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A B S T R A C T

Grass cover erosion by overtopping waves is one of the main failure mechanisms of grass-covered flood
defences. Observations have shown that grass cover erosion often starts at transitions such as changes in
cover type and geometric changes. However, it is unclear how the effect of transitions on the overtopping
load can be included in existing erosion models. In this study, the increase in load as the result of transitions
in cover type and height are quantified using a numerical model in OpenFOAM®. The hydraulic load by
overtopping waves is simulated for various transitions in cover type on the crest and a landward berm as well
as height transitions on the crest and the slope. The model results show that transitions in cover type have
a limited effect on the hydraulic load contrary to height transitions that lead to more than doubling of the
hydraulic load. Formulations for the maximum shear stress and the maximum normal stress as result of height
transitions are determined based on a fit through the model results. These formulations can be used to include
the effects of height transitions in existing calculation methods for the erosion by overtopping waves and the
safety assessment of flood defences.
1. Introduction

Flood defences protect coastal communities and low-lying areas
against flooding from rivers and seas. During storm events, waves
can overtop these flood defences leading to water volumes flowing
over the crest and down along the landward slope. These overtop-
ping waves exert a hydraulic load on the grass cover that can lead
to erosion of the cover. Therefore, only a limited amount of wave
overtopping is allowed (EurOtop Manual, 2018). Existing flood de-
fences need to be reinforced due to higher design water levels as the
result of sea level rise (Toimil et al., 2020) and increasing river dis-
charges (Blöschl et al., 2019), and due to new insights into the failure
process (Slomp et al., 2016). One way to finance these reinforcements
is by incorporating additional functions into the flood defence to create
a multi-functional flood defence (Voorendt, 2017). Here, the water-
retaining function of the flood defence is combined with functions such
as recreation, transportation, housing, agriculture, and nature, that can
help both to co-fund the reinforcement and to improve the quality
of the landscape (Van Loon-Steensma and Vellinga, 2014; Marijnissen
et al., 2019). These multi-functional flood defences increase in the
number of transitions on the flood defence.

Transitions are defined as any change in material and geometry
of the flood defences, such as slope changes at the crest line and
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toe. This is especially the case for grass-covered flood defences where
transitions are located at roads, paths, and damages to the grass cover.
For example, a road or path consisting of other material than the
dike cover is identified as a transition in cover type. Additionally, a
transition in height occurs in case the cover types are not smoothly
connected. Experiments (Steendam et al., 2014; Hoffmans et al., 2018;
Van Hoven et al., 2013; Van Steeg et al., 2015), numerical simula-
tions (Bomers et al., 2018) and field observations (Simm et al., 2017,
2021) have shown that erosion by overtopping waves often starts at
transitions. Overtopping waves on the crest and the landward slope
exert a high hydraulic load on the cover that starts to erode when
the load exceeds the strength of the cover. Transitions increase the
hydraulic load and possibly reduce the cover strength which both result
in more erosion (Hoffmans et al., 2018). Additionally, transitions affect
the hydraulic processes of the overtopping flow such as the deceleration
of the wave due to an increase in bottom friction for rough cover types.
Moreover, geometric transitions can lead to flow separation from the
dike cover resulting in high hydraulic loads at the location of reattach-
ment (Ponsioen et al., 2019; Van Bergeijk et al., 2022). It is crucial to
include the effects of transitions in the existing calculations methods for
the design and the safety assessment because the cover mainly fails at
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141-1187/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.apor.2022.103220
Received 8 December 2021; Received in revised form 18 May 2022; Accepted 25 M
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ay 2022

http://www.elsevier.com/locate/apor
http://www.elsevier.com/locate/apor
mailto:j.j.warmink@utwente.nl
https://doi.org/10.1016/j.apor.2022.103220
https://doi.org/10.1016/j.apor.2022.103220
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apor.2022.103220&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Applied Ocean Research 125 (2022) 103220V.M.v. Bergeijk et al.

d
t
c
s
M
B
w
e
v
e
t
i
f
f
2
t
t
l
s
t
t
T
t
f
f
a

p
2
t

transitions. Therefore, transitions are the critical elements with regards
to the safety assessment (Van Steeg et al., 2015; Simm et al., 2021).

The hydraulic load by overtopping waves can be described using
ifferent hydraulic variables such as the flow velocity, the pressure,
he shear stress and the normal stress. There are two models for grass
over erosion by overtopping waves that can include the effect of tran-
itions: the empirical Cumulative Overload Method (COM) (Van Der
eer et al., 2010) and the analytical Grass-Erosion Model (GEM) (Van
ergeijk et al., 2021a). The COM is used in the safety assessment for
ave overtopping in the Netherlands and approximates the amount of
rosion using a damage number. The load is calculated using the flow
elocity on the crest and three influence factors for transitions: an accel-
ration factor for the acceleration along the slope, a load factor 𝛼𝑀 for
he increase in load at transitions and a strength factor for the reduction
n cover strength at transitions (Van Hoven et al., 2013). Theoretical
ormulas were derived to calculate the load factor, but these theoretical
ormulas result in a wide range of possible values (Van Hoven et al.,
013). The GEM calculates the erosion depth along the profile and
he load is determined by the flow velocity in combination with a
urbulence parameter 𝜔. The effects of transitions can be included by
ocally increasing the turbulence parameter and reducing the cover
trength in the model (Van Bergeijk et al., 2021a, 2019a). Additionally,
he flow velocity in the GEM is calculated along the profile including
he effects of slope changes and cover type (Van Bergeijk et al., 2019b).
he main challenge is that the values of the load factor in the COM and
he turbulence parameter in the GEM are either unknown or uncertain
or transitions. Therefore, it remains unclear how to accurately account
or transitions in existing calculation methods for the design and the
ssessment of flood defences for overtopping.

Wave overtopping field tests on grass-covered dikes have been
erformed using the wave overtopping simulator (Van Der Meer et al.,
007) in the Netherlands that were used to calibrate the load factor for
ransitions (Van Hoven et al., 2013; Steendam et al., 2014; Hoffmans

et al., 2018). However, several problems arose out of these experiments
on transitions. Firstly, experiments on similar transitions showed dif-
ferent results, and secondly, the transitions often failed as the result
of secondary effects such as construction and maintenance issues (Van
Steeg et al., 2015; Simm et al., 2017). Thirdly, transitions in the field
are often a combination of both transitions in cover type and geometry,
which makes it difficult to study the hydraulic processes separately.
For example, flow separation from the asphalt path and reattachment
to the grass cover was observed during an experiment with a biking
path but it is unknown if the flow separation is the result of the
height difference or the roughness difference between the grass cover
and the asphalt cover (Van Hoven and Klerk, 2021). These problems
lead to a large range of load factors for similar transitions that were
calibrated using the observed erosion depths during the overtopping
experiments (Peeters et al., 2012; Van Hoven et al., 2013; Van Hoven
and Boers, 2019; Van Der Meer et al., 2015). Therefore, it remains a
challenge to identify the important hydraulic processes, generalise the
results and derive a representative load factor for transitions based on
field tests and observations.

Another approach to study the wave overtopping load is the use of
Computational Fluid Dynamics (CFD) models (Bomers et al., 2018; Van
Bergeijk et al., 2020; Suzuki et al., 2020; Chen et al., 2021b; Barendse
et al., 2022). For example, CFD models are used to simulate the
overtopping flow over roughness elements on the waterside slope (Chen
et al., 2021b; Jacobsen et al., 2017; Altomare et al., 2014; Jensen et al.,
2014), the impact forces on a flood defence with a vertical wall on the
crest (Jacobsen et al., 2018; De Finis et al., 2020; Molines et al., 2020)
and on a person standing on the crest (Suzuki et al., 2020; Chen et al.,
2021c). CFD models can provide insights into the hydraulic processes
at transitions and can be used to study the effects of transitions in
cover type and geometry separately. A case study of a wave overtopping
field test has previously been performed using a CFD model (Bomers
2

et al., 2018) with a road on top of a grass-covered dike. This study
mainly focused on the increase in cover erosion due to transitions and
not specifically on the load. Thus, the model output was limited to
the flow velocity and the flow separation process was not simulated.
Although the study showed that the transitions in geometry and cover
type increase the erosion, the results are specific for the simulated
experiment and are therefore not directly applicable to include transi-
tions in calculation methods for the design and the assessment of flood
defences.

The goal of this study is to quantify the effects of transitions
in cover type and in height on the overtopping load and determine
the important hydraulic processes at these transitions. A numerical
CFD model (Van Bergeijk et al., 2022, 2020) is used to calculate the
hydraulic load on the cover along the crest and the landward slope
expressed in the flow velocity, the pressure, the shear stress and the
normal stress. The effects of transitions in cover type and height are
studied separately as well as a combination of transitions in height
and cover type. Firstly, the hydraulic processes at the transitions are
studied such as the acceleration and the deceleration of the overtopping
wave due to transitions in cover type or the flow separation at height
transitions. These processes affect the spatial variation of the hydraulic
variables and can thereby change the location of maximum load where
most erosion is expected. Understanding the hydraulic processes at
transitions and how they affect the spatial variation in the hydraulic
load is important to predict the location of maximum hydraulic load
and cover failure. Secondly, an engineering approach is followed to
quantify the increase in load at transitions in terms of the flow velocity,
the shear stress, the normal stress and the pressure. Relations for the
shear stress and the normal stress at height transitions on the crest
and the slope are developed using the numerical model output. These
relations are a first step to describe the load at height transitions in
existing calculation methods for wave overtopping erosion, such as the
COM and the GEM, so that the effect of transitions can be included in
the safety assessment for wave overtopping.

This paper is organised as follows: Section 2 describes observations
of the load at transitions. Furthermore, the set-up of the numerical
model and the modelled transitions are described followed by a method
for the quantification of the load at transitions. Section 3 shows the
model results and the practical implications of the effects of transitions
on the hydraulic load are described in Section 4. Section 5 contains the
discussion and the conclusions are drawn in Section 6.

2. Method

Transitions in cover type and height are simulated in a numerical
model to determine the hydraulic load along the crest and the landward
slope. Firstly, this section describes how transitions in cover type and
geometry affect the hydraulic load based on observations during pre-
vious field experiments and in model simulations. Next, the numerical
model set-up and the modelled transitions are described. The hydraulic
processes at transitions are investigated by determining changes in the
cross-dike variation of the hydraulic load. The load at the transitions
is quantified using the numerical model output and compared to the
results of analytical models. Finally, relations for the shear stress and
the normal stress due to height transitions are derived and compared
to descriptions of the load in existing calculation methods.

2.1. Observations at transitions

This study focuses on transitions that are uniform in the along-
dike direction (Fig. 1a). Every flood defence includes transitions in
geometry as the slope changes from the crest to the slope (I), and at
the toes of the structure (II, III). The lower waterside slope of coastal
dikes is often covered in a hard revetment to protect the cover and
the core against the wave forces, while the upper waterside slope, the
crest and the landward slope are covered in grass. This results in a

transition in cover type (III), similar to roads that are often located on
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Fig. 1. (a) A photo indicating transitions in cover type (II, III, IV), height (IV) and slope (I, II, III) on a grass-covered flood defence with roads on the crest and at the landward
toe located at the Wadden Sea in the Netherlands. (b) Photo of a damage resulting in a small cliff (Bakker et al., 2008). (c) Dike cover erosion on the landward slope during
wave overtopping field tests in the Netherlands.
Source: Photo by Juan Pablo Aguilar Lopez.
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the crest, or on a berm on the slope (II, IV). At these transitions in cover
type, transitions in height (IV) can occur when the cover types are not
smoothly connected on an equal height level.

Transitions in geometry and cover type affect the hydraulic load of
overtopping waves, and thereby the resulting cover erosion and cover
failure (Morris et al., 2014; Steendam et al., 2014; Warmink et al.,
2020). The load on the cover increases at the transition from a smooth
to a rough bed where the roughness differences at the transitions in
cover type can create additional turbulence (Van Hoven et al., 2013;
Nezu and Nakagawa, 1993). For example, asphalt is smoother than
grass so when the flow is directed from the road to the grass cover,
the load increases and more erosion is expected (Bomers et al., 2018).
Roughness transitions also affect the duration of the overtopping wave
and thereby the amount of erosion (Bomers et al., 2018; Van Bergeijk
et al., 2020), where a longer duration results in more erosion (Dean
et al., 2010; Hoffmans, 2012).

At geometric transitions, the load increases as the result of jet
mpact (Hoffmans, 2012; Jorissen and Vrijling, 1989). At the toe, where
he slope transits to a horizontal plane, the flow in the downward
irection results in an impact area where energy is dissipated and a
cour hole can form (Steendam et al., 2014). For steep slopes, the
vertopping flow separates at the crest line and reattaches on the upper
lope resulting in high impact forces (Van Damme et al., 2016; Ponsioen
t al., 2019; Van Bergeijk et al., 2022). A similar process of flow
eparation and impact occurs at height transitions with a vertical drop
uch as cover damages and erosion holes (Van Bergeijk et al., 2021a)
Fig. 1b,c). A vertical rise in the profile results in impact against the
eight transition and the flow sweeps up into the air, similar to the
ave overtopping process on a flood defence with a vertical wall on the

rest (Jacobsen et al., 2018; De Finis et al., 2020; Molines et al., 2020).
The wall experiences high normal forces and pressures, that could lead
to structural failure or erosion. On the other hand, water collects in
front of the wall that can lead to energy dissipation and damping of
the wave forces (Hoffmans and Verheij, 2011; Bakker et al., 2013), and
thereby reducing the load on the cover.

2.2. Numerical model setup

A numerical CFD model is used to calculate the hydraulic load
by overtopping waves on the cover. The model simulates the 2D-
vertical flow of one overtopping wave over the crest and the landward
slope of grass-covered flood defences. The model is built in the open-
source software OpenFOAM® version v2012 that solves the two-phase
Reynolds-Averaged Navier–Stokes equations using the finite volume
method. The model set-up of Van Bergeijk et al. (2022) is used in this
study since this numerical model is the only model that proved able to
simulate the flow separation and impact at geometric transitions. The
model developed by Van Bergeijk et al. (2022) has previously been used
to study the hydraulic processes and the load at slope changes. The
model domain is adapted in this study for transitions in cover type and
in height.
3

The model domain of the reference case without transitions has a
crest height of 8 m, a crest width of 7 m, a slope steepness of 1:2.7
and a slope length of 18 m (Fig. 2a). The model domain continues 2 m
behind the landward toe and both water and air can flow freely out of
the domain. Height transitions are considered by adapting the model
grid (Figs. 2b and 2c) as described in Section 2.3. The grid size is set
o 1 cm 𝑥 1 cm (cross-dike 𝛥𝑥 𝑥 vertical 𝛥𝑧) which is sufficiently small
o accurately simulate the flow separation and impact process at height
ransitions (Van Bergeijk et al., 2022).

The model domain starts on the crest where the boundary condi-
ions are generated using the overtopping volume 𝑉 [m3/m] to obtain
he flow velocity 𝑢0(𝑡) [m/s] and layer thickness ℎ0(𝑡) [m] as function
f time (Van Der Meer et al., 2010; Hughes and Shaw, 2011)

0(𝑡) = 4.5𝑉 0.34
(

1 − 𝑡
𝑇0

)

and ℎ0(𝑡) = 0.133 𝑉 0.5
(

1 − 𝑡
𝑇0

)

. (1)

with the time 𝑡 and overtopping duration 𝑇0 (Van Der Meer et al.,
2010).

𝑇0 = 4.4𝑉 0.3 (2)

The overtopping volumes simulated in this study vary between 0.6
m3/m and 4.0 m3/m. The smallest overtopping volume of 0.6 m3/m
is used in the simulations of transitions in cover type since changes in
the bed roughness have a relative large effect on smaller volumes due to
the small layer thickness. Previous studies (Ponsioen et al., 2019; Van
Bergeijk et al., 2022) have indicated that flow separation at geometric
transitions occurs for larger overtopping volumes and therefore the
overtopping volume is increased up to 4.0 m3/m for the simulations
with height transitions. For the majority of the simulations, a volume
of 2.0 m3/m was used. This is the maximum overtopping volume that is
expected for a significant wave height 𝐻𝑠 of 1 m while this is a relative
small overtopping volume for 𝐻𝑠 = 3 m (EurOtop Manual, 2018).

The turbulence is solved using a 𝑘−𝜔 SST turbulence mode, where
SST stands for shear stress transport and the symbols correspond to the
turbulent kinetic energy 𝑘 [J/kg] and the specific rate of dissipation 𝜔
[1/s]. A wall function was used to include the effects of cover roughness
in the turbulence model (OpenCFD Ltd, 2019). The roughness wall
function for the kinematic viscosity 𝜈 requires a roughness constant 𝐶𝑠
[–] and a Nikuradse roughness height 𝐾𝑠 [m]. The roughness constant
𝐶𝑠 describes the shape and the spacing of the roughness elements and
is set to the default value of 0.5 (Nikuradse, 1950). The Nikuradse
roughness height 𝐾𝑠 describes the height of the roughness elements and
is set to 8 mm for the grass cover based on calibration by Van Bergeijk
et al. (2020). Transitions in cover types are represented by variations
in roughness height 𝐾𝑠 (Section 2.3).

The model calculates the flow velocity 𝑢(𝑥, 𝑡) [m/s], the pressure
𝑝(𝑥, 𝑡) [kPa], the shear stress 𝜏𝑠(𝑥, 𝑡) [kN/m2] parallel to the profile
and the normal stress 𝜏𝑛(𝑥, 𝑡) [kN/m2] perpendicular to the profile as
function of cross-dike location 𝑥 and time 𝑡. The flow velocity, the
shear stress, the normal stress and the pressure are multiplied by the
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Fig. 2. (a) Schematisation of the model domain for the reference case. The model domain starts on the crest where the overtopping volume 𝑉 is translated to the flow velocity
𝑢0 and layer thickness ℎ0 that are used as boundary conditions in the model. (b) A close up of the grid at the height transitions on the crest. (b) A close up of the grid at the
height transition on the slope representative for an erosion hole where the red line indicates the original profile.
water fraction, which is 0 for air, 1 for water and between 0 and 1 for
air–water mixtures. The flow velocity is determined with a spacing of
0.5 m along the profile, while the other output variables are determined
with a spacing of 1 cm for every boundary cell along the profile. The
output is saved with 100 Hz which is necessary to accurately capture
the impact forces at height transitions (Van Bergeijk et al., 2022).

2.3. Modelled transitions

For this study, we focus on longitudinal transitions that are uniform
in the along dike direction (Fig. 1). Transitions in cover type and
transitions in height are simulated using the numerical model. The
locations of the modelled transitions along the profile are summarised
in Fig. 3 and an overview of the model runs is provided in Table 2 and
Appendix A.

Transitions in cover type are simulated by adapting the Nikuradse
roughness height. The roughness of the cover can be expressed using
the friction factor 𝑓 [–], the Manning’s coefficient 𝑛 [s/m1∕3] or the
Nikuradse roughness height 𝐾𝑠 that are related as

𝑓 =
2 𝑔𝑛2

ℎ1∕3 =
𝐾1∕3

𝑠

32ℎ1∕3 (3)

with the gravitational acceleration 𝑔 and the layer thickness ℎ. Van
Bergeijk et al. (2020) calibrated a roughness height 𝐾𝑠 of 8 mm for
grass, while the friction coefficient 𝑓 was calibrated to 0.01 by SBW
(2012). These values coincide for a layer thickness of 20 cm (Table 1).
4

Table 1
Comparison of the Nikuradse roughness height 𝐾𝑠, the Manning’s coefficient 𝑛 and
the friction factor 𝑓 for the 5 simulated cover types using a layer thickness of 20 cm
(Eq. (3)).
𝐾𝑠 [mm] 1 4.7 8 10 16

𝑛 [–] 0.0124 0.0160 0.0175 0.0181 0.0196
𝑓 [–] 0.005 0.009 0.010 0.011 0.013

Transitions in cover type are modelled on the crest and the berm of
a grass-covered flood defence (Fig. 3). The transition is representative
of a road that is located on the crest or the berm with a width of 3 m,
similar to the dimensions of a road that was tested during a wave over-
topping field test (Bakker et al., 2013). Four cover types are simulated
with a roughness height of 1 mm, 4.7 mm, 10 mm and 16 mm. These
values are representative for common cover types: cement (𝐾𝑠 = 1 mm),
asphalt (𝐾𝑠 = 4.7 mm) and (smooth) earth (𝐾𝑠 = 10–16 mm) (Chow,
1959). In total, 15 model runs are performed to study transitions in
cover type including the completely grass-covered reference case and
the completely grass-covered berm case (Tables 2 and A.5).

The grid of the numerical model is adapted to simulate transitions in
height. Two types of height transitions are simulated: height transitions
on the crest and height transitions on the slope (Fig. 3, Table 2). A road
on the crest is often located lower or higher compared to the grass
cover, which is simulated by the height transitions on the crest. The
height transitions on the slope are representative for erosion holes or
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Fig. 3. The profiles of the reference case without transitions (green) and the berm case without transitions in cover type (green dashed) together with the locations of the
transitions in cover type on the crest and the berm and the transitions in height on the crest and the slope.
Table 2
Overview of the modelled transitions. A full overview of the model simulations is
provided in Appendix A.

Transition Location Variation Runs

Cover Crest 𝐾𝑠 = 1,4.7,8,10,16 mm 10
Berm 𝐾𝑠 = 1,4.7,8,10,16 mm 5

Height Crest 𝑑 = −25,−10,−5,5,10,25 cm 10
Slope 𝑑 = 20,40,60,80,100 cm 30

Cover + Height Crest 𝐾𝑠 = 4.7,16 mm, 𝑑 = −10,10 cm 4

Fig. 4. Flow separation of a wave with flow velocity 𝑈 at an erosion hole with height
𝑑, length 𝑏 and slope angle 𝜑 that reattaches to the cover at the impact location 𝑠𝑥.

other type of damages resulting in a vertical cliff (Figs. 1c, 1d and 4).
Fig. 2 shows a close up of the grid at the height transitions. The height
transitions on the crest are created in the background mesh using the
blockMesh utility (Fig. 2b). The grid for the height transitions on the
slope required more modifications because the grid cells on the slope
are lined up parallel to the slope. The erosion holes on the slope are
cut out of the background mesh (red line) using the snappyHexMesh
utility (OpenCFD Ltd, 2019) and 5 parallel layers to the profile were
added to ensure that the hydraulic load on the cover is simulated
properly (Fig. 2c). Although this method creates a small disturbance in
the mesh further from the surface, the simulations of the load are more
accurate compared to a case without parallel layers. In that case, the
grid cells on the surface become irregularly shaped which significantly
affects the simulated load (Van Bergeijk et al., 2021b).

Height transitions on the slope are modelled on the upper slope
(𝑥 = 10 m) and the middle slope (𝑥 = 17 m) (Fig. 3) with a height
𝑑 [m] varying between 0.2 m and 1.0 m (Fig. 4) and 5 overtopping
volumes (𝑉 = 1–4 m3/m) resulting in 30 runs (Table 2). These height
transitions on the slope are representative for damages to the cover.
Initial damages to the grass cover have a depth of around 20 cm as
the result of roll-up or bulging, where the grass mat is cut and pushed
up gradually (Hewlett et al., 1987). The cover material often has a
thickness of around 1 m and therefore transitions with a height of
0.2–1.0 m are simulated.

The height transitions on the crest result in both vertical rises
and vertical drops. These transitions are representative for the height
differences between the asphalt and grass cover at a road, which is
typically around 5–10 cm (Van Hoven et al., 2013). A more extreme
5

height difference of 25 cm is also simulated resulting in 10 model
simulations for height transitions on the crest.

Additionally, the combination of transitions and cover type are
calculated for the crest (Table 2). Combinations of transitions with
heights of 10 cm and -10 cm and cover types with 𝐾𝑠 = 4.7 mm and
𝐾𝑠 = 16 mm are simulated to investigate the effect of both transitions
simultaneously and to determine the relative effect of both transitions.

2.4. Hydraulic processes

The effect of transitions on the cross-dike variation in the load
along the crest and the landward slope is investigated to determine
how transitions affect the location of the maximum load. The hydraulic
load resulting in cover erosion can be separated into two loading
mechanisms: shear loading and normal loading. Shear loading is the
result of high flow velocities and turbulence and is expressed in the
flow velocity and shear stress. Normal loading is the result of high
impact forces due to flow separation and can be expressed in the normal
stress and the pressure. Transitions in cover type lead to acceleration
or deceleration of the overtopping wave and can thereby change the
location of maximum flow velocity and thus shear loading. Previous
studies have indicated that geometric transitions can influence both
shear loading and normal loading (Steendam et al., 2014; Ponsioen
et al., 2019; Van Bergeijk et al., 2022). For example, the slope change
at the landward toe affects shear loading by increasing the flow velocity
and turbulence leading to a maximum shear load around 0.5–1 m land-
ward of the toe (Van Bergeijk et al., 2022; Steendam et al., 2014). The
slope change at the landward crest line can result in flow separation
for steep slopes in combination with larger overtopping volumes that
leads to high normal loads on the upper slope (Van Bergeijk et al., 2022;
Ponsioen et al., 2019). In this study, the acceleration and deceleration
as the result of transitions in cover type is investigated by studying the
flow velocity. Additionally, the variation of the shear stress along the
profile is investigated to determine how transitions in cover type affect
shear loading.

Since height transitions can affect both shear and normal loading,
the variation in the four hydraulic variables along the dike is inves-
tigated: the maximum flow velocity 𝑈 (𝑥), the maximum shear stress
𝑇𝑠(𝑥), the maximum normal stress 𝑇𝑛(𝑥) and the maximum pressure
𝑃 (𝑥) with respect to time. The location of maximum load is determined
for all four variables and the flow of the overtopping wave over the
height transitions is observed to see if flow separation and impact
occurs.

2.5. Quantifying the load at transitions

Next, the maximum hydraulic load at the transitions is quantified
using the four hydraulic variables 𝑈 (𝑥), 𝑇𝑠(𝑥), 𝑇𝑛(𝑥) and 𝑃 (𝑥). The
effect of transitions on the hydraulic load is investigated by comparing
the modelled load of the reference case without transitions to the
model runs with transitions (Fig. 3). The effect of transitions on these
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hydraulic variables 𝜁 (𝜁 = 𝑈, 𝑇𝑠, 𝑇𝑛, 𝑃 ) is expressed as a percentage
ompared to the reference case without a transition 𝜁𝑟𝑒𝑓 .

𝜁 =
max(𝜁 (𝑏)) − max(𝜁𝑟𝑒𝑓 (𝑏))

max(𝜁𝑟𝑒𝑓 (𝑏))
⋅ 100% (4)

he maximum load as the result of a transition is often located down-
tream of the transition and not at the transitions itself as shown for
he landward crest line and landward toe by Van Bergeijk et al. (2022).
herefore, the maximum load over a distance 𝑏 is used to quantify the
ffect of the transition. This distance 𝑏 is either the crest width (𝑥 = 0–7

m), berm width (𝑥 = 10–17 m) or the cross-dike length of the hole for
transitions on the slope (Fig. 4).

2.5.1. Comparison to analytical models
It is important to be able to predict the maximum hydraulic load

as the result of a transition, for example to calculate the amount of
cover erosion. Numerical CFD models are computationally expensive
and therefore less suitable to calculate the amount of erosion during a
storm event. Therefore, analytical and empirical models are preferred
to predict the hydraulic loads of overtopping waves. An analytical
model for the flow velocity along a dike profile for various cover types
and landward geometries was developed by Van Bergeijk et al. (2019b)
Appendix B.1. The flow velocities of the numerical model are compared
to the analytical model of Van Bergeijk et al. (2019b) to determine if
this analytical model can be used to predict the effect of transitions on
the hydraulic load.

Van Bergeijk et al. (2019b) derived analytical formulas from the 1D
shallow water equations including the deceleration of the overtopping
wave due to bottom friction and the acceleration of the wave along the
slope due to gravitational acceleration. These formulas for horizontal
parts (crest, berm) and for slopes are coupled in an analytical model
that can account for the effects of transitions in cover type and slope
changes on the flow velocity using the friction factor 𝑓 and the slope
angle 𝜑. The analytical model is used to calculate the maximum flow
velocity 𝑈𝑎(𝑥) along the crest, the slopes and the berm for the transi-
tions in cover type using the friction factors in Table 1. Comparison
between the flow velocity calculated with numerical model and the
analytical model can indicate if the current version of the analytical
model is able to describe the effect of transitions in cover type on
the flow velocity, or an additional multiplication factor is necessary to
account for effects that are not captured in this analytical model.

The accuracy of the analytical model is determined using the Nash–
Sutcliffe efficiency factor NSE (Nash and Sutcliffe, 1970), which is
calculated as

𝑁𝑆𝐸 = 1 −

∑𝑁
𝑖=1(𝜁

∗
𝐴,𝑖 − 𝜁∗𝑚,𝑖)

2

∑𝑁
𝑖=1(𝜁

∗
𝑚,𝑖 − 𝜁∗𝑚)2

(5)

with the number of runs 𝑁 , the value during run 𝑖 of the analytical
model 𝜁∗𝐴,𝑖 or the numerical model 𝜁∗𝑚,𝑖 and the average of all model
runs 𝜁∗𝑚. A perfect fit between the model results and the formulation
esults in a NSE of 1 and a NSE of 0 indicates that the formulation is
s accurate as the mean of the model results.

The NSE of the analytical model for the flow velocity is calculated
sing the flow velocity 𝜁 = 𝑈 at the transitions in cover type at 𝑥 = 2

and 𝑥 = 5 m on the crest for 𝑉 = 0.6 m3/m and 𝑉 = 2.0 m3/m. For
the berm, the flow velocity at the transition in cover type at 𝑥 = 12
m and 𝑥 = 15 m for 𝑉 = 2.0 m3/m is used. The model results are
compared for the 5 roughness heights (Table 2) resulting in 15 model
runs to calculate the NSE.

Additionally, an analytical impact model was developed by Van
Bergeijk et al. (2021b) to calculate the impact location 𝑠𝑥 [m] as the
result of a height transition with a vertical drop Appendix B.2. The
impact location is calculated using the basic formulas for the trajectory
of a projectile, the flow velocity before wave separation, the height of
the transition and the slope angle 𝜑 (Fig. 4). The impact location is
6

calculated for the height transitions using the analytical impact model
𝑠𝑥,𝐴. The performance of the analytical impact model is determined
using the NSE for the impact location, where the impact location in
the OpenFOAM® model 𝑠𝑥,𝑂𝐹 is defined as the location of the maximum
normal stress on the crest or the length of the hole 𝑏. For the transitions
on the slope, the slope angle 𝜑 was used to calculate the impact
location. An angle of 10◦ was used for the height transitions on the
crest based on the observed angle of the flow at the location of flow
separation in the numerical model. The simulations with transitions
in height on the crest, the slope and the combination with transitions
in cover type are used to calculate the NSE with a total of 44 runs
(Table 2).

2.5.2. Relations for the shear stress and the normal stress
Currently, the COM and the GEM are the only models for wave

overtopping that account for transitions in the description for the load.
In both models, the increase in load at transitions is incorporated using
a multiplication factor for the flow velocity Appendix B. The COM uses
the load factor 𝛼𝑀 varying between 1 and 2 to describe the increase
in load at transitions. The GEM includes a turbulence parameter 𝜔 to
account for the effect of turbulence on the erosion that can be used
to describe the additional load on the cover due to transitions (Van
Bergeijk et al., 2021a). The load factor 𝛼𝑀 is unknown for height
transitions and the turbulence parameter 𝜔 for a height transition is
limited to a height of 20 cm (Van Bergeijk et al., 2021a).

Therefore, relations for the shear stress and the normal stress at
height transitions are derived using the numerical model that can be
used as a first step to calculate the load in erosion models. Since both
the GEM and the COM use a multiplication factor for the flow velocity
to describe the load at transitions, a relation for the stress as function
of the flow velocity is desired. The relations for the maximum shear
stress and the maximum normal stress as the result of height transitions
are derived using a regression analysis. Next to the flow velocity, the
load is expected to depend on the height of the transition 𝑑 as jet
mpact simulations on grass covers have shown that the load increases
ith the height (Stanczak, 2008; Scheres and Schüttrumpf, 2020). The

regression analysis is performed separately for the transitions on the
slope and the transitions on the crest resulting in two formulas for the
shear stress and two formulas for the normal stress. Different relations
for the stresses are expected since the transitions on the slope only
result in a vertical drop while the transitions on the crest include both
a vertical drop and a vertical rise.

The dependency of the stress on the flow velocity is firstly deter-
mined during the regression analysis where it is expected that the stress
increases with increasing flow velocity. Next, the relation between the
height of the transition and the stress is determined in the regression
analysis. These relations are based on the best fit through the model
results and the accuracy of the relations is scored using the NSE
described in Eq. (5) with 𝜁∗𝐴,𝑖 the value of the fit.

Finally, the relations are translated to the load factor 𝛼𝑀 and the
turbulence parameter 𝜔 to show how these relations can be used in
existing calculation methods in Section 4. Additionally, the load factor
and the turbulence parameter calculated using the numerical model
results are compared to the theoretical and the calibrated values in
Table B.6.

3. Model results

3.1. Transitions in cover type

3.1.1. Hydraulic processes
The maximum flow velocity increases at the transition from a rough

to a smoother cover, for example grass (green) to 𝐾𝑠 = 1 mm (blue-
dashed) at 𝑥 = 2 m, and decreases from a smooth to rougher cover,
for example grass (green) to 𝐾𝑠 = 16 mm (purple circles) at 𝑥 = 2
m (Fig. 5). The change in flow velocity is larger for 𝐾 = 1 mm
𝑠
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Fig. 5. The maximum flow velocity along the profile for transitions in cover type on the crest between grass (green, 𝐾𝑠 = 8 mm) and another cover type with a Nikuradse
roughness height 𝐾𝑠 (grey) for: (a) the numerical model and 𝑉 = 6.0 m3/m, (b) the numerical model and 𝑉 = 2.0 m3/m, (c) the analytical model and 𝑉 = 2.0 m3/m,.
Fig. 6. (a) The increase in load for transitions in cover type on the crest with a roughness height 𝐾𝑠 compared to the reference case without transitions and a grass cover
(𝐾𝑠 = 8 mm) for 𝑉 = 2.0 m3/m. (b) The increase in load for transitions in cover type on the berm with a roughness height 𝐾𝑠 compared to the reference case without transitions
and a grass cover (𝐾𝑠 = 8 mm) for 𝑉 = 2.0 m3/m. (c) Comparison between the modelled flow velocities in the analytical model 𝑈𝑎 and the numerical model 𝑈 with an NSE of
0.89.
p
c
c

compared to 𝐾𝑠 = 16 mm, which could be the result of the non-linear
relationship between the Nikuradse roughness height 𝐾𝑠, the Mannings
coefficient 𝑛 and the friction factor 𝑓 (Table 1) where the roughness
difference between 16 mm and 8 mm is smaller compared to 1 mm
and 8 mm for the Mannings coefficient and the friction factor. The
effect of the transition on flow velocity depends on the overtopping
volume. For small overtopping volumes, the layer thickness is small
so the roughness of the revetment has relatively more effect compared
to larger layer thicknesses for larger overtopping volumes. This results
in difference of around 0.75 m/s between the different cover types
at 𝑥 = 5 m for 𝑉 = 0.6 m3/m (Fig. 5a) compared to 0.25 m/s for
𝑉 = 2.0 m3/m (Fig. 5b). The maximum difference of 0.75 m/s is the
same order of magnitude as the measurement error of flow velocities
(around 0.5 m/s) during field experiments (Van Hoven et al., 2013;
Heida, 2021) which shows that transitions in cover type have a limited
effect on the flow velocity.

Next to the flow velocity, the transitions in cover type have a limited
effect on the shear stress with a maximum increase in load of 20%
7

o

(Fig. 6). The differences in the shear stress are mainly related to the
timing of the wave front. A rougher cover results in more bottom
friction and thereby decelerates the flow while a smoother cover results
in acceleration of the wave front. This is illustrated in the shear stress
on the slope (Fig. 7) where a rough cover on the crest (𝐾𝑠 = 10 mm)
results in the signal shifting towards the crest due to the deceleration,
while the opposite happens in case of a smoother cover (𝐾𝑠 = 4.7 mm).
This is in agreement with previous model studies that showed that
the overtopping duration increases with the roughness height (Bomers
et al., 2018; Van Bergeijk et al., 2020).

3.1.2. Comparison to the analytical model
The analytical model of Van Bergeijk et al. (2019b) is able to

redict the maximum flow velocity over the crest with a transition in
over type with a NSE of 0.88 (Figs. 5c and 6c). The analytical model
alculates a smaller flow velocity for the larger overtopping volume
f 𝑉 = 2.0 m3/m. This might be the result of a difference in the
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Fig. 7. The maximum shear stress 𝑇𝑠(𝑥) on the slope in case of transition in cover
type on the crest with a roughness 𝐾𝑠 compared to the reference case. The dashed
lines indicate the location of the minimum in 𝑇𝑠 that is shifted towards the crest for
a transition with a rough cover (𝐾𝑠 = 10 mm) and towards the landward toe for a
smooth cover (𝐾𝑠 = 4.7 mm).

Fig. 8. Screenshots of the overtopping flow at time 𝑡 for height transitions on the crest
with a height of 10 cm above the crest level (𝐻8).

boundary conditions since the analytical model predicts a smaller flow
velocity in both the front of and behind the transition. The analytical
model solely uses the maximum layer thickness and the maximum
flow velocity as boundary condition, while the numerical model also
includes information over time based on the overtopping duration.
Although the analytical model slightly under predicts the magnitude of
the maximum flow velocity, it predicts a similar relative change in the
flow velocity 𝛥𝑈 for the transition on the crest and the berm (Figs. 6a
and b)

3.2. Transitions in height

3.2.1. Hydraulic processes
The height transitions on the crest have a major effect on the

overtopping load since flow separation at the height transitions leads
to high impact forces at the location of reattachment (Figs. 8 and 9).
Flow separation occurs in case of a vertical drop similar to the process
at the landward crest line shown in previous studies (Ponsioen et al.,
2019; Van Bergeijk et al., 2022). In case of a vertical rise, the flow
sweeps up and travels through the air before the flow impacts on the
surface vertical rise. The impact does not only result in high normal
forces and peak pressures, but also high shear stresses because of the
large forward motion of the flow in the air after a vertical rise (Fig. 10).
This is illustrated by the impact location that is further downstream for
a vertical rise (≈1.5 m in Fig. 8) compared to a vertical drop (≈ 0.75
m in Fig. 9). The impact as the result of a vertical rise results in a
higher load compared to the load behind a vertical drop: the peaks in
the shear stress and the normal stress between 𝑥 = 6–9 m as the result
of the vertical rise at 𝑥 = 5 m is higher compared to the peak between
8

Fig. 9. Screenshots of the overtopping flow at time 𝑡 for height transitions on the crest
with a height of 10 cm below the crest level (𝐻11).

𝑥 = 2–3 m due to the vertical drop at 𝑥 = 2 m (see run 𝐻11 in Fig. 10).
This is explained by the flow that reaches a greater height in the air
behind a vertical rise and therefore the water impacts from a greater
height (Figs. 8 and 9). The numerical model output shows high impact
pressures on the vertical rise of the height profile similar to pressures
on a vertical wall on the crest (De Finis et al., 2020; Jacobsen et al.,
2018).

The location of the maximum load occurs on the crest in case of the
height transition located above the crest level (H8 in Fig. 10) compared
to the height transition below the crest level where the maximum load
is on the upper slope (𝑥 > 7 m for H11 in Fig. 10). The maximum load
in case of height transitions on the slope occurs in the erosion hole for
the majority of the overtopping volumes, but the impact location for
larger overtopping volumes and small heights is landward of the hole
on the slope. For example, an erosion hole with a depth of 20 cm has a
width of 54 cm and a wave with 𝑉 = 4.0 m3/m flows completely over
this erosion hole with an impact location of more than 54 cm from the
transition (Van Bergeijk et al., 2021b).

3.2.2. Comparison to the analytical impact model
The location of impact 𝑠𝑥 depends on the height 𝑑 and can be

calculated using the analytical impact model Appendix B. The impact
location calculated using the analytical impact model corresponds well
to the impact location in the numerical model with a high NSE of 0.80
(Fig. 11c). This means that the analytical impact model can be used
to calculate the location of maximum load for height transitions on the
crest and the slope where failure of the cover is expected. The analytical
model only calculates the impact location due to a vertical drop and
cannot be used to calculate the impact location due to a vertical rise
(Section 5.2).

3.2.3. Relations for the shear and normal stress
The height transitions significantly affect the shear stress and the

normal stress (Fig. 11). Especially the height transitions on the crest
have a large effect leading to an increase up to a factor 5 for the shear
stress and up to a factor 10 for the normal stress (Fig. 11a).
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Fig. 10. The hydraulic variables along the crest and the upper landward slope for height transitions on the crest where the dashed lines indicate the height transitions and the
andward crest line. (a) the maximum flow velocity 𝑈 , (b) the maximum shear stress 𝑇𝑠, (c) the maximum normal stress 𝑇𝑛, (d) the maximum pressure 𝑃 and (e) the profiles.
Fig. 11. (a) The effect of height transitions on the crest with height 𝑑 compared to the reference case without transitions for 𝑉 = 2.0 m3/m. (b) The effect of height transitions
n the slope with height 𝑑 compared to the reference case without transitions for 𝑉 = 2.0 m3/m. (c) Comparison of the modelled location of impact at a height transition using
he OpenFOAM model 𝑠𝑥,𝑂𝐹 and the analytical model 𝑠𝑥,𝐴 with a NSE of 0.80.
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A relation for the maximum shear stress 𝑇𝑠 and the maximum
ormal stress 𝑇𝑛 as function of the maximum flow velocity 𝑈 and the
eight 𝑑 was derived for height transitions on the crest and the slope
ased on a regression analysis (Fig. 12). The relation for the maximum
oad as the result of height transitions on the crest is given by

𝑠,𝑐𝑟𝑒𝑠𝑡 = max(72.1 𝑑1∕5𝑈2 − 196,0) for 𝑑 = 0.05–0.25 m (6)

= max(12.0 𝑑1∕6𝑈2 + 24,0) for 𝑑 = 0.05–0.25 m (7)
9

𝑛,𝑐𝑟𝑒𝑠𝑡 𝑇
he shear stress and the normal stress have the dimensions N/m2 and
herefore the coefficients of the fits have the dimensions 72.1 kg/m16∕5,
96 N/m2, 12.0 kg/m19∕6 and 24 N/m2. The maximum load for height
ransitions on the slope shows a higher dependency on the height of
he transition

𝑠,𝑠𝑙𝑜𝑝𝑒 = max(29.4𝑑1∕3𝑈2 − 443,0) for 𝑑 = 0.2–1.0 m (8)

1∕3 2

𝑛,𝑠𝑙𝑜𝑝𝑒 = max(11.8𝑑 𝑈 − 108,0) for 𝑑 = 0.2–1.0 m (9)
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Fig. 12. The modelled maximum load as result of a height transitions as function of the flow velocity 𝑈 and height 𝑑 together with a fit through the model results. (a) The
maximum shear stress 𝑇𝑠 for a height transition on the crest with the best fit 𝑇𝑠 = 72.1𝑑1∕5𝑈2 − 196 with a NSE of 0.45, (b) The maximum normal stress 𝑇𝑛 for a height transition
n the crest with the best fit 𝑇𝑛 = 12.0𝑑1∕6𝑈2 −24 with a NSE of 0.30. (c) The maximum shear stress 𝑇𝑠 for a height transition on the slope with the best fit 𝑇𝑠 = 0.029𝑑1∕3𝑈2 −0.44

with a NSE of 0.82. (d) The maximum normal stress 𝑇𝑛 for a height transition on the slope with the best fit 𝑇𝑛 = 0.012𝑑1∕3𝑈2 + 0.11 with a NSE of 0.60.
Fig. 13. The maximum shear stress 𝑇𝑠 for a transitions in cover type and height on the crest. The reference case (blue) with a height of 𝑑 = 10 cm and a grass cover (𝐾𝑠 = 8 mm)
is compared to (a) transitions with a grass cover and different heights 𝑑, and (b) transitions with a height of 10 cm and different cover types simulated with the roughness height
𝐾𝑠. (c) The dike profile with the transition in height and cover type at 𝑥 = 2 m and 𝑥 = 5 m.
where the coefficients have the dimensions 29.4 kg/m10∕3, 443 N/m2,
11.8 kg/m10∕3 and 108 N/m2.

The height has a smaller effect on the shear stress and normal stress
for height transitions on the crest compared to height transitions on the
slope. A possible explanation is that the height transition on the slope
only consists of a vertical drop while the transition on the crest also
include a vertical rise. The impact forces as the result of a vertical rise
dominate over the impact forces as the result of the vertical drop on the
crest (Fig. 10). The model results suggest that the height of the vertical
rise only has a minor influence on the impact forces.
10
3.3. Combination of transitions in cover type and height

Combinations of transitions in cover type and height are modelled
on the crest to determine the relative effects of both transitions. Chang-
ing the roughness of the cover type has a small effect on the magnitude
of the load, but does not affect the location of maximum load as
illustrated for the maximum shear stress in Fig. 13b. Changing the
height of the transitions has a larger effect on the magnitude of the
shear stress as well as the location of maximum shear stress (Fig. 13a).
This shows that transitions in height have a large influence on the load
compared to transitions in cover type. This is further supported by the
increase in load calculated for the transitions in cover type (Fig. 6) and
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in height (Fig. 11) showing a larger increase in the hydraulic variables
for transitions in height.

4. Practical implications for the hydraulic load at transitions

The effect of transitions in cover and in height on the hydraulic load
can be summarised as follows:

• Transition from a smooth to a rough cover : the flow velocity de-
creases and the overtopping wave decelerates resulting in a shift
of the maximum load along the profile towards the water side and
an increase in the overtopping duration.

• Transition from a rough to a smooth cover : the flow velocity in-
creases and the overtopping wave accelerates resulting in a shift
of the maximum load along the profile towards the landward side
and a decrease in the overtopping duration.

• Height transition with a vertical drop: the flow separates and results
in high impact forces at the location of reattachment.

• Height transition with a vertical rise: the flow impacts on the vertical
rise leading to high peak pressures. Next, the flow sweeps up
into the air and exerts a high hydraulic load at the location of
reattachment.

dditionally, the model results showed that combinations of transitions
n height and cover type can be treated as transitions in height.

Now, we will use the model results to derive formulations for the
oad at transitions that can be used in two existing erosion models: the
OM (Van Der Meer et al., 2010) and the GEM (Van Bergeijk et al.,
021a). Transitions in cover type have a limited effect on the hydraulic
oad with an increase of less than 20%. This maximum increase in load
f 20% translates to a maximum load factor 𝛼𝑀 of 1.2 in the COM

(Table 3), which is lower than the theoretically derived load factor but
within the calibrated range (Table B.6). This lower load factor for the
transition in cover type agrees with the calibrated load factor of 1.1–1.2
or the transition from asphalt to grass based on the majority of the
vertopping experiments (Van Der Meer et al., 2015). The analytical
odel for the maximum flow velocity is used to calculate the load

n the GEM and this model is able to accurately calculate the effect
f transitions in cover type for larger overtopping volumes (𝑉 = 2.0
3/m). Another way to simulate the increase in load at transitions

s by using the turbulence parameter 𝜔 in the GEM. The turbulence
arameter for transitions in cover type based on the model results
aries between 2.3–2.9, which is based on an increase of 20% for the
heoretical and the measured turbulence parameter on the slope and
rest (Tables 3 and B.6).

For transitions in height, the flow separates at the height transition
nd the maximum load occurs at the impact location where the flow
eattaches to the dike cover. The analytical impact model works well
o predict the impact location as the result of height transitions with
vertical drop. The hydraulic load as the result of height transitions
as quantified using the numerical model and the results were used to
erive relations for the maximum normal stress and the maximum shear
tress as function of the height and the flow velocity (Eqs. (6)–(9)). The
radient of these fits in Fig. 12 can be used as a multiplication factor for
he flow velocity such as the load factor in the COM and the turbulence
arameter in the GEM. For example, the relation for the normal stress
n N/m2 on the slope (Eq. (9)) can be transferred to

𝑛,𝑠𝑙𝑜𝑝𝑒 ∝ 11.8 𝑑1∕3𝑈2 = 𝛼𝑀𝑈2 = 𝜔2𝑈2 (10)

roviding a relation for the load factor 𝛼𝑀 in the COM and the
urbulence parameter 𝜔 in the GEM as function of the height 𝑑 and
he constant 11.8. For a height of 0.2 m, this relation results in
=

√

11.8 ⋅ 0.21∕3 = 2.6 (Table 3), which is close to the calibrated
turbulence parameter for damages with a maximum height of 0.2 m
(𝜔 = 2.26–2.56, Table B.6).

Using the relations for the normal stress and the shear stress to
derive a load factor 𝛼 results in high load values that are above the
11

𝑀

Table 3
Multiplication factors for the load at height transitions and transitions in cover type
based on the model results and the gradients of the fits for the shear stress 𝑇𝑠 and the
normal stress 𝑇𝑛 (Eqs. (6)–(9)).

Height Cover

𝑇𝑠,𝑐𝑟𝑒𝑠𝑡 𝑇𝑛,𝑐𝑟𝑒𝑠𝑡 𝑇𝑠,𝑠𝑙𝑜𝑝𝑒 𝑇𝑛,𝑠𝑙𝑜𝑝𝑒 𝛥𝜁𝑐𝑜𝑣𝑒𝑟
Load factor 𝛼𝑀 52.3 9.2 17.2 6.9 1.2
Turbulence parameter 𝜔 7.2 3.0 4.2 2.6 2.3 − 2.9

theoretical limit of 2 (Van Hoven et al., 2013) (Table 3). The theoretical
relations for the load factor were derived under the assumption of
uniform flow conditions, while turbulence is the main driver of the
erosion process at transitions and could be a reason for the high load
factors. Another possible explanation is that the COM only describes
erosion as the result of scour erosion and not by impact forces that are
the cause of the high hydraulic load at height transitions. Additionally,
the erosion threshold 𝑈𝑐 in the erosion models should be adapted to a
threshold for normal loading in N/m2. For example, Hoffmans (2012)
suggests a critical normal stress between 50–125 N/m2 for an average
grass quality that could be used as an erosion threshold in the erosion
models, but this value should be validated.

5. Discussion

5.1. The load at transitions in cover type and in height

Transitions in the field are often a combination of transitions in
cover type and in height, for example an asphalt road that is located
higher than the surrounding grass cover. The numerical model results
show that the relative effect of transitions in cover type on the load is
less than 20% of the reference case (Fig. 6), while height transitions on
the crest and the slope result in more than doubling of the reference
load up to 800% (Fig. 11). These results are in agreement with the
case study of an asphalt road on top of a dike by Bomers et al.
(2018) who found a similar increase in magnitude for the transition
from the asphalt cover to grass and geometric effects, such as the
height differences between the cover and the road. In this study, the
relative effects of transitions in cover type and transitions in height
were systematically investigated and we conclude that transitions in
height dominate over transitions in cover type. Therefore, realistically
occurring transitions in both cover type and height can be treated as a
transition in height.

Additionally, new descriptions of the hydraulic load including the
effects of transitions in cover type and height were derived in this study
(Fig. 14). Transitions in cover type mainly affect the flow velocity and
the analytical formulas of Van Bergeijk et al. (2019b) can be used to
predict the magnitude of the flow velocity and the location of maximum
flow velocity. These formulas have previously been validated for a wide
range of overtopping volumes and dike configurations. In this study, the
analytical formulas were validated for transitions in cover type with a
Nikuradse roughness height varying between 1 mm and 16 mm on the
crest and a landward berm.

Transitions in height result in flow separation and high impact
forces at the location of reattachment. The magnitude of the hydraulic
load as the result of a height transitions can be calculated using
the newly developed relations for the maximum shear stress and the
maximum normal stress. The relations for height transitions on the
crest describe the maximum load as result of a vertical drop and a
vertical rise and were validated for heights of 5–25 cm and overtopping
volumes of 0.6–3 m3/m. The relations for height transitions on the
slope only describe the maximum load due to a vertical drop and
were validated for heights of 20–100 cm and overtopping volumes of
1–4 m3/m. The location of maximum load due to a vertical drop is cal-
culated using the analytical impact model described in Appendix B.2.
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Fig. 14. Summarising figure of the effects of transitions in cover type and in height on the hydraulic load and the developed methods.
Table 4
The ratio between the height of the transition (wall) 𝑑 and the layer thickness on the
crest ℎ𝑐𝑟𝑒𝑠𝑡 determines the amount of overtopping reaching the landward side of the
flood defence.

Condition Example Overtopping over the wall

𝑑 ≫ ℎ𝑐𝑟𝑒𝑠𝑡 Buildings No overtopping
𝑑 > ℎ𝑐𝑟𝑒𝑠𝑡 Storm wall, crest wall, crown wall Limited overtopping
𝑑 < ℎ𝑐𝑟𝑒𝑠𝑡 Roads, damages Overtopping

The analytical impact model is validated using both the height transi-
tions on the crest and the slope with a validation range of 𝑑 =5–100 cm
and 𝑉 = 0.6–4 m3/m.

The numerical model uses the maximum flow velocity and the
maximum layer thickness as function of time as model input based
on the overtopping volume (Eq. (1). A similar method can be used to
calculate the maximum flow velocity required for the analytical models
and the relations for the shear stress and normal stress (Eq. (B.4).

5.2. Impact forces at height transitions

The overtopping flow against the vertical rise of a height transition
on the crest shows similarities with the overtopping flow against verti-
cal walls and buildings on the crest. The vertical rise experiences high
impact forces as seen in the modelled pressure (Fig. 10d) similar to
the impact forces and pressures measured during experiments (Chen
et al., 2015, 2016; Van Doorslaer et al., 2017) and observed in nu-
merical models (Jacobsen et al., 2018; De Finis et al., 2020; Molines
et al., 2020). Similar to the derived relations for the shear stress and
the normal stress, Van Doorslaer et al. (2017) showed that the force
proportional to the quadratic relationship between U and the kinetic
energy (USACE, 1984). Van Doorslaer et al. (2017) also investigated
the dependency of the impact force on the layer thickness ℎ where
the best prediction shows that the force is proportional to (𝑈ℎ)1∕3.
Further investigation of the relation between impact force and the
layer thickness is recommended, especially since the ratio between the
layer thickness and the height of the transition affects the amount of
overtopping flow reaching the landward slope (Table 4). In case the
height of the transition 𝑑 is much larger than the layer thickness on
the crest ℎ𝑐𝑟𝑒𝑠𝑡, no water will overtop the structure as is the case for
buildings on the crest (Chen et al., 2015, 2016). Limited overtopping
will occur in case the height of the transition is higher than the layer
thickness (Van Doorslaer et al., 2017; Jacobsen et al., 2018; De Finis
et al., 2020; Molines et al., 2020). The height transitions with a vertical
rise studied in this paper have a height smaller than the layer thickness
and therefore do not (noticeable) limit the amount of overtopping flow
reaching the landward slope.
12
Previous studies on the impact forces of vertical walls have focused
on the structural response and stability under wave overtopping. How-
ever, the vertical wall in case of a height transitions on the crest can be
an erodible cover, for example when the grass cover is located higher
compared to an asphalt road. Vertical rises are sensitive for erosion
due to the high impact forces. Therefore, the design of transitions
could be improved so height transitions are avoided or followed by a
non-erodible material such as asphalt. Examples are the use of grass
concrete blocks, Elastocoast or geogrid to reduce the difference in
height or improve the strength of the grass cover at the expected impact
location (Van Steeg and van Hoven, 2013; Scheres and Schüttrumpf,
2020). Height differences often occur at transitions in cover type as the
result of maintenance issues such as problems with mowing and graz-
ing (Van Steeg and van Hoven, 2013). Therefore, designing transitions
in such a manner that they are better and easier to maintain is also a
possibility to reduce the number of height transitions.

For transitions in height, the flow separates at the height transitions
and the maximum load occurs at the impact location where the flow
reattaches to the dike cover. This process is similar to the flow separa-
tion at the landward crest line and impact on the upper slope observed
during wave overtopping experiments and in numerical models (Van
Damme et al., 2016; Ponsioen et al., 2019; Van Bergeijk et al., 2022).
The analytical impact model works well to predict the impact location
as the result of a height transitions with a vertical drop. The impact
locations predicted with the analytical impact model were compared
to the numerical model results and could be further validated using
overtopping field tests (Van Bergeijk et al., 2021b). The impact location
is calculated as a point in the analytical impact model since it is based
on the trajectory of a projectile. In reality, the flow spreads and thereby
the location of impact is actually an area of impact. The analytical
impact model can be extended to describe an impact area similar to the
approach of Ponsioen et al. (2019) that describes the impact area for
flow separation at the landward crest line. Furthermore, the analytical
impact model could be extended to calculate the impact location behind
a height transition with a vertical rise. This is especially important for
transitions on the crest where the numerical model results show that
the impact forces due to the vertical rise are larger than the impact
forces due to the vertical drop.

Moreover, it is recommended to study more gradual height tran-
sitions with slopes. In this study, only height transition with a 90 ◦

rise or drop were studied, which is the most extreme case of geometric
transitions. For more gradual height transitions with a slope, the lo-
cation of reattachment could depend on the slope angle of the profile
before separation and the slope angle of the profile at the reattachment,
similar to the third-order polynomial found by Paarlberg et al. (2007)
for flow separation over river dunes.
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5.3. Model limitations

This study was limited to 2DV transitions that are uniform in the
along-dike direction since the OpenFOAM® model is a 2DV model. An
extension of the OpenFOAM® model to the third dimension makes it
possible to study the effect of 3D transitions on the load such as trees,
stairs and houses on flood defences. For example, Chen et al. (2021c)
simulated the overtopping forces on a human body on the crest using a
3D OpenFOAM® model. However, measurements of the 3D overtopping
flow on the landward slope are necessary to validate a 3D model
before the model could be extended. These types of measurements
are currently not available and are recommended to perform in future
overtopping experiments.

The numerical model simulations are performed with an imperme-
able surface with the assumption of no infiltration of water in the
cover and the core material. The amount of infiltration depends on
the permeability of the soil (Hoffmans, 2012) and might have an effect
on the hydraulic load. This study is therefore only representative for
a grass cover on an impermeable clay layer. For future studies, the
permeability of cover material can be included in the numerical model
using a porosity layer as shown in simulations of the overtopping
flow over flood defences with block revetments (Chen et al., 2021a;
Barendse et al., 2022; Jacobsen et al., 2015).

The different cover types are simulated using a Nikuradse roughness
eight 𝐾𝑠 in the numerical model and the friction factor 𝑓 in the an-
lytical model. The Nikuradse roughness height in the model accounts
oth for the roughness of the cover type as well as small geometric
ariations within a grid cell that are solved using the roughness height
n the numerical model. A uniform roughness is assumed for each cover
ype while the roughness of the cover may vary over time and along
he profile. For example, the bed roughness changes as the cover erodes
ue to a change in cover type, e.g. from grass to clay, as well as
he erosion pattern that increases the irregularities of the cover and
hereby the roughness (Van Bergeijk et al., 2020; Bomers et al., 2018).
eometric irregularities smaller than the grid size can be simulated

n the numerical model using the Nikuradse roughness height (Van
ergeijk et al., 2020), however, larger irregularities need to be included

n the grid itself. The simulations of the height transitions are a first step
o determine how geometric irregularities affect the overtopping wave.
urther investigation into the relation between geometric irregularities
nd cover roughness, and how to incorporate these effects in analytical
nd numerical models is recommended.

The formation of a water layer in front of a height transitions with
vertical rise was observed during experiments that can lead to energy
issipation and damping of the wave forces (Hoffmans and Verheij,
011; Bakker et al., 2013). This was not included in the numerical
odel simulations, since only one overtopping wave is simulated and

herefore no water of the previous overtopping wave is present. An
dditional model run was performed with a water layer of 5 cm in front
f the height transition to study the effect of water collection in front
f a height transition on the hydraulic load (Fig. 15). The overtopping
ave impacts on the water layer in front of the height transition instead
f the height transition. Therefore, the flow reattaches to the dike
urface at a cross-dike location of 𝑥 ≈ 3 m instead of 𝑥 ≈ 4.5 m.
he magnitude of the maximum normal stress is similar for both cases,
ut the location of the maximum normal stress changes. The maximum
ccurs on the elevated surface (e.g. the road) for the simulation with
water layer while the normal stress is maximum behind the vertical

rop for the simulation without a water layer. The water layer reduces
he pressure on the vertical rise at 𝑥 = 2 m but leads to higher pressures
n front of the vertical rise (𝑥 = 0–2 m). Overall, water collection in
ront of a height transition does not affect the maximum load but affects
he location where the maximum occurs.
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Fig. 15. Comparison of the hydraulic load for a transition in height on the crest
without a water layer (blue solid) and with a water layer (orange dashed) in front
of the vertical rise. (a) The maximum normal stress 𝑇𝑛. (b) The maximum pressure 𝑃 .
(c) Snapshot of the simulation with a water layer at 𝑡 = 0.45 s.

5.4. Including the effects of transitions in erosion models

The main implication of this study is that the quantification of the
load can help to include the effects of transitions on the hydraulic load
in wave overtopping erosion models (Fig. 14). The gained insights into
the effects of transitions on the hydraulic load can be used to predict
the cover erosion by overtopping waves for flood defences with various
transitions. Van Bergeijk et al. (2022) showed how the effect of slope
changes on the hydraulic load can be included in erosion models based
on different hydraulic variables. The same approach can be applied to
transitions in height and in cover type using the new relations for the
shear stress and the normal stress or using the multiplication factors
derived in Section 4.

For transitions in cover type, a multiplication factor for the load of
1.2 is recommended based on the maximum increase in load. Another
way to describe the effect of transitions in cover type is to use the
analytical model for the flow velocity Appendix B.1 (Van Bergeijk et al.,
2019b) that showed good agreement with the numerical model results,
although the effect on the flow velocity is underestimated for small
overtopping volumes. Although transitions in cover type have a limited
effect on the magnitude of the load, the overtopping duration increases
for rough covers and decreases for smooth covers (Bomers et al., 2018;
Van Bergeijk et al., 2020). The overtopping duration is included in
the GEM and the erosion models of Dean et al. (2010) and Hoffmans
(2012). In these erosion models, a rough cover could lead to more
erosion due to a larger overtopping duration compared to a smooth
cover. This is also the case for erosion models that integrate the load
over the overtopping duration such as the model of Ponsioen et al.
(2019) and Aguilar-López et al. (2018). However, Van Bergeijk et al.
(2022) found that the integration of the overtopping load over the
duration does not provide additional information and is therefore not
recommended to limit complexity.

Transitions in height influence both the maximum load and the
location of the maximum load. The analytical impact model can predict
the location of maximum hydraulic load using the height of the transi-
tion and the flow velocity, which depends on the overtopping volume
and the cover type. The load as result of transitions in height can be
included in existing calculation methods using a multiplication factor
for the flow velocity. The obtained relation for the maximum shear
stress and maximum normal stress at height transitions can be used
to determine these multiplication factors (Table 3). The fits express the
load in N/m2, that should be either transferred to m2/s2 in the COM or
GEM, or the damage number in the COM or the erosion threshold and
erosion rate in the GEM should be adapted so the load in N/m2 can be
included.
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The numerical model results show that it is important to include the
effect of upstream transitions on the downstream flow. The transitions
in cover type on the crest affect the location of maximum shear stress
on the slope (Fig. 7) and the height transitions on the crest result in
high hydraulic loads on the upper landward slope (Fig. 10). The COM
is only applied to the weakest location along the profile and therefore
the effect of upstream transitions on the load are not included. The
downstream effects of transitions on the flow velocity are included in
the GEM using the analytical flow velocity model. However, the tur-
bulence parameter is only locally adapted for transitions and does not
include the effect of upstream transitions on the turbulence parameter.
Further development of the analytical model for height transitions or
another method to include the effect of upstream transitions in the COM
and the GEM is recommended for future research.

6. Conclusions

The aim of this study was to quantify the effects of transitions in
cover type and in height on the overtopping load and determine the
important hydraulic processes at these transitions. Numerical simula-
tions were performed to determine the flow velocity, the shear stress,
the normal stress and the pressure along the crest and the landward
slope. The results show that transitions lead to more than doubling of
the overtopping load compared to the situation without a transition.
We observed a relatively small effect of transitions in cover type on the
hydraulic load with a maximum increase of around 20%. Therefore,
transitions in height dominate over transitions in cover type, which
means that combinations of transitions in cover type and height can
be treated as a transition in height only.

The increase in the load as the result of transitions was translated to
the load predicted by three existing methods: (1) the analytical model
for the flow velocity, (2) the load factor in the COM, and (3) the turbu-
lence parameter in the GEM. The transition from a rough to a smooth
cover results in an acceleration of the flow and the flow decelerates
for a transition from a smooth to a rough cover. These effects on the
flow velocity were accurately simulated using the analytical model. In
other models, a multiplication factor of 1.2 for the load can be used to
account for the effect of transitions in cover type on the hydraulic load.

Transitions in height result in flow separation and high hydraulic
loads at the impact location. The formulas for the trajectory of a
projectile were used to calculate this impact location using the height
of the transitions and the flow velocity of the overtopping wave. The
impact location is an important variable since this is the location where
the load is maximal and erosion of the grass cover is most likely to start.
Relations for the maximum shear stress and the maximum normal stress
as the result of transitions in height were derived from the model results
to calculate the increase in load at these transitions. The relations are
a function of the height of the transition and can be used in existing
erosion models based on the shear stress and the normal stress.

Additionally, the results showed that transitions affect the down-
stream hydraulic load, and therefore it is important to include the
effect of upstream transitions on the hydraulic load at landward slopes.
The downstream effect of transitions in cover type on the maximum
flow velocity are included in the analytical formulas of Van Bergeijk
et al. (2019b), but the load description in erosion models need to be
adapted so the effect of height transitions on the downstream load can
be included.

Transitions are vulnerable locations for cover erosion by overtop-
ping waves and therefore it is crucial to include the effects of transitions
in the design and the safety assessment of flood defences. This model
study quantified the hydraulic load as the result of transitions. Further
research into the cover strength at transitions is required to predict
the erosion near transitions. Additionally, limited measurements at
transitions are available although these measurements provide valuable
information on the flow at transitions. Therefore, measurements at
14
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transitions such as roads, slope changes and damages are advised to in-
crease our understanding of the effects of transitions on the overtopping
flow. Geometric transitions have a major influence on the overtopping
load and therefore these transitions are extremely important to consider
in the design of flood defences. Improvements to the design of such
transitions are recommended to investigate, for example more gradual
slope and height changes, to increase the safety of flood defences.
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Appendix A. Overview of the model runs

See Table A.5.

Appendix B. Analytical models and multiplication factors for tran-
sitions

B.1. Analytical model for the flow velocity

Van Bergeijk et al. (2019b) developed an analytical model for the
wave overtopping flow velocity along the crest and the landward slope
consisting of two formulas: one for horizontal parts, such as the crest
and a berm, and one for slopes:

𝑈𝑎,ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙(𝑥) =
(

𝑓𝑥
2𝑄 + 1

𝑈𝑎,ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙(𝑥 = 0)

)−1
(B.1)

𝑈𝑎,𝑠𝑙𝑜𝑝𝑒(𝑥) =
𝛼
𝛽
+ 𝜇 exp

(

−3𝛼𝛽2𝑥
cos𝜑

)

(B.2)

where 𝑥 is the cross-dike coordinate, 𝑄 is the momentary discharge, 𝜑
is the slope angle and the factors 𝛼, 𝛽 and 𝜇 are given by

𝛼 = 3√𝑔 sin𝜑, 𝛽 = 3√𝑓∕2𝑄, and 𝜇 = 𝑈𝑎,𝑠𝑙𝑜𝑝𝑒(𝑥 = 0) − 𝛼
𝛽
. (B.3)

These formulas are coupled through the flow velocity at the start of the
profile part 𝑈𝑎(𝑥 = 0) and can be used to calculate the flow velocity
long the profile for flood defences with different cover types and
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Table A.5
Overview of the model runs of transitions in cover type (𝐶1–𝐶10), transitions in height
(𝐻1–𝐻12) and combinations of both (𝐶𝐻1–𝐶𝐻4) including the cross-dike location,
the roughness height 𝐾𝑠, the height 𝑑 and the simulated overtopping volumes 𝑉 .

Runs Location 𝐾𝑠 [mm] 𝑑 [cm] 𝑉 [m3/m]

𝐶1 Crest (𝑥 = 2–5 m) 8 – 0.6, 2
𝐶2 Crest (𝑥 = 2–5 m) 1 – 0.6, 2
𝐶3 Crest (𝑥 = 2–5 m) 4.7 – 0.6, 2
𝐶4 Crest (𝑥 = 2–5 m) 10 – 0.6, 2
𝐶5 Crest (𝑥 = 2–5 m) 16 – 0.6, 2
𝐶6 Berm (𝑥 = 12–15 m) 8 – 2
𝐶7 Berm (𝑥 = 12–15 m) 1 – 2
𝐶8 Berm (𝑥 = 12–15 m) 4.7 – 2
𝐶9 Berm (𝑥 = 12–15 m) 10 – 2
𝐶10 Berm (𝑥 = 12–15 m) 16 – 2
𝐻1 Upper slope (𝑥 = 10 m) 8 20 1, 2, 2.5, 3, 4
𝐻2 Upper slope (𝑥 = 10 m) 8 40 1, 2, 2.5, 3, 4
𝐻3 Middle slope (𝑥 = 17 m) 8 20 1, 2, 2.5, 3, 4
𝐻4 Middle slope (𝑥 = 17 m) 8 40 1, 2, 2.5, 3, 4
𝐻5 Middle slope (𝑥 = 17 m) 8 60 1, 2, 2.5, 3, 4
𝐻6 Middle slope (𝑥 = 17 m) 8 100 1, 2, 2.5, 3, 4
𝐻7 Crest (𝑥 = 2–5 m) 8 5 2
𝐻8 Crest (𝑥 = 2–5 m) 8 10 0.6, 2, 3
𝐻9 Crest (𝑥 = 2–5 m) 8 25 2
𝐻10 Crest (𝑥 = 2–5 m) 8 −5 2
𝐻11 Crest (𝑥 = 2–5 m) 8 −10 0.6, 2, 3
𝐻12 Crest (𝑥 = 2–5 m) 8 −25 2
𝐶𝐻1 Crest (𝑥 = 2–5 m) 4.7 10 2
𝐶𝐻2 Crest (𝑥 = 2–5 m) 16 10 2
𝐶𝐻3 Crest (𝑥 = 2–5 m) 4.7 −10 2
𝐶𝐻4 Crest (𝑥 = 2–5 m) 16 −10 2

geometries. The effects of transitions are included by locally adapting
the slope angle 𝜑 or the friction factor 𝑓 .

The analytical model requires the flow velocity on the crest 𝑢0
and the momentary discharge 𝑄 as boundary conditions. These can be
computed using empirical relations (Van Der Meer et al., 2010; Hughes
and Shaw, 2011) and the overtopping volume 𝑉

𝑢0 = 4.5𝑉 0.34, ℎ0 = 0.133 𝑉 0.5 and 𝑄 = ℎ0 𝑢0 = 0.6 𝑉 0.84. (B.4)

B.2. Analytical impact model

Geometric transitions lead to flow separation where the flow reat-
taches to the cover at the impact location 𝑠𝑥 (Fig. 4). The analytical
impact model calculates the impact location using the basic formulas
for the trajectory of a projectile. Firstly, the vertical trajectory is set to
the height 𝑑 and solved for the time 𝑡

𝑈 sin(𝜑)𝑡 + 1
2 𝑔𝑡2 = 𝑑 → 𝑡 =

𝑈 sin(𝜑) +
√

2 𝑔𝑑 + 𝑈2 sin(𝜑)2

𝑔
(B.5)

ext, the time 𝑡 is used to calculate the impact location using the
ormula for the horizontal trajectory:

𝑥 = 𝑈 cos(𝜑)𝑡 (B.6)

.3. Load factor in the COM

The Cumulative Overload Method calculates the damage number 𝐷
o approximate the amount of erosion (Van Hoven et al., 2013)

=
∑

𝛼𝑎𝛼𝑀𝑈2
0 − 𝛼𝑠𝑈

2
𝑐 (B.7)

he load is described by the flow velocity on the crest 𝑈0, the accel-
eration factor 𝛼𝑎 for the acceleration on the slope and the load factor
𝛼𝑀 for the effect of transitions on the hydraulic load. The strength of
the cover is described by the critical flow velocity 𝑈𝑐 and the strength
factor 𝛼𝑠

Theoretical relations were derived for the load factor at transitions
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in cover type (Van Hoven et al., 2013). The load increases from
a smooth to rough bed (𝛼𝑀,𝑠→𝑟), while the opposite occurs for the
transition from a rough to a smooth bed (𝛼𝑀,𝑟→𝑠):

𝛼𝑀,𝑟→𝑠 =
(

𝑛𝑠
𝑛𝑟

)6 ( ln10ℎ∕(8
√

𝑔 𝑛𝑠)6

ln10ℎ∕(8
√

𝑔 𝑛𝑟)6

)2

(B.8)

𝛼𝑀,𝑠→𝑟 = 2 − 𝛼𝑀,𝑟→𝑠 (B.9)

with the Manning’s coefficient of the smooth 𝑛𝑠 and rough 𝑛𝑟 cover
and the layer thickness ℎ. For the transition from asphalt (𝑛 = 0.016) to
grass (𝑛 = 0.025), the load factor varies between 1.7 and 1.8 depending
on the layer thickness (0.1 m–0.5 m). This theoretical load factor agrees
with the calibrated value of the test at Millingen a/d Rijn (𝛼𝑀 = 1.8)
ut is much higher compared to the calibrated values of the other
xperiments with a transition from grass to asphalt (𝛼𝑀 = 1.1–1.2,
able B.6).

Theoretical formulas describe the effect of slope changes on the
oad depending on the difference in slope angle 𝜃 (Van Hoven et al.,
013). The load increases for a concave slope change, for example
he landward toe, due to an increase in the normal forces because the
entripetal forces is downward directed.

𝑀 = 1 +
(

sin 1
2 𝜃

)

(B.10)

This results in a load factor of 1.1 and 1.3 for slopes with a steepness
of 1:3 and 1:2. Calibration of the load factor at the landward toe based
on the overtopping field tests showed higher load factors of 1.3–1.6 for
a slope of 1:3 and 1.5–1.8 for a slope of 1:2 (Warmink et al., 2020).

For convex slope changes such as the transitions from the crest to
he landward slope, the load decreases according to Van Hoven et al.
2013) as the result of a lower normal force as the centripetal force is
irected upwards

𝑀 = 1 −
(

sin 1
2 𝜃

)

(B.11)

The decrease in load for convex slope changes is contrary to the
increase in load as the result of flow separation and impact observed
by Van Damme et al. (2016) and described by the formulas of Ponsioen
et al. (2019) and Van Bergeijk et al. (2022).

B.4. Turbulence parameter in the GEM

The erosion depth 𝑧𝑒 is calculated in the analytical Grass-Erosion
Model (Van Bergeijk et al., 2021a) as

𝑧𝑒(𝑥) =
∑

(

𝜔2(𝑥)𝑈2(𝑥) − 𝑈2
𝑡
)

𝑇0𝐶𝐸 (B.12)

The load depends on the turbulence parameter 𝜔 and the maximum
flow velocity 𝑈 (𝑥) along the profile. The strength of the cover is
describe by the erosion threshold 𝑈𝑡 and the amount of erosion is cal-
culated using the overtopping period 𝑇0 and the inverse cover strength
parameter 𝐶𝐸 .

The analytical formulas for the flow velocity (Eq. (B.2)) already
account for transitions in cover type and slope angle. The turbulence
parameter is related to the depth-averaged turbulence intensity 𝑟0 as

𝜔 = 1.5 + 5𝑟0 (B.13)

based on the increase in load as the result of jet impact in scour
theory (Jorissen and Vrijling, 1989; Hoffmans, 2012). Hoffmans (2012)
eports two formulas for the turbulence intensity that can be applied to
orizontal parts of the profile or slopes (Van Bergeijk et al., 2019a)

0 = 0.85
√

𝑓 for horizontal parts (B.14)

𝑟0 =

√

𝑔𝑄 sin𝜑
𝑈3
𝑚𝑎𝑥

for slopes (B.15)

with the maximum flow velocity on the slope 𝑈𝑚𝑎𝑥. The formula pre-

dicts 𝜔 = 1.925 for grass-covered horizontal parts and 𝜔 = 2.1–2.4 for
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Table B.6
Theoretical,calibrated and measured values of the load factor 𝛼𝑀 in the COM and the
urbulence parameter 𝜔 in the GEM.

𝛼𝑀,𝑡ℎ𝑒𝑜𝑟𝑦 𝛼𝑀,𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 𝜔𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑒𝑑 𝜔𝑡ℎ𝑒𝑜𝑟𝑦 𝜔𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

Transition
Asphalt-grass 1.7–1.8 1.1–1.8 – – –
Landward toe 1.1–1.3 1.3–1.8 2.75–3.75 – –
Height – – 2.26–2.56 – –

Location Crest – – – 1.925 2.0
Slope – – – 2.1–2.4 2.35

grass-covered slopes based on calculations of 𝑟0 by Van Bergeijk et al.
(2019a) (Table B.6). These values are close to the turbulence parameter
based on measurements of the pressure during a field experiment
resulting in 𝜔 = 2.0 for the crest and 𝜔 = 2.35 for a slope of 1:3 (Van

oven et al., 2013).
The turbulence parameter has been calibrated for the geometric

ransitions using the field tests with the overtopping simulator (Warmink
t al., 2020; Van Bergeijk et al., 2021a). The calibrated load increase at
he landward toe results in 𝜔 = 2.75 for mild slopes (1:3) and 𝜔 = 3.75
or steep slopes (1:2.3) (Warmink et al., 2020). Damages resulting in a
ertical cliff can be identified as a height transitions. The turbulence
arameter at damages depends on the grass quality, described by
he critical velocity 𝑈𝑐 , because the grass quality affects the cover
oughness and thereby the amount of turbulence (Van Bergeijk et al.,
021a).

= 0.074𝑈𝑐 + 2.1 (B.16)

he turbulence parameter for damages varies between 2.26 for poor
rass quality and 2.56 for a good grass quality. This relation is also
pplicable to height transitions; however, the relation was calibrated
sing damages with a maximum height of 20 cm and needs to be
alidated for larger heights.
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