.
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Fig. B.2. Measured elevation signal versus the reconstruction at that location of the signal for R201.

After this, we selected 5 wave heights (Table B.1) to approximate the maximum branch deflection. These wave heights were chosen such that the

10
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flag was still visible during the wave attack.

Table B.1
The selected wave heights for obtaining maximum branch deflections.

R201 5201

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

B.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 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, I, =3+ 1 m,

e distance flag from wall, dy,,_g,, = 0.64 £ 0.2 m and dz,, g = 0.5+ 0.2 m, and
o the relative distance of the camera to the flag: dx, =4+ 1m;dy, =3.11+1mdz, =5.69+1m.
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Fig. B.3. The correction applied in x-direction following the flag on the class 2, medium branch.

Appendix C. Difference in Wave damping by Re

The aim of this section is to get an indication of how much of the measured overestimation of wave damping could be assigned to the Reynolds
differences of the different branches. Firstly, the average drag coefficient was determined for the smallest and the largest branches. These values are
based on Fig. 9, showing the Cp-Re relation for a smooth rigid cylinder.

Table C.1

Average values from Reynolds-CD graph of a smooth cylinder.
Cb,average Real-scale tests Scaled tests
Largest branches (order 3) 1.15 1
Smallest branches (order 1) 0.93 1.58
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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.2 and C.3 show the weighted average drag coefficient for the live tree and 3D-printed tree 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 > 10° (see Fig. 9),
hence, the weighted average drag coefficient of the canopy is expected to be around 1.

Table C.2
Weighted drag coefficient calculation for the average live tree.

Live tree

Branch-order Nb(units) D(m) L(m) Frontal area(m?) Weight Cp Cow

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.3
Weighted drag coefficient calculation for the average 3D-printed tree.

Printed tree

Branch-order Nb(units) D(m) L(m) Frontal area(m?) Weight Cp Cow

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 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 (),  also
increases with 37% if all the other parameters (such as A,) are kept constant. The formula C.5 and C.6 show that for the forest width of 40 m (=
constant) and wave damping of 20% (Transmission coefficient, 1-0.20 = 0.80), the damping ratio, # is around 0.00625. Increasing $ by 37%
($#=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
previously 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.1. Analytical formulation

The analytical solution stems from the energy balance equation:

a(Ecg) _
w

(cn

where E is the amount of wave energy per horizontal area = 1/8pgH?; p = fluid density; H = wave height; c, is the wave group velocity; ¢, = 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

12
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every single vegetation layer, as described in Suzuki (2011).

& = zl: £y (C.2)
i=1

where
—h+a;-h
£, = / Fu dz
—h+a;_-h
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:

Hyp 1+ le'mx 1+ px '

where

5 1 k, !
=1

= 3/ sinhkh(sinh2kh + 2kh) | 4

i

CpiNiby,; (sinh’kyai_1h — sinh*k,a;h)+

. . H;y
3(sinhk,;_h — sinhk,a;h) | ( Tl 6) ,
where Njb,; can be written as one parameter, called the frontal surface area of vegetation in layer i, A, ;. This $ from Eq. C.3 accounts for wave energy
dissipation by vegetation and the flume walls, therefore now referred to as ¢ 1um.- However, we need to remove bottom friction and wall friction
effects and find f,,,. For this, we use the calibration tests (i.e., tests without vegetation). From the calibration tests we find S This is according to
the study of Maza et al. (2019).

1 1 1

_ _ , c4)
L+ B 1+ Broggume® 1+ Brumex

where
Hyoeg 1
HmO.veg.in 1 + ﬂvcg&ﬂwnex

and

HmO.no veg 1
HmO.mJ veg.in 1 + ﬂﬂumex

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 between the two scales was similar — the only vegetation parameter that varies is the drag coefficient (Cp). The definition used in
this work for wave damping was according to van Wesenbeeck et al. (2022):

Dr — Hm(),nv veg [-Im().ve’g7 (C.5)
HmO,in

This is equivalent to:

H mO,noveg H, m0,ve; 1
0, 74 0,veg —1— (C6)
Hm(),in 1 + /)’L,egx

_1

Thus, an increase of 10 percentage points of Dr will lead to a decrease of 10 percentage points of ; S
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