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Abstract: Dense grass covers are generally recommended for surface protection of sea dikes against
mild and moderate hydraulic loads. The standard seeding mixtures were composed to meet the
technical requirements and ensure dike safety. These mixtures are, however, limited in their species
diversity. In the present study, four differently vegetated surfaces were tested regarding their erosion
resistance against wave impacts and overflow. The test vegetations ranged from a species-poor
grass-dominated reference mixture to species-rich herb-dominated mixtures. Two vegetations
were reinforced with a three-dimensional geogrid. For the unreinforced vegetations, the erosion
rate due to wave impacts decreased exponentially with increasing root density and root length
density. The geogrid reinforcements functioned as additional protection when the upper vegetation
layer was eroded and led to slightly decreasing erosion rate with depth. In overflow simulations,
the relatively densely-vegetated grass-dominated mixture experienced least erosion. Erosion was
mainly initiated at bare spots emphasizing the major role of a closed vegetation cover and dike
maintenance. The present results give new insights into erosion patterns of unreinforced and
reinforced vegetated dike covers and the relation between vegetation parameters and hydraulic
resistance to wave impacts and overflow.

Keywords: nature-based solutions; sea dike vegetation; ecological value; ecosystem services;
hydraulic model tests; erosion resistance; wave impact; overflow; root parameters

1. Introduction

Rising global mean sea water levels [1,2] and, relating thereto, changes in storm surge water
levels [3] and wave heights [4] are expected due to climate change resulting in increased design
heights for coastal protection [5]. In addition to increasing loads due to climate change, altering
of infrastructure and growing environmental awareness require adaptations of coastal protection,
especially towards more natural or nature-based solutions [6–8]. Coastal ecosystems, e.g., reefs, salt
marshes, or mangrove forests, have proven to provide valuable ecosystem services, amongst others
coastal protection services, such as wave damping effects or sediment stabilization [9–11]. Still, hard
coastal protection infrastructure, i.e., dikes, seawalls, breakwaters etc., continue to be necessary in
cases of high hydrodynamic loads, restricted space availability or high value of protected objects and
goods [12]. These artificial structures can be ecologically enhanced to conserve or promote ecosystem
services, e.g., with structural adaptations that support the colonization with fauna or establishment of
vegetation on the structure [13–15]. Potential nature-based adaptations for sea dike systems were found
by (i) promoting foreshore ecosystems and (ii) enhancing the ecological value of the dike structure itself,
e.g., by adapting the seeding mixtures of vegetated dike covers towards ecologically more valuable
vegetation [16].
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1.1. Vegetated Clay Layers as Dike Cover

Sea dikes are commonly built from a sand core covered with a clay layer. This shore-parallel
structure forms a barrier between land and sea; thus, protecting the hinterland from flooding.
To prevent external erosion due to hydraulic loads, dense grass covers or, for highly loaded dike
sections, hard revetments are applied for dike surface protection [17]. Scheres and Schüttrumpf
(2019) [16] give an overview on the structure, function and current design practice of vegetated clay
layers. The recommended seeding mixtures for sea dike vegetation on German dikes consist of different
grasses and optionally a small percentage of herbs [18]. These mixtures are known to provide surface
protection against erosion caused by moderate hydraulic, mechanical, and climatic impacts.

1.2. Erosion on the Seaward Dike Slope Due to Wave Impacts

When a plunging breaker impinges the seaward dike slope, a wave impact of high pressure,
although temporally and spatially limited, occurs [19–22]. Due to stochastic processes during wave
breaking and wave–wave interaction, each wave impact results in a different load pattern with
variations in space and pressure height, even for regular waves [23]. The main impact forces on sloped
structures can be expected at a depth of approximately 0.5·HS below still water level [19,23].

A limited number of experimental studies on the erosion of vegetated slopes due to wave impacts
exists. Overall, it was concluded in TAW (1997) that no damage has to be expected due to waves of
0.75 m height for good erosion-resistant grass covers. Very good grass covers on a 1:3 or 1:4 slope and
erosion-resistant undersoil can withstand waves up to 1.0 m for at least one day [24]. Similar results
were obtained by Piontkowitz (2012) where minor damage of the good quality grass cover resulted
from waves with HS = 0.7 m and significant damage from HS = 0.9 m [25].

Strongest erosion was found within a depth of 0.3·HS to 0.6·HS below still water level [26]. Locally
the erosion rate varied and deeper erosion holes evolved [26]. The erosion process accelerated when
the well-rooted turf has eroded and the root density decreased [27].

Preliminary erosion models were developed by Seijffert and Verheij (1998) and van Steeg et al. (2015)
relating the erosion rate to the significant wave height [27,28], see Table 1. In both models, relevant
parameters, such as the root density, root length, wave steepness, or slope, were not directly incorporated,
but considered by erosion coefficients for the investigated situations. Van Steeg et al. (2015) included
a threshold wave height of 0.5 m below which no erosion has to be expected based on full-scale
laboratory tests on grass slopes with initial damage [28].

Table 1. Erosion models to describe the erosion on the seaward slope due to wave impacts.

Erosion Model Notation

Seijffert and Verheij (1998) [27]
E = cE·H2

S

E: erosion rate (mm/h)
cE: erosion coefficient (1/(ms)), see [27]

HS: significant wave height (m)
van Steeg et al. (2015) [28]

E = 0 for HS < 0.5 m
E = ax·(HS − 0.5) for HS ≥ 0.5 m

E: erosion rate (mm/h or m2/h)
ax: erosion coefficient (mm/(hm) or m2/(hm)), see [28]

HS: significant wave height (m)

1.3. Erosion on the Landward Dike Slope Due to Wave Overtopping and Overflow

If the water level exceeds the height of a coastal structure, steady overflow occurs. In contrast,
wave overtopping refers to the intermittent process of single waves passing over a coastal structure.
Both processes occuring at the same time is called combined wave and surge overtopping. Wave
overtopping and overflow are generally described by means of the water volume flowing over the
structure per time unit and unit width, i.e., m3/(sm) or m2/s. To consider the unsteady nature of wave
overtopping, mean overtopping discharges are indicated in design formulas.

Water flowing over the crest and landward slope of a coastal structure can induce damage on the
structure’s surface due to erosion. For steady overflow, Hewlett et al. (1987) [29] give limiting flow
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velocities for grass surfaces in good, average, and poor condition in connection with flow duration
for which erosion remains acceptable. For wave overtopping, tolerable maximum mean overtopping
discharges are recommended neglecting the load duration, e.g., qmean,max = 5 l/(sm) for maintained,
closed grass covers, and significant wave heights of Hm0 = 1–3 m [30]. In most tests, the grass covers
resisted higher mean overtopping discharges [25,31,32], but weak points, such as bare spots or mice
holes, can reduce the erosion resistance significantly [30,33]. A detailed overview on existing laboratory
and in situ studies on the erosion resistance of grass covers against overflow and wave overtopping is
given in the appendix of Scheres and Schüttrumpf (2019) [16].

To include the effect of overtopping duration, Dean et al. (2010) developed an erosion model
assuming that unacceptable erosion occurs when the cumulative excess flow work (proportional to
the flow velocity u3) exceeds a threshold value, the so-called erosion limit. Threshold velocities and
erosion limits were calculated based on the data of Hewlett et al. (1987) for steady overflow [29]
and the model was expanded for intermittent wave overtopping with the need for verification [34].
Further developments were pursued by Hughes and Thornton (2015) in terms of slowly time-varying
overflow [35]. A similar model based on excess shear stress (proportional to u2) and considering
that the main damage is caused by the high velocities of the wave front was developed by van der
Meer et al. (2010) [36].

Comparing the results from overflow and overtopping tests on similar grass covers, van
Damme et al. (2016) found that, for equal shear stresses, damage due to intermittent wave overtopping
is higher than due to steady overflow. Thus, shear stress cannot be the predominant factor for erosion
during overtopping. In fact, damages were observed at the location where the wave reattached to the
slope and induced normal forces [37]. Ponsioen et al. (2019) conceptualize and validate a corresponding
wave impact method that allows to predict the time and location of damage initiation during wave
overtopping [38].

The erosion resistance depends, amongst others, on the condition and properties of the grass
cover. In above mentioned studies, often the condition of the grass cover is classified for reference, e.g.,
good, average, or poor condition [29]. Root parameters, e.g., the number of roots [39], can be used for
classification. However, more specific knowledge on the direct relation between hydraulic resistance
and vegetation properties is preferable. In this matter, Thornton et al. (2014) found a correlation
between the cumulative overtopping volume at failure and the product of average root length and
root volume [40]. Studies on the effect of roots on erosion during concentrated flows show that soil
detachment ratios can be best estimated with the root length density [41].

1.4. Research Aims and Overall Research Methodology

The species diversity of the recommended seeding mixtures for sea dike vegetation [18] and the
food sources for blossom-seeking insects of these mixtures are limited [42]. With the main objective
being to increase the ecosystem services of sea dikes, possible adaptations of the seeding mixtures
towards ecologically more valuable dike vegetation were investigated within the project EcoDike
(“Ecologically Friendly Sea Dikes and Revetments for Coastal Protection”, grant number 03F0757 A-F)
on condition that the erosion resistance of this vegetation equals or surpasses that of currently used
vegetations. Species-rich mixtures can have positive effects on the biodiversity and ecological value
of sea dikes [42]. However, the suitability of biodiverse mixtures with herbs for sea dike vegetation
in terms of sufficient erosion protection cannot be scientifically assessed yet. Previous studies on
the erosion resistance of vegetated dike covers (see Sections 1.2 and 1.3) focused mainly on grass
covers or did not further explore the vegetation composition. Regarding rainfall loads, an increase of
soil erosion resistance was found with increasing vegetation diversity [43]. Against this background,
the study at hand presents results of experimental wave impact and overflow simulations with different
grass-, grass-herb-, and herb-mixtures to investigate (i) the erosion resistance of differently diverse and
ecologically valuable vegetation compositions and (ii) the relation between hydraulic resistance and
vegetation properties.
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2. Materials and Methods

2.1. Test Vegetations and Botanical Analyses

Six differently vegetated and reinforced surfaces were investigated during hydraulic model tests.
The composition of the test vegetations (TVs) resulted from analyses of the ecological value under
consideration of dike safety [42]:

(1) TV1: species-poor grass-dominated reference mixture (4 species, standard mixture after [18]),
(2) TV4: grass-herb mixture (10 species) [42],
(3) TV5: species-rich herb-dominated EcoDike mixture (18 species) [42], and
(4) TV6: species-rich herb-dominated ready-mix (20 species) [42].

The test vegetations TV4 and TV5 were additionally reinforced with the three-dimensional soil
reinforcement geogrid Fortrac®3D by HUESKER. Test vegetations TV2 and TV3 (see [42]) were not
tested due to spatial restrictions during vegetation establishment. All test vegetations were established
in the courtyard of the Institute of Hydraulic Engineering and Water Resources Management, RWTH
Aachen University (IWW), in 0.3 m high planter trays filled with clay suitable for sea dike covers. Prior
to sawing in April 2018, the soil was fertilized with an organo-mineral compound fertilizer. A second
fertilization took place four months after sawing. To prevent the seeds from drying out and to promote
germination, the planter trays were watered in the beginning. Additional sprinkling was necessary
during the exceptional heat wave in summer 2018. A cupping cut was performed three months
after sawing to support the development of a closed sward and lateral shoots and to curb weeds.
The vegetations were mowed again two months later (TV1 and TV4) and three months later (TV5 and
TV6). Sea water spray simulations with 0.01 L salt water per m2 and 3.5% salt concentration took place
in September and October 2018, using a pressure spray device to simulate coastal conditions. After a
vegetation period of around six months, the vegetated clay elements were transported into the adjacent
hydraulics laboratory and installed into the testing facilities. Figure 1 illustrates the investigated dike
covers prior to testing in autumn 2018.
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Figure 1. Test vegetations prior to testing in autumn 2018 (see also [44]). TV1 = species-poor
grass-dominated mixture, TV4 = grass-herb mixture, TV5 = species-rich herb-dominated EcoDike
mixture, TV6 = species-rich herb-dominated ready-mix, and grid = geogrid reinforcement.

The vegetation establishment was documented weekly via determination of the average grade
of vegetation coverage cveg estimated with the auxiliary tables of Gehlker (1977) [45]. To determine
the root parameters, soil samples with a depth of 0.15 m were taken using a steel cylinder of 0.05 m
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diameter. After removing the upper part of the sod, i.e., the aboveground vegetation and about
0.5 cm below soil surface, the samples were divided into layers of 0.05 m and stored in water for
24 h to facilitate the separation of roots and soil. The roots were scanned and analyzed using the
semi-automated image analysis software SmartRoot [46]. The root length density RLD per layer results
as the ratio of the total length of all roots within this layer and the volume of the layer. After drying the
root samples at 105◦ C for 12 h, the root weight was measured. The root density RD per layer results
as the ratio of the dry root weight within this layer and the volume of the layer. In 2018, three root
samples were taken per test vegetation. In 2019, two root samples were taken per test vegetation.
The test vegetations with geogrid reinforcement were not analyzed.

2.2. Wave Impact Simulations

For generation of reproducible wave-like impacts, the wave impact simulator by Stanczak
(2008) [47] was used (Figure 2a,b). This test setup comprises a vertical water pipe of 0.1 m diameter
which is mounted in a given height above the test object. A pneumatic-steered valve allows to seal
the pipe. After filling water into the sealed pipe to a pre-defined water level, the valve is opened.
The water mass is suddenly released and drops onto the test object simulating a wave impact.
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Figure 2. (a) Schematic sketch and (b) photo of the experimental test setup for simulating wave impacts
by Stanczak (2008) [47]; (c) pin-profiler for documentation of the erosion depth, and (d) detail photo of
the scale and measuring bar (photos: Delfino, 2018).

The impact pressure depends on the fall height of the water mass hf and the water level in the
pipe hw. For determination of the maximum impact pressures pmax, tests with a high precision pressure
transmitter in the impact zone were performed (STS ATM.1ST accuracy ± 0.4 mbar and, only for
hf = 1.8 m and hw = 0.3 m, WIKA P-31 accuracy ± 6 mbar). Figure 3a shows a typical signal of a wave
impact simulation highlighting the very short impact duration and resemblance to real wave impacts.
Figure 3b shows the maximum impact pressures measured for different fall heights and water levels
in the pipe. Maximum wave-like impact pressures of 47.7 kPa were achieved with a fall height of
1.8 m and a water level in the pipe of 0.3 m. For comparison: Regular waves with a wave height of
Hreg = 2.1 m and a wave period of Treg = 5.83 s result in a mean impact pressure of 35.1 kPa [48].
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pressure load cell in the impact zone (fall height hf = 1.65 m and water level in the pipe hw = 0.25 m).
(b) Maximum impact pressures pmax measured for different fall heights hf and water levels in the pipe
hw. Error indicators showing the standard deviation.

Four test series were performed per test vegetation: two in late autumn 2018 after a vegetation
period of approx. six months, two in late autumn 2019 after a vegetation period of approx. 18 months.
Within each test series, the impact pressure was increased after every 10 impacts by increasing the fall
height from 0.5 to 1.8 m and water level from 0.25 to 0.3 m, respectively. Tests were stopped when
an erosion depth of approximately 0.15 m was reached. The erosion depth was documented using a
pin-profiler with a 0.01 m grid in the center and a 0.02 m grid in the outer area (Figure 2c,d). During the
vegetation tests, the wave impact pressures could not be directly measured. Thus, the pressures
measured during the tests with the load cell were used for subsequent analyses.

2.3. Overflow Simulations

Overflow simulations were performed on a 1.8 m high dike model with 1:3 landward slope
constructed in the 2 m wide, 20 m long, and up to 3 m high flume of IWW (Figure 4a). The dike model
consisted of a sand core covered with the test vegetations (Figure 4b) built against an impermeable
supporting body. The dike cover was composed of four vegetation elements of 1.5 m length each
(crest, upper, middle, and lower slope, see Figure 4a). The seaward slope was omitted. A partition
wall centered in the flume divided the channel into two test sections of approximately 1 m width
each. A sealing element at the upstream end of the dike model allowed for separate testing of each
test section.
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Steady water inflow was supplied by pipes connected to an elevated tank with a constant water
level. The flow rates were controlled via the water level upstream of the dike crest. Measurements
with double-tip conductivity probes from UNSW Water Research Laboratory (WRL) at three positions
along the dike slope allowed the determination of flow velocities, clear water depths and shear stresses
(Figure 4c). Details on the instrumentation and data processing are given in Scheres et al. (2020) [44].

The flow rates were incrementally increased, keeping a constant overflow for 45 minutes for the
first four discharges (qw ≈ 0.01, 0.02, 0.035, and 0.045 m2/s) and 30 minutes for all larger discharges
(qw ≈ 0.07, 0.09, 0.105, 0.135, and 0.195 m2/s). The experiments were stopped when the erosion reached
the sand core which generally only occurred due to model effects at the flume walls where minor joints
were closed with clay. The erosion progress was documented after each discharge level by estimations
of the percentage of eroded area, measurements of the erosion depth along four cross sections with a
pin-profiler, and photographs.

3. Results and Discussion

3.1. Vegetation Establishment

Figure 5 shows the root density RD (a) and root length density RLD (b) as function of the depth
under surface d for all test vegetations without geogrid reinforcement. The data points are illustrated
by diamonds; the corresponding regression analyses by lines.
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Figure 5. Root density RD (a) and root length density RLD (b) of different vegetated covers as function
of the depth under surface d. TV1 = species-poor grass-dominated mixture, TV4 = grass-herb mixture,
TV5 = species-rich herb-dominated EcoDike mixture, TV6 = species-rich herb-dominated ready-mix,
and grid = geogrid reinforcement. Comparison of data with previous studies [24,49], where FA-G+

corresponds to a fertilized, periodically grazed ryegrass dike section in Friesland-Boonweg [49].
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Overall, RD and RLD decreased with increasing d. The functional relation can be described with
an exponential function given in the graphs. In mean, TV1 resulted in the largest root length density
within 0–5 cm depth, TV6 showed the lowest root length density (Figure 5b). A similar, but less
pronounced tendency was found for the root density (Figure 5a), though an increase of RD for TV6
from 2018 to 2019 was noticed. No consistent change in RD or RLD can be observed comparing
the measurements in autumn 2018 after a vegetation period of six months to the measurements in
autumn 2019, i.e., the root density and root length density did not generally develop further in the
second vegetation period. For TV1 and TV4, the mean RLD in the upper soil layer even decreased
significantly from 2018 to 2019. It is assumed that the extreme summer in 2019 might have affected
the vegetation establishment. The present root analyses were compared to data of previous in situ
studies, see black dashed line and black circles in Figure 5. In general, lower root densities and lower
root length densities were found for the present test vegetations in comparison to the measurements
on real dikes with older vegetation [24,49]. This concurs with the fact that the development of a dense,
deeply-rooted vegetation cover requires three to five years [27].

3.2. Wave Impact Simulations

3.2.1. Erosion Patterns

Pronounced erosion holes developed in the impact zone during the wave impact simulations.
Figure 6 shows selected test surfaces before and after testing. The erosion progress varied for the
different test vegetations and within the test vegetations. The densely vegetated test area of the
grass-dominated mixture TV1 developed a floating root-vegetation net above the erosion hole that
provided protection of the underlying soil (Figure 6a). With weak spots in the test area, the same test
vegetation eroded much faster (Figure 6b). A distinctive root net appeared also during testing of the
herb-dominated EcoDike mixture TV5. However, wave impacts induced circular damage to this root
net, revealing bare clay below (Figure 6c). The geogrid reinforcement provided additional protection
and damping of the impacts after erosion of the upper vegetated layer (Figure 6d).

3.2.2. Analysis

The erosion progress during the wave impact simulations was surveyed regularly with a
pin-profiler covering in total 185 measuring points (see Section 2.2). Figure 7 shows the maximum
erosion depth de,max of each pin-profiling as function of the cumulative wave impact pressure pcum for
the different vegetated covers. The results show differences between the single test vegetations, but also
variations within the test vegetations. The highest erosion resistance was found for one of the test series
of the grass-dominated mixture TV1 where the highest loads were necessary to reach the final erosion
depth (de,max = 130 mm for pcum = 4403 kPa). The reinforced grass-herb mixture TV4grid and reinforced
herb-dominated EcoDike mixture TV5grid showed similar maximum erosion resistance. Considerably
lower loads were necessary to reach the final erosion depth for TV5 without reinforcement and for the
herb-dominated ready-mix TV6. For comparison, the results of tests on an unvegetated clay surface
are shown in Figure 7. Maximum erosion depths of 154 mm and 161 mm were measured after a
cumulative impact pressure of 429 kPa and 575 kPa, respectively. All vegetated surfaces experienced
slower erosion compared to the unvegetated clay surface. Looking at the results of TV5 and TV6 in
2018, these differences were, however, not very big. With exception of TV1, only slight differences
between the single test series of each vegetated cover were found. The big differences in the results
of TV1 are attributed to influences of weak spot testing (see Section 3.2.1). No consistent temporal
development of the erosion resistance can be found comparing the measurements in autumn 2018 after
a vegetation period of six months to the measurements in autumn 2019. While the erosion resistance
slightly increased for TV1, TV5, and TV6, it decreased for TV4.
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Figure 6. Erosion patterns during the wave impact simulations: Test surfaces of TV1 (a,b), TV5 (c),
and TV5grid (d) before (left) and after testing (right). TV1 = species-poor grass-dominated mixture,
TV5 = species-rich herb-dominated EcoDike mixture, and grid = geogrid reinforcement (photos:
Delfino, 2018).
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Figure 7. Maximum erosion depth de,max as function of the cumulative wave impact pressure pcum for
different vegetated covers. TV1 = species-poor grass-dominated mixture, TV4 = grass-herb mixture,
TV5 = species-rich herb-dominated EcoDike mixture, TV6 = species-rich herb-dominated ready-mix,
and grid = geogrid reinforcement.

Figure 8 shows the erosion rate E plotted against the root density RD (left) and root length density
RLD (right), separately for the unreinforced vegetated covers (upper figures) and for the vegetated
covers reinforced with a three-dimensional geogrid (lower figures). The erosion rate was calculated
for layers of 0.05 m assuming a linear erosion progression to allow analyses in connection with the
root parameters which were also determined for 0.05 m thick layers (see Sections 2.1 and 3.1). Data
of the root density and root length density are mean values of the measurements per layer and test
year. Decreasing erosion rates were found with increasing root density and root length density for
the unreinforced vegetated covers, similar to results from studies on the soil detachment rate due
to concentrated flows [41] (Figure 8a,b). The relationship between E and RD or RLD was further
investigated by means of a non-linear regression analysis. The best-fit exponential regression functions,
95% prediction bands and coefficients of determination are given in the figures. The regression analysis
of E and RLD shows a slightly better fit. Overall, a high variability in the data is found, comparable
to studies on the soil detachment rate due to concentrated flows [41]. Erosion rates of deeper layers
might be influenced by the protective root net that evolved for some test vegetations (see Section 3.2.1).
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Figure 8. Erosion rate E as function of the root density RD (left) and root length density
RLD (right) for different vegetated covers. (a,b) show data of unreinforced vegetated covers;
(c,d) show data of vegetated covers reinforced with a three-dimensional geogrid. TV1 = species-poor
grass-dominated mixture, TV4 = grass-herb mixture, TV5 = species-rich herb-dominated EcoDike
mixture, TV6 = species-rich herb-dominated ready-mix, and grid = geogrid reinforcement.

A different trend was found for the reinforced vegetated covers (Figure 8c,d). The erosion rate
slightly decreased with decreasing root density and root length density. Erosion progressed more
slowly in deeper layers where the root parameters were lower. This effect is attributed to the protective
function of the geogrid reinforcement. It can be concluded that after erosion of the soil above the
geogrid, the geogrid provides protection against the wave impacts and reduces erosion.

3.2.3. Discussion of the Methodology and Results of the Wave Impact Simulations

The use of the pin-profiler allowed to measure the erosion depth with minimum distortion of
the data due to vegetation or the geogrid as the pin generally slid along the obstacles directly to the
ground representing the actual erosion depth. Although it is a very time-consuming method with a
reading accuracy of around 1 mm, it was possible to get new insights, e.g., into the erosion depth and
progress below the geogrid. In some cases, the measuring area did not cover the fringes of the erosion
hole. As the presented analyses were based on the maximum erosion depth, generally located in the
center of the erosion hole, no influence on the results is expected due to this restriction. The erosion
volume, however, cannot be analyzed precisely.

The wave impact simulator used in the present study represents a handy and cost-effective method
for generating wave-like impacts, i.e., impacts of short duration but high pressure on a small area.
While previous erosion models relate the erosion rate to the significant wave height [27,28], the present
tests allow to combine erosion directly with the impact pressure acting on the surface. There are,
however, several characteristics of natural wave impacts that cannot be reproduced, e.g., air inclusion
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during the breaking process or wave run-up and run-off including back-rush water. The stochastic
characteristics of the sea state, e.g., the spatial distribution and the distribution in magnitude of impact
pressures, are not considered. The given reproducibility of impact pressures is, however, a major
benefit of the test setup used.

The number of root samples was limited to three (2018) and two (2019) samples, respectively.
No root samples were taken of the reinforced test vegetations. Test results of the reinforced covers
were correlated to the root parameters of the corresponding unreinforced cover, ignoring possible
influences of the geogrid on vegetation establishment. The vegetated covers showed generally a
heterogeneous vegetation distribution which might also influence the root parameters. For statistical
analyses, a higher number of root samples would be preferable. However, the consistency in results,
especially in the correlation of the erosion rate to the root parameters, gives insights on the overall
relation between hydraulic resistance to wave impacts and vegetation parameters.

3.3. Overflow Simulations

3.3.1. Erosion Patterns

Progressing erosion was observed during the overflow simulations for all vegetated covers.
Figure 9 shows sections of the test surfaces before and after testing. Erosion initiation and magnitude
varied depending on the test vegetation. In none of the tests, a failure of the dike cover occurred,
i.e., erosion did not reach the sand core (except for model effects at the flume walls). Mostly, erosion
was initiated at bare spots. Almost no erosion occurred on the dike crest. In the following, typical
erosion patterns along the dike slope are described for the different vegetated covers. Erosion that was
regarded a model effect was not considered in subsequent analyses.
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provided protection for the dike cover. Gully erosion was observed for the herb-dominated ready-

mix TV6 (Figure 9f). When water hit the sparsely distributed vegetation, deeper erosion holes 

developed exposing the roots and destabilizing the vegetation. Photos of the complete slopes after 

failure can be found in the supporting information to Scheres et al. (2020) [44]. 

3.3.2. Analysis  

The erosion progress was quantified after each experimental phase (characterized by constant 

discharge level) by means of measurements with a pin-profiler along four cross sections and 

estimations of the percentage of eroded area. Analysis of the pin-profiling data revealed that the 

Figure 9. Erosion patterns during the overflow simulations: Sections of the test surfaces of TV1 (a),
TV4 (b), TV4grid (c), TV5 (d), TV5grid (e), and TV6 (f) before (left) and after testing (middle). Positions
of the sections along the slope (right). TV1 = species-poor grass-dominated mixture, TV4 = grass-herb
mixture, TV5 = species-rich herb-dominated EcoDike mixture, TV6 = species-rich herb-dominated
ready-mix, and grid = geogrid reinforcement.

The relatively densely-vegetated grass-dominated mixture TV1 showed little erosion which was
generally initiated at bare spots (Figure 9a). Spreading of the erosion was limited. Strong erosion
(W × H × D approximately 1.0 m × 0.4 m × 0.13 m) with undermining of roots and roll-up of the
vegetation was observed for the grass-herb mixture TV4, which showed a cross-sectional bare stripe
at the beginning of the tests favoring the erosion progress (Figure 9b). For the reinforced vegetation
TV4grid in contrast, a network of roots intertwined with the geogrid remained after the overflow
simulations providing a protection against deformation of the slope (Figure 9c). Root undermining and
single plant losses occurred on the originally dense herb-dominated EcoDike mixture TV5 (Figure 9d).
Parts of the surface were protected by the flattened leaves. At weak spots, damage was initiated,
and erosion spots developed, often with individual, more resistant plants at the center. The surface of
the reinforced vegetation TV5grid after testing was dominated by exposed roots intertwined with the
geogrid (Figure 9e), similar to TV4grid. Although the geogrid was undermined by up to 4 cm, it still
provided protection for the dike cover. Gully erosion was observed for the herb-dominated ready-mix
TV6 (Figure 9f). When water hit the sparsely distributed vegetation, deeper erosion holes developed
exposing the roots and destabilizing the vegetation. Photos of the complete slopes after failure can be
found in the supporting information to Scheres et al. (2020) [44].

3.3.2. Analysis

The erosion progress was quantified after each experimental phase (characterized by constant
discharge level) by means of measurements with a pin-profiler along four cross sections and estimations
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of the percentage of eroded area. Analysis of the pin-profiling data revealed that the number and
distribution of measurements is not sufficient to give representative findings on the erosion. Erosion did
not occur evenly across the dike, but rather locally restricted. Often the erosion spots were not covered
by the pin-profiling measurements. Thus, presentation of the pin-profiling data is omitted herein.

The percentage of eroded area Ae estimated after each discharge level is shown as function of the
overflow rate qw in Figure 10 for the different vegetated covers. Data is given for the upper, middle, and
lower slope (see Section 2.3). Data for the dike crest is omitted as erosion was very limited with Ae = 6%
at maximum. The slowest erosion progress was observed for the species-poor grass-dominated mixture
TV1 with relatively good coverage (cveg,mean = 82%). After tests with qw = 0.180 m2/s, in mean 13% of
the slope surface of TV1 was affected by erosion. The other vegetated covers resulted in steeper erosion
curves and, in total, higher percentage of eroded area. The highest percentage of eroded area Ae = 90%
was found for the reinforced species-rich herb-dominated EcoDike mixture TV5grid with moderate
coverage (cveg,mean = 60%) after qw = 0.114 m2/s. The sparsely grown species-rich herb-dominated
ready-mix TV6 (cveg,mean = 37%) showed in mean 49% eroded area after tests with qw = 0.009 m2/s.
Comparing Ae across the slope sections (upper, middle, lower slope), in general no big differences are
found except for TV4 (severe erosion on the middle slope due to large bare spots) and TV6 (increase of
erosion along the slope).
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Figure 10. Percentage of eroded area Ae along the 1:3 slope as function of the overflow rate qw for
different vegetated covers. TV1 = species-poor grass-dominated mixture, TV4 = grass-herb mixture,
TV5 = species-rich herb-dominated EcoDike mixture, TV6 = species-rich herb-dominated ready-mix,
and grid = geogrid reinforcement.

Figure 11a shows the cumulative overflow volume Vcum plotted against the testing time t for
the different vegetated slopes. The reinforced grass-herb mixture TV4grid underwent the highest
cumulative overflow volume (Vcum = 1369 m3/m), followed by the grass-dominated mixture TV1
(Vcum = 1322 m3/m). The present results are compared to wave overtopping data on dormant Bermuda
grass on clay soil from tests with the Colorado State University wave overtopping simulator [40]
(Figure 11a). The dormant Bermuda grass failed due to Vcum = 2175 m3/m. Healthy Bermuda grass
showed no damage after wave overtopping with Vcum = 16522 m3/m [40]. In direct comparison,
the present hydraulic loads are relatively small. However, please note that these hydraulic loads did
not lead to failure of the vegetation covers.
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Figure 11. (a) Cumulative overflow volume Vcum plotted against the testing time t for the different
vegetated slopes with comparison to data on dormant Bermuda grass on clay soil from literature (black
lines) [40], arrows indicate that no failure of the dike cover occurred. (b) Mean net percentage of
eroded area Ae,mean,net, defined as the percentage of eroded area under consideration of the vegetation
coverage Ae,mean,net = Ae,mean−(100−cveg), as mean value along the 1:3 slope as function of the cumulative
overflow volume Vcum for the different vegetated covers. TV1 = species-poor grass-dominated mixture,
TV4 = grass-herb mixture, TV5 = species-rich herb-dominated EcoDike mixture, TV6 = species-rich
herb-dominated ready-mix, and grid = geogrid reinforcement.

In van der Meer et al. (2010) [31], grass covered slopes in good condition did not fail from erosion
due to mean wave overtopping discharges up to 0.03 m2/s. Some test sections even resisted mean
overtopping discharges up to 0.075 m2/s. Except for the sparsely-vegetated herb-dominated ready-mix
TV6, all vegetated covers of the present study experienced maximum overflow rates > 0.095 m2/s
(Figure 10), exceeding the reference of 0.03 m2/s [31], but when comparing results from overflow and
overtopping tests, the different load mechanisms have to be considered (see Section 3.3.3).

In Figure 11b, the mean net percentage of eroded area Ae,mean,net, here defined as the eroded area
under consideration of the vegetation coverage Ae,mean,net = Ae,mean−(100−cveg), is given as function
of the cumulative overflow volume Vcum for the different vegetated covers. Under the assumption,
that erosion first occurred at bare spots, Ae,mean,net depicts when the erosion exceeds the bare area,
and thus is negative until Ae,mean is larger than the percentage of bare area (100–cveg). For the species-poor
grass-dominated mixture TV1, Ae,mean,net is just below 0% at the end of testing, i.e., the percentage of
eroded area was minimally lower than the percentage of bare spots. Accordingly, the applied hydraulic
loads would not have caused damage to TV1 with a 100% vegetation cover. Judging from the results of
Ae,mean,net, higher loads are necessary to cause erosion on the vegetated parts of the grass-herb mixture
TV4 compared to the herb-dominated mixture TV5 (Figure 11b).

3.3.3. Discussion of the Methodology and Results of the Overflow Simulations

Due to model effects at the flume walls, the overflow tests had to be stopped before actual failure
of the dike covers occurred. Thus, no conclusions on critical hydraulic parameters can be drawn.
No failure has to be expected for the investigated hydraulic loads and similar dike covers, and even
further resistance can be anticipated. The actual maximum tolerable hydraulic loads have to be
determined in future studies.

All tested dike covers had a quite uneven and patchy vegetation coverage and erosion was
generally initiated at bare spots. Previous studies revealed a correlation between root parameters and
the point of failure or the soil detachment ratio respectively [40,41]. It is believed that this correlation
applies primarily to surfaces with evenly distributed vegetation where the root system has the highest
influence on the erosion progress. As soon as weak spots in the cover are present, these become the
predominant factor for erosion initiation and the root system is of secondary importance, e.g., in terms
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of limiting the erosion spreading as observed for TV1. This confirms again that the maintenance of
the dike cover with the objective of preserving a high vegetation coverage without weak points (bare
spots, mice holes, etc.) plays a major role in dike safety.

Data of the percentage of eroded area and the grade of coverage are estimations from visual
inspections. Even though the auxiliary tables of Gehlker (1977) [45] were used, the measurements are
based on subjective assessment and may induce uncertainties to the analysis. Alternative methods that
allow for objective assessment of erosion on large surfaces are required. Caution is called for when
applying optimal methods, such as LiDAR (Light Detection And Ranging), as results can be influenced
by vegetation, and erosion beneath reinforcement grids cannot be measured.

The present tests were performed with stationary overflow. The results are not directly transferable
to the naturally occurring nonstationary hydraulic loads of sea dikes due to wave overtopping [37,38].
For equal shear stresses, damage due to intermittent wave overtopping is higher than due to steady
overflow [37]. The tests give, however, new insights into erosion patterns and a first comparison of the
erosion resistance of different grass and herb vegetations.

4. Conclusions

Wave impact and overflow simulations in combination with vegetation analyses were conducted
on differently vegetated surfaces to investigate the correlation of the hydraulic resistance and vegetation
properties. Root analyses revealed exponentially decreasing root density and root length density with
increasing depth in agreement with previous studies. During wave impact simulations, all vegetated
surfaces experienced slower erosion compared to the unvegetated clay surface. No consistent temporal
development of the erosion resistance to wave impacts was found, similar to findings for the root
parameters. The unreinforced vegetated covers revealed an exponential decrease of the erosion rate
with increasing root density and root length density. New empirical descriptions of the correlation
were achieved. Geogrid reinforcements provide additional protection when the upper vegetation
layer is eroded and reduce the erosion rate over depth. For further verification of the results, in situ
tests on real dikes with vegetations of different age, condition, management etc., are recommended.
These would be possible with the presented wave impact simulator after slight modifications of the
test-setup with in situ supply of water and compressed air. During overflow simulations, the relatively
densely-vegetated grass-dominated standard mixture experienced least erosion. When weak spots are
present in the cover, these become the predominant factor for erosion initiation.

An adaptation of the dike vegetation towards ecologically more valuable compositions can enhance
the ecosystem services of dikes, especially biodiversity and food sources for blossom searching insects.
The erosion resistance is, amongst others, influenced by the root characteristics, which again depend
on the vegetation species. In previous studies, an increase of soil erosion resistance against rainfall
was found with increasing vegetation diversity. The study at hand indicates that the investigated
mixtures with a higher percentage of herbs and higher diversity lead in early development stages and
under the tested conditions to lower erosion resistance compared to the standard grass-dominated
mixture. The present tests were performed with very young vegetation, which were additionally
stressed from heavy rainfall events and exceptional heat waves during summer. Erosion resistance may
increase with time due to further development of the vegetation. The climatic boundary conditions
might have influenced the vegetation development and thus erosion resistance. The results are only
valid for similar boundary conditions (vegetation characteristics, condition, hydraulic loads, etc.).
Tests with fully covered surfaces could reveal the full potential of the vegetations, especially of the
grass-herb mixture. Studies over a longer period of time with a higher number of root analyses and
large-area erosion measurements are necessary to consider long-term effects and the stochastic nature
of vegetation development.
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