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Abstract: This study investigated the beach nourishment effect and topographical changes when
using nourishment sand with relatively large particle diameters to perform beach nourishment on a
beach subject to erosion. A physical model test was conducted in a 2D wave flume with an installed
wind tunnel. The experiment examined the sediment transport mechanism under conditions with
wind and waves. Although applying nourishment sand with large particle diameters attenuated
sediment transport, the increase in particle diameter was not always proportional to the reduction
in topographical changes. Increasing the particle diameter of the nourishment sand increased the
friction force between particles, resulting in large-scale erosion and accretion around the coastline, and
this trend increased with winds. Also, with wind, the wave run-up height increased, the undertow
became stronger, and large-scale scouring occurred at the boundary between the nourishment sand
and the existing beach. Increasing the particle diameter of the nourishment sand played a role in
reducing the run-up phenomenon (d50: 1.0 mm with 24–50%, d50: 5.0 mm with 59–83%), and the
range of particles moved by winds also decreased (d50: 1.0 mm with 10–38%, d50: 5.0 mm with
5–37%).

Keywords: sediment transport; beach erosion; beach nourishment; physical model test; wind speed;
coastal management

1. Introduction

On ordinary days, the range of waves formed on the coast is small, so the beach width
only changes slightly. However, when an abnormal wave hits the coast, such as a storm
surge, the high wave run-up exceeds the morphological threshold and causes large-scale
topographic change [1–3]. In particular, when high waves along with typhoons hit the
coast, the sea level rises, and sand movement is promoted in the backshore [4]. As a
countermeasure, many construction methods are applied, and the coastal environment is
maintained and changed by the characteristics of each method. As a beach erosion coun-
termeasure to control sand loss, hard-type structures such as submerged breakwaters are
effective in controlling waves [5–7]. However, secondary damages caused by the formation
of diffracted waves and an increase in current velocity occur around the structure, so careful
consideration is needed to form a stable coast. In contrast, soft-type methods such as beach
nourishment and vegetation use eco-friendly materials, so there is no secondary damage
after application, but there is a problem in that the wave attenuation effect is reduced com-
pared to hard-type methods. However, in the case of beach nourishment, when nourishing
sand with a larger grain size than the existing sand is applied to the coast where erosion
occurs, sediment transport is reduced [8–11]. When the grain size of the nourishing sand
increases, the weight of the particles also increases. As a result, the sediment’s fall velocity
increases, leading to a reduced transport range, which is advantageous for maintaining
a stable beach shape. Furthermore, beach nourishment also offers advantages in terms
of maintenance and repair, allowing for proactive countermeasures with regard to issues
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such as sea-level rise caused by climate change. Until now, most of the research on beach
nourishment has mainly focused on the application of waves as external forces [12–14]. It
is true that the size of a wave can cause topographical changes. However, it is important to
consider that high waves are usually accompanied by strong winds. Figure 1 shows data
from wave buoys on the east coast of South Korea for five years (2018 to 2022). Figure 1
shows that when a strong wind speed of 10 m/s or more occurs, the wave height can vary
from 2 to 7 m, while in circumstances where the wave height is 5 m or higher, the wind
speed is in the range of 8 m/s or more. Sediment transport is mainly observed during
high-wave events, which are often accompanied by strong winds. Thus, when considering
beach profile changes, it is necessary to simultaneously consider the influence of both
wave height and wind, given their association [15–17]. As the wind magnitude increases,
the range of the surf zone and the wave run-up height change [18,19], so it is possible to
reproduce the situation of the actual coast accurately.
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Figure 1. (a) Location of ocean observation bouy; (b) Distribution of wave period (TS) for wave
height (HS); (c) Distribution of wind speed (UW ) for wave height (HS).

To study the aforementioned situations precisely, various parameters need to be
considered at the same time. In the case of increasing particle size, such as gravel, it is
necessary to determine the appropriate grain size. In addition, it is vital to examine the
range of the nourishment zone, the compatibility with the existing sand, and the long-term
changes in the nourished beach. However, research findings regarding grain size changes
are limited, and most of the available data are based on field observations [20–22]. Thus, it is
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essential to investigate the topographical changes in a situation where various wave height
conditions and winds coexist. Furthermore, it is important to closely examine the beach
profile changes and characteristics resulting from variations in the grain size of nourishing
sand. However, there are limitations to the numerical approach when many parameters
exist simultaneously. Building a high-resolution numerical model is time-consuming and
costly. Moreover, due to uncertain input parameters of the model and inadequate process
descriptions, there can be significant uncertainty that can lead to deterministic simulations.
Thus, to quantify uncertainty, it is necessary to conduct a greater number of simulations [23].
However, a physical model test is easier to interpret and derive results from compared to
field monitoring or numerical simulation.

When a physical model test is applied, it is possible to simultaneously apply various
parameters, such as grain size of sand and wave deformation due to wind speed, which
allows interpretation with a higher degree of accuracy [24,25]. Thus, this study examines
the suitability of beach nourishment as a method for maintaining a stable beach profile
using hydraulic model experiments, among various interpretation techniques. It also aims
to investigate the impact of coexisting wave and wind fields on beach profile changes by
using wave height and wind speed distribution extracted from buoy data.

2. Methods
2.1. Setup for Test Profile

This study is an extension of the study conducted by [24], and the overall experi-
mental concept is the same as that of [24]. The beach profile change was analyzed in a
two-dimensional (2D) wave flume. The specifications of the wave flume and topography
condition are shown in Figure 2. The wind tunnel is installed at the upper part of the flume.
Among the profiles used in the experiment, Type A represents the reference profile in this
study. It is a natural beach composed of a d50: 0.1 mm grain size (Figure 3).
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Figure 2. 2d wave flume and layout of beach profile.

Type A is designed to induce erosion around the shoreline where the boundary line
between water and land is when only waves act as the external force. This was set up
by configuring the wave steepness and sea bottom slope to promote erosion. The profile
shape has a sea bottom slope of 1:10 (X: 0–300 cm) from the backshore to the foreshore
and 1:30 (X: 300–800 cm) from the foreshore to the offshore. These conditions are set up
so that topographical changes are generated by the waves but reach a quasi-equilibrium
state about 4.5 h after the wave invasion. In the erosion section that occurred in the Type
A profile, nourishing sand with increased grain size was applied. In this study, 1.0 mm
(Type B) and 5.0 mm (Type C) nourishing sand were applied, and the change in erosion
and accretion compared to that of Type A was examined through experiments. At this
time, only the particles selected through sieve analysis test were applied to the experiment.
In addition, the suitability of the nourishing sand was examined by comparing the beach
profile change under the nourishing sand with the increased grain size (Type B, C) with
that of Type D, where a submerged breakwater, a representative hard type structure, was
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applied to the Type A condition to prevent erosion. In this case, the total length of the
reproduced profile was 800 cm, and the length of the nourishment zone was 120 cm. The
submerged breakwater of Type D is located 260 cm from the shoreline, with a crest level of
−2 cm from the water surface and a crest width of 45 cm (Figure 3).
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2.2. External Force Condition

The main parameters applied to this experiment are the profile shape (Type A–D) and
wind speed. The single condition of the wave height (HS with 10 cm), the wave period
(TS with 1.414 s), and the still water level (h with 80 cm) was adapted to the test. The
wave steepness (HS/L0: 0.05) is somewhat steep to form an erosive wave (Table 1). As
evident from the buoy data shown in Figure 1, on the surface of 20 m depth where the
buoy was located, significant wave heights reached a maximum of 7 m, and wave periods
occurred up to 20 s. Sediment transport is proportional to the size of high waves, but if the
magnitude of the waves is too large, excessive topographical changes can occur in a short
period of time. In this regard, the appropriate range of wave specifications was determined
by changing the sea bottom slope and wave steepness in the process of determining the
beach profile. Based on the examination results, the waves were determined to have a
HS of 5 m and TS of 10 s, according to the buoy data. According to the wave height and
wind relationship in the buoy data, a wave height of 5 m corresponds to wind speeds
(UW) ranging from approximately 8 m/s to 20 m/s. The wave and wind values that were
derived from buoy observation data were applied to the physical model experiment. The
overall parameters were scaled according to the Froude similarity law of 1/50. Regarding
wind speed, the value of 20 m/s corresponds to approximately 3 m/s in the model scale.
However, considering the conditions during a typhoon event, the set wind speed of 8 m/s
in this study falls within the range of research feasibility. Thus, wind speeds were set at 0,
3, 6, and 8 m/s to examine the impact of wind intensity on beach profile changes. Other
parameters are the same as those studied by [24].



Water 2023, 15, 2956 5 of 23

Table 1. Test conditions for Type A–D.

h(m)
HS(m)
TS(s)

UW
(m/s)

Beach
Profile

Nourishment
Material
(d50, mm)

Nourishment
Section

Time
Interval

(h)

Beach
Slope

Measurement
Items

0.8
0.1
1.4

0
3
6
8

Type A
Type B
Type C
Type D

0.1
1.0
5.0

0.1 + Submerged BW

All

0.5 1/10 Topographical
1.5 (foreshore) Change
2.5 Wind speed
3.5 1/30 Wave
4.5 (offshore) variation

In this paper, theoretical formulas [26,27] examined whether erosion is caused by wave
action before the experiment. The profile applied to the theoretical formulas was Type A,
and it was used to identify the grain sizes and range of the nourishing sand caused by
erosion. There are many empirical formulas available for calculating sediment erosion,
but one of them is the formula proposed by Sunamura and Horikawa [26]. The formula is
as follows:

H0/L0 = C× tanβ−0.27 × (d50/L0)
0.67

Here, C is a dimensionless coefficient that determines erosion or deposition. H0 is
the deep water wave height, L0 is the deep water wavelength, tanβ is the sea bottom
slope and is the median grain size of the sand. Parameter C may vary depending on local
and experimental modeling conditions. In the case of local conditions, C ≤ 9 signifies a
depositional coast, 9 ≤ C ≤ 18 signifies a coast where erosion and deposition occur, and
C ≥ 18 signifies an erosional coast. In model experimental conditions, C ≤ 4 signifies a
depositional coast, 4 ≤C ≤ 8 signifies a coast where erosion and deposition occur, and
C ≥ 8 signifies an erosional coast. Using the values in Table 1, Type A’s C value is 17.69,
which is classified as an erosional coast. However, [26] is difficult to apply in the conditions
of partial beach nourishment or where submerged breakwaters are installed. Although
grain sizes of 1 mm and 5 mm are applied to the nourishment zone if the grain size of the
beach sand is assumed to be the same as the grain size of the nourishing sand, the grain size
values are 3.78 and 1.28, respectively, and they are classified as composing a depositional
beach. Accordingly, it is expected that Types B and C can mitigate topographical changes
compared to Type A. Another empirical formula [27] was applied to increase the reliability
of theoretical approach. The parameter [27] can be expressed by the following equation.

F0 = H0/
(

Vf × T
)

(1)

Here, F0 refers to the Dean number, H0 is the deep sea wave height, Vf is fall velocity,
and T is the time period. Here, the Vf was applied for the Rubey equation [28], which is
expressed as follows

w f√
(S− 1)g× d

=

√
2
3
+

36υ2

(S− 1)g× d3 −

√
36υ2

(S− 1)g× d3 (2)

Here, w f : fall velocity, S: specific gravity of particle, g: gravitational acceleration,
d: particle radius, υ: dynamic viscosity. By applying the Rubey equation, the fall velocities
of 0.1 mm, 1 mm, and 5 mm grain sizes are 0.84, 9.8, and 73.4 cm/s, respectively. Here,
F0 are 8.44, 0.72, and 0.097, respectively. According to [27], erosion occurs when the value
is F0 > 1 and deposition occurs when it is F0 < 1. In the above Equations (1) and (2), the
erosive shore is formed in the grain size condition of 0.1 mm, and sedimentation occurs
in the grain size condition of 1.0 mm and 5.0 mm, so the predictions of the theoretical
equations are the same. In fact, the preliminary experiment on Type A was analyzed,
and the result showed that Type A was an erosive coast, so it is expected that the same
results as the theoretical formula will be generated in our experiment. However, the
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range of the nourishment zone and the effect of wind on topographical change need to be
examined in detail, and the goal of this study was to understand the phenomenon through
conducting experiments.

2.3. Method of Measurement and Analysis

The measurement of topographical changes was carried out every 0.5 h based on the
Type A profile. The measurements of morphological change were taken up to 4.5 h, at
which time a quasi-equilibrium state was reached. In the experimental results, the results
of each wind speed action after 4.5 h were summarized compared to that of the initial
condition. In this study, quasi-equilibrium is defined as a situation in which the beach
deformation caused by waves changes the beach only horizontally. For Type A, which
is an erosive coast, erosion occurs around the shoreline. In this case, the condition was
defined as the change in the area where erosion occurs has significantly decreased, and the
position of the berm formed in the foreshore due to erosion changes only horizontally. As
mentioned earlier, in the case of Type A, the sediment transport significantly happened
over 4.5 h, so this study was conducted for up to 4.5 h.

To measure the topographical change, two methods were used. In the first method,
measurements were taken at 1 cm intervals using a beach slope gauge (WH-501RS). The
measurement section was 8 m long, and the results were analyzed for the 6 m section where
the main sediment transport occurred. The second method was to draw the topography on
the side glass surface of the water tank using a 3 mm-thick pen and then extract the image
through image analysis and digitize each coordinate. The measurement was performed
in the center of the wave flume, and the digitization results were obtained from the side
wall, so the measurement results may have some variation. The two conditions overlapped,
and the data obtained from the point gauge was compared using the results from the
digitization process. At some points, interpolation was performed. Before performing each
experiment, it was checked whether the conditions of the initial topography were the same.

In the setup for wave signal, progressive waves were reviewed by installing a wave
height gauge at the shoreline position (P5) with no topographical profile applied. Wave
measurements during the experimental process after the installation of the topographical
features were conducted at points P1 to P6, as shown in Figure 2. In the Type A section,
the erosion area is widely formed, so the wave run-up height and the wave fluctuation
on the shoreline are expected to increase. At the same time, the energy density of the
waves generated during the experiment was analyzed using the spectrum method for the
wave height at the shoreline (P5) and the point located on the backshore (P6). In addition,
the wave run-up height was calculated to analyze the characteristics according to wind
speed changes.

The wind speed was set in the same way as the wave signal setting process before the
installation of topographical features. The target wind speed was set using a wind speed
gauge (6332D, Kanomax) at point P5, where only the water level was reproduced. Here, the
wind speed gauge was 30 cm away from the surface of the water. The wind speeds were
acquired as the average value over 1 s, and the experiment was conducted after confirming
the constant wind speed condition for 5–10 min.

3. Results
3.1. Sediment Transport Variation According to Cross-Sectional Profile Changes
3.1.1. Topography Change

Examining the topographical changes in Type A, the shoreline was found to have
retreated due to wave action under windless conditions, and large-scale sand loss occurred
on the foreshore and backshore. Some sand was deposited in the backshore by wave run-up,
while most of the sand that made up the shoreline moved to the seaside and formed a
sand bar. With 3 m/s wind, the beach profile was similar to that without wind conditions.
However, the range of sand loss increased in the direction of the backshore from the water
surface, and the lost sand was deposited at the 200 cm point. With 6 m/s wind, the amount
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of sand loss increased in the direction of the backshore from the shoreline, and the sand
dune formed in the backshore decreased. With 8 m/s wind, the erosion area increased,
and the lost sand moved to the seaside, increasing the size of the sand bar. The test results
showed that wind action did not have a significant effect on sand movement when the
wind was 3 m/s, but the erosion area tended to increase in proportion to the wind speed.
Also, the extent of erosion caused by wind action was prominent in areas from the coastline
to the backshore and above the water surface, and the amount of erosion in the foreshore
affected the formation of the sand bar at point X: 200 cm.

As shown in Figure 4, four sections were used to quantitatively compare topographical
changes. The sections were divided based on the results of a cross-section composed of
0.1 mm sand under 6 m/s wind condition: Section A (backshore~shoreline), Section B
(shoreline~sand bar), and Sections C and D were divided into the sand bar~offshore. The
experiment domain was broader, but the analysis results were organized for X: 0–600 cm
and Y: −25–15 cm, where changes in topography are distinct. As for the sectional erosion
and accretion situation, erosion was predominant in Section 1, and erosion and accretion
occurred in Section 2, but erosion trends were somewhat stronger. In Section 3, accretion
was dominant in the section where lost sand was deposited, and in Section 4, accretion
occurred due to the influence of sand movement by the undertow.
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In Type B, the sediment transport rate around the shoreline decreased significantly
compared to Type A due to the increased particle diameter. The moved sand was deposited
in the backshore direction, and the bottom level was lowered in section X: 200–250 cm due
to the influence of scour. The decrease in topographical changes around the shoreline was
due to the impact of the larger particle diameter, and the increased weight and settlement
velocity caused the sand particles to be suspended instantaneously when waves impacted
the nourishment particles, but the time suspended in water was significantly reduced
compared to Type A. Also, the nourishment area with a larger particle diameter accelerated
the seawater velocity when the waves that rose to the shore returned to the seaside, and
scour occurred at the boundary between the existing ground and the nourishment area due
to a strong undertow. At 3 m/s wind speed, the beach profile did not show a significant
difference compared to when there was no wind, and when the wind speed was 6 m/s, the
erosion area in the backshore increased slightly due to strong run-up. With an 8 m/s wind,
the erosion area in the backshore increased relative to the shoreline, and some particles
formed a dune in the backshore. Also, the strong run-up developed by the wind accelerated
when propagating toward the seaside, increasing the range of scour. Small topographical
changes occurred in the area located between X: 200 cm in the nourishment area, even
though the existing fine particles were distributed. Some of the nourishment particles were
moved to that area while repeating wave run-up and run-down, which affected the erosion
and accretion trends. In terms of comparing erosion and accretion by area, Section A,
located on the backshore based on the shoreline, showed similar erosion and accretion
areas. In Section B, erosion was strong due to the influence of scour, and in Section C, some
erosion areas were formed due to the influence of scour, but accretion was dominant overall
due to the deposition of sand transported from the shoreline. In Section 4, accretion was
strong due to the transport of scoured sand.

In Type C, wave action moved the particles distributed near the shoreline to the
backshore, and the accretion rate gradually increased over time to form a steep dune. The
topography behind the dune remained unchanged due to the influence of the deposited
riprap dune, and large-scale scouring occurred in front of the shoreline. Also, the sand
transported by scour was deposited over a wide range toward the seaside. With a 3 m/s
wind, the riprap dune’s slope became steeper, and its location also advanced slightly toward
the shoreline. Also, the extent of scour in front of the shoreline was the same as when
there was no wind, but the depth was slightly decreased while the width was increased.
The distribution of deposited sand on the seaside was similar to that without wind. With
a 6 m/s wind, the riprap dune became steeper compared to a 3 m/s wind, and its peak
became sharper. In addition, the extent of scour in the front increased in the X direction, and
the shape of the sand deposited toward the seaside was similar with or without wind. With
an 8 m/s wind, the riprap dune’s slope became steeper, and its location moved toward the
shoreline. The scour area also moved toward the shoreline, forming a wide erosion zone
from it to the coastline. The extent of erosion at the foreshore ranged from the shoreline to X:
300 cm, based on the initial topography, considering the run-down phenomenon developed
by the dune and the topographical changes related to wave breaking. This phenomenon
indicates that the wind’s action must have been strong enough to increase the position of
the surf zone and the magnitude of wave breaking, and an 8 m/s wind speed was analyzed
to have slightly different effects from 3 m/s and 6 m/s winds under the conditions applied
to the tests. In other words, based on the tests, the topography is more affected by waves
at wind speeds between 0 m/s and 6 m/s, but when the wind speed reaches 8 m/s or
more, the effect of the wind is greater than that of the waves. Comparing the extent of
erosion and accretion shows that accretion was dominant in Section A due to forming a
large-scale riprap dune. In Section B, erosion was dominant due to particles moving behind
the shoreline and scouring at the beach nourishment boundary. In Section C, erosion and
accretion were mixed, but accretion was more dominant, and accretion was dominant in
Section D (Figure 5).
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In Type D, a submerged breakwater was installed, and beach nourishment was not
applied. Under wave-only conditions, the submerged breakwater reduced the incident
waves, and the erosion area near the shoreline was significantly reduced compared to
Type A. However, the run-up and run-down caused by incident waves moved the sand
on the shoreline, with some of it deposited behind the coast, while the rest was deposited
to the seaside. With a 3 m/s wind, the shoreline retreated slightly, and the erosion area
increased. Wind action moved the scour generated in the foreshore toward the coastline,
and the depth of the scour decreased while the width increased. With 6 m/s winds, the
topographical changes around the shoreline slightly increased compared to 3 m/s winds.
However, both of the conditions generally showed similar topographical changes in terms
of the size of the sand dune formed in the backshore and the area where scour occurred
in the foreshore. With 8 m/s winds, the sand dune formed in the backshore was reduced,
and the scour area on the foreshore moved to the seaside. The remaining areas showed
similar patterns to other conditions. Since wind increases the force of waves toward the
shore, the larger the wave crest, the more the wave is affected by the wind and increases
damage on the coast. However, the submerged breakwater reduces wave energy, so waves
with relatively less energy reach the shore. Therefore, even if the wind is strong, the waves
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reaching the coast are not large in size, so there are limits to creating high run-ups and
large-scale topographical changes. As for the trend of erosion and accretion by area, both
were similar in Section A, but the erosion trend was proportional as the wind increased.
In Section B, the amount of erosion was similar, but the amount of accretion decreased
as the wind increased. In Section C, the amount of accretion decreased relative to the
wind strength. Overall, there were accretion trends. In Section D, accretion increased
proportionally to wind strength, indicating an accretion trend (Figure 5).

3.1.2. Spectrum Analysis

The magnitude and duration of waves determine the size of topographical changes in
the foreshore, and differences occurred even under the same incident waves in the four
beach profiles reviewed above. Since topographical changes in the foreshore mean that
the wave distribution formed at the beginning of the test has changed, changes in wave
energy were examined at each time interval. Wave analysis was performed on the shoreline
(X: 115 cm) and behind the shoreline (X: 85 cm) among the various measurement points.
Based on data generated between 0 and 0.5 h, without considering winds, the results
between 4.0 and 4.5 h were compared when the cross-sectional topography reached quasi-
equilibrium. The frequency spectrum method was used to analyze the data, and wind speed
changes (0 m/s, 8 m/s) for each cross-section were also examined. The irregular wave
applied to the test is composed of a synthesis of several regular waves. When it has a single
direction, as in this study, the frequency spectrum is used to analyze the wave’s energy
density. Although there are other standardized methods through various probability distri-
butions and statistical analyses, this study used the modified Brestschneider–Mitsuyasu
spectrum for wave signal settings and spectrum analysis (Figure 6).

According to the spectrum analysis, beach profile Type A with 0.1 mm reached quasi-
equilibrium based on the state at the beginning of the test with only waves (blue line) and
the energy density (red line) at the shoreline (X: 115 cm) showed an increased distribution
in most frequency ranges, although there were some differences related to changes in the
wave breaking points. This phenomenon is likely due to the increased water depth at
the shoreline due to erosion and the increased size of the waves reaching the shoreline
since the beginning of the test. The long wave period zone 4.5 h after wave generation
showed similar trends with or without wind. However, in the range of Hz:0.1~1, slightly
higher energy density values were generated under windless conditions, likely due to
wave breaking. The wave energy on the rear side of the shoreline was proportional to
the topographical changes. Based on the waves measured at the coastline (blue line in
Figure 6), the results 4.5 h after wave generation (X: 85 cm, block line) were similar because
a topography like the initial shoreline was formed at X: 85 cm over time. Under winds, the
energy density also increased because the scale of the waves increased due to the widened
extent of the erosion.

In Type B, the wave energy values at the beginning of the test and the results after
4.5 h were similar. This was because less sand loss occurred due to the higher nourishment
sand particle diameter, as shown in the topographical change results. During wind action,
the amount of sand loss increased, creating a higher energy density. At X: 85 cm, the
magnitude of the waves decreased due to the absence of wind, resulting in a low energy
density. When accompanied by wind, the increase in topographical changes and high
wave run-up increased the energy density, resulting in a distribution similar to that of the
shoreline at the beginning of the test.

In Type C, rapid topographical changes occurred on the foreshore and backshore
based on the shoreline, and the wave energy also changed over time. The amount of energy
change increased when incorporating wind. The wave distribution behind the shoreline
was similar to the initial measurements in the long wave period domain when there was no
wind. However, a sharp decline in energy occurred as the period decreased. Under long
wave period conditions, the density values increased and were similar to the wave energy
at the initial shoreline.
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In Type D, the range of topographical changes was small, resulting in smaller wave
changes at the shoreline. The analysis found that the energy density values increased
slightly compared to the initial measurements, but the overall distribution was similar.
However, the values increased when incorporating wind, but the difference decreased
compared to other conditions. The distribution of waves at X: 85 cm showed a low energy
density with only waves, similar to the wave height distribution at the shoreline with winds.
The test results showed that wave energy is closely related to changes in water depth,
and when incorporating wind, the wave height distribution increased not only shoreline
but backshore.

3.2. Sediment Transport according to Changes in Nourishment Area

The previous section examined beach profile changes after applying beach nourish-
ment with larger particle diameters to an erosive beach and compared the results with
installing a submerged breakwater. The beach profile change was the smallest when the
nourishment sand particle diameter was 1.0 mm, and the topographical changes were
similar to those when installing a submerged breakwater. In this section, test profiles were
constructed, as shown in Figure 7, to examine the beach profile evolution when the nour-
ishment area changed with a sand diameter of 1.0 mm, which was most effective among
the test conditions for beach profile conservation. The basic shape is Type B, and when
applying nourishment sand with higher particle diameters, severe scouring occurs at the
boundary between the nourished area and the existing sand (X: 200–300 cm). Thus, shapes
like Type B-1 were configured to examine the difference in scour and sand movement when
increasing the range of beach nourishment. In addition, Type B-2, 3, and 4 were configured
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to investigate the effects on topographical changes depending on whether all of the erosive
area was nourished or only parts of it. The test conditions are summarized in Table 2. Most
conditions are the same as in Table 1. The results without wind are compared with those
that had 8 m/s winds.
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Figure 7. Test profiles for cross-sectional topography. Type B-1: the nourishment area (dark shade) is
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Table 2. Test conditions for Type B1–4.
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Half of Type B-1 (right side)
Half of Type B-1 (bottom side)

0.5
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(offshore)

Topographical
change
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3.2.1. Topography Change

Examining the topographical changes in Type B-1, it was found that the transport of
nourishment sand around the shoreline occurred only in some areas on the surface, and
the transported particles moved landward and formed a dune (Figure 8).

Sand loss due to scouring occurred over a range of about 1 m at the foreshore (200 cm).
At this point, the undertow accelerated due to the increased nourishment range when
waves that rose to the dune returned offshore, with the effect of forming a surf zone, re-
sulting in rapid scouring from the nourishment area’s boundary. The scoured sand was
transported offshore and created a sand bar. With 8 m/s winds, erosion increased around
the shoreline, and the dune formed behind the shoreline moved toward the backshore
direction. Also, scouring and sand loss at the foreshore increased, and the transported
sand was deposited offshore. In terms of comparison by section, both erosion and accre-
tion increased according to wind action in Section A, and the extent of erosion caused
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by scour was slightly decreased in Section B. In Section C, wind action increased ero-
sion and decreased accretion. In Section D, wind action slightly reduced erosion and
increased accretion.
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In Type B-2, transport of nourishment sand occurred in the wet and dry zone where
wave run-up and run-down took place, as in Type B-1 when there was no wind, and some
of the sand moved to the backshore direction to form a dune (Figure 8). At X: 200 cm, scour
occurred due to the current toward the offshore direction, and the scoured sand was trans-
ported and deposited near X: 300 cm. With 8 m/s winds, the extent of erosion increased
along the coast, and the formation of dunes decreased on the backshore. Topographical
changes due to wind action occurred because beach nourishment was concentrated in the
backshore relative to the shoreline and also because some of the nourishment sand was
moved and distributed on the foreshore due to sand movement from the foreshore. Al-
though nourishment was not applied between 100 and 200 cm, no significant topographical
change occurred, and changes in the width of the surf zone caused by the wind and the
strength of the undertow moved the nourishment sand near point X: 200 cm. Analyzing
by section, erosion increased in Sections A and C with wind action, and the amount of
accretion increased in Sections B and D.
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In Type B-3, small-scale topographical changes occurred around the shoreline with
waves only (Figure 9). In particular, the front of it, where nourishment sand was applied,
maintained features similar to the initial topography, and an accretion trend could be ob-
served behind the shoreline. Scouring occurred in the boundary layer of beach nourishment
(X: 200 cm), and the scoured sand moved to the seaside to form a sand bar. Under wind
incidence, sand loss occurred from the shoreline towards the backshore, while a generally
constant cross-section was formed on the foreshore. Sand transport occurred in section X:
220–380 cm, but section X: 200–220 cm was less affected by topographical changes due to
the movement of nourishment sand. However, topographical changes occurred in sections
where nourishment sand was not moved. In terms of topographical changes by section,
erosion increased in Sections A and C due to wind action, and the amount of accretion
increased in Sections B and D.
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In Type B-4, the entire nourishment area was divided into upper and lower sections and
beach nourishment was only applied to the lower part (Figure 9). According to the wave-
only test results, sand moved behind the shoreline and formed a dune in the backshore.
In the foreshore, scour occurred due to the influence of wave breaking and current and
undertow, and the scoured sand was transported to the seaside and deposited. When wind
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was incorporated, the extent of sand transport in the foreshore increased slightly, while the
size of the dune on the backshore decreased. Wave action moved the nourishment sand
to the seaside and formed a sand bar and sand loss occurred in front of the sand bar due
to the influence of the undertow. In terms of topographical changes by section, erosion
was slightly increased in Sections A and C due to the wind’s action, while accretion was
dominant in Sections B and D. The analysis showed that topographical changes occurred
with and without winds at 200 cm under the conditions of Type B-2–4. These results were
due to changes in the surf zone formed at the beginning of the test, changes in wave run-up,
and changes in the range of sediment transport due to nourishment sand transport.

3.2.2. Spectrum Analysis

As a comparison of the wave signals, as shown in Figure 10, the results generated at
the shoreline (X: 115 cm) and behind the shoreline (X: 85 cm) were compared based on the
initial test conditions when there was no wind in Type B, and the trend of wave energy
according to changes in nourishment area was examined for each cross-section.
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Waves in Type B-1, where the nourishment area extended to the seaside based on
Type B conditions, created increased energy density values at the shoreline. As shown in
Figure 10 (L), the shoreline regressed when the entire nourishment area was filled with
1.0 mm sand, and the wave height increased as the range of the waves approached the land
due to the effect of the increased water depth. However, there was no significant difference
with wind variation, which was likely because the influence of wind on sediment transport



Water 2023, 15, 2956 16 of 23

was relatively small under increased particle diameter conditions. Behind the shoreline,
most of the trends were similar to the initial test values in the short wave period domain,
and the difference increased moving to the long wave period domain. However, with
winds, the results were similar in the range of 0.1 Hz and above, but there were density
differences in the long wave period domain.

In Type B-2, the energy density tended to decrease relatively. Waves measured at
the shoreline showed a smaller energy distribution at 0.2–0.4 Hz compared to the initial
conditions. The differences in the increase or decrease were also smaller in the rest of the
domains compared to Type B-1. The difference with or without wind was also insignificant.
Waves behind the shoreline generally showed small density values, and the long wave
period component had a greater effect on wave energy when there was no wind.

In Type B-3, the difference in energy density increased compared to Type B-1. When
wind along the shoreline was considered, the short wave period domain showed a distribu-
tion similar to waves-only conditions. However, the energy density tended to increase in
the long-wave period domain. Behind the shoreline, most trends were similar to the initial
test values, and there was no significant difference with or without wind.

Type B-4 showed an increase in energy density at the shoreline compared to Type B-1.
In particular, the wave energy density above 0.3 Hz was higher when there was no wind,
and the distribution was also rather large in the long wave period domain. Behind the
shoreline, the wave signal increased slightly under winds in the mid-domain, but there was
no significant difference in the remaining sections. The analysis showed that energy density
changed according to the beach nourishment conditions, and in some cases, the influence
of wind components was smaller than that under wave-only conditions. However, overall,
the increase in water depth at the observation points was proportional to the increase in
energy density.

4. Discussion
4.1. Comparison of Topographical Evolution According to Cross-Sectional Changes

The critical value of sedimentation momentum is generally interpreted using the
critical shield number (τC

∗), a function of the particle Reynolds number [29]:

τC
∗ = u∗2/RgD (3)

Rep = (RgD)0.5D/ν (4)

where u∗ =
√

τb/ρ is the bottom shear velocity, ρ is the fluid density, R is the particle’s
specific gravity, g is the gravitational acceleration, D is the particle’s median diameter, and
ν is the particle’s kinematic viscosity. In terms of the transport condition of suspended
solids, particles instantly move in the vertical direction by the fluid’s interference, and
depending on the magnitude of the shear stress, they will move in the flow direction or
settle under the influence of gravity [30].

As shown in the tests, the smaller the particle diameter, the longer the suspension state
continues, and the suspended sediment mainly forms the topographical changes. However,
under 1.0 mm conditions, the suspension phenomenon is the same, but due to the faster
settlement velocity, the floating force decreases, and the drag force is relatively increased.
This phenomenon can be interpreted using the following equation [31]:

τ′ = τC + nFD +
0.013
k2a1

2 ρs
(

λbU f
′
)2

(5)

where τ′: surface friction force, τC: maximum shear stress, n: porosity of sedimentation, FD:
average drag force of a single moving sediment, k: wave number, a1: velocity component on
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the sea bottom, ρ: fluid density, s: particle density, λb: concentration of sediment suspended
on the sea bottom, and U f

′: surface friction velocity. FD is expressed as:

FD = 0.5ρcD

[
aU f

′ −UB

]2 π

4
d2 (6)

where cD is the drag force coefficient, and UB is the mean transfer rate of the particles. The
test results showed that 1.0 mm particles have a smaller movement range than 0.1 mm
particles. Although a clearer trend can be found by examining the sediment transport
characteristics according to changes in particle diameter, this study focused on investigating
the overall sediment transport mechanism for particle diameter and external force change.
Thus, it is necessary to configure detailed experimental sections in the future to identify the
critical points for erosion and accretion. As shown in the results in Figure 11, in the area
located between the shoreline and the backshore, the differences in beach profile changes
due to applying 1.0 mm nourishment sand show that the extent of erosion increased as the
particle diameter decreased. On the other hand, accretion increased as the particle diameter
increased. Although increasing the particle diameter resulted in different characteristics,
the results of 1.0 mm conditions were similar to that of installing a submerged breakwater,
showing that applying 1.0 mm nourishment sand has an effect equivalent to installing
hard structures. Section 2, located near the shoreline, shows an opposite trend due to the
influence of strong scour caused by wave run-down and forming a surf zone for incident
waves. Section 3 was the main section in which the sand moved from Sections 1 and 2
was deposited, and this phenomenon increased by the wind’s effect. Figure 12 shows
the difference from Type B when changing the range of beach nourishment for the same
particle diameter (d50: 1.0 mm). Accretion was observed around the shoreline when the
nourishment area was extended to the seaside (Type B-1) and when beach nourishment
was applied in the seaside direction relative to the coastline (Type B-3). Sand loss occurred
when beach nourishment was performed toward the land based on the shoreline (Type B-2)
and when beach nourishment was applied to the lower section (Type B-4). Some sand
loss occurred under the extended beach nourishment conditions in the area directly in
front of the shoreline, while other conditions showed an accretion trend. The influence
of wind reduced as the particle diameter of the nourishment sand increased. Although
some differences occurred depending on the conditions, the 1.0 mm diameter particle
applied to the test was not significantly affected by the wind compared to the 0.1 mm
diameter particle.
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4.2. Analysis of Wave Run-Up Characteristic

The high wave run-up is directly related to sediment transport. The high wave run-
up is the formation of a water surface curve above the still water level (the sea level in
the absence of waves). The run-up height increases proportionally as the wave energy
increases. The high wave run-up leads to a rise in water level due to wave setup [32],
and the increased water level plays a role in increasing the size of the incident waves. In
addition, the wave run-up phenomenon can define the boundary of the region of wave
action, which directly affects onshore sand transport, deposition, and erosion and is of
obvious importance in planning coastal setback distances or assessing coastal flooding
probabilities [33]. In particular, during the invasion of high waves with strong winds, the
high wave run-up can cause large-scale topographical changes, so it is necessary to review
it carefully [34]. The waves used in this study are high-wave strong wind data extracted
from buoy data, so the analysis of high-wave run-up is considered to be useful as a review
of the phenomenon of topographical changes and mitigation measures.

The tests show that the extent of topographical changes is proportional to the increase
in wind speed. Many studies have conducted tests on winds, but [17] shows similar trends
to this study for wind and waves. Demirbilek examined the wave run-up height under
wind, waves, and wind + waves for submerged breakwater installation conditions through
2D cross-sectional experiments and installed a wave height meter in front of the shoreline
to present the wave height change at each point through spectrum analysis. The results
also suggested that the wave run-up height and wave set up behind the shoreline increase
when waves and wind coexist. However, [17] used the Jonswap spectrum to create wave
signals and applied Froude similarity (1 V = 10 H) with distorted horizontal and vertical
scales. The submarine topography and structures were also installed in a fixed condition,
so there are limits to making a quantitative comparison with this study. Therefore, this
section examines the tendency according to time history with the ratio of the incident wave
height to the wave run-up height when the wind speed and cross-section change. This
was conducted using the method for wave run-up height according to the external force
change among the analysis results in [17]. The wave run-up height was estimated based on
measurements using the empirical formula presented by [31] below:

R ' ηu + H0ξ (7)

where ηu ' 0.2H0, ηu: wave setup height, H: significant wave height on the offshore side,
an ξ: surf similarity parameter calculated as follows:

ξ = tanβ/
√

H0/L0 = Ttanβ
√

g/2πH0 (8)
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where L0 is the significant wave length on the offshore side and β refers to the sea bottom
slope. A foreshore slope of 1/10 is applied in the equation above. The wave length was
calculated using the wave height measured at the shoreline and the wave period measured
at the front of the wave generating panel according to the time history. This study used the
empirical formula proposed by [35] for wave run-up height and Hunt’s formula [31] for ξ.
R2% is arranged as follows:

R2% = 1.1
(

ηu + 0.5
√

Sw
2 + Sig

2
)

, ξ ≥ 0.3 (9)

R2% = 0.043
√

H0L0, ξ ≤ 0.3 (10)

where ηu = 0.35H0ξ is the wave setup height, Sw = 0.75H0ξ is the run-up height for
incident waves, and Sig = 0.06

√
H0L0 is the run-up value associated with gravity wave.

Examining R2% for different wind speeds, it was found that the wave run-up height tended
to increase with time. In the case of Uw: 0 m/s, the run-up phenomenon at the beginning of
wave generation was similar in all cross-sections. However, the run-up height also changed
according to topographical changes (Figure 13). When waves were generated for 4.5 h, the
highest wave run-up height occurred in Type A, where topographical changes occurred
actively around the shoreline, and the erosion range was also the largest. On the other
hand, the lowest wave run-up height occurred in Type B, which had the smallest change
in water depth. In conditions accompanied by wind, the run-up phenomenon increased,
and with 8 m/s winds, the run-up in Type A was about twice as high as that of Type B.
The results of comparing the run-up height (R2%(Theory.)) estimated above and the run-up
height (R2%(Meas.)) examined through the experiment are as follows. In Type A, the wave
run-up phenomenon in the experiment had a greater effect than the theoretical results. This
tendency occurred with or without wind, and as the wind speed increased, changes in
wave run-up increased. The difference in run-up height is because the effect of wind is
not considered in the theoretical equation. The difference occurs even without wind effect
because the wave action caused erosion over a wide range. Therefore, it is analyzed that the
height of wave run-up was gradually developed. Therefore, since the run-up phenomenon
is closely related to erosion, the calculation of run-up height in erosive beaches, like the test
conditions, should be reviewed through experiments. In Type B, the topographical changes
were reduced compared to Type A, so the difference between the theoretical and test results
was relatively lower but was still more than 20%. Although the beach nourishment particle
of a larger diameter in Type B is suspended momentarily by waves, the fast settlement
velocity induces a reduction in topographical changes near the shoreline and controls
the development of wave run-up. In Type C, the theoretical results were larger than the
experimental results. This is because the erosion around the shoreline due to topographical
changes in the experiment is small, and waves are dissipated by large-scale riprap dunes
deposited by wave action. Type D shows limitations in the development of wave run-up
because the waves reduced by the submerged breakwater cause topographical changes to a
limited extent. However, the difference between the theoretical and experimental wave
run-up increased because continuous wave attacks caused the shoreline to regress and
developed wave run-up, which in turn increased the drag force towards the shore when
combined with wind.

The results of applying the theoretical formula to Type B-1–4, which are the conditions
of changing the nourishment area on Type B (which has the lowest degree of topographical
changes), show similar trends, although there were some differences depending on the
nourishment area. Compared with the experimental results, Type B-1 showed a similar
trend to the theoretical formula when there was no wind in the initial part of the test.
However, as the wave generation time increased, the range of topographical change in-
creased, and the wave run-up height increased proportionally. When the range of beach
nourishment was changed based on the shoreline (Type B-2–4), the extent of topograph-
ical changes increased due to the reduced beach nourishment, and the corresponding
wave run-up height was about twice as high as that of Type B-1. However, compared
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to the initial change, the change in wave run-up height was small because the difference
in topographical changes after the end of wave generation was also small (Figure 14).
With 8 m/s winds, the extent of topographical changes increased, and the amount of
change in wave run-up also increased. Type B-1, in which the entire beach was nourished,
showed a 1.5 times difference compared to the theoretical formula, Type B-2 showed around
2.0 times, and Type B-3 and 4 showed up to 2.5 times, indicating that performing beach
nourishment toward land based on the shoreline is better for reducing wave run-up and
topographical changes.
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5. Conclusions

In this paper, a hydraulic model experiment was conducted to examine the topograph-
ical changes in response to grain size changes of nourishing material under the influence
of wind and waves. The external forces were scaled down based on buoy data using
the Froude similarity law. The grain type used for the natural beach was 0.1 mm quartz
sand, which is the smallest among the various types of particles that can be used in the
experiment. The application of quartz sand allows for traction and suspension to take
effect. In addition, if the sand grains are smaller than 0.1 mm, they turn into clay, ashes, or
fine powder, making it difficult to examine the topographical changes on coasts composed
of sand. The grain size of the nourishing sand was increased to larger sizes than that
which is typically found in the sand on a natural beach to attenuate sediment transport. In
conditions where the movement of the waves was significant, 1.0 mm and 5.0 mm grains
were applied after considering Equations (1) and (2) in advance. When the particles applied
to the experiment are scaled up, the grain size of the natural beach becomes larger than the
grains typically found on an actual beach. Therefore, the results of this study need to be
examined from a qualitative perspective.

The frequency of occurrence rate of test waves propagating to the coast is increasing,
and the scale of erosion is also increasing in proportion. Most research on sediment
transport mainly applies waves as an external force, but on the actual coast, strong winds
are accompanied by high wave incidence, so it is necessary to review topographical changes
under conditions where waves and wind coexist. In this study, when erosive waves that
cause sediment transport occur, topographical changes according to changes in wind speed
were analyzed. The study was conducted in a two-dimensional wave flume equipped with
a wind tunnel. As a result of the experiment, it was confirmed that the increase in wind
speed expands the erosion area of the natural coast (Type A). The results also showed that
topographical changes varied according to the diameter of the nourishment sand particles.
Increasing the particle diameter of the nourishment sand played a role in reducing the
run-up phenomenon (d50: 1.0 mm with 24–50%, d50: 5.0 mm with 59–83%), and the range
of particles moved by winds was also decreased (d50: 1.0 mm with 10–38%, d50: 5.0 mm
with 5–37%). Among them, Type B, with a d50: 1.0 mm particle diameter, was the most
effective in reducing beach profile change. This was because increasing the settlement
velocity had the effect of reducing the distance traveled by suspended sand. Similar
tendencies were found in each profile when changing the nourishment area based on Type
B. However, Type B-2, which performed beach nourishment in the rear-side direction based
on the shoreline, was favorable in reducing sediment transport (Figures 8 and 12). Beach
movement was affected by the strong run-up phenomenon during the high wave attack,
and the extent of erosion increased when there were waves and wind in combination
(Figures 4, 5, 8 and 9). However, the effect of wind on sediment transport declined as the
particle diameter increased, and the topography formed on the foreshore also showed a
difference from when there was no wind. This was due to changes in the wave velocity, surf
zone, wave run-up, and undertow characteristics under wind action, resulting in changes
in erosion and accretion trends in the foreshore (Figures 8 and 9). Although this study
investigated cross-sectional topography according to changes in particle diameter and wind
speed, a detailed sensitivity analysis of each parameter (nourishment particle diameter,
wind speed, and wave size) is necessary to identify erosion and accretion characteristics
more accurately.
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