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Abstract: Dredging materials from reef flats have become an important source of sand and aggregates
for meeting the infrastructure needs of coral-lined shores in subtropical and tropical regions, especially
for low-lying atoll islands. Dredging at the reef flats can generate artificial excavation pits, which not
only have profound influences on coral ecological stability but also deeply affect the hydrodynamic
characteristics of coral reefs. To deepen the understanding of the influence of excavation on the
wave hydrodynamics of fringing reefs, the wave propagation, wave transformation, wave setup, and
wave runup processes of regular waves on fringing reefs with artificial pits have been systematically
analyzed using a non-hydrostatic numerical wave solver (NHWAVE). The effects of some significant
factors have been carefully investigated. According to the study findings, the existence of artificial pits
can result in a slight decrease in the wave height around the artificial pit. The time-mean maximum
of wave runup height at the backreef slope can be reduced to some extent when the artificial pit
is present. When placed close to the reef edge, the artificial pit can have noticeable effects on the
hydrodynamic characteristics of fringing reefs, particularly the wave setup along the reef flat. It
is hoped that the study findings can provide further reference for evaluation of the influences of
artificial pits on the wave hydrodynamics of fringing reefs.

Keywords: artificial pit; regular wave; wave setup; fringing reef; simulation, NHWAVE

1. Introduction

Due to the unique topography of coral reefs, they can successfully protect low-lying
atoll islands in subtropical and tropical regions from the enormous surges and waves
produced in severe weather [1]. Wave breaking usually occurs around the reef edge or
reef crest, which can dissipate the majority of incident wave energy [2—4]. In recent years,
human engineering practices on the reef islands, such as building seawalls [5-7] and
dredging materials from reef flats [8], have significantly reshaped the wave hydrodynamic
environment of reefs. The extent to which these human engineering activities affect the
wave hydrodynamics of reef islands is not yet clear. To meet the needs of infrastructure
construction, dredging materials at the reef flats have gradually become an important
source of building materials in many atoll island nations [8,9], such as the Marshall Islands.
Dredging materials at the reef flats generate many artificial excavation pits, which may
have profound influences on the wave hydrodynamics of coral reefs. Hence, it becomes nec-
essarily important to study the effects of topographic changes on the wave hydrodynamics
of reef islands.

Most of the existing studies primarily focus on analyzing the wave hydrodynamics of
fringing reefs under regular waves [6,10], irregular waves [11-13], extreme waves [14,15],
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and tsunami-like waves [16]. Based on the field data, scholars systematically analyzed the
wave breaking [17], wave setup, wave-induced current [18,19], and infragravity wave prop-
erties [20,21] of fringing reefs. For instance, Lowe et al. [22] investigated the wave-driven
circulations in Kaneohe Bay, Hawaii, using field data recorded during an observation period
of 10 months. They found that the gradient of water elevation works as the main driving
force for the current circulations on the reef flat, and the main influencing factors are the reef
morphology and the reef-bed roughness. Kench et al. [23] studied the spatial variations in
wave energy around reef islands using the data collected from field observations. Recently,
Duce et al. [24] investigated wave hydrodynamics on spurs and grooves (SAG) topography
through field observations, reporting that a SAG topography can exhibit highly efficient
wave energy dissipation. Moreover, some theoretical models have been proposed based on
observation data. Longuet-Higgins et al. [25] proposed a radiation stress theory to predict
the wave setup due to the wave breaking around the reef edge or reef crest. Later, using
field-observed data [26], Tait et al. [27] utilized the hypothesized radiation stress theory
to determine the link between wave setup and water depth at the reef flat. In order to
derive analytical solutions for the wave-induced setup and wave-driven currents, Symonds
et al. [28] used the radiation stress theory and a linearized one-dimensional shallow-water
equation model. Gourlay et al. [29] conducted theoretical analyses to discuss the influences
of different coral reef morphologies and roughness on the wave hydrodynamics of fringing
reefs. In addition, Astorga-Moar and Baldock [30] optimized the empirical formulas for
wave runup on beaches fronted by fringing reefs. Since the 1980s, extensive physical
laboratories have been established based on many different idealized reef models. Using a
smooth reef model, Seelig [31] analyzed the spatial distributions of time-mean water level
along a reef flat and a lagoon. In most of the physical experiments that followed, Betsy
et al. [32] used higher-order spectral methods to study the wave breaking properties. Yao
et al. [33-35] discussed the spatial distributions of wave setup under different coral reef
topographies, revealing the physical mechanisms of wave-induced currents in nearshore ar-
eas. They also investigated wave runup on the back-reef slopes for like-tsunami waves [36].
Hwung et al. [37] conducted a large-scale tank experiment to study infragravity wave
hydrodynamics. Furthermore, the effects of the presence of reef crests [38], large bottom
roughness [36,39] and onshore wind [40] on the hydrodynamic characteristics of fringing
reefs have also been experimentally investigated. Meanwhile, different types of numerical
wave models have also been applied to investigate the hydrodynamic characteristics of
fringing reefs under complex wave—current interactions. Torres-Freyermuth et al. [41] and
Rijnsdorp et al. [42] applied a shallow-water wave model to investigate the wave-driven
setup phenomenon on fringing reef lagoons. Wang et al. [43] investigated the propagation
and deformation processes of waves at complex coastlines using a potential flow model.
By utilizing a non-hydrostatic wave model [44,45], a two-phase wave model [46], and a
smoothed particle hydrodynamics model (SPH) [47], the researchers extensively discussed
the influences of the main factors, i.e., wave height, wave period, water depth, and reef
configurations, etc., on the hydrodynamics of fringing reefs [45—-47]. Recently, the influences
of onshore wind [48] and the permeability of reef flats [49] on the wave hydrodynamics of
fringing reefs were also numerically investigated.

However, there are few studies focusing on the influences of manmade engineering
practices on the wave hydrodynamic properties of fringing reefs, despite the fact that
the present scientific effort has significantly advanced our understanding of the wave
hydrodynamics of coral reefs [50]. According to the field observations of Ford et al. [8] at
Majuro Atoll in the Marshall Islands, the presence of an artificial pit can noticeably alter
the distribution of infragravity wave energy, resulting in a decrease in wave height at
the shoreline next to the pit. This research finding was also reported in the experimental
study of Yao et al. [51]. Yao et al. [52] mainly analyzed the influences of irregular wave
parameters and geometric dimensions and positions of the pit model on infragravity
wave properties at reef flats. Klaver et al. [53] carried out research along similar lines and
used the non-hydrostatic wave model XBeach. The impacts of artificial pits on the wave
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transformation and wave-breaking processes of tsunami-like waves on fringing reefs were
recently numerically studied by Qu et al. [46]. According to their findings, the existence
of a pit can both effectively lower the wave runup height at the backreef slope and also
somewhat enhance the wave height around the pit. In order to improve the previous
research work, this study employs the non-hydrostatic numerical wave solver (NHWAVE)
to comprehensively examine the influences of artificial pits on the wave hydrodynamics
of fringing reefs under regular waves. The effects of some major factors, i.e., wave height,
wave period, water depth, forereef and backreef slopes, geometric dimensions of the pit,
and reef-flat length, have been extensively investigated.

The rest of this paper is structured as follows: Section 2 introduces the numerical wave
solver. Model validations are demonstrated in Section 3. Section 4 presents the research
results. Section 5 summarizes the research findings.

2. Numerical Wave Solver

This study applies NHWAVE [44] to simulate the complex flow field of a wave-reef
system. The governing equations are described in a o-coordinate grid system, as

oD obu, 9Dy, do _, (1)
ot ox dy  do

U OE OF dG
3 okt oy T T St S tss )

where U = (Du, Dv, Dw), and the convective fluxes are read as

Duu + 10 + ght Duv uw
E= Duv , F=|Dov+3g%>+ghy |, G= | vw
Duw Dow ww

and the three terms on the right can be read as

D (9 | 9p oo
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o do

In these equations, t is time. p is density. u, v, and w are velocities in the x, y, and
z directions. w is the velocity in o-coordinate, and ¢ = (z+h)/D. |u| represents the
magnitude of total velocity, and |u| = vu? + v2 + w?. h is water depth. { is water elevation.
The net water depth is D and D = h + {. p is the dynamic pressure. DS+, DSy, and DSx,
are defined as turbulent diffusion terms. The bottom friction forces can be calculated as
S. = DF,, and F, = %C f|u|u. Cy is the coefficient of friction forces.

The classical two-equation k — e turbulence model is used to calculate the turbulence
viscosity, and the governing equations are read as

@+V'(Duk) :V-[D(V+W)Vk} + D(Ps —¢) 3)
ot O
D¢ | g.(Due) = V-| D v+ 2 ) Ve| + ED(C1LP. — Cae) @)
ot O¢ k

The turbulent viscosity is calculated as v; = Cy%. Ok, ¢, Cy, Cre, and Cy, are empirical
coefficients. According to Rodi [54], o3 = 1.0, 0 = 1.3, Cy, = 1.44, Cp = 1.92 and C;, = 0.09.
P; represents the production of shear stress.

If readers are interested in the details of numerical methods of NWHAVE, please refer
to Ma et al. [44,55].



J. Mar. Sci. Eng. 2023, 11, 1464

4 of 27

In this study, wave energy fluxes [56] are determined to reveal the spatial variation in
wave energy, which is calculated as

¢
Ef:/_hp-udz ©)

3. Model Calibration

This section numerically computes the hydrodynamic processes of regular waves
using a fringing reef model. The computed results were analyzed against the experimental
data of Yao et al. [38]. The experiment was conducted at the Hydraulics Laboratory of
Nanyang Technological University, Singapore. The computational layout is depicted in
Figure 1. The simulation domain is 37 m in length. The wave-maker is located at 21 m
upstream of the toe of the 1:6 slope. The reef flat is 8.9 m in length and 0.35 m in height.
Along the computational domain, 12 wave gauges are placed laterally. A sponge wave
damping layer is installed at the right side of water tank. The horizontal mesh spacing
(dx) is set as 0.02 m. In the o-coordinate, 20 mesh layers are used. Two runs of the
experiments are simulated as listed in Table 1. Table 2 lists the positions of wave gauges.
Figures 2 and 3 compare the time series of water levels at different positions for Runs 1 and 2,
respectively. The computed water elevations are in good agreement with the measured data.
Figures 4 and 5 compare the spatial distributions of the time-mean wave height and
time-mean water level for Run 1 and Run 2, respectively. The calculated mean wave
height and mean water level both match the experimental data quite well. As observed in
Figures 4 and 5, wave heights can be substantially reduced once wave breaking occurs at
the reef edge. By contrast, the time-mean water level increases along the reef.

Sponge layer

Gl G2 G3 G4 G5G6G7 G8 G Gl10 Gl2
1
2 T T T T TT CT
: . I | I R T O
'é reef flat
o ho
s
=
| 21.0m 1 2.1m 1 89 m 1 | 5.0m
| I ! ! |
Figure 1. Computational layout.
Table 1. Parameters setup.
Run H(m) hy(m) T(s)
1 0.101 0.00 1.0
2 0.095 0.10 1.25
Table 2. Positions of the wave gauges (unit: m).
Case G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12
1 —4.35 —4.1 0.95 2.00 2.35 2.65 2.95 3.25 3.65 5.25 6.95 8.75
2 —4.35 —4.1 0.65 1.25 2.00 2.35 2.75 3.15 3.65 5.25 6.95 8.75
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Figure 2. Water surface elevations at different positions (Run 1).
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Figure 3. Water surface elevations at different positions (Run 2).
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Figure 4. Spatial distributions of the time-mean wave height and time-mean water level (MWL)
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Figure 5. Spatial distributions of the time-mean wave height and time-mean water level (MWL)
(Run 2).

The skill numbers suggested by Wilmott et al. [57] are calculated to evaluate the
computational accuracy. In the Equation (6), X041 and X,ps represent the predicted value
and the experimental data, respectively. The closer the skill number is to 1, the more
accurate the computation is. As shown in Figures 2-5, the skill number is overall greater
than 0.9, verifying the reliability of the present numerical wave solver.

2
Z| Xmodel - Xohs |

Skill =1 — — — 2
Z(‘Xmodel - Xobs‘ + ’XObS - Xobs D

(6)

4. Discussions on Research Findings

The remainder of this study employs numerical analysis to examine how a pit may
affect the wave setup, wave runup, wave propagation, and wave transformation of incident
regular waves. The influences of some main factors, i.e., wave height (H), submergence
water depths (h,), wave period (T), reef-flat length (L,), forereef slope (cota), backreef slope
(cotp), pit center location (xp), pit depth (Hp,), pit width (W,) are explored. According to
Figure 6, the computational structure is comparable to that in Yao et al. [51]. Based on Ford
et al. [8]'s measurement using a 1:20 geometric scale ratio, the dimensions of the pit are
established. For the basic run, the foreshore slope’s toe is situated 21 m downstream of the
inlet, as depicted in Figure 6. The reef-flat length (Ly) is 5 m. The pit center location (x,) is
2.5 m away for the fundamental numerical run. The pit depth (Hy) is 0.2 m, and the pit
width (W) is 0.8 m. The forereef slope (cota) and backreef slope (cotp) are set as 6:1 and
12:1, respectively. To assure the computational stability of NHWAVE, d;, = 0.08 m is set
in the mesh generation. Moreover, 90 wave gauges are positioned in the wave flume to
monitor the time series of water elevations. The horizontal mesh resolution is d, = 0.02 m.
Twenty c-mesh layers are applied in the vertical direction. Fringing reefs with and without
a pit are compared in this study for their differences in wave hydrodynamics. Table 3 lists
the parameter setups for all the computational runs.
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Figure 6. Computational configuration.
Table 3. Parameter setups for all computational runs.

Run H (m) hy (m) T (s) Ly (m) cotu cotP xp (m) Hy, (m) W, (m)
1 0.04 0.05 1.5 5 6 12 2.5 0.2 0.8
2 0.06 0.05 1.5 5 6 12 2.5 0.2 0.8
3 0.08 0.05 1.5 5 6 12 2.5 0.2 0.8
4 0.10 0.05 1.5 5 6 12 2.5 0.2 0.8
5 0.12 0.05 1.5 5 6 12 2.5 0.2 0.8
6 0.08 0 1.5 5 6 12 2.5 0.2 0.8
7 0.08 0.025 1.5 5 6 12 2.5 0.2 0.8
8 0.08 0.075 1.5 5 6 12 2.5 0.2 0.8
9 0.08 0.10 1.5 5 6 12 2.5 0.2 0.8
10 0.08 0.05 1.0 5 6 12 2.5 0.2 0.8
11 0.08 0.05 1.25 5 6 12 2.5 0.2 0.8
12 0.08 0.05 1.75 5 6 12 2.5 0.2 0.8
13 0.08 0.05 2.0 5 6 12 2.5 0.2 0.8
14 0.08 0.05 1.5 34 6 12 1.7 0.2 0.8
15 0.08 0.05 1.5 4.2 6 12 2.1 0.2 0.8
16 0.08 0.05 1.5 5.8 6 12 2.9 0.2 0.8
17 0.08 0.05 1.5 6.6 6 12 3.3 0.2 0.8
18 0.08 0.05 1.5 5 2 12 2.5 0.2 0.8
19 0.08 0.05 1.5 5 4 12 2.5 0.2 0.8
20 0.08 0.05 1.5 5 8 12 2.5 0.2 0.8
21 0.08 0.05 1.5 5 10 12 2.5 0.2 0.8
22 0.08 0.05 1.5 5 6 4 2.5 0.2 0.8
23 0.08 0.05 1.5 5 6 8 2.5 0.2 0.8
24 0.08 0.05 1.5 5 6 16 2.5 0.2 0.8
25 0.08 0.05 1.5 5 6 20 2.5 0.2 0.8
26 0.08 0.05 1.5 5 6 12 04 0.2 0.8
27 0.08 0.05 1.5 5 6 12 1.45 0.2 0.8
28 0.08 0.05 1.5 5 6 12 3.55 0.2 0.8
29 0.08 0.05 1.5 5 6 12 4.6 0.2 0.8
30 0.08 0.05 1.5 5 6 12 2.5 0.1 0.8
31 0.08 0.05 1.5 5 6 12 2.5 0.15 0.8
32 0.08 0.05 1.5 5 6 12 2.5 0.25 0.8
33 0.08 0.05 1.5 5 6 12 2.5 0.3 0.8
34 0.08 0.05 1.5 5 6 12 2.5 0.2 04
35 0.08 0.05 1.5 5 6 12 2.5 0.2 0.6
36 0.08 0.05 1.5 5 6 12 2.5 0.2 1.0
37 0.08 0.05 1.5 5 6 12 2.5 0.2 1.2

4.1. Complex Wave Hydrodynamics

The complex hydrodynamic phenomena of the wave propagation, wave transforma-

tion, and wave runup of regular wave at the fringing reef are investigated based on the
basic run (Run 3). The water velocity contours on the fringing reef with and without the
artificial pit at different time moments are shown in Figure 7. When the waves propagate
from the open sea to the nearshore region, the wave steepness tends to increase due to the
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decrease in water depth. According to Figure 7a,e, most of the waves are to break at the reef
edge. The breaking surge wave will continue to propagate and transform at the reef flat.
However, the bottom friction of the reef flat causes the wave height of the breaking surge
wave to continuously decrease (Figure 7b,f). Once the breaking surge wave propagates
over the artificial pit, wave height and flow velocity will both be sharply reduced by a
sudden rise in water depth (Figure 7g). When compared to the fringing reef without an
artificial pit, the wave runup height is lower (Figure 7d,h) due to the complex vortices
within the artificial pit that may further dampen some of the incident wave energy. Figure 8
shows the water elevations at different positions. Before the waves approach the artificial
pit, it appears that there are no discernible differences in the water elevations between the
fringing reefs with and without an artificial pit (Figure 8a,b). The artificial pit can have
some blocking effects on the wave propagation, which can increase the water level at the
left side of the artificial pit to some extent (Figure 8c). However, the water level at the right
side of the artificial pit becomes lower than that at the fringing reef without an artificial
pit (Figure 8d) since the strong vortices within the artificial pit can further dampen some
wave energy. The spatial distributions of the time-mean wave height are shown in Figure 9,
which demonstrates that the artificial pit can cause a reduction in the time-mean wave
height in the vicinity of the artificial pit, particularly near its center (Figure 9a). However,
the artificial pit has negligible impacts on the spatial distributions of the time-mean water
level, as depicted in Figure 9b. The time series of energy fluxes at the left and right sides
of the artificial pit is shown in Figure 10. As seen in Figure 10, before the incident waves
interact with the artificial pit, the peak value of the energy flux at the fringing reef with an
artificial pit is quite close to that without an artificial pit (Figure 10a). However, the peak
values of the energy flux at the fringing reef with an artificial pit becomes much smaller
than that without an artificial pit (Figure 10b) once the breaking surge waves interact with
the water body within the artificial pit, because some wave energy can be dampened by
the strong vortices in the artificial pit. Comparisons of the spatial variations in maximum
depth-averaged velocity are shown in Figure 11. The artificial pit can amplify the intensity
of wave breaking at the reef edge, resulting in an increase in the flow velocity. The flow
velocity within the range of the artificial pit can be greatly reduced by the increased water
depth in the pit. The time series of the wave runup height of regular waves is plotted in
Figure 12. It appears that the peak values of the wave runup height of regular waves at the
fringing reef with an artificial pit are on average 7.23% less than those of the reef without
an artificial pit.

4.2. Effects of Wave Height

This section performs numerical analysis to analyze the influences of an artificial
pit on the wave hydrodynamics of fringing reefs under different incidence wave heights
based on Run 1, 2, 3, 4, and 5. Spatial variations in the time-mean wave height at the
fringing reef are compared in Figure 13. Overall, the artificial pit can reduce the time-mean
wave height around the artificial pit. The size of the water region where the time-mean
wave height can be decreased by the presence of an artificial pit gradually increases as the
incident wave height increases. The variations in wave setup with the wave height are
shown in Figure 14. Although the wave setup grows linearly with incident wave height,
the differences in the wave setups at the fringing reefs with and without an artificial pit
are negligible. Figure 15 shows the changes in the wave reflection coefficient with the
wave height. The wave reflection coefficient tends to grow linearly with the wave height.
Because the artificial pit can produce some blocking impacts on the wave propagation,
the wave reflection coefficient of regular waves at the fringing reef with an artificial pit
is always larger than that of the reef without an artificial pit—11.6% larger on average.
Figure 16 depicts the variation in the time-mean maximum of wave runup height with the
incident wave height. Obviously, the time-mean maximum of wave runup height increases
monotonically with the wave height. Because the artificial pit can dampen some incident
wave energy, the time-mean maximum of the wave runup height of regular waves at the
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Figure 8. Time series of the water elevation at different locations.
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4.3. Effects of Submergence Water Depth

This section analyzes the impacts of submergence water depth on the wave hydrody-
namics of the fringing reef with the artificial pit based on Run 3, 6, 7, 8, and 9. Figure 17
compares the spatial distributions of the time-mean wave height under different sub-
mergence water depths. It appears that the artificial pit has no discernible effects on
the distribution of time-mean wave height when the submergence water depth is small
(Figure 17a). When the submergence water depth is greater than 0 m, the effects of the
artificial pit on the spatial variation in the time-mean wave height will be enhanced, and the
corresponding influence range will gradually increase with the submergence water depth.
As can be seen in Figure 18a, when the reef flat is dry, the artificial pit can increase the time-
mean water level around the pit and decrease the time-mean water level at the downstream
of the pit. However, when the submergence water depth is larger than zero, the impacts of
the artificial pit on the time-mean water level become negligible (Figure 18b). The wave
setup monotonically decreases with the submergence water depth, as seen in Figure 19.
Only when the submergence water depth is less than 0.025 m are the discrepancies in the
wave setups of fringing reefs with and without an artificial pit apparent. The wave setup
can be reduced by 68.8% and 71.2% for the fringing reefs with and without an artificial pit,
respectively, when the submergence water depth increases from 0 m to 0.1 m. Figure 20
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plots the spatial variations in maximum depth-averaged velocity along the fringing reefs
with and without an artificial pit. As depicted in Figure 20, when the submergence water
depth is low, such as i, = 0 m, the artificial pit can decrease the flow velocity at the pit
and downstream. As the submergence water depth increases, the influence degree of
the artificial pit on flow velocity gradually decreases. According to Figure 21, the wave
reflection coefficient of the regular waves tends to decrease with the submergence water
depth. Regular waves can produce comparatively greater wave reflection coefficients at
the fringing reef without the pit while the reef flat is dry. Once the submergence water
depth is nonzero, the wave reflection coefficient of the regular waves at the fringing reef
with an artificial pit becomes greater than that at the reef without an artificial pit. The
wave reflection coefficients of the regular waves at the fringing reefs with and without an
artificial pit can be reduced by 69.5% and 80.1%, respectively, when the submergence water
depth increases from 0 m to 0.1 m. However, the variation in submergence water depth has
negligible impacts on the time-mean maximum of wave runup height (Figure 22).
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Figure 13. Spatial distribution of the time-mean wave height versus wave height.
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Figure 14. Wave setup versus wave height.
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Figure 15. Wave reflection coefficient versus wave height.
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Figure 16. Time-mean maximum of wave runup height versus wave height.
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Figure 17. Spatial distribution of the time-mean wave height versus submergence water depth.
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Figure 21. Wave reflection coefficient versus submergence water depth.
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Figure 22. Time-mean maximum of wave runup height versus submergence water depth.

4.4. Effects of Wave Period

This section carries out numerical analysis to investigate the influences of the artificial
pit on the wave hydrodynamics of the fringing reef under different wave periods based
on Run 3, 10, 11,12, and 13. As depicted in Figure 23, when the wave period is small
(T < 1.50 s), the influences of the artificial pit on the spatial variation in the time-mean wave
height, especially upstream of the pit, are negligible. The time-mean wave height around
the artificial pit and downstream can be gradually reduced as the wave period increases
gradually. Therefore, this indicates that the artificial pit has more obvious influences on
the wave hydrodynamics of long waves. The wave setup increases with the wave period
in almost a linear mode (Figure 24). Meanwhile, the influences of the artificial pit on the
wave setup under different wave periods can be ignored. Figure 25 illustrates the nonlinear
relationship between the wave period and wave reflection coefficient. At T = 1.25 s, the
wave reflection coefficients of regular waves approach their peak values for the fringing
reefs with and without the artificial pit. When the wave period is greater than 1 s, the
wave reflection coefficient of the regular waves at the fringing reef with an artificial pit is
always greater than that at the reef without the artificial pit—51% greater on average. As
demonstrated in Figure 26, the time-mean maximum of wave runup height increases with
the wave period at a given submergence water depth and wave height, indicating that a
longer wavelength has a higher wave runup height. As the wave period increases from 1 s
to 2 s, the time-mean maximum of wave runup height increases by 56.9% and 80% at the
fringing reefs with and without the artificial pit, respectively. The time-mean maximum
of the wave runup height of regular waves at the fringing reef without an artificial pit is
consistently higher than that of the reef with the pit—10.9% higher on average when the
wave period is larger than 1.0 s.

4.5. Effects of Reef-Flat Length

The influences of the artificial pit on the wave hydrodynamics of regular waves at the
fringing reef under different reef-flat lengths are analyzed based on Run 3, 14, 15, 16, and
17. In the computation, the artificial pit is always located at the center of the reef flat under
different reef-flat lengths. Figure 27 compares the spatial distributions of the time-mean
wave height at the fringing reef. As depicted in Figure 27, when the Lp is small (L, < 5 m),
the artificial pit can substantially reduce the time-mean wave height around the artificial
pit and downstream (Figure 27a). The influences of the artificial pit on the distribution
in wave height may gradually diminish as the reef-flat length increases. The wave setup
gradually increases with the reef-flat length in a monotonical mode (Figure 28). When the
reef-flat length gradually increases from L, = 3.4 m to 6.6 m, the wave setups of regular
waves at the fringing reefs with and without the artificial pit can increase by 8.6% and 9.2%,
respectively. Figure 29 shows that the wave reflection coefficient gradually decreases with
the reef-flat length, except at L, = 4.2 m for the fringing reef with the artificial pit. As
seen in Figure 30, as the reef-flat length increases, the time-mean maximum of the wave
runup height of regular waves at the fringing reef slightly decreases. Regular waves at
the fringing reef with an artificial pit always have a lower time-mean maximum of wave
runup height than those at the reef without an artificial pit—12.1% lower on average. The
time-mean maximum of the wave runup heights of regular waves at fringing reefs with
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and without an artificial pit can be reduced by 11.1% and 14.8%, respectively, when the
reef-flat length increases from L, = 3.4 m to 6.6 m.
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Figure 23. Space distribution of the time-mean wave height versus wave period.
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Figure 25. Wave reflection coefficient versus wave period.



J. Mar. Sci. Eng. 2023, 11, 1464

16 of 27

——e—— with pit
----- ©----- without pit

0.1

Rup,max( m )
0.05

0

T 125 13 1.75 2
s
Figure 26. Time-mean maximum of wave runup height versus wave period.
(a)L,=3.4m

———— withpit 2 (b)L,~42m

----- ©o----- without pit
T T
~ ~ wf
I < T o
[e=) [e) 4
1 18 20 22 24 26 28 30
X(m)
2 (¢)L,=5.0m 2 (d)L,=53m
18 20 22 4 26 8 30 18 20 22 4 26 78 30
X(m) X(m)
20 (e)L,=6.6m

18 20 22 26 28 30

(m)
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Figure 28. Wave setup versus reef-flat length.
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Figure 29. Wave reflection coefficient versus reef-flat length.
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Figure 30. Time-mean maximum of wave runup height versus reef-flat length.

4.6. Effects of Forereef Slope and Backreef Slope

This section performs numerical analysis to analyze the impacts of the forereef slope
and backreef slope on the wave hydrodynamics of the fringing reef with the pit. Run 3, 18,
19, 20, and 21 are designed to investigate the influences of the forereef slope. As depicted
in Figure 31, a large breaking-wave height can be observed when the forereef slope is
relatively steep (Figure 31a). As the forereef slope gradually becomes more and more mild,
relatively smaller breaking-wave heights can be observed. Meanwhile, the time-mean wave
heights are found to change noticeably along the fringing reef when the forereef slope is
steep. As the forereef slope gets smaller, the discrepancies in the time-mean wave heights
between the fringing reefs with and without an artificial pit can be reduced. Figure 32
shows that the wave setup gradually increases with the forereef slope. As the forereef
slope increases from cotx = 10 to cota = 2, the wave reflection coefficient of the regular
waves can be increased by 32.8%. The discrepancies in the wave reflection coefficients at
the fringing reefs with and without an artificial pit are negligible. As depicted in Figure 33,
when forereef slope gradually increases from cota = 10 to cota = 8, the wave reflection
coefficients at the fringing reefs with and without an artificial pit can be decreased by 21.4%
and 7.5%, respectively. When forereef slope increases from cota = 8 to cofa = 2, the wave
reflection coefficient of the regular waves increases with the forereef slope at a high rate.
The wave reflection coefficients of the regular waves at the fringing reefs with and without
an artificial pit can be increased by 186% and 289%, respectively. The wave reflection
coefficient of the regular waves at the fringing reef with an artificial pit is always larger
than that at the reef without an artificial pit, except at cota = 2. When the forereef slope is
very steep, the blocking effects of the forereef slope become much stronger than those at
the reef with an artificial pit. As depicted in Figure 34, the time-mean maximum of wave
runup height can only slightly increase with forereef slope. As the forereef slope increases
from cota = 10 to cota = 2, the time-mean maximum of the wave runup height of regular
waves could be increased by 17.0%.

Runs 3, 22, 23, 24, 25 are designed to analyze the influences of the backreef slope. As
can be seen in Figure 35a,b, a change in the backreef slope has very little impact on the
variations in the spatial distributions of wave height between the fringing reefs with and
without a pit. When the backreef is large, oscillation behavior in the spatial distribution of
wave height can be observed. With the decrease in backreef slope, this kind of oscillation
behavior can be gradually weakened (Figure 35c,e). Apparently, variation in the backreef
slope has negligible influences on the wave setup, which remains around 0.025, as depicted
in Figure 36. The variations in wave reflection coefficients with the cotf are plotted in
Figure 37. This demonstrates that the cot has little effect on the wave reflection coefficients’
variations, which remain at around 0.1. Additionally, it has been noted that when the cotf
is less than 8, the pit always results in larger wave reflection coefficients for regular waves
at the fringing reef than it would have without it. However, once the backreef slope (cotp)
is greater than 8, regular waves at the fringing reef have lower wave reflection coefficients
with the pit than they would have without it. As depicted in Figure 38, the mean maximum
wave runup height steadily increases with the backreef slope (cotf) in a linear mode. The
time-mean maximum of the wave runup heights of regular waves at the fringing reefs with
and without a pit can be increased by 40.4% and 49.1%, respectively, as the backreef slope
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(cotP) increases from cotf = 20 to cotf = 4. Regular waves at the fringing reef had higher
mean maximum wave runup heights without the pit than with it, by an average of 14.4%.
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Figure 31. Space distribution of the time-mean wave height versus forereef slope.
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Figure 33. Changes of wave reflection coefficient with forereef slope.
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Figure 34. Time-mean maximum of wave runup height versus forereef slope.
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Figure 38. Time-mean maximum of wave runup height versus backreef slope.

4.7. Effects of Pit Location

The influences of the pit location on the hydrodynamics of regular waves at the
fringing reef are numerically analyzed based on Run 3, 26, 27, 28, and 29. In this study, the
pit position is defined as the spacing distance between the reef edge and the center of the
artificial pit. When the artificial pit is located at the reef edge, there are strong interactions
between the incident waves and the water body within the artificial pit (Figure 39a).
Meanwhile, breaking-wave heights can be increased to some extent. In addition, strong
wave reflections can be observed. In this case, the time-mean wave height at the fringing
reef with the artificial pit can increase more significantly than that at the reef without the
artificial pit. More kinetic wave energy can be converted into potential wave energy as a
result of the blocking effects of the artificial pit. The time-mean wave height around the pit
can become lower than that without the pit if the artificial pit moves downstream a little
bit. Hence, the influences of the artificial pit on the time-mean wave height decrease as it
moves further downstream (Figure 39c—e). The time-mean water level can be substantially
reduced if the artificial pit is located at the reef edge (Figure 40a). However, the artificial
pit has very little impact on the spatial distribution of the time-mean water level once the
pit moves downstream a little bit (Figure 40b). The wave setup approaches its minimum
value at x, = 0.4 m since the local mean water level can be greatly reduced if the pit
is located at the reef edge (Figure 41). Once the pit center location (x,) is greater than
1.45 m, there are no discernible effects of the pit center location on the wave setup. If the
artificial pit is located at the reef edge, a high wave reflection coefficient can be observed,
attributed to the strong interactions between the water body within the artificial pit and the
incident waves (Figure 42). When the artificial pit moves downstream, the wave reflection
coefficient can be substantially decreased. For instance, when the pit center location (x,)
moves from x, = 0.4 m to x, = 4.6 m, the wave reflection coefficient of the regular waves
can be decreased by 49.3%. The time-mean maximum of wave runup height is relatively
marginally influenced by the variation in pit center location (Figure 43). Despite the fact
that the variation in pit center location (x,) has a great impact on the wave reflection
coefficient, the time-mean maximum of wave runup height can be only slightly affected by
the variation in pit center location (xp). The time-mean maximum of wave runup height
approaches its peak value at x, = 1.45 m.

4.8. Effects of Artificial Pit Depth and Width

The influences of artificial pit depth and width on the hydrodynamics of regular waves
on the fringing reef with a pit are analyzed in this section. Runs 3, 30, 31, 32, and 33 are
designed to investigate the influences of artificial pit depth. Figure 44 compares the space
distributions of time-mean wave height on the reef flats with and without the artificial
pit under different artificial pit depths. It is shown that when the artificial pit depth is
shallow, the artificial pit has limited influence on the spatial distribution of time-mean
wave height. At the center of the pit, the time-mean wave height can be lowered to some
extent (Figure 44a). With the increase in artificial pit depth, both the influence degree
and the influence range of the artificial pit on the spatial distribution of time-mean wave
height increase. As shown in Figure 45, a variation in the artificial pit depth can limitedly
influence the wave setup, which remains around 0.025. With the increase in artificial pit
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depth, the blocking effects of the artificial pit on the breaking surge waves can be gradually
intensified. Hence, the wave reflection coefficient tends to increase with the artificial pit
depth (Figure 46). However, once the artificial pit depth exceeds 0.2 m, the variation in
artificial pit depth has negligible influences on the wave reflection. Figure 47 shows that
the time-mean maximum of wave runup height slightly decreases with the artificial pit
depth. As the artificial pit depth increases from 0.1 m to 0.3 m, the time-mean maximum of
wave runup height can be only decreased by 10.6%.
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Figure 39. Space distribution of the time-mean wave height versus pit center location.
Sp (a)x=04m ——e—— with pit Sp (b)x=145m
----- o----- withou pit
. - 2f
s ° -
Z
<f | I—
18 20 22 24 26 28 18 20 22 24 26 28
x () x (M)

Figure 40. Space distribution of the time-mean water level versus pit center location.
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Figure 41. Wave setup versus pit center location.
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Figure 43. Time-mean maximum of wave runup height versus pit center location.
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Figure 45. Wave setup versus pit depth.
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Figure 47. Time-mean maximum of wave runup height versus pit depth.

Runs 3, 34, 35, 36, and 37 are designed to analyze the effects of artificial pit width. As
seen in Figure 48, spatial distributions of the time-mean wave height at the fringing reef are
compared under different artificial pit widths. This shows that the change in artificial pit
width can limitedly affect the distribution of time-mean wave height before the breaking
surge waves interact with the water within the artificial pit. The existence of an artificial pit
will reduce the time-mean wave height around the pit. The reduction region of time-mean
wave height increases with the artificial pit width. However, the reduction region of the
time-mean wave height is confined within the vicinity of the artificial pit if the artificial pit
width is greater than 1 m (Figure 48e). Figure 49 shows that the wave setup decreases with
the artificial pit width in a linear mode. When the artificial pit width increases from 0.4 m to
1.2 m, the wave setup can be decreased by 3.98%. The change in artificial pit width has no
apparent impacts on the wave reflection coefficient, which remains around 0.1, as depicted
in Figure 50. As observed in Figure 51, the change in artificial pit width has little influence
on the time-mean maximum of wave runup height, which remains around 0.05 m.
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Figure 48. Space distribution of time-mean wave height versus pit widths.
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Figure 50. Change in wave reflection coefficient with pit width.
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Figure 51. Time-mean maximum of wave runup height versus pit width.

5. Concluding Remarks

)

@

®)

Based on the non-hydrostatic wave solver NHWAVE, this study numerically inves-
tigates the hydrodynamics of fringing reefs with an artificial pit. The effects of some
major factors on the variations in wave setup, wave runup, and wave transformation
processes of regular waves are thoroughly analyzed. The following is a summary of major
research findings:

The artificial pit can impose additional blocking impacts on the breaking surge waves,
which results in an increase in the wave reflection coefficient. The time-mean maxi-
mum of the wave runup height of regular waves at fringing reefs with an artificial
pit can be somewhat increased. Meanwhile, the time-mean wave height around the
artificial pit decreases. However, the artificial pit has negligible influences on the
spatial distribution of the time-mean water level.

The decreasing range of time-mean wave height upstream of the artificial pit gradually
grows with the wave height. Within the range of wave heights considered, the time-
mean maximum of wave runup height at the fringing reef with the artificial pit is 13.3%
lower on average than that at the reef without the pit. Only when the /, is relatively
small can the artificial pit increase the wave setup to some extent. As the wave period
gradually increases, the decreasing rate of the time-mean maximum of wave runup
height at the fringing reef with the artificial pit increases as well, indicating that the
artificial pit tends to have greater impact on the wave hydrodynamics of long waves.
The influences of the artificial pit on the wave setup under different forereef slopes
and backreef slopes can be ignored. When the forereef slope and backreef slope are
relatively mild, the influences of the artificial pit on the wave reflection can become
more apparent. Within the range of the forereef slopes and backreef slopes considered,
the time-mean maximum of the wave runup heights of regular waves at the fringing
reef with the artificial pit can be decreased by 13.5% and 12.5%, respectively. The
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distribution of time-mean wave height and wave reflection can be significantly im-
pacted by the artificial pit when it is located at the reef edge. When the artificial pit is
located at the reef edge, the time-mean wave height can be reduced significantly, and
the wave reflection coefficient can be significantly increased. Once the artificial pit is
moved downstream a little bit, the impact of the artificial pit on the hydrodynamics
of the fringing reef becomes negligible.

(4) The geometric dimensions of the artificial pit have some influence on the hydrodynam-
ics of the fringing reef. When the artificial pit is shallow, the artificial pit has limited
influence on the spatial distribution of the time-mean wave height. The time-mean
wave height can be reduced only a little bit at the central region of the artificial pit. As
artificial pit depth increases gradually, the influence degree of the artificial pit depth
on the space distribution of the time-mean wave height also gradually increases, and
the influence range gradually increases as well. The same findings can also be applied
for artificial pit width. Variations in the artificial pit depth and artificial pit width have
very limited impact on the wave reflection coefficient and wave setup. Although the
time-mean maximum of wave runup will somewhat decrease with artificial pit depth,
a change in artificial pit width has no apparent impact on the time-mean maximum of
wave runup height.
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