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Abstract: Foreshore slope is crucial in designing beach berm nourishment schemes and understanding
coastal responses to wave forces. Beach berm nourishment often suffers from a high loss rate,
necessitating theoretical research and design parameter comparison to mitigate these losses early on.
This study uses Bagnold’s energy conservation method and the small-angle approximation method
to establish a relationship between cross-shore sediment transport and foreshore slope. The feedback
mechanism between these factors shows that when the foreshore slope is fewer than 10 degrees, a
smaller initial slope results in a reduced rate of sediment transport. Over time, the foreshore slope
decreases and eventually reaches equilibrium, promoting the formation of an offshore sandbar, which
helps reduce sediment loss. Using data from Guanhu Beach in Dapeng Bay, this study constructs
a realistic numerical beach model to simulate the dynamic behavior of beach profiles with varying
foreshore slopes under the influence of monsoon waves and storm surges. The simulation results
support the feedback mechanism findings, demonstrating that profiles with minimal foreshore slopes
experience the least initial sediment loss, thus facilitating sandbar formation more effectively. These
insights can inform beach berm nourishment strategies, emphasizing early-stage efforts to expand
beach areas and reduce sediment loss.

Keywords: beach berm nourishment; foreshore slope; cross-shore sediment transport; numerical
simulation; Guanhu Beach

1. Introduction

The foreshore slope plays a vital role in characterizing coastal responses to wave
activity [1] and significantly influences cross-shore sediment transport [2]. As cross-shore
sediment transport primarily causes adjustments to profile morphology during the incep-
tion of beach nourishment, the foreshore slope becomes a paramount parameter within
beach berm nourishment scheme designs.

Seasonal variations in wave conditions or extreme storm surges can substantially alter
cross-shore sediment transport on beach profiles [3,4]. These modifications often manifest
as changes in the foreshore slope due to the existing intricate feedback mechanism between
cross-shore sediment transport and the foreshore slope. Originally, the foreshore slope
influences the cross-shore sediment transport trends which subsequently cause continu-
ous slope changes. The system eventually attains a transitory equilibrium under present
dynamics. Renowned scholars such as Dean [5], Hattori, Kawamata [6], Sunamura, and
Horikawa [7] have primarily employed cross-shore sediment transport studies to classify
beach profiles, proposing a series of determinative parameters. However, these parameters
seldom involve calculations of the net cross-shore sediment transport rate on a profile,
making granular interpretations challenging. Hence, later studies typically utilize physical
experiments and numerical simulations to investigate cross-shore sediment transport on
beach profiles. For instance, Mustafa et al. demonstrated through physical experiments that
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reducing the foreshore slope increases both the offshore sandbar volume and the stretch
from the offshore sandbar to the coastline [8]. Furthermore, Qu et al. established a relevant
physical model to examine how different beach profiles reach equilibrium under regular
wave conditions and the associated storm surge defense effectiveness [9]. Their research
concludes that profile shape drastically influences cross-shore sediment transport trends
over a short duration. While the aforementioned studies outline objective laws, numerical
simulation methods are needed for more detailed theoretical research. Numerical simu-
lations predominantly segregate into closed and open-loop forms. The closed-loop form
posits the eventual equilibrium of the beach under persistent dynamic conditions, with
cross-shore sediment transport being accountable for deviations from this equilibrium pro-
file. A widely recognized example includes Zheng’s numerical model, which necessitates
substantial measured data to ascertain the equilibrium profile [10]. The open-loop form,
on the other hand, suggests that profile morphology is determined by sediment transport,
with the XBeach numerical model being a modern instance. This model utilizes the Euler
method and convective diffusion equation to simulate cross-shore sediment transport’s role
in profile alterations. However, given the Euler method’s emphasis on spatial points’ phys-
ical properties, it exhibits evident limitations while investigating the relationship between
cross-shore sediment transport and spatial factors such as the foreshore slope. Therefore,
scrutinizing the feedback mechanism between these two demands a novel perspective.

Within the realm of beach nourishment, numerous sand replenishment strategies opt
for an approach akin to equilibrium profiling [11,12], out of which beach berm nourish-
ment emerges as the most uncomplicated and effective construction method. However, it
presents a notable drawback in its high loss rate [13]. Various studies demonstrate that
approximately 70% of the replenished sand dissipates within the initial few months fol-
lowing project implementation [14]. This process, though it swiftly accommodates shifts in
the surrounding dynamic landscape toward equilibrium profiling [15], may encompass
sand redistribution instigated by alongshore sediment transport and aims to facilitate the
maturation of profiles elsewhere [16]. Nonetheless, reductions in cross-shore sediment
transport can precipitously decrease the beach’s expanse and fail to provide nourishment to
other beach profiles. From the perspective of environmental protection, beach nourishment
can have irreversible deleterious impacts on the environment [17]. Therefore, stabilizing
the nourished beach berm means saving the coastal environment. Consequently, it be-
comes imperative to discern the correlation between cross-shore sediment transport and
the parameters of design to curtail losses in cross-shore sediment transport during beach
nourishment. In the beach nourishment plan for Nha Trang beach in Vietnam, parameters
were adopted from the Japanese beach design manual [18]. The designers amassed exten-
sive field data about the beach to validate and select the design parameters. However, this
approach merely attests that the design parameters are in line with the inherent laws of the
beach. This encompasses an empirical relationship between the design profile foreshore
slope, berm elevation, waves, slopes, and the beach sediment particle size. No compre-
hensive research has been conducted regarding the maintenance effects and subsequent
sand loss. It is therefore unfeasible to determine if the chosen parameters foster stable
beach conditions. Numerous scholars have performed single-factor analyses on factors
such as replenishment grain size, berm width, height, and the foreshore slope during the
beach berm nourishment profile design [19–21]. Yet, most methodologies involve simple
computations using the initial design profile on the numerical model XBeach, without
supporting field data for verification of the mathematical findings. Hence, it becomes
imperative to construct a real-scale mathematical model based on on-site measurements
to gauge beach profiles’ responses with varied initial foreshore slopes under complex,
naturally dynamic conditions.

To maximize beach nourishment benefits and shield against substantial early-stage pro-
file alterations, a rigorous theoretical investigation into the correlation between cross-shore
sediment transport and the foreshore slope is imperative. This research aims to mitigate
losses in sediment transport occurring during the initial phase of beach nourishment.
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Therefore, following the complex feedback mechanisms between morphology and hydro-
dynamics, a research plan is proposed to focus on two open questions related to previous
observations: (1) What is the mathematical and physical relationship between cross-shore
sediment transport and beach foreshore slope? (2) How do beach berm nourishment
schemes with different foreshore slopes respond to complex hydrodynamic conditions?
This study aims to explore the feedback mechanism between cross-shore sediment trans-
port and foreshore slope from a microscopic perspective, utilizing fundamental energy
principles. This approach enables the rapid qualitative identification of optimal foreshore
slopes during the preliminary design phase of beach nourishment. Furthermore, numerical
modeling tools will be employed to confirm the effectiveness of optimal foreshore slopes.
Currently, there are numerous options available for selecting reasonable slopes in the early
stages of beach nourishment, and the findings of this research can provide valuable refer-
ence points. This paper is structured as follows: Section 2 provides a brief introduction to
the research area. Section 3 introduces the methodologies employed for conducting beach
field surveys and the establishment of the Bagnold energy method and numerical model.
Section 4 elucidates the feedback mechanism between cross-shore sediment transport and
foreshore slope through the derived function equation, and with the help of the established
numerical model, calculates the response results of beach profiles with different foreshore
slopes to the dynamics of monsoon waves and storm surges for a mutual corroboration
discussion. The conclusion is presented in Section 5.

2. Study Area and Data Sources

Dapeng Bay is located between Dapeng Peninsula and Kowloon Peninsula, Hong
Kong with a total area of 335 km2. It is surrounded by mountains on the east, north, and
west. The bay mouth is facing the southeast. In the northeast of Dapeng Bay, there are many
sandy coasts and headlands. Headland-bay beaches are formed between the headlands.
The central area of this study is Guanhu Beach, and the location of the study area is shown
in Figure 1a. The length of Guanhu Beach is 600 m, and the width is less than 100 m. The
beach width gradually decreases from west to east. The local sediment particles are mainly
coarse sand. Seasonal transport dynamics influence the grain size at mid–low tide levels,
leading to coarser particles during the summer and autumn months. This change occurs
mainly due to the erosion of finer sediments from the beach. Despite this slight shift, the
overall impact is limited, and the average median grain size of sediment across different
tidal levels remains approximately 0.2 mm.

The main headland of Guanhu Beach is Guanhu Cape. Guanhu Beach is a typical
headland-bay beach located on the west side of Guanhu Community (Figure 1b). The tidal
type of Dapeng Bay is irregular semidiurnal tide. In 2020, the mean high water is about
0.91 m (1985 national elevation benchmarks, this elevation system is used in the whole
paper) and the mean low water is about −0.63 m. The mean tidal range is 1.98 m which
indicates the tidal intensity is weak. Wind and wave data are collected from the Shenzhen
Marine Monitoring and Forecasting Center. According to observed data at Xiasha station
(Figure 2) in 2020, the prevailing wind direction of Dapeng Bay is SSW with a frequency of
11.1% and the secondary prevailing wind direction is NW with a frequency of 9.7%. All
wave data are based on measurements taken at Xiasha station, with a collection frequency of
every two hours. The summer prevailing wind direction is SSW and the winter prevailing
wind direction is NW. The annual average wind speed is 4.5 m/s. The Bay is mainly
affected by offshore surges. The annual strongest wave direction is SSW and the maximum
significant wave height is 2.6 m. The dominant wave direction is SSW with a frequency of
47.59% and the second most dominant wave direction is S with a frequency of 36.55%.
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3. Methods

This study conducted seasonal field surveys at Guan Hu Beach in Shenzhen through-
out 2020. We aimed to derive the interaction mechanism between cross-shore sand transport
and the foreshore slope using the Bagnold energy method. The findings qualitatively de-
scribed how the foreshore slope affects the longevity of beach nourishment. Additionally,
a numerical model was developed to quantitatively evaluate the outcomes of various
beach nourishment schemes under different conditions, thereby validating the qualitative
research results. In this section, we focus on the methods used for the field surveys and
showcase the development of the Bagnold cross-shore sediment transport energy model
and the numerical model.
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3.1. Beach Profile Measurement and Sediment Collection

To develop a comprehensive beach nourishment plan, profile measurements and
sediment collection were conducted four times on Guanhu Beach in Shenzhen, specifically
in May 2020, July 2020, October 2020, and January 2021. Measurements were taken during
lower low water springs, ensuring consistency in tidal conditions. Profile measurements
and sediment collection occurred simultaneously, resulting in a total of eighteen sediment
samples collected from each beach profile at high tide, midtide, and low tide. These samples
were then transported to the laboratory for particle composition analysis.

Our research team utilized Real-Time Kinematic (RTK) GPS instruments to conduct
field surveys (Figure 3). While establishing the base station, the mobile station was config-
ured for manual step measurements to determine elevation. The location and elevation
of the base station were predetermined values confirmed through on-site measurements.
Given that the base station elevation is relatively fixed, elevation values across the beach
can be computed by referencing the base station’s elevation. Due to the nature of manual
measurements and the hazards associated with underwater operations, the measurements
were conducted only until the water level reached waist height. The closure depth of
the study area is 3.50 m, ensuring that the majority of the measuring profiles remained
above this depth. The measuring interval was standardized in areas where topographic
changes were minimal, while the number of measuring points was increased in regions
with significant topographic variation. Although the measuring profiles were fixed, the
exact positions of each measuring point varied. To accommodate this, fixed analysis points
were established along the profile, and the measuring data were interpolated to these points.
The measured beach profiles are indicated in Figure 1b as 1# to 6#, spaced at intervals of
100 m. There were no typhoons during the measuring period.
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3.2. Bagnold Cross-Shore Sediment Transport Energy Model

The equations governing the movement of sediment under wave action are different
from those that apply to unidirectional flow. Longuet-Higgins’ theoretical equation and
laboratory data show that the sediment transport direction at the bottom of shallow water
is onshore while the middle is offshore [22]. After the wave propagates to the shallow
water area, due to the shallow water deformation, the wave crest duration is short and the
trajectory speed is large, the wave trough duration is long, and the trajectory speed is small.
This phenomenon causes the coarse-grained sediment to move toward the shore contin-
uously and the fine-grained sediment to suspend upwards. Under the combined action
of the trajectory speed and mass transfer speed in the offshore direction, the suspended
sediment moves offshore, and the bottom sediment moves toward the shore. The ratio
of the two sediment transport rates determines the scouring and depositional state of the
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beach [23]. According to the characteristics of sediment movement under wave conditions
in the two-dimensional shallow beach area, a vertical section near the breaking point is
taken by applying the Bagnold energy conservation [24,25] method (Figure 4).
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Consider the volume of sediment moving shoreward per unit area of the seabed as
Vb (m2), with a transport speed of ub (m/s). Simultaneously, let Vs (m2) represent the
volume of sediment moving shoreward per unit area of the bed, while us (m/s) represents
the average transport speed of suspended sediment. Consequently, the bed sediment’s
volume transport rate qb (m3/s) can be calculated as follows:

qb = Vbub (1)

The suspended sediment’s volume transport rate qs (m3/s) can be calculated as follows:

qs = Vsus (2)

Thus, the cross-shore sediment transport rate qoff (m3/s) can be calculated as follows:

qo f f = qs − qb (3)

The power required to overcome both resistance and gravitational forces during
sediment movement, and the power to surmount gravity when the sediment is suspended,
are fuelled by wave energy. As the power for seabed sediment to resist and overcome
gravity correlates with the foreshore angle, we can deduce the following based on energy
conservation principles and the cross-shore sediment transport rate’s definition:

qo f f = f (θ) (4)

where θ is the foreshore slope, and f (θ) represents the functional relationship between qoff
and θ. The cross-shore sediment transport of the beach profile shifts offshore when qoff > 0,
and onshore when qoff < 0.

3.3. Numerical Simulation by XBeach

The XBeach model (1.23.5526), which is based on SBeach and funded by the United
States Army Corps of Engineers and the European Union, is an open-source software
based on Fortran90 architecture. It is widely used to simulate coastal dynamics such
as tidal waves [26], tsunami waves, storm surges [27] and their corresponding coastline
evolution [28], seabed evolution, and sediment transport [29].

The purpose of this study is to simulate the seasonal topographic evolution of Guanhu
Beach under prevailing wind and wave conditions. It is relatively reasonable to establish a
2DH (2-dimensional horizontal) model considering the sediment transport between profiles.
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Since the time scale studied in this paper is seasonal variation and most of the beach waves
are broken waves, Surf-beat mode was selected for simulation.

A 2DH model was set up with a domain size of 600 m in the alongshore and ap-
proximately 120 m in the cross-shore. A constant grid size of 100 m was used in the
alongshore, while the grid size in the cross-shore varied on the basis of the spacing of
measured points. The grid nodes with the same y coordinate in the initial grid form a
profile and the simulation results are the evolution of the beach profile. As the initial grid
is 600 m long along the coast with an interval of 100 m, the profiles formed by grid nodes
correspond to six profiles (1#~6# profile) of Guanhu Beach. The initial topographic data is
the measured data of Guanhu Beach in July 2020, and the validation data are the measured
data in October 2020. The wave boundary conditions are determined by the measured
data at Xiasha wave station from July to October 2020. The tide boundary conditions are
determined by the measured data at Dapeng Bay tidal station on the 2020 tide table. In
order to simulate the evolution of Guanhu Beach in three months and ensure the accuracy
of the results, the total simulated time is 743,040 s (Tstop) with a 10 (morfac) acceleration
factor. According to previous studies, a morphological acceleration factor of 10 can ensure
the reliability of the simulation and the rationality of calculation time. Some important
model parameters are described in Table 1:

Table 1. Default and Setup Values of Model Parameters.

Parameter Default Value Detail

wavemodel surfbeat surfbeat focus on swash zone
nx 50 72 related to beach width and measurement interval
ny 2 6 related to beach length

vardx 0 1 uneven mesh
Alfa/◦ 0 67.5 angle of x-axis from east
D50/m 0.0002 0.0002 average median particle size of native sediment
posdwn 1 −1 bathymetry is specified positive up

CFL 0.7 0.7 maximum Courant–Friedrichs–Lewy number
Tstop/s 2000 743,040 stop time of simulation
morfac 0 10 morphological acceleration factor

wbctype params parametric wave boundary condition type

If the model simulation results align closely with the measured data, the 2D hy-
drodynamic (2DH) model can be employed to simulate sand loss in beach nourishment
schemes with varying foreshore slopes. To establish the design parameters for these beach
nourishment schemes, including the foreshore slope, the following calculations should
be performed.

According to the Coastal Engineering Manual published by the US Army Corps of
Engineers, the beach berm elevation should be determined by the average elevation of
the local beach measured through years of investigation. When the particle size of beach
nourishment is close to the original particle size, the width of the beach berm can be 30 m.
The Technical guide for beach nourishment and restoration in China stipulates that the
width of the beach berm should be between 30 and 60 m. The beach berm elevation should
be designed by the wave overtopping. Previous survey shows that the elevation of the
beach berm of Guanhu Beach is about 3.0 m, and the width of the beach berm is about 30 m.
Therefore, the elevation and width of the beach berm in the design profile are 3.0 m and
30 m respectively.

In Coastal Engineering Manual published by USACE:

tanθa = (
A3

hc
)

1/2

(5)
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where A = 0.41(D50)0.94, D50 < 0.4 mm, and D50 (mm) is median particle diameter.

hc = 2.28Hs − 68.5( H2
s

gT2
s
), hc (m) is closure depth, Hs (m) is wave significant height,

Ts (s) is the period of significant wave, and g (m/s2) is the gravitational acceleration.
The foreshore slope of the beach nourishment in the Manual of Beach Planning and

design (Japanese Manual) is calculated as follows:

tanθj = 0.254(D50/Hs)
0.25(Hs/L0)

−0.15 (6)

where L0 (m) is wavelength of deep-water waves.
The equation for judging the scouring and deposition state of beach profile proposed

by Hattori and Kawamata is similar to the calculation method of cross-shore sediment
transport in Section 3.1. The simplicity of the equation lies in that the parameters in the
equation can be obtained from the measured data. Meanwhile, it does not involve the
calculation of resistance coefficient under wave conditions to avoid the tediousness. The
equation is shown below:

tanθb =
CωT
2πHs

(7)

where C is balance coefficient, ω (m/s) is sediment settling velocity.
The design profile consisting of the obtained foreshore slope and other beach profile

parameters can be input into the validated numerical model for further study. To ensure
that the optimized beach nourishment scheme is effective during storm surge events, it
is essential to assess how the designed beach profile responds to these conditions. In
this study, the dynamic conditions associated with Typhoon Mangkhut are used as input
parameters. This approach allows us to calculate the morphological changes in the beach
profile and compare the effectiveness of different schemes under storm surge conditions.

4. Results and Discussion
4.1. Beach Morphology

We interpolated the beach survey data to clearly illustrate changes in the beach profile
under monsoon conditions. This will also provide validation data for subsequent numerical
simulation. Beach morphology is displayed in two categories, including beach profiles
(Figure 5) and cross-shore sediment transport characteristics (Table 2).
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parameters can be input into the validated numerical model for further study. To ensure 
that the optimized beach nourishment scheme is effective during storm surge events, it is 
essential to assess how the designed beach profile responds to these conditions. In this 
study, the dynamic conditions associated with Typhoon Mangkhut are used as input pa-
rameters. This approach allows us to calculate the morphological changes in the beach 
profile and compare the effectiveness of different schemes under storm surge conditions. 

4. Results and Discussion 
4.1. Beach Morphology 

We interpolated the beach survey data to clearly illustrate changes in the beach pro-
file under monsoon conditions. This will also provide validation data for subsequent nu-
merical simulation. Beach morphology is displayed in two categories, including beach 
profiles (Figure 5) and cross-shore sediment transport characteristics (Table 2). 

  
(a) (b) 

Figure 5. Seasonal variation in typical profile: (a) Beach evolution of 2# profile. (b) Beach evolution of
6# profile. The berm at Guan Hu Beach has a consistent elevation of 3 m and a width of 30 m. Between
July and October 2020, significant erosion was observed, resulting in a change in the foreshore slope
from 1:8 to 1:25.
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Table 2. Cross-shore sediment transport of the beach profile in October.

Parameter
Profile

2# 6#

Hs/m 0.33 0.33
T/s 5.26 5.26

D50/mm 0.221 0.203
tanθ 0.059 0.057

C 0.80 1.03

4.1.1. Beach Profile

As the shape of Guanhu Beach is wide in the west and narrow in the east from the
top view, the beach profiles can be classified and grouped after summarizing the evolution
law, profile shape, and relative geographical location. The profiles of Guanhu Beach are
specifically divided into 1#~4# profile and 5#~6# profile. The former group of profiles has a
beach berm while the latter group of sections has no beach berm and shows a slope type.
Their geographical locations correspond to the west side of Guanhu Beach and the east
side of Guanhu Beach, respectively. The 2# profile and 6# profiles are typical profiles of the
west side of Guanhu Beach and the east side of Guanhu Beach, respectively. The seasonal
variation in the typical profile is shown in Figure 5. Both groups of profiles have erosion
in autumn.

As shown in Figure 5, seasonal erosion at Guanhu Beach primarily occurs at the beach
berm during autumn. To accommodate the rapid increase in dry beach area during this
season, applying beach berm nourishment is the most effective approach. The maximum
erosion depth of profile 2# is recorded at 40 m from the nearshore. During autumn, some of
the backshore sand is transferred to the foreshore, with an average erosion depth of 0.78 m
and a maximum depth of 1.7 m. For profile 6#, the maximum erosion depth is observed at
30 m from the nearshore. Similar to profile 2#, a portion of the backshore sand in Profile 6
also transitions to foreshore sand, with an average erosion depth of 0.4 m and a maximum
of 0.9 m. In the summer, the foreshore slopes of both profiles are approximately 1:8. As
erosion progresses in autumn, these slopes gradually decrease to 1:25. These findings
are consistent with observations from the west coast of the Gulf of Thailand [4], where
beach slopes vary seasonally due to shifting wave patterns. This study highlights the
erosion dynamics occurring in the backshore during autumn. Therefore, when designing
the nourishment scheme for Guanhu Beach, it is essential to prioritize the calculation of
cross-shore sediment transport specifically for the autumn season.

4.1.2. Cross-Shore Sediment Transport Characteristics of Guanhu Beach

The cross-shore sediment transport is mainly related to wave steepness, beach sedi-
ment particle size, and beach slope. The characteristics of cross-shore sediment transport C
can be determined according to Equation (8). The equation is as follows:

(Hs/Ls)tanθ

ω/gT
= C (8)

In the equation, when C is between 0.3 and 0.7, the profile is transitional, and the
scouring and deposition amplitude is small. According to the dispersion relationship of
deep-water waves, Ls = gT2/2π. ω is sediment settling velocity, and it can be calculated
by a semiempirical equation [30] as follows:

ω = 10−[0.447(log D50)
2+1.961 log D50+2.736] (9)

The parameters can be determined from the measured data and the characteristic
parameters of cross-shore sediment transport C of the beach profile in October are calculated
as shown in Table 2.
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The C values are all above 0.5, indicating that the direction of cross-shore sediment
transport in autumn is offshore dominated. The scheme with the lowest cross-shore
sediment transport rate in autumn should be selected as the best scheme.

4.2. The Feedback Mechanism between Cross-Shore Sediment Transport and Foreshore Slope

According to Section 3.1, the volume of sediment moving toward the shore at the
bottom of the bed surface per unit area is Vb. The density of sediment and water are
ρs and ρ. Its weight is

G = (ρs − ρ)gVb (10)

The component of gravity along the slope is

Gsinθ = (ρs − ρ)gVb · sinθ (11)

When the bottom sediment moves toward the shore, the resistance along the slope R is

R = fw(ρs − ρ)gVb · cosθ (12)

where fw is the resistance coefficient under wave conditions. Taking the velocity of sediment
transport at the bottom as ub, it can be deduced from the law of conservation of energy that
the power to overcome resistance and gravity during sediment movement is provided by
wave energy, i.e.,

(ρs − ρ)gVbub( fw cos θ + sin θ) = ebF (13)

where eb is the efficiency coefficient, F is time-averaged energy flow gradient of binary
propelling wave and it can be expressed as follows:

F = d[
1
16

ρgH2C(1 +
2kD

sh2kD
)]/dx (14)

where H is wave height, C is wave velocity, k is wave number and D is water depth. Due to
the volume sediment discharge rate of bottom sediment qb = Vbub, then it can be expressed
as follows:

qb =
eb · F

(ρs − ρ)g
1

fwcosθ + sinθ
(15)

Assuming that the volume of sediment moving toward the bank at the bottom of the
bed surface per unit area is Vs and the average velocity of suspended sediment transferring
is us, the power to overcome gravity when suspended sediment is also provided by wave
energy and the energy conversion efficiency is es, i.e.,

(ρs − ρ)gVsw = es(1 − eb)F (16)

The volume sediment discharge rate of suspended sediment qs = Vsus, then it can be
expressed as follows:

qs =
es(1 − eb)

(ρs − ρ)g
us

w
F (17)

For eroded beaches, Eb = eb ·F
(ρs−ρ)g , Es = es(1−eb)·F

(ρs−ρ)g , then net cross-shore sediment
transport qoff can be expressed as follows:

qo f f = Es
us

w
− Eb

1
fwcosθ + sinθ

(18)

According to the monotonicity analysis of the net cross-shore sediment discharge, the
extreme point of the equation is θ0 = arccotfw. When the degree of foreshore θ is between
0 and arccotfw, the net cross-shore sediment discharge increases monotonically. As the
degree of foreshore θ is over arccotfw, it decreases monotonically. The foreshore slope of
nourishment is slow, and the angle is below 10 degrees refer to the previous research. When
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the angle is less than 10◦, calculations based on trigonometric functions can be derived that
cosθ ≈ 1,sinθ ≈ θ. Therefore, the Equation (18) can be replaced as

qo f f = f (θ) ≈ Es
us

w
− Eb

1
fw + θ

(19)

The figure (Figure 6) illustrates a general trend: a smaller foreshore slope, predomi-
nantly within the small-angle zone, results in decreased cross-shore sediment transport.
The reduced transport corresponds to less net cross-shore sediment loss in the beach profile.
Sediment, typically moved seaward during transport, further decreases the foreshore slope.
This ongoing process, mirrored in the relationship curve within the small-angle zone,
contributes to the sustained decrease in cross-shore sediment transport. Once sediment
transport reduces to zero, a temporary equilibrium in the profile is attained. This balance
facilitates off-shore sandbar nourishment—particularly when the initial foreshore slope is
small, maintaining balance for extended periods and enabling larger sandbar formation.
The findings of this study align with Mustafa’s experimental results [8], showing that
beach profiles with smaller initial slopes can form larger equilibrium sandbars. Conversely,
a larger initial slope makes sandbar formation less likely. Seasonal changes—such as
increased wave energy input with changing monsoon conditions—can cause transport
to decrease below zero, shifting toward on-shore transport and initiating recovery. This
analysis aligns with Li’s experimental findings [31]. As wave energy increases, the rate of
sand transport toward the shore also rises. This results in the movement of sandbars closer
to the shore and leads to the sediment deposition in the beach profile. Both erosive and
recuperative processes contribute to the beach profile’s seasonal variation in cross-shore
sediment transport (Figure 7). In monsoon-dominated coastal processes, the erosive process
occurs during storm season and the recuperative process occurs during calm season [32,33].
Figure 7 offers a detailed explanation. Accordingly, the beach nourishment scheme should
incorporate an appropriate smaller foreshore slope to promote the formation of a larger
equilibrium sandbar, which can help reduce the net cross-shore sediment transport rate.
This section outlines the principles for selecting an optimal beach nourishment scheme
from a qualitative perspective. In the following sections, numerical simulation will provide
a quantitative assessment to validate these principles.
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Figure 7. The feedback process between cross-shore sediment transport and foreshore slope. The red
box illustrates the erosive process, while the blue box illustrates the recuperative process. Together,
these elements contribute to the seasonal changes observed on the beach.

4.3. Responses of Beach Profiles with Diverse Foreshore Slopes to Real-Scale Dynamics

The preceding section theoretically analyzed the interplay between cross-shore sedi-
ment transport and foreshore slope. However, it is uncertain whether the characteristics of
cross-shore sediment transport in a beach profile under complex hydrodynamic conditions
align with this feedback mechanism. To explore this proposition, we introduce Guanhu
Beach as the focus of our study, examining the responses of beach profiles with diverse
foreshore slopes to real-scale dynamics. Section 2 provides an overview of the beach and
discloses the recent dynamic conditions.

4.3.1. Numerical Simulation Validation and Beach Profile Design

The profile after 3 months is simulated by running the XBeach model. The simulated
result, i.e., the beach elevation in October, is compared with the measured profile in October
2020. A plan view comparison between the field and numerical model is shown in Figure 8.
The simulated area is slightly larger than the measured area due to weakening boundary
effects. The verification of each profile is shown in Figure 9.
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Figure 9. Xbeach model profile validation (successively from 1# profile to 6# profile). The Brier
Skill Scores for each profile exceed 0.8, while the coefficient of determination is over 0.9. These
results demonstrate that the two-dimensional model effectively simulates changes in beach profiles
in response to actual dynamic conditions.

The result of numerical simulation is consistent with the measured result. The cross-
shore sediment transport is offshore, which leads to erosion of the beach backshore and
siltation of the beach foreshore.

The Brier Skill Scores (BSS) value [34] is a common parameter used to verify the
accuracy and validity of mathematical models. The specific expressions are as follows:

BSS = 1 −


[∣∣xp − xm

∣∣2][
|xb − xm|2

]
 (20)

where xp is the simulated results of the mathematical model; xm are measured data; xb are
initial data. The BBS value should be close to 1, which means that the mathematical model
is close to the actual situation. It is generally considered that the mathematical model is
effective between 0.6 and 1 [35,36].

The determination coefficient R2 can be used to describe the correlation between
measured results and model results. The closer R2 is to 1, the higher the fitting degree
between model results and measured data is. The specific calculation equation is as follows:
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R2 =

[
n
∑

i=1
(xm,i − xm)(xp,i − xp)

]2

n
∑

i=1
(xm,i − xm)

2 n
∑

i=1
(xp,i − xp)

2
(21)

The model evaluation values are calculated as shown in the Table 3:

Table 3. Evaluation values for XBeach model.

Assessed Value
Profile

1# 2# 3# 4# 5# 6#

BBS 0.963 0.917 0.922 0.843 0.857 0.855
R2 0.995 0.992 0.994 0.992 0.951 0.992

The results indicate that this model closely aligns with actual conditions and effectively
demonstrates the topographic evolution of Guanhu Beach under dynamic environmental
conditions. Next, beach nourishment schemes with different foreshore slopes will be
designed for separate studies on the responses of the beach profile to monsoon wave
conditions and storm surge conditions.

According to the introduction of the foreshore slope in Section 3.3, the recommended
foreshore can be calculated as follows: θa =

1
27 , θj =

1
12 , θb = 1

27 . The slope derived from
the United States Army Corps of Engineers Manual aligns with the equilibrium slope
results produced by the Hattori and Kawamata formula. This alignment occurs because
both calculations fundamentally adhere to Dean’s equilibrium profile principle. Compared
with the other two slopes, the slope of the beach profile calculated according to the Japanese
Manual closely matches the actual beach slope but is relatively steeper. By leveraging the
calculated foreshore slope and the data from previous surveys, we designed beach profiles
for two different schemes. Additionally, to facilitate a comparative analysis, we included
the original 2# profile of the actual topography in Guanhu Beach. The following table
(Table 4) illustrates the parameters for each profile:

Table 4. Parameters of beach profiles.

Name Beach Berm Elevation Beach Berm Width Slope

2# profile 3.0 30 1:8
Scheme 1 3.0 30 1:12
Scheme 2 3.0 30 1:27

4.3.2. Beach Profile Evolution under Monsoon Wave Conditions

The design profile parameters of each plan are imported into the XBeach model for
simulation and the dynamic conditions remain unchanged. The simulated results are
shown in the Figure 10:

Examining the beach profile morphology reveals that both the original and Scheme 1
profiles exhibit direct erosion of the beach berm but lack the formation of sandbars. In
contrast, the Scheme 2 profile does not show direct erosion of the beach berm but rather dis-
plays the development of sandbars. Detailed characteristics are outlined in the subsequent
table (Table 5).

The backshore’s alterations show that as the slope diminishes, so does the single-width
backshore loss rate. Interestingly, Scheme 2’s single-width backshore volume increases
by only 50% in comparison to Scheme 1, yet its single-width loss rate falls by 100%. This
fact implies that Scheme 2 efficiently enlarges the beach area while diminishing initial
backshore loss. A comprehensive evaluation of the beach profile alterations indicates that
both the single-width cross-shore sediment loss and loss rate dwindle as the slope recedes.
In Scheme 2, the net cross-shore sediment transport dips to a mere 0.12%, suggesting the
cross-shore sediment transport of the beach profile has essentially achieved a balance.
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Figure 10. Various beach profile evolution under monsoon wave conditions: (a) 1:8 initial foreshore
slope (b) 1:12 initial foreshore slope; (c) 1:27 initial foreshore slope. The steep foreshore slopes
(a,b) experienced direct erosion of the berm, without the formation of a sandbar, while the gentler
foreshore slope (c) showed no berm erosion and resulted in the establishment of a stable sandbar.

Table 5. Erosion and sandbar development characteristics of profiles with different foreshore slopes
under monsoon wave conditions.

Condition Name Slope Berm Erosion Bar Bar Height (m) Bar Length (m)

Monsoon wave
2# profile 1:8

√
× / /

Scheme 1 1:12
√

× / /
Scheme 2 1:27 ×

√
4 58

It can be seen that the simulated results are consistent with the theoretical derivation
results of Section 4.1. When the beach nourishment foreshore slope decreases, the erosion
volume and single-width attrition rate of beach nourishment are both reduced. Meanwhile,
the volume of beach nourishment increases as a whole. The results indicate that the better
scheme for beach nourishment in Guanhu Beach is Scheme 2, i.e., the width of the beach
berm is 30 m, the elevation of the beach berm is 3.0 m, and the foreshore slope is 1:27.
The backshore–shore single-width loss rate of Scheme 2 is 8.39%, and the overall profile
single-width loss rate is 0.12% (Figure 11). If considering the loss rate of the beach area
and the maintenance time of beach nourishment only, the equilibrium profile foreshore
slope should be selected as the priority for beach nourishment. Additionally, it is more
convenient to calculate the equilibrium profile of the foreshore slope with the equation
proposed by Hattori and Kawamata in actual engineering.



Water 2024, 16, 2212 16 of 21

Water 2024, 16, x FOR PEER REVIEW 16 of 22 
 

 

Examining the beach profile morphology reveals that both the original and Scheme 
1 profiles exhibit direct erosion of the beach berm but lack the formation of sandbars. In 
contrast, the Scheme 2 profile does not show direct erosion of the beach berm but rather 
displays the development of sandbars. Detailed characteristics are outlined in the subse-
quent table (Table 5). 

Table 5. Erosion and sandbar development characteristics of profiles with different foreshore slopes 
under monsoon wave conditions. 

Condition Name Slope Berm Erosion Bar Bar Height (m) Bar Length (m) 

Monsoon wave 
2# profile 1:8 √ × / / 
Scheme 1 1:12 √ × / / 
Scheme 2 1:27 × √ 4 58 

The backshore’s alterations show that as the slope diminishes, so does the single-
width backshore loss rate. Interestingly, Scheme 2’s single-width backshore volume in-
creases by only 50% in comparison to Scheme 1, yet its single-width loss rate falls by 100%. 
This fact implies that Scheme 2 efficiently enlarges the beach area while diminishing initial 
backshore loss. A comprehensive evaluation of the beach profile alterations indicates that 
both the single-width cross-shore sediment loss and loss rate dwindle as the slope recedes. 
In Scheme 2, the net cross-shore sediment transport dips to a mere 0.12%, suggesting the 
cross-shore sediment transport of the beach profile has essentially achieved a balance. 

It can be seen that the simulated results are consistent with the theoretical derivation 
results of Section 4.1. When the beach nourishment foreshore slope decreases, the erosion 
volume and single-width attrition rate of beach nourishment are both reduced. Mean-
while, the volume of beach nourishment increases as a whole. The results indicate that the 
better scheme for beach nourishment in Guanhu Beach is Scheme 2, i.e., the width of the 
beach berm is 30 m, the elevation of the beach berm is 3.0 m, and the foreshore slope is 
1:27. The backshore–shore single-width loss rate of Scheme 2 is 8.39%, and the overall 
profile single-width loss rate is 0.12% (Figure 11). If considering the loss rate of the beach 
area and the maintenance time of beach nourishment only, the equilibrium profile fore-
shore slope should be selected as the priority for beach nourishment. Additionally, it is 
more convenient to calculate the equilibrium profile of the foreshore slope with the equa-
tion proposed by Hattori and Kawamata in actual engineering. 

  
(a) (b) 

Figure 11. Erosion and loss rate in single width of profiles with different foreshore slopes under 
monsoon wave conditions: (a) Only count the backshore erosion. (b) Count the whole profile ero-
sion. Both the backshore erosion rate and the overall profile erosion rate decrease as the slope of the 
foreshore becomes gentler. 

Figure 11. Erosion and loss rate in single width of profiles with different foreshore slopes under
monsoon wave conditions: (a) Only count the backshore erosion. (b) Count the whole profile erosion.
Both the backshore erosion rate and the overall profile erosion rate decrease as the slope of the
foreshore becomes gentler.

Reducing the foreshore slope in the design plan from 1:8 to 1:27 significantly decreased
the volume loss per unit width from 20.61 m3 to 0.58 m3 and resulted in the formation of
a protective sandbar. This sandbar effectively reduced sediment loss in the profile. Thus,
Scheme 2 is preferred. In beach nourishment design, maintaining the original berm width
and elevation with a gentler slope is crucial. This approach ensures lower erosion rates in
the backshore and overall profile while promoting larger sandbar formation, which further
minimizes sediment loss. Natural beach profiles also indicate that steeper slopes lead to
higher erosion rates [4,37]. The beach is not in stable equilibrium with wave conditions,
and storm swash–backwash will occur on the beach [38].

Because of different foreshore slopes, erosion degree under dynamic conditions is
related to whether the erosion occurs directly on the beach berm of the profile. According
to calculation results, beach berm is easier to erode when the foreshore slope is steeper. If
the profile is close to Dean’s equilibrium profile, the eroded area is above the mean sea level
and below the beach berm elevation. From this comparison, once erosion occurs directly
on the beach berm, the loss rate of beach nourishment will be higher. Therefore, there
may be a critical foreshore slope so that erosion just does not directly occur on the beach
berm. In this event, the loss rate of beach nourishment is relatively low and the cost of the
engineering will be further reduced. In addition, existing physical model experimental
results [39] are consistent with the conclusions in this paper that the smaller foreshore slope
means less beach erosion. However, it is not obvious that smaller foreshore slopes led to
more efficient attainment of equilibrium profiles. Therefore, determining a reasonable sand
replenishment slope should be based on actual needs.

In the XBeach model simulation, the boundary between beach erosion and accretion is
defined by the mean sea level. As the foreshore slope increases, the extent of beach erosion
decreases, while the volume of erosion increases significantly. In addition to the dynamic
factors incorporated in the XBeach model, other elements such as wind field influences,
storm surges, and human activities also play crucial roles in the evolution of beach profiles.
It is essential to reasonably prioritize these factors based on the specific circumstances of
the area. If necessary, conducting storm surge simulations and thoroughly considering
dynamic conditions will help optimize the beach nourishment scheme.

4.3.3. Beach Profile Evolution under Storm Surge Conditions

Typhoon Mangkhut made landfall in Guangdong Province from 15 September to 16 2018.
A mathematical model was used to invert the changes in tidal level and wave height near
Guanhu Beach, as shown in Figure 12.
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Xiasha Station.

By changing the dynamic boundary conditions in the XBeach model, while keeping
all other parameter settings unchanged except for the initial shape of the beach profile,
the research compared the response of storm surges with different foreshore slope beach
profiles. The results are shown in Figure 13.
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Figure 13. Various beach profile evolution under storm surge conditions: (a) 1:8 initial foreshore
slope; (b) 1:12 initial foreshore slope; (c) 1:27 initial foreshore slope. During storm surge conditions,
direct erosion of the berm occurred, with (a) not resulting in the formation of a sandbar. However, as
the foreshore slope became gentler, both (b) and (c) produced sandbars, with the size of the sandbar
increasing as the foreshore slope decreased.
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Examining the beach profile morphology during storm surge conditions, all profiles
evidently show direct erosion of beach berm. There is no formation of sandbars in the
original 2# profile while smaller sloped schemes such as Scheme 1 and Scheme 2 lead to
sandbar formation. However, the sandbar under Scheme 1 is marginally smaller than that
under Scheme 2. Detailed characteristics of this comparison are further depicted in the
subsequent table (Table 6):

Table 6. Erosion and sandbar development characteristics of profiles with different foreshore slopes
under storm surge conditions.

Condition Name Slope Berm Erosion Bar Bar Height (m) Bar Length (m)

Storm surge
2# profile 1:8

√
× / /

Scheme 1 1:12
√ √

2 24
Scheme 2 1:27

√ √
6 76

Under the influence of Typhoon Mangkhut, both profiles experienced direct erosion
on the beach berm. Under the influence of storm surges, beach profiles consistently show
erosion in the backshore and accretion in the foreshore. This pattern mirrors the changes
observed at Tantou Beach in Zhejiang, China, during Typhoon Muifa [40]. Similarly, nu-
merical simulations of the Southern Beach of Chudao during Typhoon Lekima produced
comparable results [28]. Profiles with smaller foreshore slopes resulted in sandbar forma-
tions, whereas the original topography, attributed to its steeper foreshore slope, did not
present any sandbar formations. The lower the preceding foreshore slope, the greater the
likelihood of sandbar formation, implying that these formations will be longer and higher,
corroborating the findings presented in Section 4.1. The creation of sandbars obstructs and
preserves the seaward sediment transport, thereby mitigating the cross-shore sediment
transport loss. Concurrently, the foreshore slope becomes gentler, indicating negative
feedback on beach erosion. Field investigations have shown that beach profiles with a
gentler foreshore slope are more likely to develop offshore sandbars after storm surges [41].
The sandbar plays a crucial role in preventing further erosion of the beach.

Upon examination of the backshore changes, Scheme 1 yielded the smallest losses
in both backshore single-width and rate, suggesting that under storm surge conditions,
a 1:12 slope might more closely represent an equilibrium slope based on contemporary
dynamics. Such a balance results in fewer adjustments in response to storm surge dynamics,
thus minimizing backshore loss rate. However, a comprehensive overview of profile
changes reveals a decrease in cross-shore sediment transport loss and its rate commensurate
with a decrease in foreshore slope. In Scheme 2, the overall profile’s single-width loss rate
stands at 0.16%, indicating a greater change in backshore under storm surge conditions
compared with Scheme 1. Yet, the net transverse sand transport loss remains minimal,
maintaining a negative correlation with the foreshore slope (Figure 14). As the foreshore
slope decreases from 1:8 to 1:27, the single-width profile erosion volume reduces from
11.12 m3 to 0.16 m3. Furthermore, the beach profile changes from lacking sandbars to the
development of higher and longer offshore sandbars. This transformation significantly
enhances the longevity of beach nourishment. In the context of storm surge effects, Scheme 2
stands out as the preferred option for beach berm nourishment. This choice provides
enhanced protection and resilience for coastal areas.
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Figure 14. Erosion and loss rate in single width of profiles with different foreshore slopes under
storm surge conditions: (a) Only count the backshore erosion. (b) Count the whole profile erosion.
The overall net erosion rate of the profile decreases as the foreshore slope becomes gentler. In contrast,
the erosion rate of the backshore shows irregular patterns due to the complex effects of storm surges,
resulting in chaotic adjustments without a clear trend.

5. Conclusions

This research explicates the mathematical and physical correlation between cross-
shore sediment transport and the foreshore slope. By utilizing Bagnold’s method of energy
conservation, the derivation of a cross-shore sediment transport equation is accomplished
(Equation (19)). When the foreshore angle is between 0 and arccotfw, the net cross-shore
sediment transport increases monotonically. As the foreshore angle is greater than arccotfw,
it decreases monotonically (Figure 5). When the foreshore angle is less than 10◦, the
interconnected mechanism between cross-shore sediment transport and the foreshore
slope suggests that a diminished initial foreshore slope leads to a reduced rate of cross-
shore sediment transport. As the process of cross-shore sediment transport transpires, the
foreshore slope continually lessens until equilibrium is achieved, fostering the growth of
offshore sandbars. Consequently, this process is efficacious in mitigating the loss of offshore
sediments (Figure 6).

Field surveys and analyses conducted on Guanhu Beach clearly depict a substantial
erosion of the beach’s profile during the autumn season. Both typical profiles highlight
parameter C of the cross-shore sediment transport discrimination exceeding 0.5, confirming
cross-shore sediment transport as a primary cause of Guanhu Beach’s autumn erosion.
Utilizing XBeach, a full-scale numerical model of the beach has been established, accurately
replicating the autumnal evolution of Guanhu Beach in Shenzhen. The model presents the
evolution results of the beach profile under the influence of monsoon waves and storm
surge conditions, considering various foreshore slopes. The scheme yielding the smallest
cross-shore sediment transport rate incorporates a beach berm elevation of 3 m, a beach
berm width of 30 m, and a slope of 1:27. Under monsoon wave conditions, this approach
results in a seasonal profile loss rate of 0.12%, and a profile loss rate of 0.16% following
Typhoon Mangkhut.

Finally, after comparing the evolution results of the beach profiles for each scheme,
it is evident that the net cross-shore sediment transport rate is inversely associated with
the foreshore slope. Smaller foreshore slopes and more complex dynamic conditions
facilitate the formation of sandbars on beach profiles, leading to larger sandbar formations.
These findings align with the earlier discussion on the feedback mechanism. Therefore,
beach berm nourishment necessitates the choice of a smaller foreshore slope to minimize
cross-shore sediment transport loss during the initial stage of nourishment. However, this
research focuses on the initial stage of beach berm nourishment. It remains unclear whether
the impact of changing foreshore slope can extend to a longer time scale. Further research
is needed to explore a more optimized beach berm nourishment scheme. Nevertheless,
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this study can still provide a reference for beach berm nourishment that requires a rapid
increase in beach area and less sediment loss in the initial stage.
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