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A B S T R A C T

This paper establishes a computationally efficient model to predict flood gate vibrations due to wave impacts
including fluid–structure interaction. In contrast to earlier models, composite fluid domains are included to
represent the situation of a flood gate in a dewatering sluice with the presence of an overhang that causes
the confined-wave impacts. The dynamic response of the gate-fluid system is derived in the frequency domain
using a substructuring mode matching technique, in which the gate vibrations are first expressed in terms of
in-vacuo modes while the liquid motion is described as a superposition of linear potentials. Pressure impulse
theory is employed to predict the impulsive wave impact loads, which are superposed on the quasi-steady
wave loads. The computational efficiency of the developed model allows for a large number of simulations. This
makes it possible for the first time to perform probabilistic evaluations for this type of problems without doing
concessions on the accuracy of the physical modelling of the involved fluid–structure interaction processes.
This is demonstrated by application of the developed models within a probabilistic framework resulting in the
explicit quantification of the failure probability of flood gates subjected to wave impacts.
1. Introduction

Flood gates form an essential part of flood defence systems in coastal
areas as they regulate the discharge between water bodies and prevent
flooding of the hinterland during storm events. These gates are gen-
erally subjected to time-varying loads induced by a variety of sources,
such as waves, water flow, earthquakes, wind and tides, leading to their
dynamic structural response. A key application in which the dynamic
behaviour of gates is relevant, is that of flood gates subjected to wave
impacts. These impacts generally lead to high peak pressures of short
duration (Ramkema, 1978; Hofland et al., 2011; Bagnold, 1939). As
part of the flood defence system, gates are required to withstand impact
loads with a certain maximum failure probability (Vrijling, 2001).

Several categories of wave impacts on vertical gates can be found
in practice: (i) breaking wave impacts due to shoaling, (ii) overtopping
wave impacts and (iii) reflecting wave impacts on an overhanging
structure (De Almeida and Hofland, 2020). This study focuses on the
latter category. Many examples of coastal structures exist where an
overhang is present in front of the gate, such as culverts, dewatering
sluices with a bridge deck on top and vertical breakwaters with a return
crown wall or overhanging slab to reduce overtopping (De Almeida
and Hofland, 2020; Kisacik et al., 2014). Violent wave impacts can
occur in these situations when reflected standing waves hit the bottom
of the overhang in front of the gate. This has for instance been an
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important design consideration for the renovation of the Afsluitdijk.
This dam is located in the Netherlands separating the Lake IJssel from
the Waddensea and includes two discharge sluice complexes with flood
gates that have an overhang in front (Fig. 1). The presence of an
overhang is not only the cause of wave impacts, but additionally affects
the hydrodynamic pressures that result from the motion of the gate and
therewith the response of the gate-fluid system.

During the lifetime of a flood gate, millions of waves will impact the
flood gate. Bagnold (1939) observed that peak pressures accompanied
with wave impacts show large variations for waves with very similar
characteristics, and are therefore difficult to predict theoretically. A
probabilistic approach allows to take into account the uncertainty
accompanied with wave impacts. However, probabilistic evaluations
require a large number of simulations of the wave impact loads and
dynamic analyses.

Within the field of hydraulic engineering, simulating the dynamic
response of a structure for a large number of waves or storms is there-
fore not part of design practice. Within the fields of marine and offshore
engineering these type of simulations are more common, for example,
when evaluating fatigue damage of offshore platforms (Zheng et al.,
2020) or workability of dredging or pipe laying operations (van der Wal
and de Boer, 2004). However, simulating the full dynamic behaviour of
vailable online 10 September 2021
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Fig. 1. Impression of an existing flood gate complex in the Afsluitdijk where wave impacts may occur due to the presence of an overhanging structure (De Almeida et al., 2019).
a ship or structure for a multitude of storms to analyse the reliability of
the system is also rare within these fields. The main reason for this is the
large computational effort necessary to accurately predict the dynamic
behaviour of a ship or a structure including the involved fluid–structure
interaction for a large number of loads. For a finite element model the
time-domain computational task required for a probabilistic evaluation
of the dynamic behaviour of a flood gate would be almost an impossible
mission given the large number of required simulations (Zheng et al.,
2020). Less computationally demanding methods are applied within
engineering practice. The most common is a simplified quasi-static
approach in which a dynamic amplification factor (DAF) is applied
to account for the effect of the vibrations. This factor is derived from
a single degree of freedom representation of the structure (Kolkman
and Jongeling, 2007a; Cuomo, 2007). The fluid–structure interaction is
not explicitly solved but included by using hydrodynamic coefficients.
Such an approach lacks the precision to capture the three-dimensional
vibration behaviour of a gate-fluid system (Tieleman et al., 2018).

This paper establishes a linear semi-analytical method to predict the
dynamic behaviour of a flood gate with an overhang more accurately
than the dynamic amplification factor method. The presented method
solves the involved fluid–structure interaction in a computationally
efficient manner allowing to perform probabilistic evaluations, which
is not feasible when applying time-domain finite element methods.
This is the first novel contribution of this paper. The method of so-
lution is based on a substructuring mode matching technique similar
to Tieleman et al. (2019a) and Tsouvalas and Metrikine (2014). To
represent the considered situation with overhang, a solution is derived
for composite fluid domains, which was not yet included in earlier
models by Tieleman et al. (2019a). The main computational advantage
of the mode matching technique lies in the ability to store and reuse
partial results in contrast to the stepwise calculation in finite element
(FE) methods. For instance, when regarding a large number of loads,
the frequency response function of the gate fluid system has to be
computed only once. Tsouvalas et al. (2020) have applied this tech-
nique to predict the seismic response of liquid storage tanks. Leblond
et al. (2009) apply a similar approach for the bending of an elastic
cylinder. Three fluid models are considered, namely potential, viscous
and acoustic. The modal time dependent displacement coefficients are
obtained by matrix inversion in the Laplace domain and fast numerical
inversion of the Laplace transform. In Tsouvalas and Metrikine (2016),
the mode matching method was successfully employed to predict the
noise reduction by the application of an air-bubble curtain in offshore
pile driving, showing that a solution can be derived for multiple fluid
domains with varying boundary conditions. In this study, the specific
solution for the situation of a flood gate with overhang is presented.

The wave impact loads are predicted for a given wave spectrum
by employing two separate theories for the quasi-steady and impul-
sive part of the wave load (De Almeida and Hofland, 2020; Chen
et al., 2019). Pressure-impulse theory by Wood and Peregrine (1997)
is applied to predict the impulsive wave load. Experiments show that
2

the pressure-impulse is more constant and therefore has a better pre-
dictability than the peak pressures (Hofland et al., 2011; Bagnold,
1939; De Almeida and Hofland, 2020). Pressure-impulse theory was
recently developed further and validated by Chen et al. (2019) and De
Almeida and Hofland (2020). Employing this method to determine the
wave impact loads may avoid the necessity for time-consuming and
costly physical experiments. This paper presents for the first time the
application of this theory in combination with a model to predict the
dynamic response of flood gates, in which the latter model includes the
responsive fluid pressures resulting from the motion of the gate.

A probabilistic approach is then presented making use of the de-
veloped models for the situation of a flood gate subjected to wave
impacts due to the presence of an overhang. A Monte Carlo type
analysis is performed simulating a large number of storms. Within
this approach, the dynamic response of the flood gate is predicted for
the consecutive wave impact loads within each storm. In this way,
the failure probability of a certain flood gate design can be explicitly
determined for given design storm conditions, which is valuable for
flood safety assessments. It is a novelty to perform this type of prob-
abilistic evaluations regarding the dynamic response of flood gates, or
most other hydraulic structures, without compromising on the accuracy
of the physical modelling. The fluid–structure interaction model and
probabilistic approach are applied to a case study inspired by the
situation of the Afsluitdijk (Rijkswaterstaat, 2020).

The structure of this paper is as follows. The general model ap-
proach is discussed in Section 2. The semi-analytical gate-fluid model
is presented in Section 3, including a discussion of the model geometry,
the theoretical formulation of the problem, the semi-analytical solution
and validation by comparison to a finite element model. Subsequently,
in Section 4 the approach to predict the wave impact loads is presented.
These loads are processed in a probabilistic framework explained in
Section 5. In Section 6 the developed models and probabilistic approach
are applied to a case study. Finally, results are discussions in Section 7.

2. Overview of the model approach

The developed model within this study consists of several compo-
nents. The wave impact force on the gate and the gate-fluid response
are predicted by separate analytical and semi-analytical models. These
models use the same geometry, but different schematisations for the
structure and fluid. In this way, the strong points of the different models
can be exploited. Fig. 2 gives an overview of the key components of this
approach.

In the semi-analytical gate-fluid response model, the wave impact
force is modelled as an external excitation force on the gate. This force
is assumed not to be altered by the dynamic response of the gate-fluid
system. The interaction between the movement of the gate and the
pressures in the surrounding fluid is solved within this semi-analytical
model using a mode matching technique. The fluid pressures caused
by the flexibility of the gate are predicted as part of the response
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Fig. 2. Overview of the model approach used in this study.
model and effectively superposed on these external wave pressures.
In Tieleman et al. (2019a), this was discussed to be a reasonable
assumption for the time scales involved in impulsive wave impacts.
The validity of this assumption is being tested further in experiments
in ongoing studies.

The external wave impact pressures must then be predicted based
on a model schematisation with a rigid gate. The wave spectrum is
translated to an incoming wave field based on linear wave theory using
a statistical approach and translated to wave impact loads. For this
purpose, two sub-models are employed. The quasi-steady wave pressure
as a result of the pulsating waves is predicted using linear wave theory.
Pressure-impulse theory is then applied to predict the wave pressures
resulting from the impacts on the overhang. The result is a time-series
of the total wave pressure on the gate for a given storm event, which
is input to the semi-analytical response model.

The wave impact and response models are both based on linear
structural and fluid dynamics in this study. This approach is expected to
give a reasonable accuracy for the situation of a gate subjected by wave
impact on an overhanging structure, which can be described better by
a linear description than for example impacts due to wave breaking.
However, it is still the subject of ongoing experiments to what extend
phenomena such as the presence of large air pockets under the over-
hang during the wave impact air entrapment may introduce non-linear
behaviour. Because the wave impact pressure is input to the response
model in the chosen model approach, one can apply more sophisticated
non-linear wave impact models relatively straightforwardly. For the
application of the response model to situations with strong non-linear
behaviour, the Galerkin method could be employed to approximate the
solution.

Both model components are employed within a probabilistic routine
to predict the failure probability of the flood gate based on a simulation
of its response for a large number of storms. A more extensive overview
of this approach and its relation to the underlying models is presented
in Section 5.

3. Semi-analytical gate-fluid response model

Section 3.1 gives a description of the gate-fluid model geometry.
Section 3.2 then presents the corresponding governing equations that
describe the motion of the coupled gate-fluid system. Subsequently,
Section 3.3 presents the modal decomposition of the fields. In Sec-
tion 3.4, the solution to the coupled fluid–structure interaction prob-
lem is presented and numerical evaluation is discussed. Finally, in
Section 3.5 validation of the developed model is considered.
3

3.1. Description of the fluid–structure response problem

The geometry of the model is shown in Fig. 3. The gate is repre-
sented by a thin flexible plate, which is homogeneous and isotropic and
is in full contact with the fluid at the vertical plane. Generally, flood
gate designs consist of a front plate and several supporting back beams.
More complex gate configurations such as these can be considered
straightforwardly by determining the structural modal shapes with
existing FE package. However, as this study focuses on correctly repre-
senting the hydrodynamic pressures for the presence of an overhanging
structure, this relatively straightforward representation of the gate is
deemed sufficient without loss of generality.

The gate has a width 𝐿𝑥, height 𝐿𝑧, distributed mass per unit surface
𝜌𝑠, and uniform bending rigidity 𝐷 = �̃�𝑡3∕(12(1− 𝜈2), in which �̃� is the
modulus of elasticity, 𝑡 is the thickness of the gate, and 𝜈 is the Poisson’s
ratio. Material damping 𝜂 is considered by applying a complex modulus
of elasticity �̃� = (1 + 𝜂i)𝐸 in the frequency domain. The gate is simply
supported at its vertical boundaries (𝑥 = 0, 𝑥 = 𝐿𝑥) and bottom (𝑧 = 0)
while its top edge (𝑧 = 𝐿𝑧) is stress-free.

Fluid is present in a sluice structure at both sides of the gate, for
which three fluid regions can be distinguished. On one side of the gate
the sluice has a limited length and an overhang is present. On the
other side of the gate the sluice extends to infinity, which is a valid
representation of situations with long sluice lengths compared to the
water depth. Based on the same method of solution, the model can
be extended to include additional fluid domains accounting for a finite
sluice length on both sides of the gate.

All regions have impermeable walls and a horizontal bottom. Re-
gion I occupies the domain 0 ≤ 𝑦 ≤ 𝐿𝑦 and 0 ≤ 𝑥 ≤ 𝐿𝐼

𝑥(= 𝐿𝑥).
An impermeable overhang is present at 𝑧 = 𝐿𝑧 restricting the fluid
flow in the vertical direction. At the moment of a wave impact, the
water height ℎ𝐼 in this region is equal to the height of bottom of the
overhang. Region II occupies the domain 𝐿𝑦 ≤ 𝑦 ≤ ∞ and −𝛥𝑥𝐼𝐼 ≤ 𝑥 ≤
𝐿𝐼𝐼
𝑥 − 𝛥𝑥𝐼𝐼 . No overhang is present so that the fluid has a free surface.

The water level can be equal or higher than in Region I. However,
a water level close to the bottom of the overhang generally leads to
the highest impact pressures and is thus of most interest (De Almeida
and Hofland, 2020). The width of this domain can be chosen much
larger than that of Region I to represent the presence of a lake or
sea at the end of a sluice or culvert. Finally, Region III occupies the
domain 𝑦 < 0 and 0 ≤ 𝑥 ≤ 𝐿𝐼𝐼𝐼

𝑥 (= 𝐿𝑥). This region has similar
boundary conditions as Region II. A free surface boundary condition is
applied at the free surface. Tieleman et al. (2019b) have presented in
which regimes of water depths and excitation frequencies surface waves
influence the hydrodynamic response of the structure. Furthermore, the
fluid is considered to be compressible, irrotational and inviscid.
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Fig. 3. Side and top view of the model domain consisting of a flexible gate and three fluid regions.
3.2. Governing equations

The governing equations describing the dynamic response of the
system are presented. The equation of motion of the gate includes the
fluid pressure acting on both sides as well as the external force:

𝜌𝑠
𝜕2𝑤(𝑥, 𝑧, 𝑡)

𝜕𝑡2
+𝐷∇2∇2𝑤(𝑥, 𝑧, 𝑡) = 𝑝𝐼 (𝑥, 𝑦 = 0, 𝑧, 𝑡)

− 𝑝𝐼𝐼𝐼 (𝑥, 𝑦 = 0, 𝑧, 𝑡) + 𝑓𝑒(𝑥, 𝑧, 𝑡) (1)

in which 𝑤 denotes the displacement of the mid-surface of the plate,
∇2 = 𝜕2(⋅)

𝜕𝑥2
+ 𝜕2(⋅)

𝜕𝑧2
, 𝜌𝑠 is the distributed mass per unit of area, 𝑓𝑒 is the

external force, and 𝑝𝐼 and 𝑝𝐼𝐼𝐼 are the pressures exerted by the fluid on
either side. The external force in Eq. (1), being the wave impact force in
this study, is predefined. Since the model includes the responsive fluid
pressures resulting from the motion of the gate, the external force needs
to be based on the situation of a rigid structure. Section 4 presents a
theoretical model to predict the wave impact force.

The boundary conditions at 𝑥 = 0; 𝐿𝑧 and at 𝑧 = 0; 𝐿𝑧 read (Leissa,
1969):

𝑤(𝑥 = 0, 𝑧) = 𝑀𝑥𝑥(𝑥 = 0, 𝑧) = 𝑤(𝑥 = 𝐿𝑥, 𝑧) = 𝑀𝑥𝑥(𝑥 = 𝐿𝑥, 𝑧) = 0 (2)

𝑤(𝑥, 𝑧 = 0) = 𝑀𝑧𝑧(𝑥, 𝑧 = 0) = 𝑀𝑧𝑧(𝑥, 𝑧 = 𝐿𝑧) = 𝑉𝑧𝑦(𝑥, 𝑧 = 𝐿𝑧) = 0 (3)

in which 𝑀𝑥𝑥 and 𝑀𝑧𝑧 are the bending moments in x- and 𝑧-direction,
and 𝑉𝑧𝑦 is the net shear force in 𝑦-direction.

For the description of the fluid motion, the velocity potential func-
tion 𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡) is introduced with 𝑗 = 𝐼 , 𝐼𝐼 , 𝐼𝐼𝐼 denoting the respective
4

fluid region in accordance with Fig. 3. The equation of motion of each
fluid region reads:

∇2𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡) − 1

𝑐𝑗𝑝
2
𝜕2𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑡2
= 0 (4)

in which 𝑐𝑝𝑗 is the sound velocity in water in each region. The velocity
vector and pressure are given by:

∇𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡) = −𝐯𝐣(𝑥, 𝑦, 𝑧, 𝑡) (5)

𝑝𝑗 (𝑥, 𝑦, 𝑧, 𝑡) = −𝜌𝑗𝑓
𝜕𝜙(𝑥, 𝑧, 𝑦, 𝑡)

𝜕𝑡
(6)

in which 𝜌𝑗𝑓 is the fluid density per region. The fluid density in fluid
regions I and II will generally be equal. The fluid density at both sides
of the flood gate might differ in density however, for example when
the flood gate separates sea and fresh water.

Between fluid regions I and II kinematic and dynamic continuity are
enforced and at the structure-fluid interfaces velocity compatibility is
enforced. This leads to the following interface conditions:

𝜕𝜙𝑗 (𝑥, 𝑦 = 0, 𝑧, 𝑡)
𝜕𝑦

= −𝑣𝑗𝑦(𝑥, 𝑦 = 0, 𝑧, 𝑡) = −
𝜕𝑤(𝑥, 𝑧, 𝑡)

𝜕𝑡
(for 𝑗 = 𝐼, 𝐼𝐼𝐼) (7)

𝜌𝐼𝑓
𝜕𝜙𝐼 (𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑡
|

|

|

|𝑦=𝐿𝑦

= 𝜌𝐼𝑓
𝜕𝜙𝐼𝐼 (𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑡
|

|

|

|𝑦=𝐿𝑦

(8)

𝜕𝜙𝐼 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑦

|

|

|

|𝑦=𝐿𝑦

=
𝜕𝜙𝐼𝐼 (𝑥, 𝑦, 𝑧, 𝑡)

𝜕𝑦
|

|

|

|𝑦=𝐿𝑦

(9)
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Furthermore, at 𝑦 → ∞ and 𝑦 → −∞ the radiation conditions should be
atisfied at all times in both regions II and III. This results in conditions
or the wave numbers in 𝑦-direction as discussed further at the end of
his section.

The boundary conditions at the impermeable sluice walls and bot-
om simply state zero fluid velocity. At the still water level of the fluid
n regions II and III a pressure release boundary condition is applied,
hile the overhang poses a zero velocity condition in domain I. This

eads to the following boundary conditions:

𝜕𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑥

|

|

|𝑥=0
=

𝜕𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑥

|

|

|𝑥=𝐿𝑗
𝑥
= 0 (for 𝑗 = 𝐼, 𝐼𝐼𝐼) (10)

𝜕𝜙𝐼𝐼 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑥

|

|

|𝑥=−𝛥𝑥𝐼𝐼
=

𝜕𝜙𝐼𝐼 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑥

|

|

|𝑥=𝐿𝐼𝐼
𝑥 −𝛥𝑥𝐼𝐼

= 0 (11)

𝜕𝜙𝐼 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑧

|

|

|𝑧=0
=

𝜕𝜙𝐼 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑧

|

|

|𝑧=ℎ𝐼
= 0 (12)

𝜕𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑧

|

|

|𝑧=0
= 0 (for 𝑗 = 𝐼𝐼, 𝐼𝐼𝐼) (13)

𝜕2𝜙𝑗 (𝑥, 𝑦, 𝑧, 𝑡)
𝜕𝑡2

|

|

|𝑧=ℎ𝑗
+ 𝑔

𝜕𝜙𝑗

𝜕𝑧
|

|

|𝑧=ℎ𝑗
= 0 (for 𝑗 = 𝐼𝐼, 𝐼𝐼𝐼) (14)

Eqs. (1)–(14) complete the mathematical statement of the problem
in the time domain.

3.3. Modal decomposition of the fields

By applying the Fourier transform pair as stated below, Eqs. (1)–
(14) are transformed to the frequency domain.

�̃�(𝜔) = ∫

∞

−∞
𝑔(𝑡) 𝑒−i𝜔𝑡 𝑑𝑡 (15)

𝑔(𝑡) = 1
2𝜋 ∫

∞

−∞
�̃�(𝜔) 𝑒i𝜔𝑡 𝑑𝜔 (16)

in which 𝜔 is the angular frequency, 𝑔(𝑡) is the examined quantity and
�̃�(𝜔) its amplitude in the frequency domain, i.e. the displacement of the
gate or the fluid pressure. A model decomposition scheme is introduced
as in Tieleman et al. (2019a) yielding the following modal expansions:

�̃�(𝑥, 𝑧, 𝜔) =
∞
∑

𝑘=1
𝐴𝑘(𝜔)𝑊𝑘(𝑥, 𝑧) (17)

�̃�𝐼 (𝑥, 𝑦, 𝑧, 𝜔) =
∞
∑

𝑝=1

(

𝐵−
𝑝 (𝜔) 𝑒

−i𝑘𝐼𝑦,𝑝(𝐿𝑦−𝑦) + 𝐵+
𝑝 (𝜔) 𝑒

−i𝑘𝐼𝑦,𝑝𝑦
)

𝛷𝐼
𝑝 (𝑥, 𝑧) (18)

̃𝐼𝐼 (𝑥, 𝑦, 𝑧, 𝜔) =
∞
∑

𝑟=1
𝐶+
𝑟 (𝜔) 𝑒

−i𝑘𝐼𝐼𝑦,𝑟(𝑦−𝐿𝑦) 𝛷𝐼𝐼
𝑟 (𝑥, 𝑧) (19)

�̃�𝐼𝐼𝐼 (𝑥, 𝑦, 𝑧, 𝜔) =
∞
∑

𝑡=1
𝐷+

𝑡 (𝜔) 𝑒
−i𝑘𝐼𝐼𝐼𝑦,𝑡 (−𝑦) 𝛷𝐼𝐼𝐼

𝑡 (𝑥, 𝑧) (20)

In Eqs. (17)–(20) local axis systems are introduced for the exponential
terms in accordance with Schmidt and Tango (1986) and Jensen et al.
(2011) to ensure unconditional numerical stability of the global matrix
of equations. The coefficient 𝐴𝑘, 𝐵−

𝑝 , 𝐵+
𝑝 , 𝐶+

𝑟 and 𝐷+
𝑡 denote the

amplitudes (at 𝑦 = 0) of the corresponding plate modes 𝑊𝑘 and fluid
modes 𝛷𝐼

𝑝 , 𝛷𝐼𝐼
𝑟 and 𝛷𝐼𝐼𝐼

𝑡 in the vertical plane. In region II and III only
outgoing waves are permitted to satisfy the conditions at 𝑦 = ±′∞.

The wave numbers 𝑘𝐼𝑦,𝑝, 𝑘𝐼𝐼𝑦,𝑟 and 𝑘𝐼𝐼𝐼𝑦,𝑡 can be found by solving the
eigenvalue problem for each region separately (Tieleman et al., 2019a):

𝑘𝑗𝑥
2 + 𝑘𝑗𝑦

2 + 𝑘𝑗𝑧
2 − 𝑘2𝑓 = 0 (21)

A decaying field representing the evanescent waves along the
𝑦-direction in region II and III hold for Im(𝑘𝑗𝑦) ≤ 0 while the radiation
condition at infinity requires Re(𝑘𝑗𝑦) ≥ 0 (Tieleman et al., 2019a).

To satisfy Eqs. (10)–(14), the eigenshapes of the fluid in the vertical
plane 𝛷𝐼

𝑝 , 𝛷𝐼𝐼
𝑟 and 𝛷𝐼𝐼𝐼

𝑡 are:

𝛷𝐼 (𝑥, 𝑧) = cos(𝑘𝐼 𝑧) cos(𝑘𝐼 𝑥)
5

𝑝 𝑧,𝑝1 𝑥,𝑝2
𝐼

with: 𝑘𝐼𝑥,𝑝1 =
(𝑝1 − 1)𝜋

𝐿𝐼
𝑥

and 𝑘𝐼𝑧,𝑝2 =
(𝑝2 − 1)𝜋

ℎ𝐼
(22)

𝛷𝐼𝐼
𝑟 (𝑥, 𝑧) = cos(𝑘𝐼𝐼𝑧,𝑟1𝑧) cos(𝑘

𝐼𝐼
𝑥,𝑟2

𝑥)

with: 𝑘𝐼𝐼𝑥,𝑟1 =
(𝑟1 − 1)𝜋

𝐿𝐼𝐼
𝑥

and 𝜔2 = −𝑔𝑘𝐼𝐼𝑧,𝑟2 tan
(

𝑘𝐼𝐼𝑧,𝑟2ℎ
𝐼𝐼
)

(23)

𝐼𝐼𝐼
𝑡 (𝑥, 𝑧) = cos(𝑘𝐼𝐼𝐼𝑧,𝑡1

𝑧) cos(𝑘𝐼𝐼𝐼𝑥,𝑡2
𝑥)

with: 𝑘𝐼𝐼𝐼𝑥,𝑡1
=

(𝑡1 − 1)𝜋
𝐿𝐼𝐼
𝑥

and 𝜔2 = −𝑔𝑘𝐼𝐼𝑧,𝑡2 tan
(

𝑘𝐼𝐼𝑧,𝑡2ℎ
𝐼𝐼𝐼

)

(24)

The structural modal shapes 𝑊𝑘 and corresponding natural frequen-
ies 𝜔𝑘, which satisfy Eqs. (2)–(3) as well as the unforced equation
f motion of the plate, i.e. with zero right-hand side, can be found
ither analytically or numerically for the presented boundary condi-
ions. Leissa (1969) presents a solution for the boundary conditions
sed in this study. The only unknowns remaining in Eqs. (17)–(20) are
herefore the modal coefficients 𝐴𝑘, 𝐵−

𝑝 , 𝐵+
𝑝 , 𝐶+

𝑟 and 𝐷+
𝑡 .

.4. Solution to the coupled problem

To solve the coupled problem Eqs. (1)–(14) are transformed to
he frequency domain and expanded in terms of Eqs. (17)–(20). By
ntroducing additional sets of structural and fluid modes (e.g. 𝑊𝑙 and
𝐼
𝑞 ) and making use of their orthogonality property in a similar matter
s Tsouvalas and Metrikine (2014, 2016) and Tieleman (2016), Tiele-
an et al. (2019a), the following solvable set of three equations can be
erived:
∞
∑

=1
𝐴𝑘

(

𝐼𝑘𝛿𝑘𝑙 +
∞
∑

𝑡=1

𝜌𝑓 i𝜔2 𝑇𝑘,𝑡𝑇𝑙,𝑡
𝑘𝑦,𝑡𝛥𝑡

)

+
∞
∑

𝑝=1
𝐵−
𝑝

(

𝜌𝑓 i𝜔𝑄𝑙,𝑝 𝑒
−i𝑘𝐼𝑦,𝑝𝐿𝑦

)

+
∞
∑

𝑝=1
𝐵+
𝑝
(

𝜌𝑓 i𝜔𝑄𝑙,𝑝
)

= 𝐹𝑙 (25)

∞
∑

=1
𝐴𝑘

(

𝜔𝑄𝑘,𝑞
)

+
∞
∑

𝑝=1
𝐵−
𝑝

(

𝑘𝐼𝑦,𝑝𝑒
−i𝑘𝐼𝑦,𝑝𝐿𝑦𝛥𝑞𝛿𝑝𝑞

)

−
∞
∑

𝑝=1
𝐵+
𝑝

(

𝑘𝐼𝑦,𝑝𝛥𝑞𝛿𝑝𝑞
)

= 0 (26)

∞

𝑝=1
𝐵−
𝑝

(

𝜌𝐼𝑓
𝜌𝐼𝐼𝑓

𝛥𝑝𝛿𝑝𝑞 + 𝑘𝐼𝑦,𝑝

∞
∑

𝑟=1

𝑅𝑟,𝑞𝑅𝑟,𝑝

𝑘𝐼𝐼𝑦,𝑟 𝜖𝑟

)

+
∞
∑

𝑝=1
𝐵+
𝑝 𝑒

−i𝑘𝐼𝑦,𝑝𝐿𝑦

(

𝜌𝐼𝑓
𝜌𝐼𝐼𝑓

𝛥𝑝𝛿𝑝𝑞 − 𝑘𝐼𝑦,𝑝

∞
∑

𝑟=1

𝑅𝑟,𝑞𝑅𝑟,𝑝

𝑘𝐼𝐼𝑦,𝑟 𝜖𝑟

)

= 0 (27)

In above, the modal force is defined as:

𝐹𝑙 = ∬𝑆
𝑓𝑒(𝑥, 𝑧)𝑊𝑘(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (28)

and the impedance coefficients at the two structure-fluid interfaces and
the fluid-fluid interface are given by:

𝑄𝑙,𝑝 = ∬𝑆
𝛷𝐼

𝑝 (𝑥, 𝑧)𝑊𝑙(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (29)

𝑄𝑘,𝑞 = ∬𝑆
𝛷𝐼

𝑞 (𝑥, 𝑧)𝑊𝑘(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (30)

𝑇𝑙,𝑡 = ∬𝑆
𝛷𝐼𝐼𝐼

𝑡 (𝑥, 𝑧)𝑊𝑙(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (31)

𝑇𝑘,𝑡 = ∬𝑆
𝛷𝐼𝐼𝐼

𝑡 (𝑥, 𝑧)𝑊𝑘(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (32)

𝑟,𝑞 = ∬𝑆𝑤

𝛷𝐼
𝑞 (𝑥, 𝑧)𝛷

𝐼𝐼
𝑟 (𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (33)

𝑅𝑟,𝑝 = ∬𝑆𝑤

𝛷𝐼
𝑝 (𝑥, 𝑧)𝛷

𝐼𝐼
𝑟 (𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (34)

in which 𝑆 denotes the surface area of the plate. The coefficient 𝐼𝑙 is
efined as:

2 2

𝑙 = 𝜌𝑠 (𝜔𝑙 − 𝜔 )𝛤𝑙 (35)
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c

𝐶

𝐷

Finally, 𝛤𝑙, 𝛥𝑞 , 𝛥𝑟 and 𝛥𝑡 are the result of the surface integrations of the
modes:

𝛤𝑙 = ∬𝑆
𝑊 2

𝑙 (𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (36)

𝛥𝑞 = ∬𝑆
(𝛷𝐼

𝑞 )
2(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (37)

𝛥𝑟 = ∬𝑆𝑤

(𝛷𝐼𝐼
𝑟 )2(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (38)

𝛥𝑡 = ∬𝑆
(𝛷𝐼𝐼𝐼

𝑡 )2(𝑥, 𝑧) 𝑑𝑥 𝑑𝑧 (39)

By solving this system of equations simultaneously, the unknown
sets of coefficients 𝐴𝑘, 𝐵−

𝑝 and 𝐵+
𝑝 can be obtained. Subsequently, the

oefficients 𝐶+
𝑟 and 𝐷+

𝑡 follow from:

𝑟 =
1

i𝑘𝐼𝐼𝑦,𝑟 𝜖𝑟

∞
∑

𝑝=1

(

−𝐵−
𝑝 i𝑘𝐼𝑦,𝑝 + 𝐵+

𝑝 i𝑘𝐼𝑦,𝑝 𝑒
−i𝑘𝐼𝑦,𝑝𝐿𝑦

)

𝑅𝑟,𝑝 (40)

+
𝑡 = − 𝜔

𝑘𝐼𝐼𝐼𝑦,𝑡 𝛥𝑡

∞
∑

𝑘=1
𝐴𝑘𝑇𝑘,𝑡 (41)

To solve the system of equations, the infinite summations need
to be truncated. The amplitude fields of the velocity and pressure
at the interfaces between the gate and different fluid domains that
result from the solution can be used as a measure of convergence for
the number of modes, as discussed in Tsouvalas et al. (2015). In this
study, the number of modes is chosen in accordance the standard rules
mentioned in Tsouvalas and Metrikine (2016), which means amongst
others taking into account all propagating fluid modes. Convergence
is subsequently checked by trial and error. Tieleman et al. (2019a)
show the convergence for the number of structural modes for a similar
problem. Alternatively, one could apply convergence criteria that are
based on the satisfaction of the interface conditions between structure
and fluid as discussed in Tsouvalas et al. (2015).

The system contains structural damping due to application of a com-
plex modulus of elasticity and fluid damping as a consequence of wave
radiation. As a consequence, the solutions for �̃� and 𝑣𝑗 will be complex
valued. The amplitudes follow from |𝑤| =

√

Re(�̃�)2 + Im(�̃�)2 and |𝑣𝑗 | =
√

Re(�̃�𝑗 )2 + Im(�̃�𝑗 )2. The stresses in the gate follow from the standard
strain–stress relations for isotropic homogeneous plates (Leissa, 1969).
As a stress criterion Von Mises can be used.

3.5. Validation and performance of the solution

The developed semi-analytical model is validated by comparison
with a time-domain finite element model using the standard software
package COMSOL (COMSOL Inc, 2018). In Tieleman et al. (2019a) a
model was developed and validated for a similar situation as considered
in this paper but without an overhang using the same method of
solution. The same validation case is therefore used in this study,
but now with the addition of an overhang. Both a short and longer
overhang will be considered. Table 1 gives an overview of the system
parameters for this validation case.

The finite element model in COMSOL is set up for the same geome-
try. The fluid domains are required to have a finite length in this model.
The results show convergence for a domain length of 50 m for both
sides of the gate. At the end of the fluid domains a plane wave radiation
condition is applied. The model is discretised by a tetrahedral mesh of
flexible size between 0.02 and 1 m is applied.

Table 2 shows the resonance frequencies predicted by both the semi-
analytical and frequency-domain solver the COMSOL model. The case
with the longer overhang results in lower resonance frequencies, as the
presence of an overhang leads to an increase in the hydrodynamic mass.
The results match closely for both the in vacuo and immersed gate.
The in vacuo resonance frequencies and modal shapes of the gate are
based on Leissa (1969) and in fact input to the model. The relative
difference between this solution and COMSOL is in the order of 1%–
6

2%. The fluid–structure interaction is then solved by the semi-analytical
response model to obtain the resonance frequencies of the immersed
gate. The predicted resonance frequencies of the immersed gate match
even more closely to the outcome of the COMSOL model than for the in
vacuo gate. It can therefore be concluded that the developed response
model solves the involved fluid–structure interaction with a very minor
additional error for this validation case.

An idealised impact force with a triangular temporal variation and
a duration of 10−3 s is now applied to the gate. Such an impact force
of short duration is especially suitable for the purpose of validation,
as it ensures a wideband frequency spectrum that excites multiple
modes of the system. The response of the case with a long overhang is
investigated, as the differences in resonance frequencies predicted by
the semi-analytical model and COMSOL were slightly larger for that
situation. The time-varying numerical solver of COMSOL is applied
to predict the response to the considered impact load. The COMSOL
model does not allow for a structural damping coefficient. A distributed
damping force of 104 Ns/m/m2 is therefore introduced on the surface
of the gate in both models.

Fig. 4 shows the time-domain results of the developed
semi-analytical model match closely to the FE model in COMSOL.
Minor differences in predicted frequencies of the response do cumulate
over time. This has no impact on the magnitude of the response after
a single impact, but may have some effect when consecutive impacts
within a storm are considered, since ongoing vibrations due to the
previous impact can then affect the response to the following impact.
However, due to damping this cumulation of frequency differences in
the predicted response is limited. Fig. 5 demonstrates this for the case
of two consecutive peak loads. The predicted responses by both models
match just as closely after the first peak load as after the second peak
load. At the end of the considered time window, the difference between
the predictions of the semi-analytical and the finite-element model even
seem to be smaller than for the single peak load of Fig. 4. Moreover,
in this study we present a probabilistic approach in which the random
amplitude-phase model is employed to translate the wave spectrum to
wave field realisations. In the case that minor phase differences do lead
to a higher response after the one wave impact and a lower response
after another, this effect will average out over the thousands of storms
and waves within each storm considered within this approach. It is
therefore expected that this effect has a negligible influence on the
outcome of the probabilistic approach presented in this study.

Overall, it can be concluded that the semi-analytical is in very good
agreement with the prediction of the time-domain finite element model.
However, further validation of the developed model is planned to be
performed by comparison with experiments in ongoing studies to inves-
tigate effects that are possibly omitted in both models. For the studied
validation case, the computation time of the semi-analytical model
for the presented time-domain analysis was 36 min on a 3.60 GHz
quad core processor, while computation with the COMSOL model
lasted approximately 58 h. The computational efficiency of the semi-
analytical algorithm has not been fully optimised yet and can still be
improved. Furthermore, the semi-analytical model needs only a single
computation to obtain the response amplitude operator for a certain
frequency range, regardless of the number of loads that is subsequently
considered. In contrast, a time-domain FE model needs to compute the
response to each different load in order. The semi-analytical model
therefore has especially great benefits regarding computational effi-
ciency when a large number of loads is considered. This benefit is
employed in the probabilistic approach presented in the next sections.

4. Statistical approach for wave impact loads

A novel approach is employed to predict the impact load on the
gate for a certain incoming wave spectrum, i.e. the external force
𝑓𝑒 presented in Eq. (1). Within this approach different theories are
applied for the quasi-steady pulsating and the impulsive impact part
of the wave load resulting in a time-series of the total wave pressure
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Table 1
Case parameters and their value.

Structural parameters Symbol Value Unit Fluid parameters Symbol Value Unit

Width 𝐿𝑥 12 m Width 𝐿𝐼,𝐼𝐼,𝐼𝐼𝐼
𝑥 12 m

Height 𝐿𝑧 7.5 m Water level left ℎ𝐼,𝐼𝐼 7 m
Gate thickness 𝑡 0.243 m Water level right ℎ𝐼𝐼𝐼 4 m
Bending stiffness 𝐷 2.63 ⋅ 108 Nm2 Overhang length 𝐿𝑦 0.5–5 m
Distributed mass 𝜌𝑠 95 kg/m2 Fluid density 𝜌𝐼,𝐼𝐼,𝐼𝐼𝐼𝑓 1025 kg/m3

Poisson’s ratio (steel) 𝜈 0.3 – Fluid sound velocity 𝑐𝑝 1500 m/s
Gravitational constant 𝑔 9.81 m/s2
Table 2
Comparison of the first five predicted resonance frequency predicted by the semi-analytical and COMSOL model for the in vacuo and immersed
gate for overhang lengths of 0.5 and 5 m.

Condition Model 𝑓1 𝑓2 𝑓3 𝑓4 𝑓5
In vacuo Semi-analytical [Hz] 26.1 81.2 97.0 159.6 171.5

COMSOL [Hz] 25.9 80.6 96.0 157.1 169.1
Relative difference [-] 0.44% 0.75% 1.04% 1.62% 1.39%

Immersed (𝐿𝑦 = 0.5 m) Semi-analytical [Hz] 5.24 17.8 22.0 39.2 40.2
COMSOL [Hz] 5.26 17.8 22.0 39.1 39.8
Relative difference [-] 0.47% 0.04% 0.02% 0.26% 1.01%

Immersed (𝐿𝑦 = 5 m) Semi-analytical [Hz] 3.54 15.0 19.8 34.8 36.8
COMSOL [Hz] 3.53 15.1 20.0 35.4 37.3
Relative difference [-] 0.23% 0.6% 1.06% 1.51% 1.34%
Fig. 4. The time-domain response of the gate immersed in fluid for a triangular peak load predicted by the developed semi-analytical model compared to the FE COMSOL model
on two different time scales. The upper right graph shows an overview of where on the surface of the gate the force is applied and of the locations for which the response has
been shown.
7
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Fig. 5. The time-domain response of the gate immersed in fluid for two consecutive peak triangular loads predicted by the developed semi-analytical model compared to the FE
COMSOL model.
on the gate. This approach was recently validated by De Almeida
and Hofland (2020) and Chen et al. (2019). Using this method to
determine the wave impact loads, the necessity for time-consuming and
costly physical experiments can be avoided. Section 4.1 explains the
translation from design spectrum to surface elevation. Subsequently,
Section 4.2 presents the method to predict the wave load.

4.1. Design wave spectrum

In engineering practice, the most common design spectrum for wind
sea in oceanic waters is the JONSWAP spectrum (Hasselmann, 1973).
A one-directional JONSWAP spectrum is considered with a design
significant wave height 𝐻𝑚0.

Linear wave theory is used to obtain the surface elevation and quasi-
steady wave force from the wave spectrum. The presented approach
does allow for more advanced wave theories, as the developed gate-
fluid response model does not require linear force input. Although the
response model is based on linear dynamics, any external force may be
applied on the gate after applying a Fourier transform to translate it
to the frequency-domain. However, in this study linear wave theory is
deemed sufficient for the purpose of demonstrating the probabilistic
framework. De Almeida and Hofland (2020) have also shown that
linear wave theory can be used to predict wave impact loads with
reasonable accuracy for a wave steepness up to 2%. Based on the
random-phase/amplitude model, a random realisation is generated for
the time-record of the surface elevation as the sum of a large number
8

of statistically independent harmonic wave components for the entire
duration of the design storm speak (𝑇storm) (Holthuijsen, 2007):

𝜂𝑤(𝑦, 𝑡) =
𝑁
∑

𝑖=1
𝑎𝑖 cos(𝜔𝑤,𝑖𝑡 + 𝑘𝑤,𝑖 𝑦 + 𝜙𝑖) (42)

in which 𝜂𝑤 is the surface elevation due to the incoming wave field,
𝑎𝑖 is the amplitude of the respective harmonic, following from the
energy in the spectrum at the given frequency (band) and 𝑘𝑤,𝑖 is the
wave number following from the dispersion equation for free surface
waves 𝜔2

𝑤,𝑖 = 𝑘𝑤,𝑖 𝑔 tanh(𝑘𝑤,𝑖ℎ𝐼 ). The random phase shift 𝜙𝑖 is uniformly
distributed between 0 and 2𝜋.

The surface elevation at the end of the overhang follows from:

𝜂overhang(𝑡) = (1 + 𝑐𝑟) 𝜂𝑤(𝑦 = 𝐿𝑦, 𝑡) (43)

in which 𝑐𝑟 is the reflection coefficient. For the considered geometry
with vertical wall, experiments show the reflection coefficient to be
close to 1.0. (De Almeida and Hofland, 2020)

4.2. Wave impact loads

Different theories are applied to predict the quasi-steady pulsating
and the impulsive part of the wave load for the obtained surface
elevation field, such that the total wave pressure is the summation of
both (De Almeida and Hofland, 2020; Chen et al., 2019):

𝑓 (𝑥, 𝑦 = 0, 𝑧, 𝑡) = 𝑓 (𝑥, 𝑦 = 0, 𝑧, 𝑡) + 𝑓 (𝑥, 𝑦 = 0, 𝑧, 𝑡) (44)
w 𝑞𝑠 𝑖𝑚



Coastal Engineering 170 (2021) 104007O.C. Tieleman et al.

d
t
p
o
m

t
f
g
g
q
r
l

4

a
3
t
t
t

i
o
c
i

g

a
a
s
r
a

v
w
i
t
m
o

H
b
t
t
o
1
(
i
o
a
s
s

5

m
a
a
f
a
C
g
f
o

s

b
l
t
t
g

in which 𝑓𝑤 is the total wave pressure, 𝑓𝑞𝑠 is the quasi-steady wave
pressure and 𝑓𝑖𝑚 the impulsive wave impact pressure. Regarding the
eveloped gate-fluid model, only the wave pressure at the surface of
he gate (at 𝑦 = 0) is needed. Fig. 6 shows the separation in these two
arts for a typical wave force time series and Fig. 7 shows examples
f the pressure and pressure impulse distribution on the gate at given
oments in time.

As discussed in Section 2, the wave force is predicted for the situa-
ion with a rigid gate, as the gate fluid model includes the responsive
luid pressures resulting from the motion of the gate. For typical flood
ates, the impulsive impact part of the wave load is expected to cause
ate vibrations, while the quasi-steady part of the wave load gives a
uasi-static structural response. However, this distinction in structural
esponse is not necessary in the presented approach, as the total wave
oad can be applied in the gate-fluid model.

.2.1. Pulsating wave force
For the quasi-steady pulsating wave pressure linear wave theory is

pplied, which was recently validated for waves with a steepness up to
.8% in (De Almeida et al., 2019). The pressure over the vertical up
o the bottom of the overhang (i.e. over height of the gate) acting on
he surface of the gate is based on the surface elevation at the end of
he overhang. This premise is valid for a short overhang length (𝐿𝑦) in

comparison to the deep water wave length (𝐿0), i.e. 𝐿𝑦∕𝐿0 < 0.1 (De
Almeida and Hofland, 2020). The pressure at the gate then following
from the well known relation:

𝑓𝑞𝑠(𝑧, 𝑡) =
𝑁
∑

𝑖=1
𝜌𝐼𝑓 𝑔 𝜂overhang,𝑖(𝑡)

cosh(𝑘𝑤,𝑖𝑧)
cosh(𝑘𝑤,𝑖ℎ)

(45)

in which 𝜂overhang,𝑖 is the surface elevation at the end of the overhang
caused by each individual random harmonic wave and its reflection
(𝜂overhang,𝑖(𝑡) = (1 + 𝑐𝑟)𝜂𝑤,𝑖(𝑦 = 𝐿𝑦, 𝑡)). Higher-order theories or Goda
could be used for waves of higher steepness.

4.2.2. Impulsive wave force
At the moment the upward moving wave surface hits the bottom of

the overhang a violent wave impact occurs (De Almeida and Hofland,
2020). Bagnold (1939) observed that peak pressures accompanied with
wave impacts show large variations for waves with very similar charac-
teristics, and are therefore difficult to predict theoretically. However, as
discussed in Hofland et al. (2011) and De Almeida and Hofland (2020),
the pressure-impulse shows to be remarkably constant and therefore
has a better predictability. For this reason, pressure-impulse theory is
applied in this study to predict the impulsive wave force. The pressure-
impulse is defined as the area enclosed by the pressure–time curve:

𝑃𝑖𝑚(𝑥, 𝑧) = ∫

𝑡1

𝑡0
𝑓𝑖𝑚(𝑥, 𝑧, 𝑡) (46)

in which 𝑡0 and 𝑡1 define the start and end of the impact peak respec-
tively.

The theory of Wood and Peregrine (1997) is used to predict the
pressure impulse field as a function of the upward wave velocity at
the moment of impact. This method assumes governing equations as
shown in Fig. 7, excluding both the effect of free surface waves and
compressibility on the pressure impulse. The dimensionless pressure
impulse of a wave impact is defined as: (De Almeida and Hofland,
2020):

𝑃 (𝑥, 𝑦, 𝑧) =
𝑃 (𝑥, 𝑦 = 0, 𝑧)
𝛽𝑖𝑚 𝜌𝐼𝑓𝑈𝑤𝐿𝑦

(47)

n which 𝑃 is the pressure impulse, 𝛽𝑖𝑚 a correction factor for the effect
f compressibility of entrapped air, 𝑈𝑤 is the impact velocity of the
onsidered wave impact and 𝐿𝑦 is the overhang length. The pressure
mpulse is regarded at the surface of the flood gate (𝑦 = 0).

The dimensionless pressure impulse field (i.e. 𝑃 ) is constant for a
iven geometry and can be solved numerically. For the situation with
9

s

n overhang, Wood and Peregrine (1997) have also presented a semi-
nalytical solution. Fig. 8 shows the dimensionless pressure impulse
hape over the depth for several water depth over overhang length
atios. For a further description of this solution, is referred to Wood
nd Peregrine (1997) and De Almeida and Hofland (2020).

The magnitude of the pressure impulse depends on the impact
elocity of each wave impact, which is the upward velocity of the
aterfront at the moment of impact. This velocity is known for each

mpact from the surface elevation time-series. For this purpose, again
he surface elevation at the end of the overhang is considered. The
oment of impact happens at each upward crossing of the level of the

verhang bottom, i.e. when ℎ𝐼 + 𝜂overhang(𝑡) = 𝐿𝑧.
In experiments De Almeida and Hofland (2020), de Almeida and

ofland (2020) have shown that the compressibility of entrapped air
etween the overhang and standing wave crest may in practice lead
o larger impact impulses than the analytical solution predicts. For
his reason, the correction factor 𝛽Im is introduced in Eq. (47). Based
n experiments, De Almeida and Hofland (2020) derived a value of
.17 for this correction factor in the case of short overhang lengths
𝐿𝑦∕ℎ𝐼 ≪ 1). Finally, through the impact peak duration 𝜏 the pressure
mpulse field is translated to a triangularly shaped peak time series
f the impact pressure, as shown in Fig. 6. This impulsive pressure is
dded to the quasi-static pulsating wave pressure resulting in a time-
eries of the total wave pressure, of which the lower part of Fig. 14
hows an example.

. Probabilistic approach for wave impacts on a flood gate

The numerical efficiency of the developed gate-fluid and wave load
odels makes it possible to perform a large number of simulations. This

llows to evaluate the structural reliability of the gate. A probabilistic
pproach is presented to explicitly quantify the failure probability of a
lood gate design making use of the developed models, which is valu-
ble for safety assessments and design. Within this approach, a Monte
arlo simulation is performed in which the dynamic behaviour of the
ate is evaluated for a large number of storm simulations following
rom the statistically described design wave spectrum. Fig. 9 shows an
verview of the presented probabilistic approach.

The following variables related to the wave loads are considered
tochastically:

• The phase shift 𝜙𝑖 of each surface elevation harmonic is consid-
ered uniformly distributed between 0 and 2𝜋 in accordance with
the well-known random phase/amplitude model as for instance
discussed in Holthuijsen (2007).

• The correction factor 𝛽Im to account for the variability of the pres-
sure impulse due the compressibility of entrapped air between
the overhang and standing wave crest. The factor is considered
normally distributed with a mean 𝜇𝛽Im = 1.17 and standard
deviation 𝜎𝛽Im = 0.11. This distribution has been derived by (De
Almeida and Hofland, 2020) based on experiments dedicated to
the specific situation of a gate with overhang.

• The wave impact duration 𝜏 for each impulsive wave impact.
Measurements (De Almeida and Hofland, 2020) show that the
impact durations of wave impacts on an overhang vary between
10 to 200 ms independent of the wave characteristics such as
impact velocity. Based on those results a triangular distribution
is proposed with 𝑎 = 0.010, 𝑏 = 0.105 and 𝑐 = 0.200 s.

The water levels at both sides of the flood gate are considered to
e constant during the duration of the storm. On the sea side a water
evel equal to the bottom of the overhang is considered, which leads to
he highest wave impact loads. This assumption is therefore expected
o lead to a conservative estimate of the failure probability of the flood
ate. The distribution of water levels during the course of the design

torm can be included straightforwardly within the presented method.
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Fig. 6. Typical time history of a wave impact on a (vertical) wall with or without a horizontal overhang split into a quasi-steady and impulsive part. The impulsive load is
schematised as a triangular peak with duration 𝜏. (Chen et al., 2019).
Fig. 7. Example of the quasi-steady wave pressure (at the moment of a wave top) and the wave impact pressure impulse (at the moment of impact) acting on the gate.
Fig. 8. Example of surface elevation with the moments and velocities of impact (left) and the pressure impulse shape on the gate for varying overhang lengths (right).
A Monte Carlo simulation is performed in which a number of
realisations 𝑁 is generated for the time-series of the wave impact
pressures for a given design wave spectrum 𝑆(𝜔𝑝) and storm duration
𝑇storm. The gate-fluid model is employed to determine the response of
the flood gate for each storm realisation. In this study, the parameters
of the responsive gate and fluid model are considered deterministic.
However, within the given approach stochastic variables can be used
for these parameters as well.

As a failure criterion the Von Mises stress is used, which for general
plane stress states:

𝜎𝑣 =
√

𝜎2𝑥𝑥 − 𝜎𝑥𝑥𝜎𝑦𝑦 + 𝜎2𝑦𝑦 + 3𝜏2𝑥𝑦 ≤ 𝑓𝑦 (48)

with 𝑓𝑦 being the yield strength of the steel material. The failure
probability of the gate the follows from:

𝑝 =
𝑛fails (49)
10

𝑓 𝑁
in which 𝑝𝑓 is the failure probability of the gate, 𝑛fails is the number
of simulations in which the gate fails and 𝑁 is the total number of
simulations.

6. Case study afsluitdijk

The presented semi-analytical gate-fluid model, wave load theory
and probabilistic approach are applied to a case study inspired by the
situation of the Afsluitdijk. The Afsluitdijk in the Netherlands separates
Lake IJssel from the Waddensea. This dam contains two discharge
sluice complexes in which a large number of gates regulate the water
discharge and protect the hinterland from flooding during a storm
event. The coming years the Afsluitdijk is being renovated, which
includes the replacement of the flood gates. In Fig. 1, an impression
is shown of a set of gates in one of discharge sluices. The flood gate at
the Waddensea side is considered in this case. The flood gate is required
to have a maximum failure probability of 0.1 for the design storm. A
1000 design storms with a duration of 4 h are simulated according
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Fig. 9. Overview of the probabilistic approach for the dynamic response of a gate with overhang to wave impact loads.
to the approach presented in previous section to quantify the failure
probability of the gate. When less than 100 of the 1000 storms lead to
structural stresses exceeding the capacity, this means that the required
maximum failure probability is met. The number of simulations in
relation to the accuracy of the estimated failure probability will be
discussed further on.

In Section 6.1 the parameters of the gate and fluid system are
introduced and the resulting resonance frequencies are investigated.
11
Section 6.2 presents the design storm and the resulting incoming wave
field and impact loads. Subsequently, in Section 6.3 the dynamic re-
sponse of the gate fluid system is investigated for a few consecutive
wave impacts. Section 6.4 presents the probability of failure of the flood
gate by means of a Monte Carlo analysis. Finally, Section 6.5 discusses
the accuracy of this analysis in relation to the number of simulations
performed.
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6.1. Gate-fluid system

Table 3 gives an overview of the relevant case parameters regarding
the gate-fluid system. The parameters are in accordance with the model
description presented in Section 3.1. High water and waves are present
at the Waddensea side of the flood gate. At the other side of the gate low
water is present. The sluice length at the Waddensea side of the gate
is limited compared to the water depth. A much wider second fluid
domain is therefore considered. The sluice length at the lake side of
the gate is sufficiently long to be considered infinite with respect to
the hydrodynamic pressures acting on the gate.

The approximate resonance frequencies and responses of the gate in
vacuo and immersed are obtained by exciting the system by a harmonic
load with a range of frequencies. Table 4 shows the first ten resonance
frequencies of the gate in vacuo and immersed. These resonance fre-
quencies are all within the range of the peak impact durations, i.e. 10
to 200 ms, and may therefore give a dynamic response. Since in the
studied case, the wave impact loads have a constant magnitude over
the width of the gate, there will be no response to the modes that
are antisymmetric in horizontal direction. For the given water levels,
Fig. 10 shows the first four shapes of immersed gate resulting from the
semi-analytical model that are not antisymmetric.

Fig. 11 shows the fluid pressure amplitudes for two of the resonance
frequencies of the submerged gate. The effect of the boundary condition
imposed by the presence of the overhang on the distribution of the fluid
pressure can be seen clearly. Furthermore, the fluid pressure shows
to be continuous over the interface between fluid domain I and II,
satisfying the interface conditions between these two domains.

6.2. Design storm

A design storm with a total duration of four hours is considered
in this case study. The water level at the sea side (Waddensea) is
considered to be at the overhang level for the entire duration, which
is the governing water level in terms of wave impact pressures. How-
ever, with the presented methods a multivariate probabilistic analysis
including water levels and wave heights could be carried out as well.
The wave field is incoming from the sea side of the gate where the
high water level is present, and is described by a JONSWAP spectrum
with a peak period 𝑇𝑝 of 4.5 s and a significant wave 𝐻𝑚0 of 1.5 m.
Table 5 gives an overview of the wave impact parameters and their
probabilistic distributions as discussed in Sections 4 and 5 .

The applied spectrum contains relatively steep waves above the
limit of 2% for linear theory as mentioned earlier. Higher order wave
theory can be applied in design to obtain a more accurate prediction.
However, for the purpose of demonstrating the probabilistic framework
linear wave theory is deemed sufficient. Moreover, the difference be-
tween the free surface velocity predicted by linear and higher order
wave theory happens to be minor around the point of the still standing
water level, which is considered to be at the overhang level for the
entire storm duration in this case study (Tadjbakhsh and Keller, 1960).
The impact velocity, which is the governing parameter for the impul-
sive impact load, is therefore expected to be predicted reasonably by
linear wave theory for this case.

As an example, Fig. 12 on the left hand side shows the wave force
distributed over the gate width for a one minute time interval of a
certain storm realisation using the parameters of Tables 3 and 5. The
impulsive impact peaks can be distinguished clearly and show quite
some variability in magnitude. On the right hand side, the magnitude
of all 3903 peak impacts that occur within this 4 h storm simulation
are shown.

Fig. 13 shows the exceedance probability of the maximum wave
force distributed over the gate width in a single storm with a duration
of 4 h based on the 1000 storm simulations performed in this case
study. The maximum wave force found in the performed simulations
is approximately 9000 kN/m.
12
6.3. Response of the gate to several waves

The developed semi-analytical model is now used to determine the
response of the gate-fluid system. Fig. 14 shows a time series of the
deflection of the gate in response to several consecutive wave impacts.
The response is governed by the first resonance mode. However, higher
modes are excited by the wave peak impacts of shorter duration, which
can be seen especially in the response after the third peak impact (at
𝑡 ≈ 101 s).

Vibrations of the gate do not fully damp out between wave impacts.
In this case, vibrations from the previous wave impact quite strongly
influence the maximum response after the following impact. The se-
quence and exact moment of wave impacts are therefore relevant when
predicting the reliability of the flood gate. This effect is not included
in conventional design methods using the dynamic amplification fac-
tor (Kolkman and Jongeling, 2007b), but is captured well within the
presented probabilistic approach.

Moreover, the maximum peak force does not lead to the maximum
response for this time interval. Fig. 15 shows the maximum response
of the gate for all wave impacts occurring with a single four hour
storm for both the peak force and the pressure impulse of each wave
impact. Above a certain limit, higher peak pressures no longer lead to
a significant increase in response, most likely because the structural
system is insensitive to the short impact durations of those wave
impacts. The structural response is therefore more strongly correlated
to the pressure impulse than to the peak pressure of a wave impact.
This motivates the use of pressure impulse theory as the governing load
parameter for wave impacts on these particular type of structures in
contrast to the peak force that is often used within design practice.
As discussed in Section 4.2.2, the pressure impulse of a wave impact
has also shown to be better predictable in experiments (Hofland et al.,
2011; De Almeida and Hofland, 2020).

Fig. 15 shows a large variation in the response of the gate for both
the peak force and pressure impulse. The previously described effect of
consecutive wave impacts is the main cause for this variation. Further,
the distribution of the correction factor 𝛽Im causes some variation.

Fig. 16 shows the deflection and yield stress fields over the plate for
the moment of maximum deflection during the interval considered in
Fig. 14.

6.4. Probability of failure of the system

The gate response is now investigated for a thousand storms sim-
ulations, determining the maximum stress in the gate for each storm.
Exceedance of the yield stress at any time during the four hour storm,
is considered as failure of the gate. Fig. 17 shows the maximum stress
found in each of the storm simulations and their distribution. The
yield stress is exceeded in 25 of the 1000 simulations, leading to the
following failure probability of the gate for the given design storm:

𝑝𝑓,gate =
𝑛fails
𝑁

= 25
1000

= 0.025 (50)

The failure probability is below the required maximum of 0.1, so that
in this case study the gate design suffices.

In the previous analysis, the yield strength was considered as a
deterministic value. The probability of failure is also investigated for
the situation in which the yield strength of the steel gate is considered
stochastically with a mean value 460 N/mm2 and a standard deviation
of 20 N/mm2. The uncertainty involved with the yield strength of
the gate leads to a higher number of failures, resulting in a failure
probability of 0.035.
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Table 3
Gate-fluid system parameters and their value as applied in the case study.

Structural parameters Symbol Value Unit Fluid parameters Symbol Value Unit

Width 𝐿𝑥 12 m Width domain I 𝐿𝐼
𝑥 12 m

Height 𝐿𝑧 7.5 m Width domain II 𝐿𝐼𝐼
𝑥 60 m

Gate thickness 𝑡 0.22 m Width domain III 𝐿𝐼𝐼𝐼
𝑥 12 m

Bending stiffness 𝐷 1.95 ⋅ 108 Nm2 Water level domain I ℎ𝐼 7 m
Distributed mass 𝜌𝑠 345 kg/m2 Water level domain II ℎ𝐼𝐼 7 m
Modulus of elasticity (steel) 𝐸 200 ⋅ 109 Nm2 Water level domain III ℎ𝐼𝐼𝐼 4 m
Moment of inertia 𝐼 0.00089 m4 Overhang length 𝐿𝑦 3 m
Poisson’s ratio (steel) 𝜈 0.3 – Fluid density domain I–III 𝜌𝑗𝑓 1025 kg/m3

Yield strength (steel) 𝑓𝑦 460 ⋅ 106 N/m2 Fluid sound velocity I–III 𝑐𝑗𝑝 1500 m/s
Material damping (steel) 𝜂 0.01 – Gravitational constant 𝑔 9.81 m/s2
Table 4
First ten resonance frequencies of the gate in vacuo and immersed.

Condition 𝑓1 𝑓2 𝑓3 𝑓4 𝑓5 𝑓6 𝑓7 𝑓8 𝑓9 𝑓10
In vacuo [Hz] 11.8 36.7 43.8 72.1 77.5 115.2 116.4 134.6 145.2 173.6
Immersed [Hz] 3.5 13.6 16.3 29.1 32.1 50.0 53.5 64.4 66 69.9
Fig. 10. The amplitude of the complex valued response |𝑤| of the immersed gate for several resonance frequencies.
Fig. 11. Normalised absolute fluid pressure at 𝑥 = 4 on both sides of the gate for two resonance frequencies of the immersed gate.
13
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Table 5
Design storm parameters and their distribution and values as applied in the case study.

Parameter Symbol Distribution Value (range) Unit

Water levels ℎ𝐼 , ℎ𝐼𝐼 , ℎ𝐼𝐼𝐼 Deterministic (See Table 3)
Storm duration 𝑇storm Deterministic 4 hours
Peak period (JONSWAP spectrum) 𝑇𝑝 Deterministic 4.5 s
Significant wave height (JONSWAP spectrum) 𝐻𝑚0 Deterministic 1.5 m
Reflection coefficient 𝑐𝑟 Deterministic 0.8 –
Impact peak duration 𝜏 Triangular 10 ≤ 𝜏 ≤ 200 ms
Surface elevation phase shift (per harmonic 𝑖) 𝜙𝑖 Uniform 0 ≤ 𝜙 ≤ 2𝜋 rad
Impulse correction factor 𝛽𝑖𝑚 Normal 𝜇𝛽 = 1.17, 𝜎𝛽 = 0.11 –
Fig. 12. Wave force distributed over the gate width for a random one minute storm interval (left) and all peak pressures that occur within the entire 4 h storm simulation.
Fig. 13. Exceedance probability of the maximum depth-integrated peak pressure in a single storm with a duration of 4 h based on the 1000 simulations.
.5. Accuracy of the Monte Carlo simulation

The accuracy of the performed simulation is now discussed. Gen-
rally, the coefficient of variation (relative error) 𝜖 of a Monte Carlo

analysis resulting can be estimated by Jonkman et al. (2016):

𝜖 = 1
√

𝑁 𝑝𝑓
(51)

in which 𝑁 is the number of simulations and 𝑝𝑓 the required failure
probability. For the failure probability and number of simulations in
our case this leads to an approximate coefficient of variation of 10%.

This estimate relies on the assumption that the outcome of the
Monte Carlo simulation is binomially distributed. This is generally
the case when the underlying stochastic variables are well behaved,
also interpreted as slowly varying. It is argued that this is true for
the stochastic variables considered in this case study. The correction
factor and impulse duration are normally distributed and have a direct
linear relation with the peak impact force of the wave impacts. The
random-phase amplitude model is known to result in a smooth Rayleigh
distribution of the wave height (Holthuijsen, 2007), which in turn is
also linearly related to the impact velocity and peak impact force.

Fig. 17 shows that the resulting distribution of the maximum
stresses is indeed approximately binomial for the situation regarded
14
in the case study. However, the distribution does show a double peak
and is not entirely smooth at its tail. To obtain an additional indication
of the robustness of the result, the number of simulations is varied. As
shown in Fig. 18, the found probability of failure is relatively stable
after 300 simulations at least when compared to the requirement.

This accuracy is therefore expected to be sufficient for this case
study. For design, when optimising the design for the required failure
probability, a higher number of simulations could be desirable how-
ever. Alternatively, sampling techniques exist that can improve the
accuracy for a given number of simulations (Jonkman et al., 2016).

In the performed case study the water level was considered to be
constant at the level of the overhang. It must be noted that a less
smooth result is expected when performing a multivariate probabilistic
analyse both including wave heights and water levels. Maximum wave
impact forces occur when the water level is equal to the bottom of the
overhang, which could possibly be just a small interval compared to
the stochastic variation in water levels in some cases. Such an analysis
therefore most likely requires a higher number of simulations.

7. Conclusion

A semi-analytical fluid–structure interaction (FSI) model has been

developed to accurately predict the dynamic behaviour of flood gates
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Fig. 14. The displacement response of the gate for several wave impacts within a storm simulation.
Fig. 15. Correlation between the maximum local deflection of the gate and the peak impact force (left) and the pressure impulse (right) for all wave impacts within a single
storm simulation.
Fig. 16. Deflection and stress at the surface of the plate at a local maximum response (𝑡 = 96.4 s) to a wave impact.
in complex fluid domains. It includes the two way fluid–structure inter-
action in a computationally efficient manner. The situation of impact
loads on an overhanging structure in front of the gate is considered,
which can for example be the case with culverts or bridge decks on
top of discharge sluices. The FSI model is an extension of a previous
model (Tieleman et al., 2019a), which makes it applicable to the
types dewatering sluices studied. For this purpose, the presence of
the overhang that causes the confined-wave impacts and a new wide
domain outside the channel have been added. The method of solution
15
is based on a mode matching technique of the structure and fluid. The
effect of surface waves compressibility of the fluid on both sides of
the gate is included in the model. The performance of the developed
fluid–structure interaction model has been compared to conventional
FE software, showing accurate results with much better computational
efficiency.

A recently validated approach is employed to predict the wave
impact loads on the gate, making use of different theories are applied
to predict the quasi-steady pulsating and impulsive impact part of the
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Fig. 17. Maximum stress found in each of the 1000 storm simulations compared to the deterministic value of the yield strength (left) and the number of samples per maximum
stress interval (right).
Fig. 18. The probability of failure found for an increasing number of simulations.
wave load. For the impact part, pressure impulse theory is applied,
which has shown a better theoretical predictability than peak pressures.
Employing this method, avoids the necessity for time-consuming and
costly experiments for every new situation. The combination of the
relatively new FSI model and the analytical formulation to obtain the
impulse of the confined-wave impacts was not applied before.

The computational efficiency of the developed models allows for a
large number of simulations. This makes it possible for the first time to
perform probabilistic evaluations or predict the response to every single
wave over the lifetime of the structure without doing concessions on
the accuracy of the physical modelling of the involved fluid–structure
interaction processes, which is a novelty within the field of hydraulic
structures. A probabilistic approach has been presented to demonstrate
this use, explicitly quantifying the failure probability of a flood gate
subjected to wave impacts for a given design storm. Within this ap-
proach, a large number of storms is simulated, each having a duration
of several hours and involving a few thousand wave impacts. The
free surface elevation, wave impact duration and impulse correction
factor are considered stochastically. The response of the flood gate
is investigated for each storm simulation. Predicting the response of
the flood gate to each storm simulation using existing time-domain FE
models would be a computationally impossible mission.

The probabilistic approach and developed gate-fluid and wave load
model are applied to a case study inspired by the situation of the
Afsluitdijk, demonstrating their applicability as an advanced design
method. For the case study, vibrations of the gate did not damp out
between wave impacts. The sequence and exact moment of wave
impacts therefore influence the maximum response of the flood gate.
This effect is not included in more conventional design methods, but is
captured well within the presented probabilistic approach.
16
Furthermore, results show that the pressure impulse is not only
better predictable than the peak pressure when regarding the wave
impact load, but also the response of the flood gate is more strongly
correlated to the pressure impulse. This further motivates the use of
pressure impulse theory as the governing load parameters for wave
impacts on these particular type of structures, where now the peak
pressures are generally considered in design practice.

Finally, it is recommended to include the water level variation dur-
ing the course of a storm within the presented probabilistic approach.
This variation is also of interest when applying the developed model
for fatigue assessments, explicitly predicting stress cycles for a large
number of storms and wave loads.
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