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Abstract 

This study proposes a systematic decision-making framework for optimizing the location 
and construction timing of dynamic interference sediment reduction measures in heavily 
silted harbor basins. The methodology integrates hydrodynamic modeling, sediment 
transport analysis, and construction process optimization to minimize engineering costs 
while maximizing the efficiency of sediment reduction. The core principle involves 
leveraging hydrodynamic and sediment transport dynamics to identify critical 
intervention points (location) and favorable construction windows (timing). Taking the 
southern harbor basin of Jiangsu Yancheng Binhai Port as a case study, the Lagrangian 
particle tracking method is used to analyze particle transport pathways in different areas 
during various tidal phases. The results show that in the southern part of the harbor basin, 
disturbed suspended sediment can be effectively transported out of the basin during most 
of the tidal cycle, with only about 2.5 h per tidal cycle being unsuitable for operations; 
thus, this area is identified as the optimal operation location. In contrast, the central area 
is dominated by a vortex that prevents sediment from being flushed out within a short 
time, making it unsuitable for sediment reduction operations. Although the northern area 
cannot fully export sediment within a single tidal cycle, it can rapidly convey sediment to 
the southern area, where sediment can be removed through relay operations over 
multiple tidal cycles. This study provides a quantitative method for determining optimal 
operation locations and construction timing for dynamic interference sediment reduction 
technology in heavily silted ports. 

Keywords: heavily silted harbor basin; hydrodynamic model; Lagrangian particle 
tracking; dynamic interference; desilting; sediment reduction; construction timing 
 

1. Introduction 
The construction of harbor breakwaters and other structures alters the local flow field 

structure in the vicinity of the harbor basin. When the alignment of the breakwater forms 
a large angle with the predominant current direction in the adjacent waters, the flow 
velocity inside the harbor basin is reduced due to the sheltering effect of the breakwater. 
In areas with fine-grained seabed sediments, this often leads to siltation problems inside 
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the harbor basin, as observed in Chinese ports like Huanghua Port, Zhuhai Port, and 
Lianyungang Port. To ensure the navigational safety of harbor basins and channels, 
dredging is required to remove accumulated sediment. Dredging methods can be 
primarily categorized into mechanical dredging, hydraulic dredging, and jet or pneumatic 
disturbance dredging [1–4]. 

Mechanical dredging, which relies on dredgers for excavation, is the primary method 
for maintaining large ports and navigation channels. For instance, the Deepwater Channel 
of the Yangtze River Estuary requires the annual removal of tens of millions of cubic 
meters of sediment by dredgers [5]. Hydraulic dredging enhances hydrodynamic 
conditions by regulating water discharge and is mainly applied in approach channels 
below sluices and estuarine areas [6,7]. 

Pneumatic or submerged jet dredging utilizes high-pressure airflow or water jets to 
disturb bottom sediment, increase local flow turbulence, and thereby enhance the local 
flow’s sediment-carrying capacity. This suspends the sediment, allowing it to be 
transported away from the area by the current. This technology has been successfully 
applied to manage siltation below the tidal barrage of the Xinyi River Estuary Hub [8]. 
While this method is commonly used in high-dam reservoirs and urban rivers, its 
application in port navigation channels is relatively limited [6]. More recently, Mikac et 
al. [9] demonstrated that a jet pump-based ejectors plant effectively reduced sediment 
mud content and restored benthic diversity, offering an eco-friendly alternative to 
conventional dredging. These studies collectively support the hydrodynamic disturbance 
principle underlying the dynamic interference approach adopted in the present study. 

High-velocity water jetting, also known as water injection dredging (WID), is an 
effective hydrodynamic dredging technique. As early as 1987, the Netherlands 
constructed the first purpose-built jet dredging vessel, Jetsed [10]. Jet dredgers operate by 
pumping water and ejecting it through nozzles to generate high-velocity jets (or injecting 
large volumes of water under low pressure) that impact and fluidize sediment deposits. 
The suspended sediment is then transported away by natural tidal or river currents, 
achieving the dredging purpose [11–13]. Since then, WID has been used worldwide for 
maintaining breakwaters, locks, and harbor basins. In recent years, many researchers have 
conducted various optimizations to improve the dredging efficiency of jet dredging 
machinery [14–18]. Furthermore, studies on the far-field impacts of WID  and sediment 
resuspension under mechanical disturbance  have provided deeper insights into 
sediment transport dynamics. These studies collectively support the theoretical basis of 
the dynamic interference approach employed in the present research. 

The dynamic interference siltation reduction method (such as pneumatic or 
submerged water jetting) is a novel approach. Its core principle involves using high-
pressure water flow to disturb bottom sediment, increasing local flow turbulence intensity, 
thereby enhancing the local flow’s sediment-carrying capacity to eliminate siltation. The 
sediment is suspended and transported away from the deposition area by the tide current 
[19]. Compared to the traditional “excavate and remove” approach of mechanical 
dredging, this method focuses more on “agitation and transport,” theoretically offering 
potential advantages like lower energy consumption and no need for spoil disposal. 
However, as the flow field inside the harbor basin is significantly influenced by the layout 
of structures such as breakwaters and entrance orientation, the effectiveness of dynamic 
interference operations varies greatly depending on the operation location and tidal phase. 
In heavily silted ports, dredging costs account for a high proportion of maintenance 
expenses, even significantly reducing corporate profits [19]. Therefore, optimizing 
operational strategies to improve siltation reduction efficiency and reduce costs is crucial. 

Although the principle of dynamic interference technology is recognized, its practical 
application in complex harbor flow fields still faces challenges. The key lies in scientifically 
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determining the optimal operation locations and corresponding operation timings, so that 
the disturbed and suspended sediment can be most effectively carried away by the tide 
currents. A method for determining maintenance dredging timing for the middle reaches 
of the Yangtze River waterway was proposed in 2024, incorporating multiple factors 
including water level processes, riverbed scour and deposition, and navigation conditions, 
thus providing a reference for related research [18]. 

The Lagrangian particle tracking method has been widely applied in estuarine 
transport studies [20,21] and proven effective for identifying optimal operation locations 
and timing for sediment reduction. Adopting this approach, the present study takes the 
heavily silted harbor basin of Jiangsu Binhai Port as the research object and aims to 
propose a systematic optimization framework for determining the optimal siting and 
construction timing of dynamic interference sediment reduction measures. This research 
integrates hydrodynamic modeling, sediment transport analysis, and construction 
process optimization. The core principle involves leveraging hydrodynamic and 
Lagrangian particle transport dynamics to identify critical intervention points (location) 
and favorable construction windows (timing), thereby minimizing engineering costs 
while maximizing siltation reduction efficiency. 

The dynamic interference dredging equipment used in this study is an automatic 
dredging robot that can navigate underwater as required. It consists of two robots—one 
underwater and one at the sea surface—connected by a mud-water pipe. The underwater 
robot is responsible for suctioning sediment from the seabed, while the surface robot 
disperses the sediment into the water column. As this dredging robot has limited 
resistance to wind and waves, it cannot perform sediment dispersal operations under 
strong wind conditions. Therefore, when determining the operation time window for 
dynamic interference dredging in this study, we exclude periods with strong winds and 
large waves, and consider only the tidal operation windows under normal weather 
conditions. 

2. Mathematical Model 
2.1. Hydrodynamic Governing Equations 

The Delft3D software (version 4.05.01) is used to construct the hydrodynamic model 
[22,23], and the Lagrangian particle tracking method is subsequently employed to 
simulate the transport pathways of sediment suspended by dynamic interference 
operations. 

The model adopts a layered three-dimensional orthogonal curvilinear coordinate 
system. Through coordinate transformation, the irregular shoreline boundaries are 
converted into an orthogonal curvilinear framework, in which ξ = ξ(x,y) denotes the 
coordinate along the river channel direction, and η = η(x,y) denotes the coordinate 
perpendicular to the channel direction, and the σ is the vertical coordinate. 

The layered three-dimensional hydrodynamic equations are as follows: 
Depth-integrated continuity equation for the free-surface elevation equation: 𝜕𝜁𝜕𝑡 + 1ඥ𝐺కకඥ𝐺ఎఎ ቆ𝜕ൣሺ𝑑 + 𝜁ሻ𝑈ඥ𝐺ఎఎ൧𝜕𝜉 + 𝜕ൣሺ𝑑 + 𝜁ሻ𝑉ඥ𝐺కక൧𝜕𝜂 ቇ = ሺ𝑑 + 𝜁ሻ𝑄 (1)

Here, ඥ𝐺కక  , ඥ𝐺ఎఎ   are the coordinate conversion coefficients in the ξ and η 
directions, respectively; d is the still water depth; ζ is the water surface elevation. Q is 
Source/Sink term; U and V are the depth-averaged velocities in the ξ and η directions: 𝑈 = 1𝑑 + 𝜁 න 𝑢𝑑𝜎଴

ିଵ  (2)
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𝑉 = 1𝑑 + 𝜁 න 𝑣𝑑𝜎଴
ିଵ  (3)

u and v represent the flow velocities in the ξ, η. 
Momentum Equations: 
ξ-direction: 
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0

+

1 1
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η-direction: 

( ) v2
0

+

1 1

G Gv u v v v w v uv uu fu
t dG G G G G G

vP F M
G d

ηη ξξ

ξξ ηη ξξ ηη ξξ ηη

η η η
ηη

ξ η ζ σ ξ η

ν
σ σρ ζ

∂ ∂∂ ∂ ∂ ∂+ + + − +
∂ ∂ ∂ + ∂ ∂ ∂

∂ ∂ = − + + + ∂ ∂ +

(5)

In these equations, w represents the flow velocities in the σ directions; 𝑃క ,𝑃ఎ are the 
pressure gradient terms in the ξ and η directions; 𝐹క  𝐹ఎ are the body force terms; 𝑀క  𝑀ఎ 
are the momentum diffusion terms; f is the Coriolis parameter representing the effect of 
the Earth’s rotation; and 𝜌଴  is the density of water, 𝜐௏  is the vertical eddy viscosity 
coefficient. 

k-ε turbulence model: 

( )2
1+ k k kw k

k u k v k w k kD P P B
t dG G dξξ ηη

ε
ξ η ζ σ σ σζ

∂ ∂ ∂ ∂ ∂ ∂ + + = + + + − ∂ ∂ ∂ + ∂ ∂ ∂ +
(6)

( )
2

22
1+ w

u v w D P P B c
t d kG G d

ε ε ε ε ε
ξξ ηη

ε ε ε ε ε ε
ξ η ζ σ σ σζ

∂ ∂ ∂ ∂ ∂ ∂ + + = + + + − ∂ ∂ ∂ + ∂ ∂ ∂ + (7)

In these equations, Pk is the production term, Pkw is the production of turbulent kinetic 
energy due to waves, Bk is the buoyancy term, Pε is the production term, Pεw is the 
production of turbulent kinetic energy due to waves, c2ε is constant, and Bε is the buoyancy 
flux. 

Eddy viscosity coefficient: 𝜐ଷ஽ = 𝐶ఓ 𝑘ଶ𝜀  (8)

Vertical eddy viscosity coefficient is defined by: 𝜐௏ = 𝜐௠௢௟ + 𝑚𝑎𝑥(𝜐ଷ஽, 𝜐௏௕௔௖௞) (9)

2.2. Lagrangian Particle Tracking Method 

After obtaining the tidal current field by solving with Delft3D-FLOW, a Lagrangian 
particle tracking model is established to track the trajectories of particles suspended by 
dynamic interference. The particles are marked so that their movement paths can be 
observed and it can be determined whether they are likely to be carried out of the harbor 
basin [24–28]. The spatial position of particles is determined by the following equation: 
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𝑥௜௞ାଵ = 𝑥௜௞ + න 𝑉(𝑥௜௞) d𝑡௧ା୼௧
௧ + 𝐷൫𝑥௜௞൯ (10)

Here, 𝑥௜௞ denotes the spatial position of the i-th particle at the end of the k-th time 
step; 𝑉(𝑥௜௞) represents the depth averaged velocity U and V at the spatial position 𝑥௜௞, 
provided by the hydrodynamic model; Δt is the computational time step; 𝐷൫𝑥௜௞൯ denotes 
the additional displacement at the position 𝑥௜௞ due to diffusion. 

2.3. Model Setup 

Binhai Port in Yancheng, Jiangsu Province is a heavily silted port located near the 
Abandoned Yellow River Estuary—a region profoundly influenced by the historical 
sediment supply of the Yellow River. Since 1855, when the river shifted its course 
northward to enter the Bohai Sea in Shandong, the sediment supply to the abandoned 
delta was cut off, leading to continuous coastal erosion. Nevertheless, centuries of massive 
sediment discharge prior to the shift deposited a thick layer of fine clay across the seabed 
of the delta. This fine-grained sediment serves as the primary source material for 
subsequent harbor siltation. 

Under the combined action of waves and currents, the subaqueous slope has been 
continuously eroded and deepened, with erosion intensity being greatest between depths 
of −2 and −10 m, especially around the −5 m depth zone. Consequently, the slope profile 
has progressively steepened and developed a concave shape. As erosion continues, its 
intensity gradually diminishes. Based on equilibrium profile predictions, the stable slope 
of the subaqueous foreshore is approximately 1:85, with the lower limit of equilibrium 
around −15 m. Seaward of the −15 m depth, the seabed becomes extremely flat, extending 
for tens of kilometers with gradients generally ranging from 1/300 to 1/2000. Despite the 
ongoing erosion, the widespread presence of fine clay in the area creates conditions highly 
conducive to sedimentation. 

Given the favorable water depth and the socioeconomic demand for maritime 
transport, the Binhai Port Central Harbor Area and the South Harbor Basin were 
successively constructed near the Abandoned Yellow River Estuary (Figure 1a). The 
central harbor basin primarily handles dry bulk cargo (e.g., coal), liquid bulk cargo, and 
general cargo, while also accommodating container shipping. The southern harbor basin 
is dedicated to LNG operations. The layout features two harbor basins embraced by a pair 
of training jetties: the longer North Breakwater of the central basin and the shorter South 
Breakwater of the southern basin, as shown in Figure 1b. 

Figure 1. Binhai Port, Yancheng, Jiangsu Province, China. (a) The regional location of Binhai Port, 
the open boundary. (b) general layout of Binhai Port, water depth and tidal level and current 
observation stations. 
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Based on tidal gauge data from Binhai Port, Jiangsu, spanning 1963 to 1994, the 
statistics indicate that the average tidal range at Binhai Port is 1.76 m, with a maximum 
tidal range of 3.13 m. The flood tide duration is 4 h and 50 min, while the ebb tide duration 
is 7 h and 36 min. 

A hydrodynamic model for Yancheng Port, Jiangsu, was established using the 
Delft3D model. The model employs a curvilinear coordinate grid, with the computational 
domain shown in Figure 1a. The grid spacing is 20 m × 20 m within the harbor basin, 
gradually coarsening to 100 m × 50 m toward the open boundaries, with 5 vertical layers. 
The open boundaries of the model are forced by the harmonic constants of nine major 
tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, M4) from the astronomical tide [29]. The 
simulated flow fields during typical flood and ebb tides in the Binhai Port sea area 
obtained through numerical simulation are presented in Figure 2. 

 

 

 

Figure 2. Hydrodynamic validation of measured and simulated results at Binhai South harbor in 
March 2026. (a) Tidal level; (b) Depth-averaged flow velocity; (c) Depth-averaged flow direction. 

2.4. Model Validation 

Field measurements were conducted in 15 March 2026. Water level data were 
recorded at the wharf of the southern harbor basin, while tidal current velocities were 
measured simultaneously near the navigation channel at the entrance of Binhai Port. The 
spatial distribution of the observation points is shown in Figure 1b. Figure 2 compares the 
model predictions with field observations. The computed water levels and current 
directions capture the observed tidal rise and fall with good fidelity, and the high-water, 
low-water, and major phase features are generally well reproduced. These results 
demonstrate that the model adequately represents the hydrodynamic conditions in the 
Jiangsu Binhai Port basin and the surrounding coastal area. 

(a) 

(b) 

(c) 
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3. Hydrodynamic and Sediment Siltation Characteristics of Heavily 
Silted Ports 
3.1. Hydrodynamic Characteristics Analysis 

As shown in Figure 3a,b, during flood tide, the primary tidal current direction is from 
northwest to southeast. Due to the considerable length of the North Breakwater of the 
central basin, it exerts a strong flow-deflecting effect, generating a relatively large-scale 
vortex near the entrance of the dual-basin system. Simultaneously, because the South 
Breakwater of the southern basin turns toward the north-northeast direction at its 
entrance section and lies within the vortex induced by the flow deflection of the central 
basin’s North Breakwater, this unique layout results in the flow direction at the entrance 
of the southern basin being predominantly aligned with the South Breakwater toward the 
north-northeast for most of the flood tide duration. 

At the entrance section of the southern harbor basin, the middle breakwater obstructs 
the north-northeast (NNE) directed flow, causing a portion of the water mass to enter the 
southern basin along the breakwater in the form of a counterclockwise vortex, thereby 
creating a flow diversion effect on the main current. As the water mass gradually moves 
into the relatively open waters in the central part of the basin, the flow velocity decreases 
progressively. The velocity in the western part of the harbor basin is very low, 
approximately 0.1 m/s, which is significantly lower than that outside the training jetties. 

As shown in Figure 3b, during ebb tide, the primary tidal current direction is from 
southeast to northwest. The flow velocity inside the harbor basins remains very low, 
approximately 0.12 m/s, still much lower than the velocity outside the training jetties. Due 
to the flow-guiding effect of the South Breakwater of the southern basin, the flow direction 
at its entrance is predominantly aligned with the South Breakwater toward the north-
northeast for most of the ebb tide duration. 

Consequently, this unique embracing layout causes the flow direction at the entrance 
of the southern harbor basin to be predominantly north-northeast during most of the flood 
and ebb tide periods. 

 

Figure 3. Typical tide flow field. (a) Flood tide flow field. (b) Ebb tide flow field. The inset panels 
denote the time series of tidal water level and the flow field. 

 

(a) (b) 
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3.2. Substance Exchange in the Southern Harbor Basin 

To characterize the substance exchange process between the inside and outside of the 
harbor basins, as well as the pathways for suspended sediment entering/exiting the basins 
and its transport routes within, green, red, and blue particles were deployed 
instantaneously in the central harbor basin, the southern harbor basin, and the area 
outside the basins, respectively. A Lagrangian particle tracking model was employed to 
trace the deployed particles. By analyzing the trajectories of the differently colored 
particles moving in and out of the basins, the substance exchange and its transport 
pathways within the harbor basins were examined. The results are shown in Figure 4. 

 

Figure 4. Substance exchange between inside and outside the harbor basin with particle tracking 
method. (a) Initially deployed particles. (b) Particle distribution at Typical time. 

It can be observed that the hydrodynamic conditions within the harbor basins are 
weak, leading to slow substance exchange. In the southern harbor basin, the primary 
pathway for substance exchange is characterized by inflow from the north and outflow 
from the south. Particles entering the southern basin from the north are advected by the 
large vortex in the central part of the basin, making it difficult for them to be carried out. 
Particles carried out from the south drift northward with the prevailing current, and are 
then entrained into the vortex outside the entrance—induced by the flow-deflecting effect 
of the North Breakwater of the central basin—where they circulate with the flood and ebb 
tides. 

3.3. Sediment Siltation Characteristics in the Southern Harbor Basin 

The unique embracing layout results in a predominant north-northeast flow direction 
at the entrance for most of the time. Meanwhile, within the harbor basin, hydrodynamic 
conditions are extremely weak. Additionally, in the Abandoned Yellow River Estuary to 
the south of the southern harbor basin a substantial amount of fine-grained sediment has 
accumulated on the seabed, creating conditions conducive to sedimentation within the 
southern basin. 

Monitoring data indicate that severe sedimentation occurred both inside the 
southern harbor basin and in the navigation channel area during 2023 and 2024, following 
the basin’s completion in June 2022. To maintain adequate water depth for vessel access 
and ensure unimpeded entry for LNG carriers, dredging operations were conducted for 
a total of 277 days in 2023, accounting for nearly 76% of the year, with 1921 dredging 
operations performed. In 2024, dredging was carried out over 224 days, removing a total 

(a) (b) 
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of 9.625 million cubic meters of sediment, resulting in a daily average dredging volume 
of 26,400 cubic meters, as shown in Figure 5. 

The southern harbor basin is divided from west to east into three dredging zones: 
Zone 1, Zone 2, and Zone 3. The median grain sizes (D50) of the bed sediment in these 
three zones are 0.006 mm, 0.00613 mm, and 0.00675 mm, respectively, with an average D50 
of 0.00629 mm. The proportions of fine sand, silt, and clay in the three zones are 
0.1%:65.6%:34.4%, 0.15%:65.8%:34.1%, and 1.6%:66.7%:31.7%, respectively, with average 
proportions of 0.6%:66.1%:33.4%. This is consistent with that in the surrounding waters at 
depths of −10 to −15 m, classifying it as clayey silt. 

 

Figure 5. Dredging days, number of trips, and volume in the Southern Harbor Basin in 2024. 

Sediment disturbance during dredging operations increased the suspended 
sediment concentration in the water, leading to the formation of a thick fluid mud layer 
in the southern harbor basin, which affected channel depth and navigation safety. As the 
project gradually reaches full operational capacity, the frequency of LNG vessel arrivals 
is expected to increase significantly, making it urgent to improve the port’s sedimentation 
conditions. 

4. Decision-Making for Determining Optimal Locations and the 
Construction Timing for Dynamic Interference Measures 

At present, the dredging of the south basin and navigation channel of Binhai Port in 
Yancheng, Jiangsu Province, is carried out using mechanical dredging methods. During 
dredging, the disturbance of bottom sediment leads to increased suspended sediment 
concentration in the water body, resulting in a significant thickness of fluid mud in the 
basin. This affects the channel depth and navigation safety. Dredging costs account for a 
high proportion of maintenance expenses in heavily silted ports, even significantly 
reducing corporate profits. There is an urgent need to research siltation reduction 
strategies and develop new siltation reduction technologies for such heavily silted ports. 

Currently, dynamic interference siltation reduction is a novel approach. It utilizes 
dynamic interference methods such as water jets or air injection to suspend sediment, 
followed by the use of tidal currents to transport the suspended sediment along the 
direction of the flow, thereby achieving the effect of reducing siltation in the basin. 

Dynamic interference siltation reduction requires consideration of tidal current 
characteristics, flow field structures, and sediment transport pathways within the basin. 
The transport pathways of sediment suspended by dynamic interference vary at different 
locations, and even at the same location, the pathways differ depending on the timing of 
the suspension. Therefore, to achieve optimal siltation reduction, the scientific selection of 
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operational locations and their corresponding operational timings is essential when 
employing dynamic interference methods. 

Particles are released over a single tidal cycle only at different locations within the 
harbor basin at 10 min intervals. Each group of six particles (i.e., those released within one 
hour) is assigned the same color, with the earliest released particles represented in red 
and the latest released particles in purple. This color-coding scheme temporally tags the 
released particles. Using the Lagrangian particle-tracking method, the positions of the 
particles at different times are calculated. By observing the colors of particles that exit the 
harbor, it can be determined whether particles released during different tidal phases are 
efficiently transported out of the harbor. 

The southern harbor basin has a water depth of nearly 15 m, and the sediments are 
predominantly fine-grained. This sediment composition is prone to flocculation [30]. The 
settling velocity of such sediment in similar coastal environments is approximately 0.7 
mm/s [31]. Based on this settling velocity, the resuspended sediment lifted to the surface 
layer would take about 6 h to settle back to the bed. Given the semidiurnal tidal regime at 
Binhai Port, this settling duration corresponds to roughly half a tidal cycle. Particles were 
released at 10 min intervals from 12:00 noon over one typical tidal cycle, with simulation 
extended by another half cycle to 6:45 the next day. 

The criterion for determining the operational time window is as follows: For each 
particle exported from the basin, its release time, exit time, and residence time were 
recorded. A release moment is feasible for dynamic interference sediment reduction if its 
residence time is less than 6 h. Moreover, to ensure the validity of the operational duration, 
the operational time window is further required to encompass a continuous 30 min 
feasible period. 

4.1. Northern Area 

A representative location in the northern part of the harbor basin was selected for 
particle release. Their spatiotemporal positions were tracked using the Lagrangian 
method, and the results are shown in Figure 6. Due to the flow field characteristics of 
northern inflow, southern outflow, and a central vortex structure in the harbor basin, 
particles released in the northern region are transported counterclockwise to the southern 
region during ebb tide, after which a portion is carried out of the basin. The particle 
transport distance is relatively long. 

The release time, basin exit time, and post-exit transport direction of each particle 
were statistically compiled, and the residence time within the harbor basin was calculated, 
as shown in Table 1. 

Table 1. Statistics of particle release time, basin exit time, residence time, and movement direction 
after exiting the basin of the station in the northern area. 

Release Time Basin Exit Time 
Average Residence 

Time (h) 
Movement Direction After 

Exiting the Basin 
12:00–12:50 - >6 Within Harbor Basin 
13:00–13:20 0:25–3:45 12.92 north 
13:30–14:00 - >6 Within Harbor Basin 
14:30–14:50 21:10–21:20 6.58 south 
15:00–15:20 21:10–21:35 6.21 south 
15:30–15:50 - >6 Within Harbor Basin 
16:10–16:50 0:10–2:15 8.7 north 
17:00–17:50 2:35–6:45 11.25 north 
18:00–0:20 - >6 Within Harbor Basin 
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As presented in Table 1, particles released during the three periods of 13:00–13:20, 
14:30–15:20, and 16:10–17:50 can all be advected out of the harbor basin, with the transport 
directions after exiting being northward, southward, and northward, respectively. 
However, the residence times of these particles within the basin before exiting are 12.92 h, 
6.40 h, and 9.98 h, respectively, all of which exceed 6 h. This implies that if robotic sand-
raising operations were performed at this site, the tidal currents would be inadequate to 
effectively transport the raised sediment out of the basin before it settles back to the bed. 

 

Figure 6. Timing of particle release in the northern area of the Southern Harbor Basin; all particles 
exhibit residence times exceeding 6 h prior to basin exit, rendering this site devoid of any operational 
time window. (a) Within one tidal cycle, only the 3 particles released between 13:00 and 13:20 were 
carried out through the northern side, and only the 6 particles released 14:30 to 15:20 (orange and 
light brown) were carried out through the southern side. (b) Within 1.5 tidal cycles, only the particles 
released between 16:10 and 17:50 were carried out to the northern side. 

4.2. Central Area 

A representative location in the central area of the harbor basin was selected. Starting 
at 12:00 noon during high tide, particles were released continuously over a single tidal 
cycle only. The results are shown in Figure 7. From Figure 7a, it can be observed that, as 
the central part of the basin lies at the vortex center of the flow field where flow velocity 
remains consistently low, all released particles remain circulating and transported around 
the vortex center over one tidal cycle (including both ebb and subsequent flood tides), 
with no particles carried out of the harbor. From Figure 7b, it can be seen that after 
experiencing one full tidal cycle followed by an additional ebb tide—i.e., over one and a 
half tidal cycles—particles released at different times have the potential to be transported 
to the vicinity of the northern entrance, but cannot be carried out of the harbor within 6 h. 
Therefore, the central area of the harbor basin offers no viable operational time window 
for sand-dispersal activities and is consequently unsuitable as a site for dynamic 
interference-based sediment reduction operations. 

(a) (b) 
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Figure 7. Timing of particle release in the central area of the Southern Harbor Basin. (a) After one 
cycle of release, all particles continue to undergo vortex motion around the center. (b) After 1.5 tidal 
cycles, particles begin to move outward. Particles released at various times all have the potential to 
be carried out. However, they cannot be carried out of the harbor basin within 6 h. 

4.3. Southern Area 

A representative location in the southern area of the harbor basin was selected. 
Particles were released continuously at 10 min intervals over a single tidal cycle, starting 
at 12:00 noon (high tide). The release time, basin exit time, and post-exit transport 
direction of each particle were statistically compiled, and the residence time within the 
harbor basin was calculated, as shown in Table 2. Following the criteria for operational 
time window determination, the operational time windows for the southern 
representative site were identified as 12:00–12:40, 15:10–19:00, and 20:30–00:20, totaling 
8.33 h. 

Table 2. Statistics of particle release time, basin exit time, residence time, and movement direction 
after exiting the basin of the station in the southern area. 

Release Time Basin Exit Time Average Residence 
Time (h) 

Movement Direction 
After Exiting the Basin 

12:00–12:40 14:35–16:30 3.21 North 
12:50–15:00 - >6 Within Harbor Basin 
15:10–16:00 20:15–21:50 5.50 South 
16:10–17:00 20:30–20:50 3.58 South 
17:10–18:00 20:45–21:00 3.29 South 
18:10–19:00 21:05–22:30 3.21 South 
19:10–20:20 - >6 Within Harbor Basin 
20:30–21:00 00:30–00:55 3.96 North 
21:10–22:00 00:35–01:10 3.29 North 
22:10–23:00 01:10–02:05 3.04 North 
23:10–00:20 01:55–04:30 3.46 North 

With reference to Table 2 and Figure 8a, particles released from 12:00 to 12:40 were 
observed to be flushed out of the harbor basin and transported northward, with a mean 
residence time of approximately 3.21 h. Particles released during the period of 15:10–19:00 
were likewise advected out of the basin, exhibiting an average residence time of about 
3.90 h; their exit occurred during the flood phase, and they were subsequently transported 

(a) (b) 
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to the southern offshore waters. As depicted in Figure 8b, after one and a half tidal cycles, 
particles released between 20:30 and 00:20 were progressively carried out of the basin, 
with an average residence time of roughly 3.42 h. Their departure coincided with the ebb 
phase, and they were transported northward by the ebb current. In contrast, particles 
released from 12:50 to 15:00 and from 19:10 to 20:20 remained within the harbor basin even 
after one and a half tidal cycles, with residence times exceeding 6 h. Accordingly, these 
two intervals, amounting to a total of 4.34 h, are considered unsuitable for sediment 
dumping operations. 

 

Figure 8. Timing of particle release in the southern area of the Southern Harbor Basin. (a) After one 
tidal cycle, particles released from 12:50 to 15:00 remain inside; particles released from 12:00 to 12:40 
and 15:10 to 19:00 are carried out to the southern offshore area. (b) After 1.5 tidal cycles, particles 
released from 20:30 to 0:20 are carried out to the northern offshore area. 

5. Conclusions 
The current velocity within the southern harbor basin of Jiangsu Binhai Port is low, 

with weak hydrodynamic conditions. The exchange of water, sediment, and other 
materials follows a pattern of inflow from the north and outflow from the south, forming 
a large-scale counterclockwise eddy in the central part of the harbor basin. Small-scale 
eddies exist near the entrance, resulting in complex flow field structures in this area. 

At the entrance of the central harbor basin and the southern harbor basin, the layout 
features an enclosed planar arrangement formed by the northern breakwater, which 
extends further outward from the central harbor basin, and the southern breakwater of 
the southern harbor basin. The flow deflection effect of the northern breakwater is 
significant. During flood tide, the flood current flowing from northwest to southeast forms 
a large clockwise eddy on the western side of the entrance due to the flow deflection by 
the northern breakwater. During ebb tide, a counterclockwise eddy forms outside the 
northern breakwater as a result of its flow deflection effect. Regardless of flood or ebb tide, 
the flow direction outside the southern guide dike near the entrance of the southern 
harbor basin remains constant, always flowing northward along the dike. Due to the thick 
accumulation of sediment from the abandoned Yellow River estuary, this flow field 
characteristic is an important contributing factor to siltation in the southern harbor basin. 

In the southern region of the southern harbor basin, particles released within 2.17 h 
after high tide turns to low tide and within 2.17 h after low tide turns to high tide cannot 
be taken out of the harbor basin throughout the entire tidal cycle. This means that 
operations are unsuitable for only 4.34 h within one tidal cycle, while particles released 

(a) (b) 
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during most of the remaining time can be taken out. Therefore, the southern region of the 
harbor basin is the preferred location for operations. Particles released in the central part 
of the southern harbor basin move in an eddy motion and cannot be transported out of 
the harbor in a short time, making it unsuitable as an operational location for 
hydrodynamic interference to reduce siltation. Although most particles released in the 
northern region of the southern harbor basin cannot be transported out of the harbor 
within one tidal cycle, they can be quickly conveyed to the southern part of the harbor 
basin. Thus, sediment can be transported out of the harbor through multiple relay 
operations. 

This study employs the Lagrangian particle tracking method to propose an approach 
for identifying optimal operational locations and corresponding timing for dynamic 
interference to reduce siltation in harbor basins characterized by fine-grained sediment 
accumulation. Although the gravity of sediment particles is not considered, the method 
provides valuable guidance for designing computational simulation schemes to evaluate 
siltation reduction effects in subsequent sediment modeling. 
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