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Abstract: When the fundamental natural frequency of marine structures is comparable to the dom-
inant frequency of incident waves, the response of the load on the structure will be amplified.
Accurately quantifying how wave loads can be amplified by incident wave conditions must thus be
considered in any structural analysis, given how sensitive these characteristics are to different wave
impact types. Systematic physical model tests of wave impacts on the simple horizontal plate and
the vertical wall with a horizontal overhanging cantilever slab were performed. By first comparing
quasi-static wave load estimates along a simple horizontal plate (obtained by low-pass filtering the
pressure time series at different cut-off frequencies) with quasi-static uplift pressures from established
predictive formulations, a cut-off frequency of 7 Hz was found to accurately separate the quasi-
static component from impulsive wave impacts. By applying the low-pass filtering approach with
the selected cut-off frequency to the pressure measurements for the vertical wall with a horizontal
cantilever slab case, the impulsive and quasi-static peaks were attained, which were then used to
quantify the probabilities of individual impulsive, dynamic, and quasi-static wave impacts. Incoming
wave conditions and structural clearance had a significant effect on the probabilities of different wave
impacts. With the increasing wave height and wave steepness, wave impacts on the horizontal slab
and vertical wall were increasingly of the impulsive type and less frequently of the quasi-static type,
while the probability of dynamic impact types were relatively stable. As the overhanging slab was
shifted from elevated to submerged, the dominant type of wave impact on the structure was variable,
ranging from impulsive to dynamic to quasi-static as its elevation was lowered. The results indicated
that up to 90% of the impacts were of the impulsive type when the overhanging slab was on or
slightly over the still water level. Moreover, the presence of the vertical wall increased the magnitude
of wave loads and the occurring frequency of impulsive wave impacts for the horizontal slab.

Keywords: wave impact type; cut-off frequency; occurring probability; structural clearance

1. Introduction

There has been a growing need to build a range of different structures in the ocean to
support the blue economy and coastal population growth, with these structures expected
to be increasingly vulnerable to the impacts of climate change, including sea level rise
and the changing frequency and intensity of extreme storms [1–7]. As a result, studies
on the dynamic interactions between wave-driven ocean processes and coastal/offshore
structures are vital, given how wave impacts affect coastal protection and the safety of
marine structures.

How to reasonably predict and determine the wave loads is required for designing
coastal and offshore structures, with specific loading dependent on both the incoming
wave conditions and the geometry of the structure. For the vertical structures, incoming
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wave shapes and breaking conditions play a dominant role in determining the wave
impact [8–10], with the maximum wave load mostly associated with the thin air layer
between the wave front and the structural surface, called flip-through, specifically [11–13].
It has also been found that the largest local wave impacts usually occur at positions near
the still water level [14–17]. To date, the most widely recognized empirical formula to
predict wave loads on vertical wall is from study by Goda [18], which has been widely
applied to ocean engineering applications. Wave loads due to vertical wave motion on
horizontal structures (such as coastal bridges and pile-supported platforms) have been
increasingly studied [19,20]. In addition to the wave condition, the uplift wave load shows
the significant response to the elevation difference between the bottom of a horizontal
structure and the still water level (termed structural clearance) [21–23]. During an extreme
wave attack (such as tsunami and typhoon-induced freak waves), structural failure has
commonly been found to occur on the horizontal parts of the structure [3,5,24,25]. Recently,
an increasing number of marine structures with complicated forms have been developed
(such as surge barriers, flood gates, sluice gates, dewatering sluices, lock gates, and crest
walls), and have been modeled as a combination of a vertical wall with overhangs [25–31].
For such hybrid structures, the roles of wave conditions and structural geometry on wave
loads have been studied to a lesser extent. Recently, De Almeida and Hofland investigated
how the roles that variable wave fields and entrapped air play in controlling the standing
wave impacts on vertical hydraulic structures with overhangs [32–34]. Based on physical
model tests, Huang and Chen [35,36] proposed that the maximum wave impact on the
horizontal cantilever slab occurred when the structural clearance is approximately 0.2 times
the incoming significant wave height, and further presented the relationships between the
wave impact rising time, the wave impact frequency, and the wave load.

However, when designing marine structures subject to waves, the maximum wave
load is not the only relevant factor; dynamic effects must also be considered in the structural
analysis, otherwise the analysis will overestimate or underestimate the actual reaction load
on the structure. When the dominant frequency of incident waves is much smaller than the
fundamental natural frequency of marine structures, a static analysis is usually sufficient to
attain the designed structural response to incident waves [37]. Nevertheless, if the natural
frequency of the structure is close to the wave frequency, particularly in cases in which the
marine structures are more flexible, the actual response load on the structure can be signifi-
cantly amplified due to resonance, such that a dynamic analysis must be conducted [38,39].
Generally, using the product of incident wave loads and the dynamic magnification factor
to reflect the actual dynamic response of marine structures impacted by extreme waves is
a widely accepted approach [31]. Huang and Chen investigated the structural response
analysis with wave loads through the finite element method, and found that the dynamic
magnification factor could be either larger than 1.0 or smaller than 1.0, representing the
respective underestimation or overestimation of wave loads when ignoring the dynamic
characteristic of wave loads [36]. While the wave force measurements have included the
structure response and are not suitable for dynamic amplification effect analysis, the wave
pressures contain the significantly impulsive property and are as important and necessary
as the wave forces for marine structure design, particularly for specific parts, because
different parts of the entire structure will be faced with different magnitudes of the wave
loads, such as the wave pressures on the deck, beam, or pile. Given that the dynamic
characteristic of a wave load (i.e., the dynamic magnification factor) is sensitive to different
wave impact types, it is thus key to distinguish different wave impact types and investigate
how frequently they occur on structures, the latter of which has been investigated to a
lesser extent. In addition, the roles that wave conditions and structure parameters have in
determining the probability of different wave impact types has been rarely considered in
the literature. Given this, a series of model tests of two configurations (a simple horizontal
plate and a vertical wall with a horizontal overhanging cantilever slab) were performed
in a wave flume, and the wave pressures on different locations were measured. Firstly,
based on the model tests of the simple horizontal plate, a suitable cut-off frequency to
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separate the quasi-static wave load from impulsive wave load was identified. Then, by
applying the low-pass filtering method with the selected cut-off frequency to classify the
wave impact types for the vertical wall with a horizontal cantilever slab, the influence of
different wave conditions and structural clearances on the probability of three types of
wave impact (impulsive, dynamic, or quasi-static) were investigated.

This paper is structured as follows. In Section 2, a detailed overview of the experimen-
tal setup is provided, including the physical model setup, instrumentation, and methods of
data processing. The experimental results and discussion are then provided in Section 3.
This includes assessing the influences of wave conditions and structural clearance on the
probability of different types of wave impact loads. Finally, the conclusions and implica-
tions for engineering design are presented in Section 4.

2. Methods
2.1. Experimental Setup

The physical modeling experiment was conducted within a glass-walled wave flume
at the Channel Laboratory of Hohai University, P. R. China. The wave flume was 80 m
long, 1 m wide, and 1.5 m deep, with waves generated using a piston-type wavemaker
with an active wave absorption system to reduce reflected waves at the generation source
(Figure 1). In total, two model configurations were evaluated in this study: configuration C1,
consisting of a simple horizontal plate; and configuration C2, consisting of a vertical wall
with an overhanging horizontal cantilever slab (C2), as shown in Figure 2a,b, respectively.
Both model configurations were built approximately 50 m away from the wavemaker at
a 1:30 geometric scale, with a Froude number similarity adopted to reproduce the wave-
driven hydrodynamic processes. At the model scale, the vertical wall was 0.65 m high
and the horizontal plate (slab) was 0.50 m long (equivalent to 19.5 m and 15 m at the
prototype scale, respectively). The physical models were constructed from rigid acrylic
sheets, with the horizontal plate (slab) connected to a steel frame that enabled the plate
(slab) to be adjusted vertically to vary the structural clearance c (i.e., the elevation difference
between the bottom of horizontal plate and the still water level). During the experiments,
the clearance c was varied between −0.10 m and 0.10 m (equivalent to −3.0 to +3.0 m at
the prototype scale), where positive values represented cases when the horizontal plate
was above the still water level. Further details on the physical model and wave flume are
provided in the study by Huang and Chen [35], and are only summarized here.
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2.2. Wave Conditions and Experimental Measurements

Based on the prototype (field) wave conditions on which the model testing was based,
a series of irregular wave conditions was generated for a range of significant wave heights
Hs between 0.05 and 0.15 m using a constant peak period of Tp = 1.45 s, based on a
JONSWAP spectrum with a peak enhancement factor of γ = 3.3. For a summary of all
the wave conditions and structural clearances used in the experiments, refer to Table 1.
At the prototype (field) scale, this was equivalent to Hs between 1.5 and 4.5 m at a fixed
period of Tp = 7.94 s. The water depth in the flume was held constant at 0.50 m during
all experiments (equivalent to a 15 m depth at the prototype scale), with the structural
clearance c varied by raising/lowering the models in the flume. Based on the wave peak
period Tp = 1.45 m used in the testing, the wavelength in the flume (inferred from linear
wave theory) was L = 3.28 m. A total of 35 wave trials were conducted (denoted T1 to
T35), with five of the conditions (denoted T16 to T20) repeated to include both the simple
horizontal slab configuration (C1) and the vertical wall with an overhang configuration
(C2) (Table 1).

Table 1. Summary of conditions used in the wave trials.

Trial c (m) Hs (m) Tp (s) Tested
Configurations Trial c (m) Hs (m) Tp (s) Tested

Configurations

T1 −0.1 0.05 1.45 C2 T19 0 0.125 1.45 C1, C2
T2 −0.1 0.075 1.45 C2 T20 0 0.15 1.45 C1, C2
T3 −0.1 0.1 1.45 C2 T21 0.02 0.05 1.45 C2
T4 −0.1 0.125 1.45 C2 T22 0.02 0.075 1.45 C2
T5 −0.1 0.15 1.45 C2 T23 0.02 0.1 1.45 C2
T6 −0.05 0.05 1.45 C2 T24 0.02 0.125 1.45 C2
T7 −0.05 0.075 1.45 C2 T25 0.02 0.15 1.45 C2
T8 −0.05 0.1 1.45 C2 T26 0.05 0.05 1.45 C2
T9 −0.05 0.125 1.45 C2 T27 0.05 0.075 1.45 C2
T10 −0.05 0.15 1.45 C2 T28 0.05 0.1 1.45 C2
T11 −0.02 0.05 1.45 C2 T29 0.05 0.125 1.45 C2
T12 −0.02 0.075 1.45 C2 T30 0.05 0.15 1.45 C2
T13 −0.02 0.1 1.45 C2 T31 0.1 0.05 1.45 C2
T14 −0.02 0.125 1.45 C2 T32 0.1 0.075 1.45 C2
T15 −0.02 0.15 1.45 C2 T33 0.1 0.1 1.45 C2
T16 0 0.05 1.45 C1, C2 T34 0.1 0.125 1.45 C2
T17 0 0.075 1.45 C1, C2 T35 0.1 0.15 1.45 C2
T18 0 0.1 1.45 C1, C2

During the experiments, water elevations were recorded along the flume at three
locations (WG1–WG3) using capacitance wave gauges with a sampling rate of 100 Hz
(DJ800, from the China Institute of Water Resources and Hydropower Research), with the
incoming significant wave height defined based on the measurements at the first wave
gauge (WG1) (Figure 2, Table 2). The distances between these three wave gauges were
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determined for the separation of the incident and reflection waves [40,41]. To measure the
wave impact pressures, 20 pressure sensors (WMS-51P2J0L2M0, from Xi’an Microsensitive
Instrument and Meter Co. Ltd., Xi’an, China) located in the center axis of the tested part of
the flume were embedded in the surfaces of the horizontal plate and vertical wall through
the reserved ports (see Figure 2). A total of 8 pressure sensors were installed on horizontal
plate or slab (PS1 to PS8), while the other pressure sensors were located on the vertical wall
(PS12 to PS20), with data recorded at a sampling rate of 5000 Hz.

Table 2. The locations of different instruments.

Instrument Description Instrument x (m) y (m) z (m)

Wave paddle WP 0 - -
Wave gauge WG1 15 0.25 -
Wave gauge WG2 30 0.25 -
Wave gauge WG3 45 0.25 -

Pressure sensor (overhanging horizontal cantilever slab) PS1 50.015 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS2 50.095 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS3 50.155 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS4 50.215 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS5 50.275 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS6 50.355 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS7 50.415 0.25 0.4–0.6
Pressure sensor (overhanging horizontal cantilever slab) PS8 50.475 0.25 0.4–0.6

Pressure sensor (vertical wall) PS9 50.48 0.25 0.59
Pressure sensor (vertical wall) PS10 50.48 0.25 0.54
Pressure sensor (vertical wall) PS11 50.48 0.25 0.51
Pressure sensor (vertical wall) PS12 50.48 0.25 0.49
Pressure sensor (vertical wall) PS13 50.48 0.25 0.47
Pressure sensor (vertical wall) PS14 50.48 0.25 0.44
Pressure sensor (vertical wall) PS15 50.48 0.25 0.39
Pressure sensor (vertical wall) PS16 50.48 0.25 0.33
Pressure sensor (vertical wall) PS17 50.48 0.25 0.27
Pressure sensor (vertical wall) PS18 50.48 0.25 0.21
Pressure sensor (vertical wall) PS19 50.48 0.25 0.12
Pressure sensor (vertical wall) PS20 50.48 0.25 0.03

2.3. Data Processing

Wave pressures were recorded synchronously; Figure 3 presents an example time
series of wave pressures on the horizontal plate (C1) for wave trial T12, showing a typical
larger impulsive wave pressure of short duration followed by a smaller quasi-static wave
pressure with a long duration. The wave pressures were not distributed uniformly on the
bottom of horizontal plate, with some degree of randomness and scatter between various
pressure sensors (PS1–PS8). Similar to the significant wave height, P1/3 was defined as
the significant wave pressure for each time series of wave load (pressure), using a zero
up-crossing method. In addition, the average of the highest 1% of the wave pressure P1/100
was also quantified. Due to the variability of wave pressures across different pressure
sensors, the results are presented using the average wave pressures for both the horizontal
slab (PS1–PS8) and vertical wall (PS9–PS20) sensors.

Over an individual wave period, the pressure time series was characterized by an
initially large impact wave pressure Pim, followed by a more slowly varying quasi-static
uplift wave pressure Pqs+ (Figure 3). Based on previous studies of wave loads on vertical
walls [42,43], and as summarized in Table 3, when the ratio of the impact wave pressure Pim
to the quasi-static uplift wave pressure Pqs+ (i.e., Pim/Pqs+) was larger than 2.5, the corre-
sponding wave impact process was defined as an ‘impulsive’ type; when Pim/Pqs+ < 1.2, the
wave impact was of a ‘quasi-static’ type; and for intermediate values (1.2 < Pim/Pqs+ < 2.5),
the wave impact was classified as a ‘dynamic’ type.
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Table 3. Classification of wave impact types.

Pim/Pqs+ Wave Impact Types

>2.5 Impulsive
1.2–2.5 Dynamic

<1.2 Quasi-static

For a given wave’s time series, the total number N of individual wave impacts was
grouped into the three wave impact types, N = A + B + C, where A is the number of
impulsive wave impacts, B is the number of dynamic wave impacts, and C is the number of
quasi-static wave impacts in series. Thus, the probability of three such types of wave impact
could be calculated as follows: PROim = A/N, PROdyn = B/N, and PROqs+ = C/N, where
PROim, PROdyn, PROqs+ represent the probability of impulsive, dynamic, and quasi-static
wave impact, respectively.

3. Results and Discussion
3.1. Role of Cut-Off Frequency for Separation of Quasi-static Wave Impacts from Impulsive
Wave Impacts

Several methods have been successfully used to separate the quasi-static component
from the impulsive wave impacts [31,44–46], among which the low-pass filtering approach
with a cut-off frequency was adopted in this study. By conducting the model test of the
simple horizontal plate (C1), the role of the cut-off frequency in the separation of the quasi-
static wave impact from the impulsive wave impact was first investigated. In the example
wave impact (pressure) time series in Figure 3, it is visually possible to identify the separate
contributions of both the impulsive and quasi-static components of the total load time
series. To decompose the impact wave pressure Pim and quasi-static uplift wave pressure
Pqs+, an approach to separate these two types of wave loads first needed to be established.
Prior studies that examined these wave impacts indicated that the impulsive wave load
was always associated with higher frequency fluctuations; whereas the quasi-static wave
load occurred at lower frequencies, indicating the importance of different time scales when
distinguishing between these impulsive and quasi-static processes. Thus, it is common
to apply low-pass filtering methods to isolate the quasi-static load component from the
pressure time series [31,35]. However, until now, how to optimally choose the cut-off
frequency within the low-pass filtering still remains an open question. In practice, studies
to date have subjectively chosen the cut-off frequency based on a specific given data set. In
this section, we used results from the subset of model testing of the horizontal plate (C1) to
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conduct a detailed assessment of how the choice of the cut-off frequency influenced the
separation of the contributions of these two types of wave impact.

Through application of low-pass filtering from continuous 1D wavelet transform
(CWT) [47], the time series of the separated quasi-static (low-frequency) component of
wave pressure on the bottom of the horizontal plate was compared against known responses
from predictive formulations. Given that different cut-off frequency values can rebuild
different time series of quasi-static wave load and thus different significant wave pressure
P1/3, Figure 4 shows an example for pressure sensor PS1 of the horizontal plate within wave
trial T12, in which the significant wave pressure P1/3 varied with the cut-off frequency fc.
As shown in the figure, when the cut-off frequency fc increased, P1/3 initially increased
and then reached an approximately constant value. For cut-off frequencies fc larger than
~2000 Hz, the significant wave pressure P1/3 was not sensitive to higher values of fc. In
order to further investigate the role that cut-off frequency played in separating impulse
and quasi-static wave impacts, these low-pass-filtered load measurements could then be
compared against the predictive formulations for estimating quasi-static wave impacts on
horizontal plates. Cuomo et al. [24] conducted a comprehensive set of physical model tests
for horizontal plates exposed to different regular wave conditions and structural clearances,
and developed an empirical formula for predicting the quasi-static uplift wave pressure,
as follows:

Pqs+

ρgHs
= 7.34η∗3 − 5.47η∗2 + 1.18η∗ + 0.42 (1)

η∗ =
ηmax

d
(2)

where ρ is the density of water, g is the gravitational acceleration, Hs is the corresponding
incoming significant wave height (defined as 0.56 times the maximum regular wave height
in Cuomo’s study [24]), η* is the normalized hydrostatic head, ηmax is the maximum wave
crest height, c is the structural clearance, and d is the still water depth.
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Figure 4. Significant wave pressure P1/3 of reconstructed wave load time series on PS1 changed with
cut-off frequencies fc.

Based on Equations (1) and (2), the predicted values of the quasi-static uplift wave
pressure Pqs+,cal calculated for wave trials T16, T17, T18, T19, and T20 are given in Table 4.
Given that ηmax within Equation (1) corresponded to regular waves, for irregular waves, the
maximum crest height for each individual wave is time-varying, and ηmax is defined here
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by the average of the highest 1% of the waves (denoted η1/100). To build the relationship
between the normalized wave crest height and the significant wave height, Figure 5 shows
the wave crest height η1/100 varied with the incoming significant wave height Hs, plotted in
both dimensional and nondimensional forms. Note that there were only a few data points
within the present wave trials (T16–T20), thus this relationship between η1/100 and Hs
was established by incorporating additional irregular wave model tests, which are plotted
together in Figure 5. There was an approximately 1:1 linear positive correlation between
Hs and η1/100, with correlation coefficients larger than 0.90. Due to η1/100 related to wave
amplitude, this suggested that H1/100 was about twice Hs, consistent with the Rayleigh
distribution of irregular wave height. Based on the nondimensional relation between Hs
and η1/100, Equation (2) can be further used to relate η* to the wave and structural clearance
as follows:

η∗ =
0.88Hs − c

d
+ 0.01 (3)

Table 4. Comparison between calculated and measured results.

Wave
Trials

Calculated Values
from Equation (1) Measured Values P1/3 from Model Tests (kPa)

Pqs+,cal
(kPa) fc = 5 Hz fc = 6 Hz fc = 7 Hz fc = 8 Hz fc = 9 Hz fc = 10 Hz

T16 0.24 0.21 0.23 0.24 0.25 0.26 0.27
T17 0.37 0.34 0.36 0.37 0.39 0.40 0.42
T18 0.49 0.41 0.43 0.46 0.48 0.50 0.52
T19 0.60 0.57 0.59 0.61 0.63 0.66 0.68
T20 0.71 0.65 0.68 0.71 0.74 0.76 0.78
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Given the significant wave height Hs in the denominator of Equation (1), the signifi-
cant wave pressure P1/3 of the rebuilt pressure time series for each wave trial (T16–T20)
was compared with the predicted quasi-static uplift wave pressure Pqs+,cal, as shown in
Table 4. Figure 6 shows the ratio of P1/3/Pqs+,cal against the cut-off frequency fc. The ratio
P1/3/Pqs+,cal increased with the increasing cut-off frequency due to the inclusion of more
higher frequency variability in the pressure time series. The meeting crossing point be-
tween P1/3/Pqs+,cal and 1.0 appeared around fc = 7 Hz. For this cut-off frequency fc = 7 Hz,
Figure 7 plots the P1/3 against Pqs+,cal with the corresponding root-mean-square errors
(RMSE) and correlation coefficients (R2) included. Both matched well with each other, with
a small RMSE = 0.014 kPa and a high R2 = 0.99, revealing the good performance of a cut-off
frequency equal to 7 Hz for separating the quasi-static component of the load. Compared
with a previous work [35], in which the authors subjectively decided to utilize the cut-off
frequency of 8 Hz to reconstruct the quasi-static wave load through visual contrasting, the
present study provides a more precise and convincing analysis and discussion to support
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the final selection. Furthermore, it was also generally consistent with the observation
of Xiang et al. [48] that a cut-off frequency of 7.5 Hz could reconstruct the quasi-static
component of the wave impact reasonably well. Finally, in Figure 8, the decomposed time
series of the impulsive wave impact and quasi-static wave impact are plotted together
for fc = 7 Hz. The quasi-static wave impact appeared to match the expected variability of
the quasi-static component of original wave impact well, not only for heavily impulsive
processes (the first three individual waves), but also for weakly impulsive ones (the middle
four individual waves).
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Figure 7. Comparisons between measured values P1/3 of rebuilt pressure time series results and
calculated values Pqs+,cal from empirical formula for a cut-off frequency of 7 Hz.

The separation method using the specific cut-off frequency fc = 7 Hz was subsequently
extended to the vertical wall with overhangs (C2) trials, with an example shown in Figure 9
(for PS1 and PS9 in trial T12, respectively). As shown in Section 3.4, the presence of the
vertical wall could significantly enhance the wave impacts on the slab, which was due to the
interactions between the wave-induced flow accelerations and the entrapped air within the
relative confined space formed from the slab and vertical wall. However, different from the
impulsive wave impact processes and the peak impulsive pressure values that were greatly
affected by the entrapped air [46], the quasi-static processes seemed to be not significantly
sensitive to the entrapped air [33], and thus the selected cut-off frequency representing the
upper limitation of low-pass filtering from the horizontal plate tests could be reasonably
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adopted in the vertical wall with overhangs, particularly under the similar incident wave
conditions. In addition, the cut-off frequency of 7 Hz in this study was used for measured
wave pressure low-pass filtering, and was thus of course at the model scale (about 1/10 of
the wave period). At the 1:30 geometric scaling used in the experiment, according to the
Froude scaling of timescales, this would suggest a cut-off frequency at the prototype scale of
~1 Hz. Nevertheless, from these experiments alone, it was not possible to definitely confirm
how these cut-off frequencies would scale between model and field (prototype) scales, as
this would have required a focus on quantifying scale effects to specific applications. This
is a topic that is as important as the scale effect of the wave loads, but was not the major
target in this research; both topics need much more dedicated studies in the future. In the
present study, based on the classification approach described in Section 2.3, we aimed to
further investigate the probability of different wave impact types (impulsive, dynamic, and
quasi-static) on the vertical wall with overhangs, as presented in the following sections.
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Figure 9. Time series of the decomposed impulsive wave pressure and corresponding reconstructed
quasi-static wave pressure for the vertical wall with horizontal cantilever slab (C2) for measurements
at (a) pressure sensor PS1 and (b) pressure sensor PS9.

3.2. Effect of Wave Conditions on the Probabilities of Different Wave Impacts Occurring

Based on the complete series of model tests (total of 35 wave trials, Table 1), the
influence of the incoming wave conditions and structural clearance on the probabilities of
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various wave impact types (i.e., impulsive, dynamic, and quasi-static) on the vertical wall
with an overhanging horizontal cantilever slab were investigated.

For the horizontal cantilever slab portion of the C2 model, the incoming wave height
played an important role in the severity of the wave impact. The response of the probability
of different wave impacts as a function of incoming wave height Hs is shown in Figure 10
for trials with a structural clearance c = 0.02 m (trials T21–T25). Given that the wave impact
on the bottom of the horizontal slab was distributed unevenly among the pressure sensors,
values for both the different pressure sensors (scatter points) and averaged ones (solid gray
line) are included. Along the horizontal axis, the incoming significant wave height was
normalized by the still water depth, expressed as relative wave height Hs/d. Due to the
rapid vertical motion of the wave surface, the largest contributions to the wave impacts on
the horizontal slab were due to the high frequency (impulse wave impact) contributions. It
can thus be seen that the probability of impulsive wave impact PROim was always higher
than 75%, and increased up to about 95% when the wave height was larger. In contrast, the
probability of quasi-static loads PROqs+ continuously decreased from 20% to 2% as Hs/d
decreased. Such a small proportion of PROqs+ was attributed to another mechanism of
wave impact, in which the propagating wave turned into a vertical jet when impacting the
vertical wall, and grew into a horizontal jet along the bottom of the horizontal slab. At
intermediate time scales, the probability of the dynamic wave impact PROdyn was relatively
independent of Hs/d, ranging from 2% to 4%. For comparison, Figure 11 presents another
case for clearance equal to c = −0.02 m (trials T11–T15) in which the horizontal slab was
below the still water level. Generally, the general trends in the probability for different
wave impact types was similar to c = 0.02 m, where PROim increased, PROqs+ decreased,
and PROdyn was more constant with increases in Hs/d. However, the magnitude of PROim
was reduced, while that of PROdyn increased, as a result of weaker wave impacts when
the slab is submerged. Note that the proportion of PROqs+ remained largely unchanged
(always below 20%); thus, the increase in PROdyn with Hs/d was mostly compensated by
the reduction in PROim.
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Figure 10. Influence of relative wave height on the probabilities of three types of wave impact on
horizontal slab for structural clearance of 0.02 m (trials T21–T25): (a) impulsive probability PROim;
(b) dynamic probability PROdyn; (c) quasi-static probability PROqs+.

The wave impact on the vertical wall portion was expected to depend on both the
incoming wave height and period [8–10,12,13,49]. Figure 12 shows the probability of these
three types of wave impact for a clearance equal to c = 0.10 m (trials T31–T35), where the
significant wave height Hs was normalized by wave length L (a function of the wave period)
on the horizontal axis. For a larger wave steepness (Hs/L), the probability of impulsive
processes increased, and the probability of quasi-static processes decreased. The probability
of dynamic impact was also variable, increasing with greater wave steepness. In general, at
a relatively large wave steepness, PROim and PROdyn played the dominant roles.
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wall for structural clearance of 0.10 m (trials T31–T35): (a) impulsive probability PROim; (b) dynamic
probability PROdyn; (c) quasi-static probability PROqs+.

3.3. Effect of Structural Clearance on the Probabilities of Different Wave Impacts

In addition to incident wave conditions, structural clearance also has a significant
influence on the wave impact on the vertical wall with an overhanging horizontal cantilever
slab [35]. For a constant significant wave height Hs = 0.10 m and period Tp = 1.45 s, Figure 13
illustrates how the probability of different wave impacts varied with different normalized
structural clearances (c/Hs), for the horizontal cantilever slab portion of the model (trials
T3, T8, T13, T18, T23, T28, and T33). With an increasing structural clearance c/Hs, the
impulsive wave impact initially increased and then decreased in proportion, reaching
the peak value of around 90% at c/Hs = 0.0–0.2 for the case when there was a relatively
thin air layer between the wave surface and the structural bottom. When c/Hs is close to
−1.0, the wave surface motion resulted in a negligible occurrence of impulsive impacts,
with PROim dropping to around zero, while the quasi-static and dynamic processes were
dominant. As the horizontal slab portion turned from submerged to elevated at c/Hs = 0,
the dynamic process rapidly decreased to near zero, and the quasi-static wave impact
gradually increased as a result of the decline in impulsive processes. These results indicated
that dynamic wave impacts only needed to be taken into account when the slab was below
the still water level.

The normalized structural clearance (c/Hs) also had a considerable effect on the
probability of the wave impact type on the vertical wall part of the C2 structure. Figure 14
shows how the probabilities of the different wave impact types were influenced by the
relative structural clearance, for a constant wave condition Hs = 0.10 m and Tp = 1.45 s
(trials T3, T8, T13, T18, T23, T28, and T33). As c/Hs increased, PROim and PROqs+ of the
vertical wall displayed similar general patterns to PROim and PROqs+ for the horizontal
slab. However, compared with results on the horizontal slab, the vertical wall had a large
PROqs+ and smaller PROim, consistent with common damage features of marine structures



J. Mar. Sci. Eng. 2022, 10, 615 13 of 18

in that failures of horizontal parts were usually more severe than those of vertical structures
(such as seawalls, coastal bridges, breakwaters, and wharves) [5,24,25]. In addition, the
results showed that the role of the dynamic wave impact could not be negligible due to the
relatively gentle wave impact on the vertical wall under the water, with PROdyn ranging
between 20% and 60%.
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Figure 13. Influence of the relative structural clearance on the probabilities of three types of wave
impacts on the horizontal slab portion for incoming significant wave height of 0.10 m (trials T3,
T8, T13, T18, T23, T28, and T33): (a) impulsive probability PROim; (b) dynamic probability PROdyn;
(c) quasi-static probability PROqs+.
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Figure 14. Influence of relative structural clearance (c/Hs) on the probabilities of three types of wave
impact on vertical wall portion for incoming significant wave height of 0.10 m (trials T3, T8, T13, T18,
T23, T28, and T33): (a) impulsive probability PROim; (b) dynamic probability PROdyn; (c) quasi-static
probability PROqs+.

When considering all the results above, it was found that different wave impact
types (impulsive, dynamic, or quasi-static) dominated for specific structural clearance
ranges. As restricted by the present model test, the relative clearance c/Hs ranged from
−1.0 to 1.0 (i.e., within one wave height around the still water level). As summarized
in Table 5, when c/Hs > 0, both the overhanging slab and vertical wall were dominated
by impulsive wave impacts. As the horizontal slab was shifted below the still water
level, the entire structure was increasingly affected by the dynamic wave impact. Finally,
when c/Hs < −0.5, the influence of wave surface motion led predominantly to only quasi-
static wave impacts. Although the conclusions above were based on the variation trend
of the sensor-averaged probabilities of different wave impact types, and it was shown
that a certain part of the slab or vertical wall would be affected by the impulsive wave
impacts with the larger probability than the averaged one, the results can still be helpful to
preliminarily distinguish the dominant wave impact types under different wave conditions
and structural clearances.
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Table 5. Classification of dominant wave impact type on relative clearance.

Different Types of Wave Impact
Relative Structural Clearance

Horizontal Overhanging
Cantilever Slab Vertical Wall

Impulsive c/Hs > −0.20 c/Hs > −0.10
Dynamic −0.80 < c/Hs < −0.20 −0.50 < c/Hs < −0.10

Quasi-static c/Hs < −0.80 c/Hs < −0.50

Due to the dynamic effects of wave loads during the structural analysis, previous
research initially proposed the use of a magnification factor (also called the dynamic
magnification factor) to estimate the maximum loads [50]. More recently, studies have
proposed categorizing different wave impact loads into three main domains: impulsive,
dynamic, and quasi-static [51]. According to the response spectrum of the magnification
factor for a linear single degree of freedom model (SDOF) subject to the wave impact,
different ranges of magnification factor for three domains were proposed by Chen et al. [31],
as summarized in Table 6. In view of this, by referring to the present study results, it can be
efficient and time-saving to make a preliminary judgment of the dominant wave impact
type, as well as the corresponding magnification effect when designing a structure in the
form of a vertical wall with a horizontal cantilever slab (such as flood gates, lock gates,
wharves, seawalls, and coastal bridges).

Table 6. Ranges of magnification factor for different wave impact types [31].

Different Types of Wave Impact
Range of Magnification Factor

Lower Limit Upper Limit

Impulsive 0.3 0.7
Dynamic 0.7 1.8

Quasi-static 1 1.8

3.4. Comparison of Wave Impacts between a Horizontal Slab with and without the Vertical Wall

To investigate how the presence of the vertical wall affect wave impacts on the hori-
zontal slab, comparisons of the averaged P1/100 and corresponding impulsive wave impact
probability between the slab with and without the vertical wall are shown in Figure 15,
for wave trials from T16 to T20. Based on the variable wave heights and the fixed water
depth in these five trials, the relative significant wave height normalized by the water
depth Hs/d is shown on the horizontal axis. The presence of the vertical wall enhanced
the wave loads on the horizontal slab by approximately 2–3 times (Figure 15a), which
was due to the blocking effect of the vertical wall inducing substantial wave reflection in
front of the wall. The addition of the vertical wall also slightly enhanced the impulsive
probability PROim of the slab by about 10%. However, the slab without the vertical wall
still presented a large PROim, up to around 80% for cases in which the clearance was zero.
Overall, these results indicated that the presence of the vertical wall had a detrimental
effect on the horizontal slab by increasing the magnitude of wave loads and the probability
of impulsive wave impacts.
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4. Conclusions

A vertical wall with an overhanging horizontal cantilever slab has been widely used
to assess wave impacts relevant to a wide range of ocean engineering applications, such
as predicting maximum forces on surge barriers, flood gates, sluice gates, wharves, and
seawalls. During the design process for such marine structures, dynamic effects of wave
loads must be considered in the structural analysis, making it imperative to have accurate
predictions of the magnitude and frequency of the different wave impact types (impulsive,
dynamic, or quasi-static). Wave pressure loads from systematic wave model tests of two
configurations (a simple horizontal plate and a vertical wall with a horizontal overhanging
cantilever slab) were used to investigate these different wave impact load types. Based
on the model test of the simple horizontal plate, a suitable cut-off frequency to separate
the quasi-static wave load from the impulsive wave load was established. When applying
the low-pass filtering method with a selected cut-off frequency to the pressure time series
results for the vertical wall with a horizontal cantilever slab, the study identified the
influences of the wave conditions and the structural clearance on the probabilities of these
three types of wave impact (impulsive, dynamic, and quasi-static).

The quasi-static uplift wave pressure on the horizontal plate was first evaluated by
comparing the predicted values from the empirical formula of Cuomo et al. [24] with the
measured pressure time series. When using the reconstructed time series of the quasi-static
wave load with different cut-off frequencies, it was found that a cut-off frequency of 7 Hz
could reasonably separate the quasi-static component from the impulsive wave impact.
This approach was used to classify the individual wave impacts into these three different
types (impulsive, dynamic, and quasi-static). For the case of the vertical wall with an
overhanging horizontal cantilever slab, both wave conditions and structural clearance were
found to have a significant effect on the probabilities of these three types of wave impact.
With the increasing wave height and wave steepness, the horizontal slab and vertical
wall experienced a larger fraction of impulsive loads and a smaller fraction of quasi-static
loads, while the dynamic probability remained stable. When the overhanging slab shifted
from elevated to submerged, the dominant wave impact type was more variable. When
c/Hs > 0, both the overhanging slab and vertical wall were dominated by impulsive wave
impacts. When the horizontal slab shifted to a deeper elevation, the entire structure became
mainly affected by dynamic wave impacts. Finally, when c/Hs < −0.5, the influence of
the wave surface motion was weakened so significantly that only the quasi-static wave
impact could be observed. Based on these model results, estimates of the occurrences of
these different wave impact types can be obtained when designing a range of structures
that can be modeled using a vertical wall with a horizontal cantilever slab (such as flood
gates, lock gates, wharves, seawalls, and coastal bridges). These results indicated that the
presence of the vertical wall had a detrimental effect on the horizontal slab by enhancing the
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magnitude of the wave loads and the probability of impulsive wave impacts. In the future,
it would be worthwhile to carry out further wave model tests to further expand the related
results to different structure geometries and the integrated wave forces, and more detailed
measurements of the hydrodynamic processes (e.g., velocity fields) near the structure will
be also crucial to strengthen the understanding of the wave–structure interactions.
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