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INTRODUCTION
Biotic components of coastal ecosystems are increasingly incorporated in coastal defence against
erosion and floods. In contrast, conventional protective structures such as sea dykes, seawalls,
revetments, groins and detached breakwaters are increasingly perceived as coastal armouring which
may significantly affect cultural and other types of ecosystem services. Despite this pervasive
perception, the application of these ‘hard’ solutions and their maintenance are expected to rather
increase. In fact, they are also still perceived as the most efficient coastal protection against extreme
events, particularly in urban areas and in many other cases where softer alternative solutions for
managing coastal erosion and floods are unfeasible. Therefore, besides the diverse solutions to
ecologically enhance these ‘hard’ structures, the introduction of vegetation as an integral constituent of
coastal defence schemes has also long reached maturity for wider practical applications, and best
practice recommendations are beginning to emerge [Feagin, 2008 ; Gedan et al., 2011]. In the latter
case, a reliable prediction of wave damping by vegetation might be crucial for the safety of the
hinterland. This is particularly the case where vegetation (e.g. seagrass, saltmarsh) is introduced in the
foreshore to reduce the height/mass of conventional structures by damping the waves before reaching
the latter. There are indeed diverse models and simplified formulae suitable for practical applications to
predict with a relatively good engineering accuracy the damping efficacy of vegetation under either pure
waves or pure current conditions. Most of these formulae are based on the assumption of stiff plants
and/or the effect of plant flexibility is considered by introducing a reduction factor to account for flow
resistance. Though combined waves and currents are ubiquitous in coastal areas, particularly in tidal
coasts, it is rather surprising that only very few studies have been dedicated to the effect of currents on
wave damping by vegetation, some even with contradictory results [Li and Yan, 2007 ; Paul et al., 2012
; Hu et al., 2014 ; Losada et al., 2016]. Adding the effect of plant flexibility, the wave attenuation
becomes even more complicated due to the complex wave-current-vegetation interactions (Figure 1).
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Figure 1: Processes involved in the interactions of flexible vegetation, waves and current. The plant meadow
reduces wave height and mean flow velocity by absorbing energy from the flow through drag and turbulent
dissipation. Flexible vegetation reconfigures under the influence of water flow depending on the vegetation
attributes (hp and hpd show the plant height and deflected plant height, respectively)

These generally strong and highly complex ‘triplet interactions’ might be the reason why no physicallybased prediction formulae for engineering applications are yet available to predict wave attenuation by
flexible vegetation under wave-current conditions.
With this background, the overarching goal of this study is therefore to improve the understanding of
the physical processes and the relative importance of the hydraulic and vegetation parameters which
affect wave attenuation by submerged flexible vegetation under wave-current conditions and, based on
this improved understanding, to develop new prediction formulae which account for the most relevant
influencing parameters. More specifically, it aims at:
(i)
(ii)
(iii)
(iv)

selecting the most appropriate CFD model to be used in this study and at improving/validating it
to simulate wave attenuation by stiff vegetation under pure waves and wave-current conditions,
extending this CFD model for wave attenuation by flexible vegetation,
using this CFD model for a systematic parameter study to determine the relative importance of
the hydraulic and vegetation parameters, and
developing new formulae for the prediction of wave attenuation by stiff and flexible vegetation
under pure waves and wave-current conditions based on the analysis of the data and the insight
into the underlying processes gained from the parameter study.

CFD MODEL FOR STIFF VEGETATION
A numerical wave flume using the CFD model in OpenFOAM® is set up, calibrated and validated for the
study of wave attenuation by stiff vegetation under pure waves and wave-current conditions. The four
main steps of this modelling process are depicted in Figure 2.

Figure 2: Processes involved in the development of the CFD model for wave attenuation based on a porous
media approach for stiff vegetation
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Step 1: Selection of the most appropriate CFD model for waves through vegetation
For the modelling of wave propagation through vegetation, the CFD solver ‘PorousWaveFoam’ in the
frame of OpenFOAM® [Jensen et al., 2014] is selected. This model solves the Volume-Averaged
Reynolds-Averaged Navier–Stokes (VARANS) equations for the simulation of flow in porous media
without representing the exact geometry of the pores forming the porous media using the Volume Of
Fluid (VOF) method for free surface tracking. A description of the governing equations used for the
selected CFD solver ‘PorousWaveFoam’, including RANS-VOF for free surface tracking, VARANS for
the flow in porous media, the ‘waves2Foam’ toolbox for wave generation and the RANS type of the kω-SST model for turbulence can be seen in Hadadpour et al. (2019, 2021) and Hadadpour (2020).
Step 2: Application of a porous media approach for a vegetation field
For applying a porous media approach for a vegetation field, the ‘hydraulic’ properties of the vegetation
meadow, including porosity n and characteristic length scale D, are required in the Darcy-Forchheimer
sink term of the VARANS equations. Vegetation fields are naturally characterized by high porosities
(often more than 0.97) and low solid fractions. Hence, a more practical parameterisation is carried out
and an ‘equivalent porosity 𝑛𝑒𝑞 ’ is proposed to replace porosity n in the VARANS equations while the
distance between the plants ΔS is defined as a new length scale for the new approach.
For this purpose, since the mesh quality affects the accuracy of the numerical simulation results, firstly
a sensitivity analysis is performed to determine the “optimum” mesh size leading to a mesh independent
solution, i.e. one for which accuracy is not altered when mesh refinement is increased [Hadadpour,
2020].
To obtain the proper porosity of vegetation 𝑛𝑒𝑞 , the CFD model is set up and calibrated according to
laboratory tests of wave attenuation by submerged stiff vegetation from four different studies [Bouma
et al., 2005 ; Paul et al., 2012 ; Ozeren et al., 2014 ; Hu et al., 2014]. The new equivalent porosity 𝑛𝑒𝑞
is developed as a function of dimensionless frontal area per bed area Afront* = N d ℎ𝑝 , where N is plant
density, d is plant width perpendicular to flow direction and hp is plant height. It is a physically welldefined and measurable parameter of the vegetation field (see more details in Hadadpour et al. (2019)
and Hadadpour (2020)):
𝑛𝑒𝑞 = 1 − 0.22(𝐴𝑓𝑟𝑜𝑛𝑡 ∗ )

0.51

(1)

Step 3: Model validation under pure wave conditions
The validation is based on the wave damping factor 𝛾 (m-1) of the hyperbolic decay law derived by
Dalrymple et al. (1984) using linear wave theory for wave attenuation by stiff vegetation:
𝐾𝑣 =

𝐻𝑥
1
=
𝐻𝑖 1 + 𝛾𝑥

(2)

𝐻𝑥 and 𝐻𝑖 are the wave height at propagation distance in the vegetation meadow and the incident wave
height at x=0, respectively. 𝐾𝑣 is the damping coefficient and 𝛾 (m-1) is a parameter depending on the
vegetation and wave characteristics.
For the validation, two set of laboratory experiments [Bouma et al., 2010 ; Hu et al., 2014] have been
used. A comparative analysis of damping factor 𝛾 obtained from the CFD model and from the laboratory
tests using four statistical indicators (i.e. Bias, Root Mean Square Error RMSE, correlation coefficient
R and Willmott Index) indicates a very good agreement between numerical and experimental results
(Figure 3).

5

Figure 3: Scatter-plot of the calculated wave damping factor 𝛾 (m-1) from the measured data 𝛾𝑚 [Bouma et al.,
2010 ; Hu et al., 2014] and simulated data 𝛾𝑠 (present model) using Equation 2 for different wave and vegetation
conditions

Step 4: Model validation under wave-current conditions
For model validation under wave-current conditions, the experiments of Hu et al. (2014) are used. The
validation is based on the comparative analysis of the wave height reduction per unit distance ΔH (m/m)
by stiff vegetation measured in the experiments and ΔH obtained from the CFD model for regular waves
with an underlying current (0.05-0.3 m/s) in the same direction as the waves:
∆𝐻 =

(𝐻𝑖𝑛 − 𝐻𝑜𝑢𝑡 )
𝐵𝑚

(3)

𝐻𝑖𝑛 and 𝐻𝑜𝑢𝑡 are the wave heights at the beginning and end of the vegetation meadow, respectively
and 𝐵𝑚 is the meadow length. Figure 4 and the embedded tables with the statistical indices show that
a relatively good agreement is achieved between computed and measured ΔH values and the model
performs relatively well for wave attenuation by stiff vegetation under different wave-current conditions.
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Figure 4: Scatter-plot of measured (Hu et al., 2014) and computed wave height reduction per unit distance inside
stiff vegetation ΔH (m/m) for combined waves with: (a) 0.05 m/s, (b) 0.15 m/s, (c) 0.20 m/s and (d) 0.30 m/s
current in the same direction. VD1 and VD2 indicate vegetation densities of 62 and 139 stems/m2, respectively.

EXTENSION OF THE CFD MODEL FOR STIFF VEGETATION TO
ACCOUNT FOR FLEXIBLE VEGETATION
The validated CFD model for stiff vegetation in the previous section is extended and validated for flexible
vegetation by considering the bending of the plant stems and its effect on wave attenuation. The four
main steps to achieve this goal are shown in Figure 5.
Step 1: Selection of the most appropriate approach to model the deflection of the plant stems
as a compromise between accuracy/sophistication and computational efficiency
In this study, the impact of plant reconfiguration on wave attenuation is characterised in terms of drag
force, which depends on the flow velocity and the projected area normal to the flow direction. Hence,
the fluid load-deflection relationship can be applied to calculate the deflected height and the actual
projected area affecting vegetation-induced flow resistance.

Figure 5: Processes involved in the extension of the CFD model for stiff vegetation to account for flexible
vegetation

Therefore, the formulation for large deflections by Li and Xie (2011) is selected as the deflection of
vegetation with high flexibility can be predicted accurately by a large deflection analysis based on the
Euler-Bernoulli Law for the bending of a slender beam. Moreover, this approach is favoured because
7

the extended CFD model is to be applied (i) for high hydrodynamic loads and large plant deflect ions,
and (ii) for a very extensive parameter study (see Section 4 below); hence it is compromise between
model accuracy/sophistication and computational efficiency. For the equations and more details see
Hadadpour (2020).
Step 2: Extension of the CFD model for stiff vegetation to account for flexible vegetation
The deflected plant height defined as the actual height that affects the flow due to plant bending is
considered as the most important parameter in the energy dissipation associated with the drag force
on the vegetation. In this sense, the aforementioned formulation by Li and Xie (2011) is introduced in
the extended model to calculate the reduction of the plant height resulting from its large deflection
(Figure 6).

Figure 6: Solving procedure of the extended model system for wave attenuation by introducing flexible vegetation

In the present approach, the wave model, which considers the vegetated region as a porous media
continuum using VARANS equations, is first solved. The vegetation deflection is calculated based on
the drag force exerted on the plant stem located at the first row of the vegetation field, which experiences
maximum velocity values and thus maximum deflection within the vegetation field. The fluid domain is
then modified accordingly and fed back to the wave model to calculate new flow velocities and surface
elevation. The two models are hence coupled through the vegetation-induced hydrodynamic forces.
Moreover, the proposed coupling approach makes it possible to replace any of the coupled models with
alternative solvers without having to adapt the remaining solver.
Step 3: Validation of the extended CFD model for flexible vegetation under pure wave conditions
The validation is based on the comparative analysis of the dimensionless parameter 𝐾𝐷 𝑎0 𝜆 (m2m2)
measured in the experiments of Luhar et al. (2017) and 𝐾𝐷 𝑎0 𝜆 calculated from the CFD model:
𝑎
1
=
𝑎0 1 + 𝐾𝐷 𝑎0 𝑥

(4)

where 𝑎0 is the initial wave amplitude at x=0 and 𝐾𝐷 is a parameter depending on the vegetation frontal
area per unit volume, the drag coefficient, the wave number and the water depth (see Equation 7 in
Luhar et al. (2017)).
The CFD model is shown to reproduce relatively well the wave height evolution over the vegetation field
and the damping coefficient. As seen from Figure 7 and the four statistical indicators in the embedded
table, it may be concluded that the wave height attenuation by flexible vegetation can be predicted by
the extended model within the range of common engineering accuracy.
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Figure 7: Scatter-plot of calculated 𝐾𝐷 𝑎0𝜆 (m-2m2) from measured data (𝐾𝐷 𝑎0𝜆 )𝑚 [Luhar et al., 2017] and
simulated data (𝐾𝐷 𝑎0𝜆 )𝑠 (present model) using Equation 4 for different wave and vegetation conditions

Step 4: Validation of the extended CFD model for flexible vegetation under wave-current
conditions
The model is then validated for wave attenuation under wave-current conditions based on linear
assumption of wave attenuation (Equation 3) to make the results comparable with the experiments of
Paul et al. (2012). According to Figure 8 and the statistical indicators in the embedded table, the model
performs relatively well in simulating wave attenuation by flexible vegetation under wave-current
conditions. However, the tentative validation is based on a limited number of data with moderate
hydrodynamic conditions due to the lack of appropriate experimental data.

Figure 8: Measured [Paul et al., 2012] vs. simulated (present model) wave height reduction ΔH per unit distance
in a flexible mimic meadow in the presence of underlying current for submergence ratio (a) h/h p=3 (b) h/hp=2

SYSTEMATIC PARAMETER STUDY: SELECTED RESULTS
Overall, previous studies have shown that wave attenuation by vegetation is highly dependent on both
hydrodynamic conditions and vegetation properties including individual plant and meadow
characteristics. Regarding these diverse dependencies and also the extensive variety of coastal plants,
a high variability of wave attenuation by vegetation would be expected; hence more investigation is
required to analyse the underlying processes and influencing parameters. Therefore, an extensive
parameter study with around 300 numerical tests is performed and the results are analysed in order (i)
to better understand the relative importance of the effects of the key parameters and underlying
processes influencing wave attenuation by stiff and flexible vegetation under both pure wave and wave9

current conditions, and (ii) to develop wave attenuation formulae as a function of the most relevant
parameters for both types of vegetation under both types of flow conditions.
To this end, the effect of the following seven parameters on wave attenuation by stiff and flexible
vegetation are considered: vegetation density N (stem/m2), submergence ratio h/hp, relative meadow
length Bm/Lw, vegetation stiffness EI, incident wave height H and wave period T, and following current
velocity Uc. In addition, the combined effects of these parameters on wave attenuation is also quantified.
The range of variation of these parameters in the numerical tests is meaningfully based on the values
considered in the most relevant studies. For more details including different test conditions, see
Hadadpour (2020) and Hadadpour et al. (2021). Results of the extensive parameter study reveal that
wave attenuation increases with increasing plant density N, plant height hp, plant stiffness EI and
meadow length Bm; however, the effect of plant height hp dominates. Regarding the effect of wave
parameters, wave attenuation increases with increasing incident wave height Hi, increasing wave period
for Bm/Lw=1, and decreasing wave period for Bm=3.1 m. Overall, the effect of vegetation characteristics
appears to be more influential than that of the wave parameters. The main results are briefly
summarised in Table 1 supported by Figures 9-12.
Parameter

Effect on wave attenuation and relative importance
•
•

Vegetation
characteristics

•
•

•
•
Wave
parameters

•
•

Combined
effects of the
diverse
parameters

•
•
•

•
Following
current

•

Plant height (ℎ𝑝 ): Wave attenuation increases with increasing plant height hp under
a constant water depth, i.e. decreasing submergence ratio h/hp, for both stiff and
flexible vegetation (Figures 9, 10 and 11a)
Plant density (N): wave attenuation increases with increasing plant density N for
both stiff and flexible vegetation (Figures 9 and 11a)
Plant stiffness (EI): Wave attenuation increases with increasing stiffness EI for the
same wave forcing (Figures 10 and 11a)
Length of vegetation field ( 𝐵𝑚 ): Wave attenuation increases with increasing
meadow length Bm under the same wave conditions for both stiff and flexible
vegetation (Figure 9)
Incident wave height (𝐻𝑖 ): Wave attenuation increases with increasing incident
wave height Hi for both stiff and flexible vegetation (Figure 10)
Incident wave period (𝑇): For both stiff and flexible vegetation, increasing the wave
period T results in higher wave attenuation when the analysis is based on a constant
relative meadow length Bm/Lw=1 (Figure 5-19 in Hadadpour (2020)). While,
conversely, the wave attenuation decreases with increasing the wave period when
the wave height reduction is considered over a constant meadow length Bm=3.1 m
(Figure 5-20 in Hadadpour (2020))
Plant height hp and hence, submergence ratio h/hp, appears to be more influential
than plant density N on wave attenuation (Figure 11a)
Plant stiffness EI and density N can compensate each other depending on the
submergence ratio h/hp, i.e. flexible vegetation at higher densities might be able to
induce the same wave height reduction as stiff vegetation at low densities (Figure
11a)
The impact of meadow length Bm on wave attenuation increases with increasing
plant density N and decreasing submergence ratio h/hp; however, the effect of
submergence ratio dominates (Figure 9)
The impact of incident wave height Hi increases with decreasing plant density N
and increasing submergence ratio h/hp, i.e. decreasing plant height hp under a
constant water depth h (Figure 11b)
The effect of vegetation characteristics is likely more significant than that of the
wave parameters (Figure 11b)
The impact of a following current on wave attenuation can be seriously affected by
submergence ratio h/hp (Figure 5-23 in Hadadpour (2020))
For almost all tested cases, a following current causes a decrease of the waveattenuating capacity of vegetation. This decrease becomes more significant with
increasing current velocity Uc (Figures 5-22 and 5-23 in Hadadpour (2020))
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•
•

•

For a very sparse stiff meadow (N=139 stem/m 2), a following current can increase
the wave height attenuation depending on the incident wave and current velocity
(Figure 5-31 in Hadadpour (2020))
The current presence does affect wave propagation depending on the rate of
change of velocity amplitude (𝑈𝑟=𝑈𝑐𝑤/𝑈𝑝𝑤), which defines the change of velocity
amplitude in the presence of currents 𝑈𝑐𝑤 compared to pure waves 𝑈𝑝𝑤, which may
differ as a function of the wave and vegetation characteristics (Figure 12)
Wave height attenuation decreases with increasing 𝑈𝑟, while it increases with
decreasing 𝑈𝑟 (Figure 12)

Table 1: Effects of individual and combined parameters on the wave-attenuating capacity of vegetation based on
the results of the parameter study, including their relative importance

Figure 9: Effect of relative meadow length B m/Lw on 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 for flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field
with different plant densities N and submergence ratios h/h p and a constant wavelength Lw=3.1 m for Bm/Lw=0.5
to 3. 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 shows the wave height reduction at the end of vegetation field
𝐻𝑓𝑟𝑜𝑛𝑡 −𝐻𝑏𝑒ℎ𝑖𝑛𝑑

𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = (

𝐻𝑓𝑟𝑜𝑛𝑡

) × 100
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Figure 10: Effect of relative incident wave height H i/h on 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 for stiff (empty bars) and flexible (𝐸𝐼 =
2.4 × 10−6 N.m2/ filled bars) vegetation field with length B m=3.1 m, plant density N=1000 stems/m 2 and different
submergence ratios h/hp for Hi/h=0.16 to 0.3. 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 shows the wave height reduction at the end of vegetation
𝐻𝑓𝑟𝑜𝑛𝑡 −𝐻𝑏𝑒ℎ𝑖𝑛𝑑

field 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = (

𝐻𝑓𝑟𝑜𝑛𝑡

) × 100

Figure 11: Combined effects of the diverse parameters including (a) effect of submergence ratio h/h p on the
relationship between 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and plant density N for stiff and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2 ) vegetation field,
(b) effect of submergence ratio h/h p on the increasing effect of relative incident wave height Hi/h on 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 for
flexible vegetation field with length B m=3.1 m with different plant density N. Wave attenuation 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 shows
𝐻𝑓𝑟𝑜𝑛𝑡 −𝐻𝑏𝑒ℎ𝑖𝑛𝑑

the wave height reduction at the end of vegetation field 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) = (

𝐻𝑓𝑟𝑜𝑛𝑡

) × 100. Relative

percentage change shows the relative increase between wave height reduction 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 for Hi/h=0.16 and
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝐻𝑖/ℎ=0.3 −(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝐻𝑖/ℎ=0.16

Hi/h=0.3, i.e. 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 (%) = |

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝐻𝑖/ℎ=0.16

| × 100
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Figure 12: Relative wave height decay 𝑟𝑤 =
presence 𝑈𝑟 =

𝑈𝑐𝑤
𝑈𝑝𝑤

(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑝𝑢𝑟𝑒 𝑤𝑎𝑣𝑒

vs rate of velocity amplitude changes in current

, which defines the change of velocity amplitude in the presence of currents 𝑈𝑐𝑤 compared to

pure wave conditions 𝑈𝑝𝑤 , for both stiff and flexible (𝐸𝐼 = 2.4 × 10−6 N.m2) vegetation field with different plant
densities N and submergence ratios h/h p under various combinations of waves and currents

Hu et al. (2014) concluded that a following current may increase or decrease wave attenuation by
𝑈
vegetation depending on velocity ratio α = 𝑈 𝑐 ; 𝑈𝑐 and 𝑈𝑤 are the current velocity and the horizontal
𝑤

orbital velocity, respectively. They also attributed the inconsistency of previous studies to different
ranges of this ratio in their investigations (e.g. α=1.5–3.5 in Li and Yan (2007) and α <0.5 in Paul et al.
(2012)). In the present study, for almost all tested cases with a wide range of velocity ratio α = 0.3 −
8.0, the presence of a following current causes a decrease of the wave-attenuating capacity of
vegetation, which is in agreement with the previous findings in Paul et al. (2012) and Losada et al.
(2016). However, the results might not be directly comparable to those by Hu et al. (2014) because the
latter increased the generated incident wave height in the wave-current tests for different current
velocities which may enhance wave attenuation. Moreover, wave and current velocities were linearly
superposed without accounting for their nonlinear interaction. Furthermore, only the frontal area per
canopy volume was considered for comparing their tests with others, but without considering plant
density, which may strongly affect the flow patterns around the meadow as well as the flow penetration
within the vegetation meadow.
In this study, therefore, a very sparse rigid meadow with plant density N=139 stems/m 2 is also tested to
make it comparable to that of the VD2 tests in Hu et al. (2014), which shows that a following current
can indeed increase wave attenuation over a sparse vegetation field. This is likely due to the nonlinearity effect caused by wave deformation in non-linear wave-current interaction as well as the
attenuation effect of vegetation.
In this respect, Figure 13 compares the horizontal velocity component Ux and the flow patterns for
reference case (i.e. without vegetation) as well as a submerged vegetation meadow with plant densities
N=100 and 1,000 stems/m2 under combined wave-current conditions. The horizontal velocity Ux
according the Stokes second order theory [Svendsen and Jonsson, 1976] is given as below:

𝑈𝑥 = 𝑈𝑐 +
+

𝐻 𝑔𝑘 cosh 𝑘(𝑧 + ℎ)
cos(𝑘𝑥 − 𝜔𝑤 𝑡)
2 𝜔𝑤−𝑐
cosh 𝑘ℎ

3 𝐻 2 𝜔𝑤−𝑐 𝑘 cosh 2𝑘(𝑧 + ℎ)
cos 2(𝑘𝑥 − 𝜔𝑤 𝑡)
16
sinh4 𝑘ℎ

(5)
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where 𝑈𝑐 is the uniform current velocity, H is the wave height, g is acceleration due to gravity and ℎ is
the water depth. z and t represent the vertical coordinate and time, respectively. The quantity x is the
distance along longitudinal direction. 𝜔𝑤−𝑐 represents the frequency of the wave-current, 𝜔𝑤−𝑐 = 𝜔𝑤 −
𝑘. 𝑈𝑐 , 𝜔𝑤 and k are the wave angular frequency and the wave number.
As shown in Figure 13, the flow pattern can be significantly influenced by the presence of submerged
vegetation, especially for a relatively dense vegetation meadow with N=1,000 stem/m2 due to their
capacity to induce larger current blocking, thus causing current to diverge vertically over the meadow
instead of passing through it. For strong currents with velocity Uc=0.2 m/s, the difference of flow velocity
above and below the vegetation meadow is extremely high.

Figure 13: Effect of plant density N and current velocity Uc on the flow pattern in/near a rigid vegetation meadow
for reference case (i.e. without vegetation) as well as a submerged mimic meadow with different plant densities
N=100 and 1,000 stems/m2 for wave-current conditions with wave Hi=0.08 m, T=1 s in 0.5 m water depth
following the currents with different velocities Uc =0, 0.05, 0.1 and 0.2 m/s. The black area indicates the
vegetation meadow B m=1.5 m and hp=0.3 m, and the white lines represent streamlines

In this sense, a shear layer can be generated at the water-vegetation interface due to the flow velocity
difference above and below the vegetation meadow, where Kelvin-Helmholtz (KH) instability may
develop [Ghisalberti and Nepf, 2002]. This instability may form coherent vortices within the mixing layer
(in dense vegetation meadow with N=1000 stem/m2), which dominate the vertical momentum transfer
across the water-vegetation interface.

DEVELOPMENT OF A WAVE ATTENUATION FORMULAE FOR
FLEXIBLE VEGETATION
Based on the data and insight obtained from the results of the parameter study in Section 4, a set of
prediction formulae for wave attenuation by both stiff and flexible submerged vegetation under both
pure wave (Phase 1) and wave-current conditions (Phase 2) is developed for the first time.
Phase 1: Wave attenuation formulae for flexible vegetation under pure wave conditions
The development is performed in four main steps summarised in Figure 14.
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Figure 14: Steps of the procedure to derive a new prediction formula for wave attenuation by flexible vegetation
under pure wave conditions

Formula for wave attenuation by stiff vegetation under pure wave conditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑅 : The formula
is derived based on multiple regression analysis as a function of five dimensionless parameters
ℎ
𝐵
𝐻
(𝐴𝑓𝑟𝑜𝑛𝑡 ∗, 𝑝⁄ℎ , 𝑚⁄𝐿 , 𝑖⁄ℎ , ℎ⁄𝐿 ) determined from the parameter study. The relative importance of
𝑤
𝑤
these independent variables are compared in the scatterplot matrix (Figure 15).

Figure 15: Scatterplot matrix (upper diagonal elements) and correlation matrix (lower diagonal elements) which
show the relationships between wave attenuation by rigid vegetation under pure wave conditions and the
effective parameters identified in the parameter study

ℎ

The findings of the regression analysis, namely that the correlation of (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )R is strongest with 𝑝
ℎ
𝐻
𝐵
while it is negative and positive for the four other parameters ( 𝑖⁄ℎ , ℎ⁄𝐿 , 𝑚⁄𝐿 , 𝐴𝑓𝑟𝑜𝑛𝑡 ∗ ), are confirmed
𝑤
𝑤
by the scatter matrix:
ℎ𝑝 𝐵𝑚
𝐻𝑖
ℎ
(𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑅 = 11.5 (𝐴𝑓𝑟𝑜𝑛𝑡 ∗) + 37.5 ( ) + 61 ( ) (
) − 70.3 ( )
ℎ
ℎ
𝐿𝑤
𝐿𝑤

(6)
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This formula is validated against laboratory experiments, showing that it performs relatively well in
predicting wave attenuation by stiff vegetation (Figure 16).

Figure 16: Comparison of the measured [Keimer et al., 2021] and calculated (Equation 6) wave height reduction
by stiff vegetation 𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 under pure wave conditions, the blue line shows 1:1 line

Effective deflected height of a flexible plant in isolation he: he is calculated as a function of the Cauchy
number Ca and blade length ratio L based on the scaling law for individual isolated plants using the
formulation presented by Lei and Nepf (2019a):
he
= (0.94 ± 0.06)(Ca. L)−0.25±0.02 ,
hp

1 < (Ca. L) < 10000

(7)

Effective height of a flexible plant within a meadow h e,m: he,m is calculated based on he and the
difference between the effective plant height in isolation and in a meadow hr,m , which is obtained as a
function of plant density N and plant height hp , as follows:
0.94

hp
he,m= he + hr,m = 0.94(Ca. L)−0.25 × hp + 0.64(Afront ∗ )0.22 ( )
h

× hp

(8)

The new formula for wave attenuation by flexible vegetation under pure wave conditions (Hreduction )F is
obtained by replacing plant height h p in Equation 6 by effective height h e,m calculated from Equation 8.
H
h
B
h
(Hreduction )F = 11.5 (N × d × he,m ) + 37.5 ( i ) + 61 ( e,m ) ( m ) − 70.3( )
h
h
Lw
Lw

(9)

Validation of a new wave attenuation formula for flexible vegetation (Hreduction )F: two set of small-scale
and large-scale experiments are used for validation. As shown in Figure 17, the formula performs well
in predicting small-scale experiments, while the data shows more scatter for large-scale experiments.
This might be attributed to the fact that the CFD model, from which the numerical data used for the
multiple regression analysis to develop the new formula are obtained, was calibrated and validated
mainly using data from small-scale experiments.
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Figure 17: Comparison of the calculated (using Equation 9) and measured from (a) large-scale experiments by
Manca et al. (2012), (b) small-scale experiments by Luhar et al. (2017) wave attenuation by flexible vegetation
under pure wave conditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝐹

Phase 2: Wave attenuation formulae for flexible vegetation under wave-current conditions
The development is performed in four main steps as summarised in Figure 18.

Figure 18: Steps of the procedure to derive a new prediction formula for wave attenuation by flexible vegetation
under wave-current conditions

Formula for the relative wave attenuation by stiff vegetation in wave-current conditions and pure wave
((H
)wave−current )R
conditions (rw )R = reduction
: (rw )R is obtained as a function of the most relevant
(H
)
reduction R

parameters from the parameter study:
(𝑟𝑤 )𝑅 = 0.024 (𝐴𝑓𝑟𝑜𝑛𝑡 ∗) + 0.083 (

ℎ𝑝
ℎ𝑝 𝑈𝑐 𝐻𝑖
0.011
+ 0.81
) − 8.47 ( ) ( ) ( ) +
ℎ
ℎ 𝑈𝑤 𝐿𝑤
𝐴𝑓𝑟𝑜𝑛𝑡 ∗

(10)

Formula for the wave attenuation by stiff vegetation under wave-current conditions
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅 : it is calculated based on (𝑟𝑤 )𝑅 from Equation 10 and wave attenuation by
stiff vegetation under pure wave conditions (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑅 according to Equation 6:
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅 = (𝑟𝑤 )𝑅 × (𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑅

(11)

Formula for the ratio of wave attenuation by flexible vegetation ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹 to that
induced by stiff vegetation ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅 under wave-current conditions: it is obtained as a
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ℎ
function of dimensionless parameters ( 𝑒⁄ℎ , ∆𝑆⁄𝑑) based on the proposed porous media approach in
𝑝
the sense that the effect of flexible vegetation on energy dissipation is a reduction of the drag force due
to plant reconfiguration, which results in a reduced frontal area of the vegetation:
0.15

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹
ℎ𝑒
= 1.57 ( )
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅
ℎ𝑝

(

∆𝑆 −0.16
)
𝑑

(12)

The effective plant height ℎ𝑒 , defined as the height of a stiff plant that generates the same energy
dissipation as the flexible plant of height ℎ𝑝 , is obtained from the equation proposed by Lei and Nepf
(2019b) for combined wave-current conditions.
Formula for the wave attenuation by flexible vegetation under wave-current conditions
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛)𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡)𝐹
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹 : it is calculated based on
from Equation 12 and
((𝐻
)
)
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅 according to Equation 11:
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹 =

𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑅

((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝐹
× ((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅
((𝐻𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 )𝑤𝑎𝑣𝑒−𝑐𝑢𝑟𝑟𝑒𝑛𝑡 )𝑅

(13)

To the best of the author’s knowledge, there is no appropriate experimental data, which fulfil the
requirements of the proposed model and formula to validate the new prediction formula. Hence, Figure
19 indicates the comparison of the calculated (Equation 13) with simulated (CFD model) wave
attenuation by flexible vegetation under wave-current conditions for all tested cases in the parameter
study. As shown in Figure 19 and the embedded table, it may be concluded that the wave attenuation
by flexible vegetation under wave-current conditions can be predicted reasonably well (within ±15 %)
by the proposed new formula (Equation 13).

Figure 19: Scatter plot of calculated (Equation 13) and simulated (CFD model) wave attenuation over a flexible
vegetation meadow under wave-current conditions for all tested cases in the parameter study (see Table 5-7 in
Hadadpour (2020)). The solid line shows the perfect 1:1 line and dashed lines show the 15 % error margins.

POTENTIAL CONTRIBUTION OF THE PROPOSED APPROACHES
TO ADVANCE THE SCIENTIFIC KNOWLEDGE AND TOOLS
Despite the gradual growth of available approaches on the development of nature-based solutions for
coastal protection which are appropriate to adapt to climate changes, further modelling and engineering
assessments of the efficiency of natural protection are still needed to better understand the potential of
vegetation in shore protection. In this sense, field observations can provide valuable data under realistic
conditions; however, they are difficult to perform; yet, they also have some limitations such as controlling
hydrodynamic conditions and vegetation characteristics or replicating the tests. Besides, several
laboratory studies have been carried out to study wave-vegetation interaction under controlled
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conditions. This particularly underlines the potential applications of the proposed modelling approach.
The latter can indeed provide useful results with less costs and efforts than laboratory testing, and
contribute to advance the scientific knowledge and tools which are required for a safer and more
effective implementation of the ‘Working with Nature philosophy’ of PIANC.
In this scope, some benefits of the present model approach deserve to be highlighted: (i) despite the
complicated vegetation structure and despite some simplifying assumptions, the use of Afront* in the
relationship for the equivalent porosity represents an important step in the proposed porous media approach
for vegetation, (ii) the model is easy to use and relatively fast, because the vegetation field is presented as
a porous block in this model and there is no need to generate a complicated mesh to model the plants, (iii)
the model calibration is based on only one parameter (i.e. equivalent porosity 𝑛𝑒𝑞) which is determined as a
function of Afront*, an easily measurable and commonly used vegetation parameter in the field, (iv) the model
can easily be calibrated for further experimental studies and an improved relationship for the equivalent
porosity could be proposed to reproduce many conditions which are not possible to test due to the limitation
of the laboratory facilities, and also to save both money and time, (v) the proposed coupling approach for
the extended model for flexible vegetation enables the users to replace any solver of the model system with
an alternative solver without having to adapt the other solver; however, more complicated models may
possibly need much more computational power and are, particularly in the case of monolithic fully coupled
fluid-vegetation models, more difficult and much less flexible/adaptive in practical applications.
The results of the comprehensive parameter study add two important new insights to the existing knowledge.
First, it is necessary to consider the mutual interaction of the individual effects of the parameters on wave
attenuation; ignoring these effects may result in incorrect and even contradictory conclusions. Second, for
investigating the effect of different parameters on wave attenuation, the assumed conditions and applied
approaches need to be taken into account. In fact, previous studies have shown that contradicting
conclusions may arise from differences in the approaches used for testing and/or analysing the results (see
examples in Section 4).

CONCLUDING REMARKS AND IMPLICATIONS FOR PRACTICAL
APPLICATIONS
Overall, the study has successfully attempted (i) to develop and systematically validate a CFD model
system for wave attenuation by both stiff and flexible vegetation under pure wave and wave-current
conditions, (ii) to systematically identify the most relevant hydraulic and vegetation parameters affecting
wave attenuation based on an extensive parameter study by applying the developed/validated model
system, and (iii) to develop a new set of formulae for the prediction of wave attenuation by both stiff
and flexible vegetation under pure wave and wave-current conditions.
The limitations of the proposed model system and of the results are systematically identified and
recommendations to overcome them are made accordingly [Hadadpour, 2020]: (i) as the formula and
the CFD model for flexible submerged vegetation under wave-current conditions are not yet validated
due to the lack of appropriate data, well-designed laboratory experiments would be required for a final
validation, (ii) as the relationship of equivalent porosity ne =f (Afront*) is crucial for the proposed porous
media approach and as it is simply obtained by calibration using limited laboratory data, further data
and studies would be needed. (iii) as density and buoyancy are kept constant in vertical direction, the
effect of a non-uniform vertical biomass distribution on wave attenuation still needs to be investigated,
(iv) as fluid and vegetation in the proposed model are not fully coupled, it is still unclear how and to
which extent ‘monami’ could affect the accuracy of the results.
Based on the findings, the following aspects are recommended for practical implications:
•
•
•
•

The proposed numerical approach is recommended as an appropriate tool to extend the range of
conditions tested in the laboratory and assess the wave-attenuating capacity of vegetation for
coastal protection purposes.
Considering the effect of plant flexibility is crucial to avoid overestimation of wave energy dissipation
in coastal protection projects, which may result in substantial damages.
In most natural environments, particularly in tidal coasts, it is crucial to consider the effect of
underlying currents on wave-attenuating capacity of vegetation and its potential as a natural solution
for shore protection.
A sufficient length of vegetation field is needed for each condition to maximise the effect of
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•

•

vegetation on wave height dissipation and hence the knowledge of this optimal meadow length is
crucial for improving natural coastal defence planning.
The proposed new prediction formulae for wave attenuation by stiff and flexible vegetation under
both wave and wave-current conditions, which accounts for the most relevant parameters of
vegetation and wave conditions, might represent an important step towards more reliable and wellvalidated formulae to help coastal communities to better assess coastal protection by different
vegetation meadows.
This is also particularly the case as these approaches can easily be adapted to also address the
attenuation of ship-induced waves by both stiff and flexible vegetation which is commonly employed
to mitigate bank erosion in waterways.
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SUMMARY
Recently, coastal protection has developed to one of the most crucial issues, resulting in a significant
number of studies on the role of vegetation in shore protection. From the review of these studies, there
is a general agreement that many complex physical processes are involved in the interaction of waves
and currents with vegetation. Hence, there is still a need for further research of wave and/or currentvegetation interactions to improve the understanding of eco-hydraulic processes. This study1 therefore
aims to improve the understanding of the highly complex wave-current-vegetation interaction, including
a more precise and systematic identification of the most influential parameters on the wave attenuation.
For this purpose, a new porous media-based approach for the modelling of wave attenuation by stiff
vegetation is applied using the Computational Fluid Dynamic (CFD) model, which is extended for
flexible vegetation by considering the dynamic response of flexible vegetation subject to water
waves/currents. The CFD model is systematically validated against laboratory tests for wave
attenuation by both stiff and flexible vegetation. In addition, the wave damping effect of vegetation is
investigated also for combined wave-current, which has been considered only in very few studies due
to the high complexity of wave-current-vegetation interactions. A systematic parameter study using the
extended model is performed for various vegetation and hydrodynamic conditions in order to better
understand the relative contribution of the parameters and physical processes to wave attenuation by
vegetation and thus, to provide a substantially larger dataset for the development of a new set of
prediction formula for wave attenuation by vegetation under pure wave and wave-current conditions.

1

The presented study is conducted within the author's doctoral studies at the Leichtweiß-Institute from October 2015 to April
2020. This article summarizes the main findings of the author’s doctoral dissertation (Hadadpour, 2020). The main outcomes
of this dissertation are prepared for publication in journal papers (Hadadpour et al., 2019,2021; Hadadpour and Oumeraci,
2022).
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The results show that the proposed porous media modelling approach and the obtained new formulae
perform relatively well for predicting wave attenuation by both stiff and flexible vegetation. Moreover, an
improved insight not only into the effects of vegetation and hydraulic parameters but also into the mutual
interaction of the individual parameters on wave attenuation is provided, highlighting the necessity to
also consider the effects of these parameters in combination.

RESUME
Récemment, la protection des côtes est devenue l'une des questions les plus cruciales, ce qui a donné
lieu à un nombre important d'études sur le rôle de la végétation dans la protection des côtes. D'après
l'examen de ces études, il est généralement admis que de nombreux processus physiques complexes
sont impliqués dans l'interaction des vagues et des courants avec la végétation. Par conséquent, il est
encore nécessaire de poursuivre les recherches sur les interactions entre les vagues et/ou les courants
et la végétation afin d'améliorer la compréhension des processus éco-hydrauliques. Cette étude vise
donc à améliorer la compréhension de l'interaction très complexe entre les vagues, les courants et la
végétation, y compris une identification plus précise et systématique des paramètres les plus influents
sur l'atténuation des vagues.
Dans ce but, une nouvelle approche basée sur les milieux poreux pour la modélisation de l'atténuation
des vagues par la végétation rigide est appliquée en utilisant le modèle CFD (Computational Fluid
Dynamic), qui est étendu à la végétation flexible en considérant la réponse dynamique de la végétation
flexible soumise aux vagues/courants. Le modèle CFD est systématiquement validé par rapport aux
tests de laboratoire pour l'atténuation des vagues par la végétation rigide et flexible. En outre, l'effet
d'amortissement des vagues par la végétation est également étudié pour les vagues et les courants
combinés, ce qui n'a été pris en compte que dans très peu d'études en raison de la grande complexité
des interactions vagues-courants-végétation. Une étude systématique des paramètres utilisant le
modèle étendu est réalisée pour diverses conditions de végétation et hydrodynamiques afin de mieux
comprendre la contribution relative des paramètres et des processus physiques à l'atténuation des
vagues par la végétation et ainsi, fournir un ensemble de données beaucoup plus important pour le
développement d'un nouvel ensemble de formules de prédiction pour l'atténuation des vagues par la
végétation dans des conditions de vagues pures et de vagues-courant.
Les résultats montrent que l'approche de modélisation des milieux poreux proposée et les nouvelles
formules obtenues fonctionnent relativement bien pour prédire l'atténuation des vagues par la
végétation rigide et flexible. De plus, une meilleure compréhension non seulement des effets de la
végétation et des paramètres hydrauliques mais aussi de l'interaction mutuelle des paramètres
individuels sur l'atténuation des vagues est fournie, soulignant la nécessité de considérer également
les effets de ces paramètres en combinaison.

ZUSAMMENFASSUNG
In letzter Zeit hat sich der Küstenschutz zu einem der wichtigsten Themen entwickelt, was zu einer
beträchtlichen Anzahl von Studien über die Rolle der Vegetation beim Küstenschutz geführt hat. Aus
der Auswertung dieser Studien geht allgemein hervor, dass viele komplexe physikalische Prozesse
an der Interaktion von Wellen und Strömungen mit der Vegetation beteiligt sind. Daher besteht noch
immer Bedarf an weiteren Untersuchungen der Wechselwirkungen zwischen Wellen und/oder
Strömungen und Vegetation, um das Verständnis der ökohydraulischen Prozesse zu verbessern.
Diese Studie zielt daher darauf ab, das Verständnis der hochkomplexen Wechselwirkung zwischen
Welle, Strömung und Vegetation zu verbessern, einschließlich einer genaueren und systematischen
Identifizierung der einflussreichsten Parameter auf die Wellendämpfung.
Zu diesem Zweck wird ein neuer, auf porösen Medien basierender Ansatz für die Modellierung der
Wellendämpfung durch steife Vegetation unter Verwendung des Computational Fluid Dynamic (CFD)Modells angewandt, das für flexible Vegetation erweitert wird, indem die dynamische Reaktion flexibler
Vegetation auf Wasserwellen/ Strömungen berücksichtigt wird. Das CFD-Modell wird systematisch
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anhand von Labortests zur Wellendämpfung durch starre und flexible Vegetation validiert. Darüber
hinaus wird die wellendämpfende Wirkung der Vegetation auch für die Kombination von Welle und
Strömung untersucht, die aufgrund der hohen Komplexität der Wechselwirkungen zwischen Welle,
Strömung und Vegetation bisher nur in sehr wenigen Studien berücksichtigt wurde. Eine
systematische Parameterstudie unter Verwendung des erweiterten Modells wird für verschiedene
Vegetations- und hydrodynamische Bedingungen durchgeführt, um den relativen Beitrag der
Parameter und physikalischen Prozesse zur Wellendämpfung durch die Vegetation besser zu
verstehen und somit einen wesentlich größeren Datensatz für die Entwicklung einer neuen Reihe von
Vorhersageformeln für die Wellendämpfung durch die Vegetation unter reinen Wellen- und
Wellenstrombedingungen bereitzustellen.
Die Ergebnisse zeigen, dass der vorgeschlagene Ansatz zur Modellierung poröser Medien und die
erhaltenen neuen Formeln relativ gut für die Vorhersage der Wellendämpfung sowohl durch steife als
auch durch flexible Vegetation geeignet sind. Darüber hinaus wird ein besserer Einblick nicht nur in
die Auswirkungen der Vegetation und der hydraulischen Parameter, sondern auch in die gegenseitige
Wechselwirkung der einzelnen Parameter auf die Wellendämpfung gewährt, was die Notwendigkeit
unterstreicht, auch die Auswirkungen dieser Parameter in Kombination zu berücksichtigen.

RESUMEN
Recientemente, la protección de las costas se ha convertido en uno de los temas más cruciales, lo
que ha dado lugar a un número importante de estudios sobre el papel de la vegetación en la protección
de las costas. De la revisión de estos estudios se desprende que hay un acuerdo general en que en
la interacción de las olas y las corrientes con la vegetación intervienen muchos procesos físicos
complejos. Por lo tanto, sigue siendo necesario seguir investigando las interacciones entre las olas
y/o las corrientes y la vegetación para mejorar la comprensión de los procesos ecohidráulicos. Por lo
tanto, este estudio pretende mejorar la comprensión de la complejísima interacción oleaje-corrientevegetación, incluyendo una identificación más precisa y sistemática de los parámetros más influyentes
en la atenuación del oleaje.
Para ello, se aplica un nuevo enfoque basado en medios porosos para la modelización de la
atenuación del oleaje por parte de la vegetación rígida utilizando el modelo de Dinámica de Fluidos
Computacional (CFD), que se amplía para la vegetación flexible considerando la respuesta dinámica
de la vegetación flexible sometida a las olas/corrientes de agua. El modelo CFD se valida
sistemáticamente frente a las pruebas de laboratorio para la atenuación de las olas por parte de la
vegetación rígida y flexible. Además, el efecto de amortiguación del oleaje por parte de la vegetación
se investiga también para la combinación oleaje-corriente, que sólo se ha considerado en muy pocos
estudios debido a la gran complejidad de las interacciones oleaje-corriente-vegetación. Se realiza un
estudio sistemático de parámetros utilizando el modelo ampliado para diversas condiciones de
vegetación e hidrodinámicas con el fin de comprender mejor la contribución relativa de los parámetros
y los procesos físicos a la atenuación del oleaje por la vegetación y, por tanto, proporcionar un
conjunto de datos sustancialmente mayor para el desarrollo de un nuevo conjunto de fórmulas de
predicción de la atenuación del oleaje por la vegetación en condiciones de oleaje puro y de corriente
de oleaje.
Los resultados muestran que el enfoque de modelización de medios porosos propuesto y las nuevas
fórmulas obtenidas funcionan relativamente bien para predecir la atenuación del oleaje por la
vegetación, tanto rígida como flexible. Además, se proporciona una visión mejorada no sólo de los
efectos de la vegetación y los parámetros hidráulicos, sino también de la interacción mutua de los
parámetros individuales en la atenuación de las olas, destacando la necesidad de considerar también
los efectos de estos parámetros en combinación.
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INTRODUCTION
Marine structures such as quay walls and jetties are often equipped with fenders (Figure 1) to avoid
damage to vessels and the berthing facility. The primary function of a fender is to absorb the kinetic
energy induced by vessels during berthing or mooring operations. When fenders are not able to absorb
this energy, financial losses for a terminal or port might occur. Consequently, it is crucial to ensure that
fenders are sufficiently reliable. Engineers usually select an appropriate fender size based on design
codes and guidelines. One of the most recognised and widely used guidelines is the work of PIANC WG
33 entitled ‘Guidelines for the Design of Fender Systems,’ which was published in 2002. This guideline
recommends applying an abnormal berthing factor (Cab), which could be seen as a global safety factor,
to the normal berthing energy to select a suitable fender.

Figure 1: Fender structures [Trelleborg Marine and Infrastructure, 2018]

However, recent studies argue that the existing design method for fenders can be improved. Firstly, the
derivation of the abnormal berthing factor in the guidelines is fairly unclear, leading to an imprecise
reliability level of fender (Iversen et al., 2019). Secondly, the input values suggested for fender design
24

often differ significantly from field observations. For instance, field measurements in several ports show
that the measured berthing velocities do not always align with fender design guidelines and that the
actual berthing angles of large container vessels are generally much lower [Ueda et al., 2010 ; Hein,
2014 ; Roubos et al., 2016]. Consequently, the members of PIANC WG 211 suggested performing a
reliability-based study to verify and improve the existing design approach.
Although the application of the reliability-based design approach has started becoming more prevalent
nowadays, it is not implemented in the existing design approach. Since 2002, some studies have been
conducted regarding the reliability of fender systems to verify the failure probability of a fender system
and to determine factors that influence fender reliability. Among them are studies performed by Ueda
et al. (2003), Yamase et al. (2010) and Versteegt (2013). However, these studies often assume that
vessel sizes, berthing velocities, and berthing angles are uncorrelated and that a single fender absorbs
all kinetic energy.
In reality, dependency may exist between vessel size and other design variables such as berthing
velocity and berthing angle. For instance, larger vessels might perform a more controlled manoeuvre
and tend to have a lower berthing speed and berthing angle than smaller vessels. Roubos et al. (2016)
studied the factors that influence berthing velocity. Based on the measurement data collected in the
Port of Rotterdam and Bremerhaven, this study examined the correlation between berthing velocity and
other variables such as vessels' dimensions, berthing policy, and type of fender system. This study
shows that the vessels' size generally does not have a strong negative correlation with berthing velocity
as what has been historically assumed by Brolsma et al. (1977). However, the absence of a strong
correlation does not always imply independence. It might be the case that random variables that appear
to exhibit no correlation have a non- linear dependency or only show correlation during extreme events,
which could not be captured by the linear correlation coefficient.
Also, when multiple fenders are installed on a marine structure, it is unlikely that vessels will contact
only one fender during normal berthing conditions. Single fender contact usually only occurs in the event
of a reasonably high berthing angle. Depending on their size, berthing angle, and fender spacing,
vessels may contact several fenders during berthing. If this happens, each fender's respective deflection
will determine the total berthing energy absorbed by the fender system. The fender system can then
absorb higher kinetic energy than that of a single fender contact, thus increasing its reliability.
Nevertheless, despite its importance, the underlying theory and calculation method of multiple fenders
contact is still limited. As a result, no studies on the probabilistic design of a fender system have yet taken
into account this factor.
This study aims to determine the reliability level of fender systems taking into account the influence of
dependence between design variables and multiple fenders contact. The results of this reliability-based
assessment will be used to determine partial factors of safety to be implemented in fender engineering
and to reach a cost-effective fender size.

THEORETICAL FRAMEWORK
Fender System
As a vessel approaches a marine structure, it possesses kinetic energy. This kinetic energy then is
acting as a load on fenders. PIANC (2002) gives the following formula to compute the kinetic energy
(𝐸𝑘):

where:
M
v
Ce
Cm
Cs
Cc

=
=
=
=
=
=

Displacement mass
Velocity
Eccentricity coefficient
Additional mass coefficient
Softness coefficient
Berth configuration coefficient

ton
m/s
[-]
[-]
[-]
[-]
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Furthermore, the PIANC guidelines also introduce what is known as an abnormal berthing factor (Cab).
This factor is used to take into account the unfavourable deviation of the kinetic energy. Several
abnormal berthing factors recommended by PIANC are given in Table 1.
Vessel
Tanker and Bulk Cargo
Container
General Cargo
Ro-Ro and Ferries
Tugs, Work, Boats

Size
Largest
Smallest
Largest
Smallest
-

Cab
1.25
1.75
1.50
2.00
1.75
2.00 or higher
2.00

Table 1 Cab recommended by PIANC (2002)

The abnormal berthing energy (𝐸𝑎𝑏 ) is computed as:
𝐸𝑎𝑏 = 𝐸𝑘 · 𝐶𝑎𝑏
In reality, the actual performance of a fender in absorbing kinetic energy is influenced by some factors,
including temperature, manufacturing tolerance, compression time, and angle of impact. The actual
fender absorption capacity (𝐸𝐹𝑒𝑛𝑑𝑒𝑟 ), thus, can be computed as:

where:
Ecv
MF
VF
TF
AF

=
=
=
=
=

The rated absorption capacity of a fender
Manufacturing tolerance
Velocity factor
Temperature factor
Angular factor

kNm
m/s
[-]
[-]
[-]

In the deterministic approach adopted in PIANC guidelines, fender systems are designed to fulfil:
𝐸𝐹𝑒𝑛𝑑𝑒𝑟 > 𝐸𝑎𝑏

Vine-Copula
Dependence often exists between multiple random variables. One way to model multivariate
dependence is by using the Vine-Copula, which was developed by Cooke in 1997. Figure 2 gives an
example of a Vine-Copula for three random variables (U, V, W). The Vine-Copula method uses
conditional distributions FU|V and FW|V to model dependence between variables U and W.

Figure 2: Illustration of hierarchical nesting of bivariate copulas in the construction of 3-D Vine-Copula
[Gräler et al., 2013]
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Furthermore, it is also important to note that the choice of the conditioning variables (e.g. V) is not unique.
Consequently, different choices might lead to different outcomes.
In this study, the Akaike Information Criterion (AIC) was used as the main criterion of goodness-of-fit to
select the most optimum Vine-Copula structure. AIC is a handy criterion, which is used to compare
statistical models based on the trade- off between the number of parameters (k) and the maximum loglikelihood value (L):
𝐴𝐼𝐶 = 2𝑘 − 2 · ln(𝐿)
Small AIC value indicates a high-quality model.

Reliability-Based Design
The reliability of a structure could be defined as its capability to fulfil its function. In this study, fender
reliability is described as a function of the fender absorption capacity and kinetic energy. In the
probabilistic approach, fender capacity and kinetic energy are a function of stochastic variables. The
probability of failure (Pf ) is then defined as the probability that the kinetic energy exceeds the capacity
of a fender system:
𝑃𝑓 = 𝑃(𝐸𝑘 > 𝐸𝑓𝑒𝑛𝑑𝑒𝑟 )
In the reliability-based assessment, a function separating the failure condition with a safe condition has
to be formulated. This function is known as the limit-state function, which is composed as:
𝑔 = 𝐸𝑓𝑒𝑛𝑑𝑒𝑟 − 𝐸𝑘 = 0
Several methods are available to estimate failure probability (e.g. Monte Carlo simulation and FORM).

Monte Carlo Simulation
Monte Carlo is based on the law of large numbers, which states that if an experiment is independently
generated a large number of times, its average should be close to its expected value. In that case, the
failure probability of a fender system could be estimated using:

where:
𝑁(𝐸𝑘>𝐸𝑓𝑒𝑛𝑑𝑒𝑟)
𝑁

= number of times 𝐸𝑘>𝐸𝑓𝑒𝑛𝑑𝑒𝑟
= total number of simulations

In this thesis, 500,000 samples were generated to estimate the failure probability.

First Order Reliability Method (FORM)
In FORM, all the basic variables in the original X-space are transformed into the independent standard
normal U-space, and all calculations are done in the U-space. The primary goal of FORM is to find the
design point in this U-space. The design point (u*) is defined as a point located on the limit-state function
G(u) whose distance from the origin is the shortest, which mathematically could be expressed as
[Kiureghian, 2005]:
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Where ‘𝑎𝑟𝑔𝑚𝑖𝑛’ denotes the argument of the minimum of a function, and u represents the vector of the
transformed standard normal variables. The corresponding design points in the physical space (x*)
could be obtained using iso- probabilistic transformation (e.g. Rosenblatt transformation).

Figure 3: Limit state function is transformed from the original space to standard normal space

Another essential feature of FORM is the linearisation of the limit-state function at the design point
(Figure 3), for which the perpendicular distance from this linearised limit-state function to the centre of
the circle is defined as reliability index (β). The failure probability is then approximated as the region
behind this linearised limit state function G(u)<0, whose value equals to:

Sensitivity Factor (α)
One of the advantages of FORM compared to the MCS is that besides the probability of failure, it also
gives the sensitivity factors (α), which could be interpreted as the contribution of each random variable
to the total variance of the limit-state function. Alpha could be computed as:

where 𝛻𝐺(𝒖∗) is the partial derivative of the limit-state function to the random variables at the design
point. A positive α-value indicates load variables, while a negative value represents resistance variables.

Importance Factor (γ)
In the event of uncorrelated variables, a standard normal random variable ui has a one-to-one
correspondence with the random variable xi in the original space. Therefore, the sensitivity factor in the
U-space equals the sensitivity factor in the X-space. However, this is not true for dependent variables.
Consequently, a new importance measure, gamma (γ), was introduced. Gamma is used to describe the
relative importance of a random variable in the physical X-space [Kiureghian, 2005]:

where:
α
=Sensitivity factors at the design point
Ju,x
=Jacobian of the transformation from U- to X-space at the design point
Dx*
=Diagonal matrix of standard deviation x*
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Partial Safety Factors
In the reliability-based approach, a fender system is designed to meet certain target reliability. One way
to achieve that is to assign partial safety factors to both kinetic energy and fender capacity. However,
this paper only derived the partial factor for kinetic energy (𝛾𝐸𝑘) as it has the most dominant influence
on the failure of a fender system. The appropriate values for 𝛾𝐸𝑘 was found using:

Where
𝐸𝑘;𝑑
𝐸𝑘;𝑐ℎ𝑎𝑟

=
=

Design kinetic energy (kNm)
Characteristic
kinetic
energy
(kNm)

The design kinetic energy was obtained as a direct result of FORM analysis. Whereas, the characteristic
value was calculated based on a certain exceedance probability of the load variables.

Reliability Target
The values of the reliability target mainly depend on the failure consequence and the cost of safety
measures. Table 2 shows the target reliability for fender design proposed by a subgroup of PIANC WG
211. It should, however, be noted that these reliability targets are not yet the final values, but the values
align with those in ISO2394 (2015).
Reliability Class
A

Consequence
Low

βtarget
4.74

B

Some

5.15

C

Considerable

5.31

D

High

5.57

Table 2: Proposed minimum target reliability for single arrival (βt)

DATA AND METHODOLOGY
General Procedure
Figure 4 shows a step-by-step analysis to assess the reliability of a fender system. This study evaluates
the reliability of fender systems designed using the deterministic method adopted in the PIANC
guideline. The first step was collecting relevant information such as site conditions and berthing
configuration. In this study, the container berths in Port of Rotterdam were used as an example.
Subsequently, the size and rated energy of buckling fenders were determined using the deterministic
method. The reliability of the fenders was then estimated using FORM and MCS. Before evaluating
fender reliability, distribution fitting and dependence analysis were performed, e.g. using real berthing
records. A Vine- Copula was then used to model the dependence between variables. The output of the
reliability-based assessment is the failure probability and the sensitivity factors of the design variables.
In this study, MCS was performed to confirm the validity of the results of FORM since the latter could be
inaccurate for a strongly nonlinear limit-state function. Furthermore, the Vine-Copula model was
implemented into FORM using an algorithm developed by Jiang (2015). Finally, the influence of
dependence and multiple fenders contact was studied by comparing the results of the reliability-based
assessment for the following four cases:
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1.
2.
3.
4.

Single fender contact & Independent variables
Single fender contact & Dependent variables
Multiple fenders contact & Independent variables
Multiple fenders contact & Dependent variables

Figure 4: Flowchart of the analysis
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Data Collection and Analysis
This study used the field measurement data to derive insight into the uncertainties of stochastic
variables. From October to December 2011, the Port of Rotterdam Authority collected berthing records
of large seagoing vessels. Figure 5 shows the location of the measurement. As could be seen from the
layout, the navigation conditions are relatively sheltered. The type of berthing in these berths is a parallel
landing procedure with a very low berthing angle. Furthermore, it is known that the nautical depth at the
container berths is approximately 17 m. The marine structure is generally a rigid quay wall, equipped
with buckling fenders having a fender pitch of 14 m.

Figure 5: The location of the measurement in Port of Rotterdam [Roubos et al., 2016]

The distribution of the collected data and its associated fitted distribution is shown in Figure 6. The
average of the observed berthing velocity is 3.9 cm/s, while the maximum value measured was 10 cm/s.
Moreover, the observed berthing angle is found to be quite low, where the average and maximum values
are 0.13o and 1.50o, respectively.

Figure 6: The results of the distribution fitting to the observed data
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Table 3 lists the distribution functions that best fit the data and their corresponding parameters. Besides
the three observed variables above, temperature and manufacturing tolerance were also considered as
stochastic variables in this study. The distribution of manufacturing tolerance was obtained from test
results provided by a fender supplier, whereas the distribution of the temperature was based on local
information.

Variables

Distributio
n family

Parameters

Displacement

Weibull

4.38 cm/s

Scale

1.7 cm/s

Velocity

Uniform

8,000
tonnes

Angle

Gamma

1.19°

Scale

0.27 °

Shape

Manufacturing
Tolerance

Normal

1

Mean

0.033

Standard deviation

Temperature

Normal

15°C

Mean

5 °C

Standard deviation

Lower boundary 260,000 tonnes

Shape
Upper boundary

Table 3: Distribution functions of the stochastic variables and their parameters

Furthermore, Figure 7 shows the bivariate plots of the observed data. It is clear from the figure that
vessel size, berthing velocity, and berthing angle of the container vessels are, to some extent, correlated
where their associated Pearson correlations coefficient are presented in Table 4. It is observed that
larger vessels tend to have a lower berthing angle and lower berthing velocity. Also, the dependencies
between the variables are not entirely linear.

Variables
DisplacementVelocity
Displacement-Angle
Velocity-Angle

Pearson's
correlation
-0.61
-0.51
0.54

Table 4: Pearson's correlation of the observed
data

Figure 7: Bivariate plots of the observed data

Multiple Fenders Contact Simulation
Since the berthing angle at the moment of fender contact was fairly low, the effect of multiple fenders
contact was considered using simulation. First, many berthing manoeuvres were simulated. For each
simulation, the vessel size and berthing angle were randomly selected. Then the respective deflection
of the fenders that are in contact with the vessel was computed. Using the energy-deflection curve of
the fender, the total energy that a fender system can absorb was then estimated. Based on the
simulation results, an empirical relationship was found between the energy absorption capacity of a
fender system, vessels' size, and berthing angle.
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The contribution of multiple fenders was included in the limit-state function via energy multiplication
factor, denoted by nmultiple. During the berthing impact, a vessel might contact multiple fenders. The
ratio of the maximum energy that those fenders can absorb to the rated energy capacity of a single
fender is defined as the energy multiplication factor:

Where Ei is the maximum energy absorption of fender-i and m is the number of fenders activated during
berthing impact. Theoretically, this factor is influenced by vessel size, the distance between fenders,
and berthing angle. Therefore, the energy absorption capacity in the event of multiple fenders contact
is written as:
𝐸𝐹𝑒𝑛𝑑𝑒𝑟 = 𝑛 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒 · 𝐸𝑐𝑣 · 𝑀𝐹 · 𝑉𝐹 · 𝑇𝐹 · 𝐴𝐹

Determination of Fender Size Using PIANC 2002
This section presents two fenders which were designed following the PIANC guideline. These fenders
were designed to be able to absorb abnormal kinetic berthing energy. The first design was made
assuming one single fender absorbs all the kinetic energy, while the second was done taking into
account the effect of multiple fenders contact. In the second case, it was considered that three fenders
absorb the berthing energy, in which the ship hits the middle fender first and that the adjacent fenders
do not completely deflect (Figure 8). The energy multiplication factor was then found to be 1.76.

Figure 8: Assumption used for multiple fenders contact

Subsequently, the abnormal kinetic energy was computed by applying an abnormal berthing factor Cab
of 1.5 (see Table 1). Section 3.2 describes the other necessary information, such as distance between
fenders and nautical water depth. The associated fender size was found in the catalogue of one of the
fender suppliers.
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Parameters
Value
Source
M
260,000 tonnes
Observed
Θ
1.5°
data
T
30°C
v

10 cm/s

Cab
VF
MF
TF
AF

1.5
1.05
0.9
0.98
1

Remarks
The maximum water displacement of the largest vessel.
The maximum observed berthing angle.
Assumption
The Brolsma’s velocity curve for sheltered berthing
PIANC
conditions.
2002
Value for large container vessels.
VF for velocity = 10 cm/s
Fender Value recommended by fender supplier
catalogue
MF for temperature = 30°C
AF = 1 for angles <10°

Table 5: Design parameters used for the design calculation

Based on the design parameters above, the kinetic and abnormal berthing energy were computed, and
fenders were subsequently selected. The results are then summarized in Table 6. The result shows that
the abnormal berthing energy Eab=1790 kNm. Consequently, a fender with rated capacity Ecv=1950
kNm was selected for a single fender contact. Whereas, a smaller fender with Ecv=1140 kNm was
chosen for the multiple fenders contact. It should be noted that the energy absorption capacity for
multiple fenders contact is higher since three fenders contribute to absorbing the berthing energy.
Berthing Energy

Selected Fenders
Height

Ecv

Efender

Safety
Requirement
(EFender > Eab)

1.6

1950 kNm

1809 kNm

🗸

1.4

1140 kNm

1861 kNm

🗸

Cases
Ek

Eab

Type

Single fender
SCN1600
contact
Multiple fenders 1193 kNm 1790 kNm
SCN1400
contact

Table 6: The design load, selected fender size and capacity

INPUTS FOR RELIABILITY-BASED ASSESSMENT
Dependence Modelling of Stochastic Variables
Since berthing velocity, berthing angle, and displacement are, to some extent, correlated (Figure 7), a
Vine-Copula structure was constructed to model dependency between these variables (Figure 9). The
most suitable bivariate copula families and their parameters were based on the smallest AIC value
(Table 7).

Figure 9: Selected Vine-Copula structure based on the AIC value
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Variables
Displacement & Angle
Velocity & Displacement
Velocity & Angle| Displacement

Copula
Clayton 270o
Gumbel 270 o
Frank

Parameter
1.12
1.69
1.35

Table 7: The most optimum Vine-Copula structure

Simulation of Multiple Fenders Contact
Since the observed berthing angles are quite low, the effect of multiple fenders contact was taken into
account via simulation (Figure 10). The results show that in the event of low berthing angles, more
fenders are activated. Hence, the energy absorption capacity of the fenders is much higher for low
berthing angles. For higher berthing angles (e.g.>1.5o), the capacity of the fender system is mostly
influenced by the geometry of the vessel’s bow, and the energy multiplication factor (nmultiple) seems
to reach a minimum value of approximately 2.8. Therefore, the assumption of 3 fenders contact
(nmultiple=1.76) in Figure 8 is too pessimistic. In the event of a low berthing angle, it seems reasonable
to use nmultiple=2.5- 3 in the design calculation.
The result shows that almost all fenders along a vessel’s body are activated during parallel berthing.
Consequently, longer vessels activate more fenders. While for high berthing angles, the number of
fenders activated is influenced mainly by the bow radius, whose size difference is much smaller
compared to the difference of vessel length, explaining a small difference of energy multiplication factor
for high berthing angle. Furthermore, it is observed that the total berthing energy that multiple fenders
can absorb decreases asymptotically as the berthing angle increases.

Figure 10: Scatter plot of the nmultiple and berthing angle for various vessel's sizes (Pitch=14 m)

RESULTS OF THE RELIABILITY-BASED ASSESSMENT
Reliability Assessment
This section presents the results of the reliability-based assessment. Table 8 compares the failure
probability, and the associated reliability index derived using FORM and Monte Carlo. The result shows
that the failure probabilities derived using Monte Carlo are slightly smaller compared to the FORM
results. However, this small difference is acceptable.
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Cases
Single & Independent
Single & Dependent
Multiple & Independent
Multiple & Dependent

Pf
Fenders
Ecv
Height Monte Carlo
-4
1.06*10
-7
1950 kNm 1.6 m
2.00*10
-8
5.48*10
-12
1140 kNm 1.4 m
5.78*10

FORM
-4

1.35*10
-7
5.30*10
-7
1.94*10
-12
2.99*10

β
Monte Carlo
3.70
5.06
5.31
7.11

FORM
3.64
4.88
5.06
6.88

Table 8: Failure probability per berthing arrival and the corresponding reliability index

Furthermore, the results show that the failure probability significantly decreases when the dependency
between variables is taken into account. This increase is due to the much smaller probability of having a
large vessel with high berthing velocity and berthing angle when the design variables are negatively
correlated, which results in a generally lower kinetic energy. Also, the results show that the failure
probability of multiple fenders contact (Ecv=1140 kNm and height=1.4 m) is much lower compared to
single fender contact (Ecv=1950 kNm and height=1.6 m), despite a smaller fender size and capacity. This
finding highlights the favorable effect of multiple fenders contact. These results of the reliability-based
assessment show that the negative correlations between the design variables and the contribution of
multiple fenders contact could significantly influence the reliability level of a fender system.

Sensitivity Analysis
This section discusses to what extent design variables influence the reliability of a fender system. Table
9 presents the α- values obtained from FORM analysis for independent random variables. A high αvalue indicates a dominant variable. The results show that the berthing velocity is the most dominant
variable. Another variable with a substantial contribution is the displacement.
Furthermore, it is found that the contribution of berthing angle becomes more important in the event of
multiple fenders contact as it vastly influences the number of fenders that are activated. The
contributions related to fender manufacturing and temperature are fairly low. However, it should be
noted that the distribution functions used do not represent low-quality fenders.
α
Variables
Velocity
Displacement
Angle
Manufacturing Tolerance
Temperature

Single Fender Contact
0.94
0.32
1.85*10-4
-0.057
0.014

Multiple fenders contact
0.91
0.25
0.33
-0.07
0.02

Table 9: Sensitivity factors for the independent cases

Table 10 gives the γ-values of the variables for the dependent variables' cases. The result shows that the
berthing velocity is still the most critical variable. The result also shows that the influence of displacement
becomes more substantial when dependency between input variables is taken into account. Moreover,
similar to the independent cases, the influence of berthing angle is only vital in the event of multiple
fenders contact.
γ
Variables
Velocity
Displacement
Angle
Manufacturing Tolerance
Temperature

Single Fender Contact
0.83
0.55
-5
8.68*10
-0.053
0.014

Multiple fenders contact
0.77
0.57
0.28
-0.062
0.016

Table 10: Importance factors for the dependent cases
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Derivation of Partial Safety Factor
The partial factors for kinetic energy ( 𝛾𝐸𝑘) were derived by first defining the characteristic values of the
velocity, displacement, and berthing angle. The characteristic values for those variables and their
associated exceedance probability are given in Table 11. The characteristic kinetic energy was then
computed using those characteristic values as inputs.
Variables
Velocity

Characteristic Values

Exceedance Probability

15.44 cm/s

0.02 %

260,000 tonnes
0.91°

0 %*

Displacement
Angle

5%

*) Maximum displacement of the largest vessel.

Table 11: Characteristic values used in the calculation

Subsequently, the design values for kinetic energy were found using the results of multiple FORM
analyses for the different target reliabilities (Table 2). Based on the characteristic and design values,
the partial energy factors can be determined. The results are given in Table 12.

Classes

βt

A

4.75

B

5.15

C

5.32

D

5.57

𝑬𝒌;𝒄𝒉𝒂𝒓
(kNm)

2460

Single-Independent
𝜸𝑬𝒌

𝑬𝒌;𝒅 (kNm)

Multiple-Independent
𝜸𝑬𝒌

𝑬𝒌;𝒅 (kNm)

3669

1.49

3171

1.29

4382

1.78

3822

1.55

4698

1.91

4113

1.67

5214

2.12

4600

1.87

Table 12: Results of the derivation of partial safety factors

The result shows that 𝛾𝐸𝑘 are ranging from 1.29 to 2.12 for the independent scenarios, which is in the
same range as the existing codes. However, it has to be noted that 𝛾𝐸𝑘 were derived using a
characteristic berthing velocity of 15.44 cm/s, higher than the characteristic value of 10 cm/s suggested
by Brolsma (1977). Consequently, higher partial factors are required when the design velocity is derived
from Brolsma's velocity curve. In practice, characteristic values of velocity are generally higher than 10
cm/s [Roubos, et al., 2016]. Furthermore, lower partial energy factors were found for multiple fenders
contact. Although the partial energy factors for the dependent scenarios are not yet determined, it
seems that the design value for kinetic energy is much lower, and thus, requires smaller fenders.

Evaluation of the Abnormal Berthing Coefficient
As already mentioned earlier, PIANC introduced the abnormal berthing coefficient (Cab) as a safety
factor for fender design. The results of reliability-assessment show that, in general, fenders designed
using Cab meets the target reliabilities listed in Table 2. However, the recommended Cab values in
Table 1 seems to be not sufficient for a single fender contact case. Therefore, the partial safety factors
method as derived in Section 5.3 is recommended to be implemented in the new guidelines. Using this
method, engineers can allocate an appropriate partial factor according to the intended failure
consequence and design assumption (e.g. single/multiple contacts) and thus, avoiding an
overdesigned.
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CONCLUSION AND RECOMMENDATION
During this study, some novel insights related to fender design have been acquired. It is highly
recommended that these aspects will be discussed in future PIANC Working Groups. The most
important findings and recommendations of this study are:
•
•

•

•

•

The results of this study confirm that the uncertainty in berthing velocity largely influences the
reliability of a fender system.
The effect of fairly low berthing angles and multiple fenders contact can significantly influence the
reliability of a fender system. When this effect is not taken into account, the design of the fender will
be too conservative. It is therefore recommended that these favourable effects be implemented in
the design guidelines for fender systems.
For fairly low berthing angels, the length of a vessel mainly determines the number fenders
activated. In contrast, for higher berthing angles, the number of fenders activated is dominated by
the bow radius of a vessel. At present, design guidance for parallel berthing is still lacking. It is highly
recommended that PIANC WG 211 develops a practical method to take into account this aspect.
The dataset of the berth used in this study shows that vessel size is negatively correlated with
berthing angle and berthing velocity. This negative correlation significantly reduces the probability of
failure, or in other words enhancing the reliability of a fender system. Neglecting this negative
correlation might lead to the oversized fender design.
Although PIANC WG145 has collected a lot of data, the available amount of berthing operation
records is still limited. Consequently, it is recommended to collect new data to confirm correlations
between berthing velocity and other design variables. This study also recommends PIANC WG 211
to take the influence of multiple fenders contact and correlation between variables into consideration
to develop a cost-effective fender design.
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SUMMARY
PIANC has published several Working Group reports related to the design of fender systems. The work
of PIANC WG 33 is widely accepted by the industry and has been used to design marine structures
worldwide. However, the existing design approach does not distinguish uncertainties in fender
engineering, e.g. uncertainties related to vessel sizes, berthing velocities, and berthing angles. This
paper aims to implement these uncertainties into fender design using a reliability-based approach.
Moreover, the influence of multiple fenders contact and correlations between vessel size, berthing
velocity, and berthing angle on the failure probability of a fender system was analysed. These
correlations were modelled using a Vine-Copula, while the contribution of multiple fenders contact was
investigated by performing simulation. Furthermore, the failure probability of the fender system was
determined using the First Order Reliability Method and Monte Carlo simulation. The results show that
uncertainty in berthing velocity, the effect of multiple fenders contact, and dependence between design
variables largely influence the reliability of a fender system. Consequently, it is highly recommended to
incorporate all these aspects into the design approach to accomplish a cost-effective design solution.
The key findings of this study can be used by PIANC WG 211 to update the existing design approach
of fender systems and help to interpret the berthing records analysed by PIANC WG 145.
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RESUME
PIANC a publié plusieurs rapports de groupes de travail relatifs à la conception des systèmes de
défense. Le travail du groupe de travail 33 de PIANC est largement accepté par l'industrie et a été
utilisé pour concevoir des structures maritimes dans le monde entier. Cependant, l'approche de
conception existante ne distingue pas les incertitudes dans l'ingénierie des défenses, par exemple les
incertitudes liées aux tailles des navires, aux vitesses d'accostage et aux angles d'accostage. Cet article
vise à intégrer ces incertitudes dans la conception des défenses en utilisant une approche basée sur
la fiabilité. En outre, l'influence du contact de défenses multiples et des corrélations entre la taille du
navire, la vitesse d'accostage et l'angle d'accostage sur la probabilité de défaillance d'un système de
défenses a été analysée. Ces corrélations ont été modélisées à l'aide d'une Vine-Copula, tandis que la
contribution du contact des défenses multiples a été étudiée par simulation. En outre, la probabilité de
défaillance du système de défenses a été déterminée à l'aide de la méthode de fiabilité du premier
ordre et de la simulation de Monte Carlo. Les résultats montrent que l'incertitude de la vitesse
d'accostage, l'effet du contact des défenses multiples et la dépendance entre les variables de
conception influencent largement la fiabilité d'un système de défenses. Par conséquent, il est fortement
recommandé d'intégrer tous ces aspects dans l'approche de conception afin d'obtenir une solution de
conception rentable. Les résultats clés de cette étude peuvent être utilisés par le WG 211 de PIANC
pour mettre à jour l'approche de conception existante des systèmes de défenses et aider à interpréter
les enregistrements d'accostage analysés par le WG 145 de PIANC.

ZUSAMMENFASSUNG
PIANC hat mehrere Arbeitsgruppenberichte über den Entwurf von Fendersystemen veröffentlicht. Die
Arbeit der PIANC WG 33 ist in der Industrie weithin anerkannt und wird weltweit für den Entwurf von
Schiffskonstruktionen verwendet. Der bestehende Entwurfsansatz berücksichtigt jedoch nicht die
Unsicherheiten bei der Konstruktion von Fenderanlagen, z.B. die Unsicherheiten in Bezug auf
Schiffsgrößen, Anlegegeschwindigkeiten und Anlegewinkel. In diesem Beitrag wird versucht, diese
Unwägbarkeiten bei der Fenderkonstruktion mit Hilfe eines zuverlässigkeitsorientierten Ansatzes zu
berücksichtigen. Darüber hinaus wurde der Einfluss des Kontakts mehrerer Fender und der
Korrelationen zwischen Schiffsgröße, Anlegegeschwindigkeit und Anlegewinkel auf die
Ausfallwahrscheinlichkeit eines Fendersystems analysiert. Diese Korrelationen wurden mit Hilfe einer
Vine-Copula modelliert, während der Beitrag des Kontakts mehrerer Fender durch Simulationen
untersucht wurde. Außerdem wurde die Versagenswahrscheinlichkeit des Fendersystems mit Hilfe der
Zuverlässigkeitsmethode erster Ordnung und der Monte-Carlo-Simulation ermittelt. Die Ergebnisse
zeigen, dass die Unsicherheit bei der Anlegegeschwindigkeit, die Auswirkungen des Kontakts mehrerer
Fender und die Abhängigkeit zwischen den Entwurfsvariablen die Zuverlässigkeit eines Fendersystems
stark beeinflussen. Es wird daher dringend empfohlen, all diese Aspekte in den Entwurfsansatz
einzubeziehen, um eine kosteneffiziente Entwurfslösung zu erreichen. Die wichtigsten Ergebnisse
dieser Studie können von der PIANC WG 211 genutzt werden, um den bestehenden Entwurfsansatz
für Fendersysteme zu aktualisieren und die von der PIANC WG 145 analysierten Anlegeprotokolle zu
interpretieren.

RESUMEN
La PIANC ha publicado varios informes de grupos de trabajo relacionados con el diseño de sistemas de
defensas. El trabajo del Grupo de Trabajo 33 de la PIANC es ampliamente aceptado por la industria y se
ha utilizado para diseñar estructuras marinas en todo el mundo. Sin embargo, el enfoque de diseño
existente no distingue las incertidumbres en la ingeniería de las defensas, por ejemplo, las incertidumbres
relacionadas con el tamaño de los buques, las velocidades de atraque y los ángulos de atraque. El
objetivo de este trabajo es incorporar estas incertidumbres al diseño de las defensas mediante un enfoque
basado en la fiabilidad. Además, se analizó la influencia del contacto de múltiples defensas y las
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correlaciones entre el tamaño del buque, la velocidad de atraque y el ángulo de atraque en la probabilidad
de fallo de un sistema de defensas. Estas correlaciones se modelaron mediante una cópula Vine,
mientras que la contribución del contacto de múltiples defensas se investigó mediante una simulación.
Además, se determinó la probabilidad de fallo del sistema de defensas mediante el método de fiabilidad
de primer orden y la simulación de Monte Carlo. Los resultados muestran que la incertidumbre en la
velocidad de atraque, el efecto del contacto de múltiples defensas y la dependencia entre las variables
de diseño influyen en gran medida en la fiabilidad de un sistema de defensas. En consecuencia, es muy
recomendable incorporar todos estos aspectos en el enfoque de diseño para lograr una solución de
diseño rentable. Las principales conclusiones de este estudio pueden ser utilizadas por el GT 211 del
PIANC para actualizar el enfoque de diseño existente de los sistemas de defensas y ayudar a interpretar
los registros de atraque analizados por el GT 145 del PIANC.
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INTRODUCTION
In the Netherlands, circa 18 % of the goods are transported by means of inland navigation. [CBS, 2019]
Therefore, it is important that safe infrastructure is guaranteed. With the majority of the Dutch locks and
bridges being constructed in the aftermath of the Second World War, the end of their intended life span is
approaching in the upcoming years. Consequently, maintenance or renovation of these structures and the
corresponding guide works is required.
From performed measurements on the berthing velocities of the second impact for very large crude
carriers (VLCCs) [Bratteland, 1988] and for tankers and bulkers [Roubos, Groenewegen, Hein, & Wal,
2016] it was found that the berthing velocity during a second impact is in the same order of magnitude as
during the first impact. Although berthing procedures and brush collisions are different processes,
similarities can be observed. As a result, it was desired to evaluate the second impact during brush
collisions between a inland navigation vessel and a guide work. Furthermore, a computational motivation
for the magnitude of the second impact was still lacking.
In Figure 1, the situation overview of a brush collision between a vessel and a guide work is given. The
movement of the vessel is the time domain is shown indicatively and it can be observed that a second
impact takes place.

Figure 1: Situation overview of a brush collision between a vessel and a guide work
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METHODOLOGY
A parametric tool that simulates brush collisions between a vessel and a guide work has been created in
Python. During the simulations the time domain is discretised into sufficiently small time steps of 0.1
seconds. At the end of each timestep the position and both the translational and rotational velocity of the
centre of gravity and the corners of the vessel are updated by means of kinematic equations. While
updating the position and velocities, the contact force between the vessel and the structure, as well as the
influence of the drag and added mass of the water surrounding the colliding vessel are taken into account.
A 10,000 t vessel with a length of 100 m with an initial velocity of 1.5 m/s in x-direction (see Figure 1) and
an initial angle of contact between the vessel and the structure of 5 degrees is used as a reference
situation. By running the model and varying one parameter at a time, the influence of this parameter on
the magnitude of the second impact is visualised. The eight parameters that are investigated are: the
mass, the length and the draught of the vessel, the outside diameter of the horizontal berthing beam and
the vertical piles, the length of the vertical piles above bed level, the initial velocity of the vessel and the
initial angle of contact between the vessel and the structure.
The guide work used in the simulations consists of five vertical piles connected with one horizontal
berthing beam and is schematically represented in Figure 2. Also, the geometrical parameters of the
structure are shown in this figure. The interaction between the piles and the soil is based on Blum’s method
and is modelled using translational and rotational springs on a fictitious depth. Both the stiffnesses and
the depth are dependent on the horizontal load at the top of the pile and thus change during the analysis.

Figure 2: Parameters guide work

In Figure 3, the coordinate system is presented and the definitions with respect to the movement of the
vessel are given. Also the lengths a, b, c and d are introduced in order to describe the movement of the
corner points of the vessel. Finally, it is worth mentioning that the ‘over-dot’ notation is used for the
derivative with respect to time, with velocity and acceleration being the first and second time derivative
respectively of the displacement.
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Figure 3: Definitions moving vessel in the horizontal plane

When the terms and definitions are introduced, the workflow of the analysis in the time domain can be
presented, see Figure 4. The analysis starts at t=0 when the vessel starts to make contact with the
structure and an exchange of momentum between the flexible dolphin and the vessel takes place.

Figure 4: Workflow of the analysis in the time domain

Then, the movement is discretised into timesteps. During the first time step the vessel moves in negative
y-direction leading to a deformation on the guide work; a prescribed deformation is imposed on the
structure. Due to the imposed deformation a corresponding contact force is exerted on the vessel. On top
of that, the drag force of the water is exerted on the vessel. The combination of these forces are then used
in kinematic equations to update the position and velocities of the centre of gravity (COG) of the vessel
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using an explicit time-stepping scheme. By means of geometrical relations the position and velocity of the
bow and the stern are updated as well.
In the upcoming time steps this procedure is repeated until the bow is not in contact with the structure
anymore. At that moment only the water is still influencing the movement of the vessel. Thereafter, when
the stern makes contact with the structure, a similar workflow is used for describing the movement of the
vessel during the second impact as done for the first impact.

VERIFICATION
Before the results of the influence of the different parameters on the second impact are presented, a
verification of the created Python model is made. For the reference situation, the energy balance of the
system in the time domain is constructed. Subsequently, the movement of the vessel during a brush
collision is investigated qualitatively. Finally, the link with the design guidelines of the EAU and the PIANC
is made.

Figure 5: Contact force in the time domain of the reference situation

Figure 5 is inserted to illustrate the behaviour of the contact force in the time domain. It can be seen that
from t0 to t2, when the first impact takes place the contact force has a sinusoidal behaviour. Subsequently,
one can observe a time interval when nor the bow nor the stern is in contact with the structure. And finally,
between t3 and t4 the second impact takes place.

Figure 6: Energy balance in the time domain for the reference situation
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In Figure 6 the energy balance of the analysis is shown. At the start of the analysis all the energy in the
system comes from the translational velocity of the vessel. Then, during the first impact (from t 0 to t2) the
kinetic energy due to translation rapidly decreases, while the rotational kinetic energy increases.
Furthermore, one can see that, at t=t1, the maximum deformation of the structure and the soil takes place,
leading to a local peak in the energy graph for the potential energy curves. Then, between the two time
intervals of contact, t2 to t3, the drag is working on the vessel leading to a decrease of the kinetic energies
and an increase in the work done by both drags.
During the second impact, t3 to t5, the rotation of the vessel needs to be reversed. Therefore, first all
rotational kinetic energy needs to be absorbed by the structure, resulting in a global maximum in both
potential energy curves.
The only inconsistency that can be observed from Figure 6 is that the total amount of energy in the system
displays some fluctuations while it should be constant. The origin of this disturbance is not known. It is
expected, however, that the distortion is related to the definition of the energy of the subparts of the Python
model, and is not related to the description of the contact forces or the movement of the vessel. This
expectation arises from the fact that after the second impact is finished, the same energy level as before
the second impact is present.
A thorough investigation of the potential energy stored in the soil and vertical piles is executed by
examining the potential energy of each pile and the surrounding soil separately, instead of using a
summation of these contributions. This, however, has not led to an explanation of the disturbance in the
energy balance.
Finally, the value of the maximum potential energy in the system during the first impact is compared with
design guidelines of the EAU and the PIANC. Since the loading on flexible dolphins, and thus guide works,
is specified by the amount of energy that needs to be absorbed, the EAU and the PIANC prescribe this
value with the following expression. [EAU, 2012]
(Eq.1)

where:
Kinetic energy of the vessel to be absorbed by the dolphin
Ekin
m

Mass of the vessel

[Nm]
[kg]

v Total translationval velocity of the centre of gravity of the vessel

[m/s]

Cm

Virtual mass factor

[-]

Cs

Ship flexibility factor

[-]

CC

Waterfront attenuation factor

[-]

Cm

Eccentricity factor

[-]

By making use of Equation 1, the total amount of kinetic energy that needs to be converted to potential
energy in the structure can be found. Subsequently, this value is compared to the sum of the green and
orange line in Figure 6. It appears that the difference between the two values is less than 1.5 %, which
means that the model is able to provide accurate results.

RESULTS
Within this chapter the influence of the investigated input parameters on the contact force and the amount
of kinetic energy that is absorbed during the first impact and second impact is discussed. In this paragraph,
the term ‘energy absorption’ refers to the maximum amount of kinetic energy during an impact that is taken
up by the soil and the structure as potential energy. The amount of converted kinetic energy into potential
energy can then be related to the force that is being exerted on the guide work.
The graphs within this section are constructed in the following manner: on the horizontal axis the varied
parameter is plotted. The left vertical axis gives the amount of energy that is absorbed by the structure and
the soil, scaled by the total initial kinetic energy that is present in the system. Simultaneously, the right
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vertical axis gives the eccentricity factor as defined in the EAU. The total initial energy for scaling purposes
is, see Equation 2, defined as:

𝐸𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 0.5 𝑚 𝑣 2 𝐶𝑚𝐶𝑠𝐶𝑐

(Eq. 2)

Since the Cm factor is already included in the created Python model as added mass and the Cs and Cc
factor are equal to 1.0 for guide works, the reduction of the to be absorbed kinetic energy due to the
eccentricity becomes visible. By presenting the results in this way, it can clearly be seen whether or not
the EAU recommendation for the amount kinetic energy of kinetic energy that needs to be absorbed is in
line with the model.
Short notations are used in the legends. E_abs_1 and E_abs_2 denote the maximum of amount of
potential energy in the structure and soil during the first and second impact respectively, while F1_max
and F2_max are used for the denoting the maximum occurring contact force during respectively the first
and second impact. Moreover, the amount of absorbed energy is compared to the value that would have
been found when the design guidelines of the EAU and the PIANC were used.
It also needs to be mentioned that 90 seconds of analysis are performed for each situation. Consequently,
for some of the investigated cases no second impact is recorded, since this second impact did not occur
at all, or did not occur within the elapsed time.

a)

b)
Figure 7: Influence mass vessel on contact force during first and second impact

First of all, the influence of the mass of the vessel on the energy absorption during the first and second
impact is investigated, see Figure 7. It can be observed from the figure that for all the presented results,
more energy is absorbed during the second impact than during the first impact. This means that for every
investigated value of the mass of the vessel, the maximum force associated with the second impact is
larger than the force that occurs during the first impact.
On top of that, application of Equation 1 as recommended by the EAU gives an overestimation of the
amount of kinetic energy that needs to be absorbed during the first impact, except for the vessel with a
mass of 1E6 kg. For the second impact, however, the amount of kinetic energy that needs to be absorbed
is larger than one would expect based on the recommendation of the EAU. Making use of the traditional
design method, will then lead to an underestimation of the loading on the guide work.

a)

b)
Figure 8: Influence length vessel on contact force during first and second impact

Secondly, the influence of the length of the colliding vessel is investigated. In order to maintain realistic
scenarios, the original mass of the colliding vessel is scaled accordingly to the variation in length. For
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example: the reference length and mass of the vessel are 100 m and 10,000 tonnes respectively. In case
a vessel with a length of 80 m is investigated, the reference mass is scaled by 80 m/100 m = 0.8 [-].
Similar to the influence of the mass of the vessel, it can be seen that for every investigated situation, the
second impact is governing the first impact, see Figure 8. On top of that, the figure shows that application
of the eccentricity factor according to the EAU leads to an overestimation of the amount of kinetic energy
that needs to be absorbed during the first impact for vessels up to eighty metres. Nonetheless, the effects
of the second impact are still underestimated in case the EAU recommendation is used.

a)

b)
Figure 9: Influence draught vessel on contact force during first and second impact

From Figure 9 it can be seen that an increase of the draught leads to a more severe impact force during
the first impact. Contrary to the first impact, the magnitude of the contact force during the second impact
decreases for an increasing draught of the colliding vessel.
Explanation for this latter phenomenon can be found in the drag that the vessel experiences. An increase
of the draught leads to an increase of the drag force as well. As a consequence, kinetic energy is
dissipated before the second impact takes place and thus does not need to be absorbed by the structure
anymore.
For vessels with a draught up to 7 meters, the second impact dominates over the first impact. On top of
that, application of the EAU recommendation again leads to an under-estimation of the energy, and thus
force, that is exerted on the guide work during the second impact.

a)

b)
Figure 10: Influence diameter berthing beam on contact force during first and second impact

Subsequently the diameter of the horizontal berthing beam and the vertical piles is varied to examine the
effect on the energy absorption and the contact force between the vessel and the guide work. The
influence of these two parameters are treated simultaneously, because of the resemblance of the results,
see Figure 10 and Figure 12.
Figure 10 and Figure 12 clearly show that the amount of energy that is absorbed remains approximately
equal for all investigated diameters. The associated contact force, however, is not constant and increases
for an increasing tube diameter; a larger diameter generates a greater moment of inertia, Iz, of the cross
section (Iz is proportional with the diameter to the power 4), which then leads to an increased bending
stiffness. From Figure 11 it can be seen that a higher contact force and smaller deformation occur for an
increasing stiffness to absorb the same amount of energy.
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Figure 11 Energy absorption for different stiffnesses

Moreover, it follows from Figure 10 and Figure 12 that the ratio between the magnitude of the contact
force during the second impact and the first impact remains more or less equal for the various investigated
diameters.
It can also be observed that, when the diameters of the cross-sections are varied, application of the CE
factor according to the EAU leads to a correct amount of energy that needs to be absorbed during the first
impact, but not for the second impact. The contact force of the second impact is approximately 35 % larger
than the contact force of first impact, while the EAU recommendation is intended for the design of the first
impact. As a result, guide works tend to be under-dimensioned when it comes to a second impact due to
a brush collision.

b)

a)

Figure 12: Influence diameter vertical piles on contact force during first and second impact

In addition to the influence of the outside diameter of the tubes, the vertical length of the piles above bed
level can be mentioned. The effect of the variation of the pile length is presented in Figure 13. An increase
of the pile length above bed level results in a decrease of the overall stiffness of a guide work. Following
the same line of reasoning as for the influence of diameter of the tubular cross-sections, a smaller contact
force is needed to absorb the same amount of kinetic energy by means of deflection.
The current recommendation by the EAU for the amount of energy that needs to be absorbed shows great
resemblance with the results for the first impact in Figure 13. Nonetheless, the contact force during the
second impact governs the impact during the first contact.
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a)

b)
Figure 13: Influence pile length above bed level on contact force during first and second impact

The before last parameter that is examined within this study is the angle of contact θ in the initial situation.
The initial velocity in x-direction is remained unchanged during the analysis and the initial velocity in ydirection is related to the initial velocity in x-direction by tan(θ). Consequently, an increase of the initial
contact angle, also leads to an increase of the initial velocity in y-direction. With that being said, the
influence of the initial contact angle on the absorbed energy and contact force during the first and second
impact is presented in Figure 14.
From Figure 14, it follows that application of the eccentricity factor according to the EAU leads to a correct
amount of kinetic energy that is absorbed by the structure for initial contact angle up to 6 degrees. From
initial contact angles larger than 6 degrees an overestimation of kinetic energy is found by application of
the eccentricity facto.

Figure 14: Influence initial contact angle on contact force during first and second impact

The amount of potential energy in the structure and soil during the second impact is larger than during the
first impact for initial contact angles smaller than 13 degrees, as can be observed from Figure 14.
Therefore, also a larger contact force is found for the second impact than for the first impact for initial
contact angles smaller than 13 degrees.
A possible explanation for the fact that the first impact starts dominating the second impact for initial
contact angles larger than 13 degrees is the rotational drag; the larger the contact angle of the first contact,
the more time is required for the vessel to achieve a rotation in the other direction. As the interval between
the end of the first impact and the start of the second impact increases, more kinetic energy is dissipated
before the second impact takes place.
Finally, the initial velocity of the vessel in x-direction is varied to check its effect on the second impact.
Figure 15 demonstrates that the energy absorbed during the second impact is larger than the absorbed
energy during the first impact and that the ratio between the contact force of the first and second impact is
constant for an increasing initial velocity.
In absolute terms the amount of kinetic energy that is converted into potential energy, as well as the
contact force, increases for an increasing initial velocity. This is simply due to the fact that more kinetic
energy is present in the system.
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b)

a)

Figure 15: Influence initial velocity on contact force during first and second impact

DISCUSSION
Validity of the Results
With the aid of the performed verification in Chapter 3, the validity of the results is shown. Since the
sinusoidal behaviour of the contact forces during the first and second impact and the movement of the
vessel is in line with existing literature [Vrijer, 1978] the results are found to be sufficiently accurate.
The only remark is the small inconsistency that appeared in the energy balance during the verification.
All found results, however, can be explained in a logical and consistent manner, which was decisive in
determining whether the results are sufficiently reliable or not.
Furthermore, even if a small error would exist within the model, the second impact is probably still
governing the first impact, since the contact force is more than 30 % higher during the second impact
than during the first impact in most of the investigated cases.

Limitations of the Performed Analyses
Given the complexity of the interplay of various factors during affecting a brush collision, several side
notes need to be placed. First of all, potential intervention of the captain is not considered, nor are
environmental circumstances taken into account.
In case a (brush)collision occurs, a natural reaction of the captain of the vessel could be to adjust the
course of the ship. Also the currents in the waterway will influence the movement of the vessel, as well
as the wind. The unpredictability of these factors have led to the fact that they are not considered
within the model. Field test data or probabilistic computations can be included in the future to adequately
incorporate the uncertainties in the model.
Additionally, it is worth mentioning that damping effects are not fully considered. Damping, i.e. energy
loss due to the water is taken into account, but damping due to vibrations in the structure or soil is not.
Simultaneously, Vorm (1993) defends the choice of initially treating the impact load as a static load
because of the relative long duration of an impact (5-30 seconds).
Finally, the representation of the soil by Blum’s method is defendable for this research; a quick but
coarse approximation for the behaviour of the soil. Nonetheless, usage of more advanced software,
e.g. Plaxis 3D or D-Pile Group, will probably generate a more accurate description of the soil behaviour,
while at the same time the computational efforts increase.

Interpretation of the Results
The most important finding of this research is the magnitude of the contact force during the second
impact. Although current design guidelines as the EAU 2012 and the PIANC focus on the first impact
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during the design of flexible dolphins (and thus guide works), the second impact is mostly dominant in
reality according to the obtained results.
Consequently, existing guide works tend to be under designed. There are, however, several possible
explanations why existing guide works are not failing. First of all, guide works are designed in a linear
elastic manner. In case of exceedance of the linear elastic trajectory, (elasto-)plastic behaviour will
occur before the dolphin is totally deformed.
On top of that, a safety margin is created by application of safety factors during the design of these
structures. The steel frame of the guide works is then still able to fulfil its function in a linear elastic
manner.

CONCLUSION
With respect to the magnitude of the contact force of the second impact during a brush collision, it can
be concluded that this second impact force is generally larger than the force associated with the
first impact for the investigated scenarios. These results are in line with the findings of the research of
Roubos et al. (2016) and Bratteland (1998) for berthing manoeuvres.
For a variation of the outside diameter of the horizontal berthing beam and the vertical piles, as well as
for a variation of the pile length above bed level, the contact force of the second impact is 35 -40 %
greater than the maximum force during the first impact. Also, a circa 35 % larger contact force during
the second impact than during the first impact is found for a variation of the initial velocity, length of
the vessel and the location where the first contact takes place.
An increase in the draught of the vessel leads to a decrease of the maximum contact force during the
second impact in absolute sense. For a draught of more than 7 metres, the second impact starts to
become smaller than the first impact with the used dimensions of the vessel.
In relation to the initial contact angle it is found that an increase of the initial angle of contact leads to
decrease of the ratio between the maximum contact force during the second and first impact. For an
initial contact angle of 13 degrees and larger, the second impact does not govern the first impact
anymore.
Finally, for an increasing mass of the vessel it is observed that the maximum occurring force during
the second impact is larger than during the first impact for all investigated cases. In addition to that,
the ratio between the force during the second impact and the first impact is continuously increasing for
increases vessel masses.

REFERENCES
Bratteland, E. (1988): “Advances in Berthing and Mooring of Ships and Offshore Structures”,
Trondheim: Kluwer Academic Publishers.
CBS (29 January 2019): “Internationaal goederenvervoer binnenvaart neemt af”, Retrieved from CBS
nl: https://www.cbs.nl/nl-nl/nieuws/2019/05/internationaal-goederenvervoer- binnenvaart-neemt-af.
EAU (2012): “Recommendations of the Committee for Waterfront Structures Harbours and Waterways”,
Ernst & Sohn.
Roubos, Groenewegen, Hein and Wal (2016): “Berthing Velocity of Large Seagoing Vessels in the Port
of Rotterdam”, Marine Structures.
Vorm, P.v. (1993): “Vergelijking van berekingsmethoden voor dukdalven”, Rotterdam.
Vrijer, A. (1978): “Belastingen op remmingwerken door schepen, varend onder een hoek tegen het
remmingwerk”.
52

SUMMARY
In the vicinity of locks and bridge piers, guide works are placed in order to steer inland navigation
vessels through a narrowed passage. The design of these structures is generally performed in a static
way, thus without consideration of time-dependent phenomena. By treating the contact force during a
brush collision as a static force, several phenomena are overlooked.
One of these phenomena is that, in case of a brush collision, a second impact occurs due to the yawing
motion of the vessel that is generated during the first impact. Within this work the time aspect is
considered for brush collisions between inland navigation vessels and guide works consisting of hollow
steel tubular cross sections.
Based on performed numerical analyses that simulate the vessel and its interaction with the structure
and the surrounding water, it appears that this second impact can be up to 40 % larger than the first
impact. This means that a second impact is a phenomenon that should be regarded in designing guide
works, contrary to the current state of practice where the second impact is ignored.

RESUME
À proximité des écluses et des piles de pont, des ouvrages de guidage sont placés afin de diriger les
bateaux de navigation intérieure dans un passage rétréci. La conception de ces structures est
généralement effectuée de manière statique, sans tenir compte des phénomènes qui dépendent du
temps. En traitant la force de contact lors d'une collision avec un pinceau comme une force statique,
plusieurs phénomènes sont négligés.
L'un de ces phénomènes est que, en cas de collision avec une brosse, un second impact se produit en
raison du mouvement de lacet du navire qui est généré lors du premier impact. Dans ce travail, l'aspect
temporel est pris en compte pour les collisions par brosses entre les bateaux de navigation intérieure
et les ouvrages de guidage constitués de sections transversales tubulaires creuses en acier.
Sur la base des analyses numériques réalisées qui simulent le navire et son interaction avec la structure
et l'eau environnante, il apparaît que ce second impact peut être jusqu'à 40 % plus important que le
premier. Cela signifie qu'un second impact est un phénomène qui devrait être pris en compte dans la
conception des ouvrages de guidage, contrairement à l'état actuel de la pratique où le second impact
est ignoré.

ZUSAMMENFASSUNG
In der Nähe von Schleusen und Brückenpfeilern werden Leitwerke aufgestellt, um Binnenschiffe durch
eine verengte Durchfahrt zu steuern. Die Bemessung dieser Bauwerke erfolgt im Allgemeinen statisch,
also ohne Berücksichtigung zeitabhängiger Phänomene. Wenn man die Kontaktkraft bei einer
Bürstenkollision als statische Kraft betrachtet, werden mehrere Phänomene übersehen.
Eines dieser Phänomene ist, dass bei einer Bürstenkollision aufgrund der Gierbewegung des Schiffes,
die beim ersten Aufprall entsteht, ein zweiter Aufprall erfolgt. In dieser Arbeit wird der Zeitaspekt bei
Bürstenkollisionen zwischen Binnenschiffen und Leitwerken aus Stahlhohlprofilen betrachtet.
Ausgehend von den durchgeführten numerischen Analysen, die das Schiff und seine Interaktion mit
dem Bauwerk und dem umgebenden Wasser simulieren, zeigt sich, dass dieser zweite Aufprall bis zu
40 % größer sein kann als der erste Aufprall. Dies bedeutet, dass ein zweiter Aufprall ein Phänomen
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ist, das bei der Konstruktion von Leitwerken berücksichtigt werden sollte, im Gegensatz zur derzeitigen
Praxis, bei der der zweite Aufprall ignoriert wird.

RESUMEN
En las proximidades de las esclusas y los muelles de los puentes se colocan obras de guía para dirigir
los buques de navegación interior a través de un paso estrecho. El diseño de estas estructuras se
realiza generalmente de forma estática, por lo que no se tienen en cuenta los fenómenos dependientes
del tiempo. Al tratar la fuerza de contacto durante una colisión de pinceles como una fuerza estática,
se pasan por alto varios fenómenos.
Uno de estos fenómenos es que, en caso de colisión de cepillos, se produce un segundo impacto
debido al movimiento de guiñada del buque que se genera durante el primer impacto. En este trabajo
se considera el aspecto temporal para las colisiones por rozamiento entre buques de navegación
interior y obras de guía consistentes en secciones transversales de tubos de acero huecos.
A partir de los análisis numéricos realizados que simulan el buque y su interacción con la estructura y
el agua circundante, se observa que este segundo impacto puede ser hasta un 40% mayor que el
primero. Esto significa que el segundo impacto es un fenómeno que debería tenerse en cuenta a la
hora de diseñar las obras guía, al contrario de lo que ocurre en la práctica actual, en la que se ignora
el segundo impacto.
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