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Abstract: The Pinglu Canal is a strategic inland restricted waterway under construction
in southwest China. Its ship wave superposition characteristics under conditions of high-
density shipping and large ships may threaten navigation safety, but little related research
has been performed. Based on the Pinglu Canal project, this study uses the XBeach
numerical model, which is validated by field observations on the Chengzi River waterway,
to analyze the ship wave characteristics under single-ship navigation (SN) and two-ship
navigation in opposite directions (2NOD). The results show the influences of ship type
and water depth. For SN, secondary waves of the navigation administration boat (NAB)
dominate, with wave height decreasing as water depth increases. Larger cargo ships
(CSs) present significant primary wave effects and a complex relationship between the
secondary wave’s height and water depth. For 2NOD, the NAB wave effect is stronger due
to superposition. As for larger CSs, the primary wave effect is significantly enhanced and
occupies the dominant position, with secondary wave height tending to increase with the
increase in water depth. The study reveals the characteristics of single-ship and two-ship
waves in the Pinglu Canal, providing a theoretical basis and technical support for ship
wave risk assessment and ecological revetment design.

Keywords: ship waves; XBeach; numerical simulation; wave characteristics

1. Introduction

As a vital component of the global transportation system, shipping has seen continuous
growth in global trade, accompanied by the increasing density of waterways and ports. In
recent years, China has prioritized the strategic importance of canals in water transport.
Over a millennium after the completion of the Beijing-Hangzhou Grand Canal, the country
has initiated construction of a new artificial waterway, the Pinglu Canal. The construction
of the Pinglu Canal aims to develop shipping while serving multiple functions including
water supply, irrigation, flood control, and water ecological improvement. This project will
fundamentally resolve Guangxi’s longstanding paradox of coastal proximity without direct
river-to-sea navigation channels. Upon completion, 5000-ton-class river—sea ships will gain
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direct access from inland ports along the Xijiang River to China’s coastal ports and major
Southeast Asian harbors, enhancing connectivity between domestic and international
markets. Therefore, ensuring navigation safety and efficiency of the Pinglu Canal is
important, which requires critical research on ship waves during navigation.

Numerical simulation has always been an important means for studying the charac-
teristics of ship waves. In recent years, with the continuous in-depth exploration by more
and more scholars, the numerical model of ship waves has also tended to mature. Wang
and Guan et al. [1] proposed an extended version of the COWS model by incorporating
a moving pressure term into the momentum equation. Wang et al. [2] calibrated the ship
wave height formula proposed by the Delft Hydraulics Institute and developed a tailored
calculation method for predicting ship wave heights in the Jianghuai Canal. Addition-
ally, by using deep learning methods, Yasir et al. [3] summarized various techniques for
detecting Kelvin ship waves from SAR images of the sea surface.

In recent years, many scholars have also chosen to use the XBeach model [4] to describe
ship wave generation and propagation, considering that the XBeach model can provide a
computationally efficient framework for ship wave simulations with simplified numerical
approaches. De Jong et al. [5] has proved that XBeach is better than Delft3D-FLOW since it
allows the calculation of passing-ship effects including non-linear shallow-water effects and
the influence of arbitrary geometries. The capability of XBeach to predict the interaction
between ships in complex channel geometries was validated through comparison with
physical model experiments conducted by Zhou et al. [6]. Bjorn Almstrom et al. [7]
compared XBeach against high-quality field measurements of ship waves and assessed its
general applicability to ship wave simulations through an extensive sensitivity analysis
with regard to the main input parameters. The result showed that XBeach is a robust
model for ship wave applications with inputting available data. Bluteau et al. [8] proved
that XBeach could model the evolution of the waves” drawdown as they propagated over
several kilometers from the channel. Mao and Li et al. [9] showed that the XBeach model is
not only able to calculate the primary and secondary waves well, but also the ship-induced
near-bed velocity when ship waves are prominent in the water flume.

In addition, numerous studies have further investigated the interactions between
ship waves and factors such as channel cross-sections, riverbed sediment dynamics, and
navigation modes. Mao et al. [10] analyzed the flow velocity variations and bed shear stress
patterns induced by ship waves. Based on prior research on sediment transport under
unidirectional currents and waves [11], they derived a ship wave-driven sediment transport
capacity formula. Zhang et al. [12] demonstrated that ship waves generated by high-speed
ships exert significantly stronger impacts on moored ships. Wang et al. [13] focused on the
propagation characteristics of ship waves in restricted waterways, successfully capturing
their evolutionary processes through numerical simulations. Ma and Liu et al. [14] examine
the impact of the ship’s principal dimensions on the steady waves generated by the ship,
and practical approaches are subsequently proposed to reverse predict the ship’s length,
width, draught, and related parameters.

Although the mutual interaction of ship hydrodynamics has become increasingly
significant in terms of its impact on navigation safety and coastal ecology, there are still
obvious gaps in the current academic research in this field. Most of the existing literature
focuses on the analysis of the ship waves of isolated ships, while there are few systematic
discussions on the modeling of wave interference mechanisms in scenarios of multiple
ships’ navigation side by side or intersecting. More critically, existing studies generally lack
an in-depth understanding of the spatio-temporal superposition mechanism of ship waves
under high-density navigation conditions. In fact, with increasing waterway constraints
and growing ship dimensions/traffic density, ship-to-ship hydrodynamic interactions have
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become inevitable. Studies have already shown that the interaction forces and moments
on the ship seem to increase non-linearly with decreasing lateral distance between the
ships [15]. Based on this discovery, it can be speculated that the two ships traveling in oppo-
site directions will indeed lead to the interaction of the ship waves. Such breakthroughs in
research can not only optimize intelligent shipping systems but also provide wave energy
assessment tools for green port construction, offering dual value in ensuring navigation
safety and the sustainable development of coastal areas.

Addressing this gap, this study investigates wave patterns generated by two ships
navigating in restricted channels (based on the Pinglu Canal Project, currently under
construction), analyzing navigation scenarios in opposite directions. This study investigates
ship wave characteristics generated by two-ship navigation in opposite directions (2NOD)
under varying water depth conditions. A comparative analysis is conducted against
single-ship navigation (SN) scenarios, evaluating key features such as wave height and
propagation patterns. Thus, this study provides a theoretical basis and technical support
into ship wave risk assessment and ecological revetment design in the restricted waterway
of the Pinglu Canal.

The outline of this paper is as follows. Section 2 introduces the Pinglu Canal as the
study site. Section 3 has three parts: the first is the theory associated with ship waves
and the XBeach model (from a ship wave perspective); the second is the field observation
for validation; the third is about the model setup, where the study site for evaluating the
XBeach model is provided and it is further explained how the XBeach model was set up.
Section 4 presents the simulation results of SN and 2NOD sequentially, which is discussed
in different conditions, while the conclusions of the work are finally drawn in Section 5.

2. Study Site: The Pinglu Canal

This research is conducted based on the sixth section (Qinzhou section) of the down-
stream waterway project of the Qishi hub of the Pinglu Canal. The overall route of the
Pinglu Canal (Figure 1) is 134.2 km long, starting from the estuary in the Xijiang River
mainstream in Nanning, connecting with the Qinjiang River, and then flowing south along
the mainstream of the Qinjiang River into the Qinzhou Port waters of the Beibu Gulf. The
entire project is constructed in accordance with the standards of Class I inland waterways,
capable of accommodating 5000-ton ships. The estimated total investment for the project
amounts to CNY 72.7 billion (about USD 9.98 billion). After the completion of the Pinglu
Canal, 5000-ton ships capable of navigating both inland waterways and the sea can directly
travel from the ports on the Xijiang River to the coastal ports of China and major ports
in Southeast Asia, better connecting the domestic and international markets. This will
fundamentally change the current situation where Guangxi has access to the sea but lacks
direct river navigation to the sea. As of 1 November 2024, the cumulative concrete pouring
for the main body of the ship locks at the three major hubs of Madao, Qishi, and Qingnian
has exceeded 2.4 million cubic meters. Considering the construction conditions of this
project and its long-term development trend, the increase in the cross-sectional area of
the waterway will mainly be achieved by expanding the width of the waterway, with a
small increase in water depth, thus forming a wide and shallow waterway cross-section.
Since the Pinglu Canal is constructed to the standards of an inland waterway of Grade I,
the specific dimensions of the waterway cross-section are presented in Figure 2. For this
cross-section, the normal water level is 8.7 m.
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Figure 1. Schematic diagram of the geographical location of the Pinglu Canal, which connects the
Xijiang River with Qinzhou Gulf.
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Figure 2. The dimensions of the typical channel cross-section studied in this paper (unit: meters),
and the normal water level is 8.7 m.

Due to the size limitations (e.g., steep slope, narrow channel, and shallow water depth),
restricted waterways differ significantly from open waterways in terms of ship resistance,
ship floating state, and wave generation, where ship navigation could be affected by shallow
water and bank effects. In addition, the Pinglu Canal has the following characteristics:
high ship density and complex ship types. Sudden changes in water levels may complicate
navigation conditions. Therefore, studying the wave patterns generated by ships navigation
at different water depths is of great significance for channel design, navigation policies,
and other aspects.

3. Materials and Methods
3.1. Querview

In this section, we first introduce the basic concept of the ship wave. Then, the XBeach
model is presented to how it can implement the numerical simulation of ship waves. Since
the Pinglu Canal is still under construction, it is difficult to conduct field observation and
experiments. To prove the validity of XBeach, we conducted field observations of ship
waves in the Chengzi River waterway, which is also a restricted waterway. We used the
information of the waterway and the collected data to establish the corresponding XBeach
model, and implemented the validation based on the numerical simulation results. Finally,



Water 2025, 17, 1822

50f23

we describe the model setup and parameter calibration of the study site Pinglu Canal in
this paper.

3.2. Ship Waves

Ship waves refer to the surface fluctuations caused by pressure changes generated
by the interaction between a ship’s hull and water during navigation [16]. The study of
ship waves dates back to the 19th century, with historical records [17] indicating the first
published works on ship wave phenomena. The renowned naval architect Froude [18]
became the first researcher to comprehensively describe ship wave patterns and their main
characteristics. In the same year, Kelvin [19,20] conducted pioneering theoretical analyses
of ship waves, proposing the famous Kelvin angle, thus being recognized as the founder of
ship wave theory. Other notable contributors to ship wave theory include naval architects
and fluid mechanics researchers such as Havelock [21,22] and Hogner [23].

Figure 3 presents the basic ship wave system and field. When the deep Froude number,
Fr; = V//gh (where V is the ship speed, g is the acceleration due to gravity, and h is the
water depth), is less than 0.84, the wave pattern is termed deep-water ship waves (Kelvin
waves), while the ship is termed navigating in the subcritical speed zone. The Kelvin wave
pattern consists of two distinct sets of diverging and transverse waves confined within a
fan-shaped area behind the hull [24]. Transverse waves propagate in the same direction
as ship movement, while diverging waves distribute symmetrically along the navigation
direction with propagation angles approximately 55° from the course [25]. The wave crest
cusp points form a cusp locus line at 19°28’ to the navigation direction, where maximum
wave height occurs [26].

/ Diverging waves

o Transverse waves

19°28"
Cusp locus line

Figure 3. Schematic diagram of ship wave system and field.

When Fr; > 0.84, shallow water effects emerge, creating shallow water wave patterns.
In transcritical speed regions, diverging and transverse waves merge. The angle between
the cusp locus line and navigation course gradually increases with water depth Froude
number, approaching 90° with the maximum wave height. The length of the cusp locus line
increases with speed. In supercritical speed regions, transverse waves disappear, leaving
only diverging waves with elongated crest lines whose angles relative to course decrease
with increasing speed [27].

When a ship navigates through confined waters, two distinct wave phenomena emerge
in the hydrodynamic system (Figure 4). The primary wave system develops as a reverse
current beneath the hull generates a localized low-pressure fluid region surrounding the
ship, which causes the drawdown wave. The secondary wave system, recognized as the
Kelvin wave system, exhibits a dual nature: transverse waves advancing parallel to the
ship’s trajectory and divergent waves propagating at angles approaching 90° relative to
the ship’s motion. Generally speaking, the primary wave is of lower frequency and the
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secondary wave is of higher frequency. First systematically characterized by Thompson [28],
this classical hydrodynamic phenomenon elucidates fundamental principles of ship wave
interactions, with the transverse-divergent wave duality remaining a cornerstone in naval
hydrodynamics research.
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Figure 4. Illustration of the water level change of ship waves, divided into primary wave system and
secondary wave system according to different frequencies.

3.3. Numerical Model

The open-source XBeach numerical model [29], developed by UNESCO-IHE and Delft
University of Technology, is an event-driven model initially designed to assess hurricane
impacts on barrier islands along the U.S. East Coast. Capable of simulating short-term
morphological changes from storm surges, floods, and tsunamis, it excels in modeling
dune erosion caused by storms. As a depth-averaged shallow water model for long wave
problems, XBeach resolves wave group-scale surf beat and radiation stress gradients. Its
sediment transport calculations account for near-bed sediment stirring and dune face
avalanching, enabling prediction of bathymetric changes.

Validation studies demonstrate that XBeach’s non-hydrostatic model effectively simu-
lates ship waves and hydrodynamic interactions between navigating and moored ships in
complex channel geometries [6]. Moving ships are represented as pressure fields traveling
along predefined trajectories within the model domain. Ships are defined on separate grids,
with their drafts specified at grid points. At each computational timestep, the ship draft is
interpolated from the ship grid to the global grid while maintaining a constant ship volume.
The water head in each grid cell is then updated based on the interpolated ship draft. Ship
waves are generated through the movement of the pressure field and propagate across the
entire grid. All XBeach codes including the non-hydrostatic model and the adaptations for
moving ships are of open-source and available through http://xbeach.org/ (accessed on
26 August 2024). The version used in this study is XBeach v1.24.6057.

3.3.1. Non-Hydrostatic Model

In the XBeach model, the simulation of ship waves is realized based on the non-
hydrostatic module [6]. Only the important governing equations are shown below and
more details can be found in [30]. Assuming the fluid is incompressible, homogeneous,
and Newtonian, the governing equations (Navier—Stokes equations) for free-surface flow
in Cartesian coordinates are expressed as

9 1
a—‘t’+V(u®u):7vp+g+v.T (1)
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where u = [u(x,ft),v(x,t),w(x,t)] is the velocity vector, P(x,t) is the total pressure,
g = [0,0, —g] is the gravitational body force, and T is the deviatoric viscous stress tensor.

When the vertical motion of a water body mass is violent and the vertical acceleration
is not neglected, the non-hydrostatic model explicitly takes into account the non-hydrostatic
term in the vertical momentum equation (i.e., the pressure is not determined by the height
of the water column alone). Furthermore, for incompressible flow, the continuity equation
is V -u = 0, which requires that local velocity variations are compensated by pressure
adjustments. Therefore, the vertical pressure is not only controlled by hydrostatic gravity,
but also contains the dynamic pressure component. Thus, the total pressure is decomposed
into a hydrostatic and hydrodynamic part and expressed as

P(x,t) = pg(n —z) +pp + po )

where 7 is the free surface elevation (measured positive upwards from reference level
zp), p is the dynamic pressure normalized with the reference density p, and py is the
atmospheric pressure (assumed to be uniform and stationary).
Under the Boussinesq hypothesis, turbulent stresses are introduced via the mean flow
quantities as
du; Ou;

Tij = PVt <8x] + 8x1> @3)

where v; is the eddy viscosity. For Equation (1), the resulting equations in tensor notation

are as follows: 3 ,
a—?—kV(u@u):—;V(pqugn)—FV-T (4)

where T represents the turbulent shear stress tensor.
By integrating the continuity equation along the vertical (depth) direction, we obtain
the following:

4 ¢ ou ¢ 9o
/_qudz - /_dgdz—k/_d = Wleg — Wl 5)

The kinematic boundary conditions at the free surface and the bottom are given below:

_ %% %

w(x/yrgrt) - at +uax +Uay (6)
od od od

W(x,y,—d,t) = g—ua—'v@ (7)

Assuming the bed elevation changes on a much longer timescale than fluid motion,
the time derivative in (7) can be neglected. Substituting (6) and (7) into (5) and applying
Leibniz’s rule yields, we obtain the following:

o UH oVH _
FTRET oy =0 ®

where U and V are the depth-averaged velocities, calculated as follows:
u= Lt d 9
B E/J e ©)

R L 10
_ﬁ/idvz (19)
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From this point, Equation (8) is referred to as the global continuity equation. This
equation gives a relationship between the depth-averaged velocity and the surface elevation.
XBeach is currently formulated using depth averaged quantities and therefore the
momentum equation labelled Equation (4) is integrated over the water depth. Because the
procedure is very similar for each of the three momentum equations, only the u-momentum
equation will be dealt with in detail. In component form, the conservation of momentum
in the x-direction can be written as follows:
aiu+aiuz+auiv+auiw:,%,g%+larxx+laTyx+laT2x (11)
ot = ox ay 0z ox ox podx pdy p oz
————

pressure terms

advective terms turbulent stress terms

which consists of terms for time derivatives, advection, pressure, and stresses. After depth-
integration of those components, the depth-integrated horizontal momentum equations in
the x, y and z directions become

) od od

1 1
2 2 - 7 - — o v«
(HU gH + Hp pH’Z.'xx> + 3y <HUV pHTyx) gHax pax + Sy (12)
d 1 _ 1 __ ad ad
( ery> + 5 <Hv2 + EgH2 + Hp — pHTW) ng ~Pay +Sy (13)
d d 10, _ 19
+ a(HUW) + @(HVW) = —Psurface T Pbottom T Eg(Hsz) + - 0 ay (HTyz) (14)

where 7, Psurface aNd Ppottom are the depth-averaged dynamic pressure, free surface pressure,
and bottom pressure, respectively; Txx, Tyx, Txy, Tyy, Txz and Ty, are the depth-averaged
stress components; Sy and Sy, are source terms resulting from stresses at the free surface
and bed in the x and y directions; and W is the depth-averaged vertical velocity.

In order to close the above shallow water equations, a Smagorinsky-type sub-grid
model is used to calculate the eddy viscosity in (3), which can be expressed as follows:

5;iSij) (15)

_1(0u;  du;
Sij =75 (ax] + axl> (16)

where C; is the Smagorinsky constant and A; is the characteristic length scale of the smallest

resolvable eddy.

To obtain a unique solution, in addition to the depth-averaged Equations (8), (12),
(13) and (14), tangential and normal velocity stress boundary conditions must be specified
along all boundaries. At open boundaries, the time-varying normal velocity component
is defined, and the tangential velocity gradient is set to zero. At closed boundaries, the
normal flow is assumed as zero, and boundaries are fully reflective.

At the free surface, normal and tangential stresses are assumed to be continuous,
and the pressure pgyrface i set to atmospheric pressure. Furthermore, the atmospheric
pressure at the free surface is assumed to be uniform and stationary and taken to be zero
for convenience.

At the bottom, the kinematic boundary condition (7) is used. The ppotom i a synthesis
of the pressure throughout the water column. It contains the hydrostatic pressure (deter-
mined by the water depth) and the non-hydrostatic pressure (determined by local fluid
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acceleration, etc.). In addition, the two tangential stresses due to bed friction are described

using mean flow as 7, ~ ¢ pr‘U

, where ¢ ris the dimensionless friction coefficient.

The XBeach model uses first-order finite differences in a Cartesian coordinate sys-
tem, with spatial variations computed as upwind differences. The predictor—corrector
method is used. In the corrector step, the velocity and pressure are corrected with non-
hydrostatic pressure. For the calculation of the non-hydrostatic pressure term, it is solved
by constructing a Poisson equation, which can be briefly expressed as

1
V-|ZVp)| =5 17
(P P> an

where S denotes the source terms derived from momentum equations and boundary condi-
tions. The discrete Poisson equation for the pressure has to be solved at each time step.
Non-linear advection terms are expressed in momentum-conserving form. The model
time step ensures the stability of the calculation process by limiting the maximum time step,
and the Courant-Friedrichs-Lewy (CFL) number is user-defined. For a more detailed numeri-
cal derivation, solution procedure and model verification, Reference [30] can be consulted.

3.3.2. Ship Modeling

In XBeach, moving ships are represented as pressure fields traveling along predefined
trajectories within the model domain, while the water pressure head in each grid cell is
adjusted dynamically as the ships move. The pressure head from the ship is interpolated
from the vessel dimensions onto the computational grid by maintaining the hull volume [7].
To implement ship modeling, some variables of a ship need to be defined: a regular x- and
y-grid; ship depths (draft) on that grid; center of gravity (x, y, z) and a track specified as x
and y locations versus time, from which heading is computed.

However, the shape of a ship is described in XBeach up to the level of detail that
the calculation grid allows. Furthermore, only one draft per horizontal coordinate can be
prescribed. This means that certain details of the shape of the hull cannot be described. The
details of the complex (3D) flow in the direct vicinity of the ship are therefore not captured
fully in the model. When considering the ship-induced water motions somewhat further
away from the hull, this somewhat crude approach to represent the ship is adequate [5].

Variable interpolation between the XBeach and ship grids is implemented using the
MKMAP and GRMAP functions [7]. MKMAP determines the indices and weights (w)
of the four surrounding XBeach water level points (iref) for each ship grid point (igpip)-
GRMAP transforms XBeach grid variables (e.g., water level) into ship grid variables [6]:

fship (iship) = il fXBeach (iref (]r iship) > "W (]r iship) (18)
j=

where fgpp is the pressure head in the ship grid and fxgeach is the pressure head in the
computational grid of XBeach. When the ship grid has much finer resolution than the
XBeach grid, GRMAP2 performs the reverse operation, integrating ship grid variables back
into the XBeach grid:

4 AA
f XBeach (iXBeach) = Z Z w (] ’ iship) ’ f ship (iship> ke (19)
]

= AA
=1 ixpeach =lref (]rlship ) XBeach

where AAg;p is the area of a ship grid cell, and AAxgeacn is the area of the XBeach compu-
tational domain. The interpolation ensures volume conservation and produces smoother
results compared to bilinear interpolation.
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At each time step, the ship’s position and heading are interpolated onto the XBeach
grid. Using MKMAP and GRMAP2, the ship’s pressure head is interpolated onto the
XBeach grid and added to the cumulative pressure head from all ships. At the initial time
step, the water level is set to a negative pressure head to suppress initial disturbances.

3.4. Field Observations and Model Validation
3.4.1. Field Observations

We conducted a field observation of ship waves on the Chengzi River waterway in
Jiangsu, China. The Chengzi River waterway is an important part of the waterway network
connecting the Beijing-Hangzhou Grand Canal and the Hongze Lake area. Its designed
bottom width is 45 m, the designed water depth is 3.2 m, and the normal water level
is 12.5 m, which meets the navigation requirements of 1000-ton ships. The overall line
shape is nearly straight. Before the observation, basic information about the Chengzi River
waterway, including design materials and bathymetry data, was collected to prepare for
the setup of the river section model for observation.

The main contents of this field observation are as follows.

1. A navigation administration boat (NAB) was arranged to pass the observation point
at different pre-set speeds, each passing at a different offshore distance;

2. The cargo ships (CSs) that passed randomly on the day of the field observation were
observed, while we recorded the ship names and searched the relevant AIS data of
the CSs via the website (https:/ /www.shipxy.com/, accessed on 24 August 2024),
including size, speed, draft, etc.

During the observation process, the wave form generated by the NAB and the CSs
moving on the water surface was observed, and a camera was used to record the change
process of the ship waves, and the corresponding distances from the observation point
were collected. The other equipment included a 5 m long ruler with an accuracy of 0.01 m,
used to measure water level (Figure 5a); a tripod (Qingzhuang Photographic Equipment
Co., Ltd., Guangzhou, China) for fixing the camera; a laser rangefinder for measuring
the distance from each ship to the observation point; and an unmanned aerial vehicle
(UAV, Dajiang Innovation Technology Co., Ltd., Shenzhen, China) for aerial photography
and recording the ship tracks. The observation point was located on a vertical revetment
platform. Figure 5b,c present the NAB and CS recorded by the UAV.

(a)

(b) ©

Figure 5. Related pictures of the field observation: (a) the ruler for measuring water level; (b) the
NAB captured by the UAV; (c) the CS captured by the UAV.

In total, 17 groups of data were observed, including 12 groups of the controlled NAB
trials and 5 groups of random CS passages, with ship parameters extracted from materials
or AIS records and wave heights measured via video frame analysis. The ship name of
the NAB was SGHS251, and the speeds were 3.6 m/s, 4.2 m/s, and 4.7 m/s, respectively,
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and the offshore distances ranged between 10.0 m and 31.8 m. All the 5 CSs were almost
fully loaded, passing from north (N) to south (S), and all were SN. Their ship names were
HHHS8838, TY777, SXZH6073, SSYH0088 and LZZH?2589. The speeds of CSs ranged from
1.49 m/s to 1.70 m/s, and the offshore distances ranged from 24.3 m to 31.0 m.

We used computer software to extract the images from the observed video frame by
frame, read the water level changes, and used them as the waveform of the ship waves. In
order to avoid the influence of reflection after the ship waves propagated to the revetment
and the superposition of adjacent waves, only the first single primary wave of the ship
wave propagated to the ruler was read to obtain the wave heights of a primary wave. We
sorted the data of all observation groups and the corresponding primary wave heights,
which are listed in Table 1.

Table 1. The data of all observation groups and the corresponding primary wave heights at the
observation (Obs.) point.

. . Distance to Primary Wave
Ship Name Length (m) Width (m) Draft (m) Speed (m/s) Obs. Point (m) Course Height (m)

23.2 S-N 0.16
36 22.6 N-S 0.20
: 26.5 S-N 0.12
254 N-S 0.14
10.0 S-N 0.40
SGHS251 15.6 48 14 42 11.1 N-S 0.38
) 25.8 S-N 0.12
29.9 N-S 0.18
18.7 S-N 0.40
a7 16.9 N-S 0.50
) 22.0 S-N 0.48
31.8 N-S 0.28
HHH8838 62 12 2.4 1.59 243 N-S 0.06
TY777 56 11 1.6 1.70 30.1 N-S 0.04
SXZH6073 50 9 2.6 1.54 29.9 N-S 0.03
SSYH0088 68 14 2.3 1.54 30.7 N-S 0.06
LZZH2589 63 12 25 1.49 31.0 N-S 0.04

3.4.2. Numerical Simulation and Validation

A waterway section of the Chengzi River including the observation section was selected
for a generalized model setup. In order to make the model simulation close to the actual
situation, the model range must be large enough to ensure that the ships pass through the
simulation area of the observation section at a preset speed. Therefore, the length of the model
section was set to 900 m. The model used a rectangular grid. After several tests, the grid size
of the model along the shore was 5 m, and the grid size of the model perpendicular to the
shoreline was 1 m. The water surface width of the waterway was set to 68 m with reference to
the section design figure of the river section, and the model width was 88 m after considering
the revetment. According to the multi-beam scanning section elevation data of the Chengzi
River in 2023 and the water level during the field observation, the bathymetry of the model
section was set. Figure 6a presents the grid and bathymetry of the model. According to the
field observation data (Table 1), the ship-related parameters and the navigation track at a fixed
distance from the shoreline were set. Figure 6b presents the form of the applied pressure field
by a ship in the model, which matches the actual hull’s outline shape as much as possible.
Moreover, it was assumed that there was no discharge input in the Chengzi River. Therefore,
the initial flow velocity was zero.
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Figure 6. Two-dimensional presentation of (a) the grid and bathymetry of the Chengzi River model
and (b) the form of the applied pressure field by the ship in the global model grid, taking the CS in
Figure 5¢ as an example.

During ship modelling, each ship form had respective parameters, including the regu-
lar x- and y-grid, ship depths (draft) on that grid, the center of gravity (x, y, z) and the track
specified as x and y locations versus time. After multiple pre-simulations and parameter
calibration, the calculation time step CFL was determined to be 0.7 and the horizontal
viscosity value nuh was determined to be 0.1. Considering the ship types, the solver used
to solve the linear system was the sip solver. The model used the Manning coefficient to
represent the bottom roughness, which was 0.02. The simulation time depended on each
ship speed. The parameters of flow boundary condition, left and right, were set to wall,
that was, the shore wall that the flow could not pass through. The other parameters in the
model were default.

In the numerical model governing file, the output point corresponding to the field
observation site was selected to output the water level changes, and the output time step
was 0.1 s. The height of the highest water level of the primary wave was extracted as the
wave height value of this point. Figure 7 presents the comparison between the observation
data and the simulation results. The mean absolute error (MAE), root mean square error
(RMSE), determination coefficient (R?) and Pearson correlation coefficient (r) were used to
measure the simulation effect of the model. The comparison shows that the non-hydrostatic
model of XBeach has a certain ability to simulate ship waves.

et e < e g
) W IS [ o
L . L

Numerical Simulation Results (m)

e
=

00 01 02 03 04 05 06
Observation Data (m)

Figure 7. Comparison of observation data and numerical simulation results, with MAE = 0.0571 m,
RMSE = 0.0784 m, R? = 0.7528 and r = 0.9329, which shows the ability of XBeach to simulate ship waves.
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3.5. Model Setup of the Pinglu Canal

After model validation, the model setup and parameter settings of the Pinglu Canal
can be carried out. The length of the Pinglu Canal model studied was set to 1000 m,
and the bottom width of was set to 80 m with reference to the river planning section
diagram (Figure 2). After pre-simulations and analysis, a structured grid with5m x 2m
resolution was adopted, balancing computational efficiency and accuracy in capturing
wave propagation dynamics. According to the design materials, the normal water level is
8.7 m. Therefore, we set four water depths, namely 6.3 m, 7.0 m, 7.5 m, and 8.0 m. The water
surface width was determined by the corresponding water depth. When the ship wave
propagates toward the shore, the wave will have a certain runup. In order to prevent the
wave overflowing the grid range, the grid width was extended to a certain extent compared
with the water surface width. It was assumed that there was no discharge input in the
canal and the initial flow velocity was zero. The simulation time of the model depended
on each corresponding ship speed. The other parameters were the same as the Chengzi
River model.

Table 2 lists the three ship types selected according to the design materials, including a
NAB, a 2000-ton CS and a 5000-ton CS, which were all fully loaded. The models of in-water
pressure field caused by each ship type’s draft are shown in Figure 8. By specifying the
ship draft distribution in the ship grid, which is interpolated and converted to a water level
drop in the XBeach model, the pressure field is thus generated. The speed of each ship
type was set to the most common value. The input files of ship-related parameters were
set according to the ship sizes and drafts. To avoid the influence of numerical instability
on the simulation results, the ship track files described the ships’ navigation as slowly
accelerating to maximum speed. The depth Froude number Fr; was calculated for each
ship type. When considering the lowest navigable water level, Fr; was 0.76, 0.38, and 0.28,
respectively, all of which meant that all ships were in the subcritical speed zone.

Table 2. Ship parameter settings for numerical simulation.

Ship Type Length (m) Width (m)  Draft (m) S(Il;e/;d
NAB 15.6 4.8 1.4 6
Fully loaded 2000-ton CS 74 14 3.5 3
Fully loaded 5000-ton CS 90 15.8 5.0 2.22

The study site section is a two-way waterway. We considered the situations of SN
and 2NOD. When it is SN, the ship is located at the center of the waterway. When it is
2NOD, both ships are 20 m away from the center of the waterway. Figure 9 presents the
two navigation conditions and the wave field of each condition and also the coordinate
system of the Pinglu Canal model.
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Figure 8. The models of in-water pressure field caused by each ship type’s draft: (a) NAB; (b) 2000-ton
CS; (c) 5000-ton CS.
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Figure 9. The display of the ships’ navigation positions, wave fields, and the coordinate system in the
Pinglu Canal model, taking the NAB ship type as an example, with (a) SN and (b) 2NOD.

4. Results and Discussion
4.1. Single-Ship Navigation

When it is single-ship navigation (SN), the ship of the model passes on the centerline
x = 0. We read the water level changes at 10 m, 20 m, 30 m, and 40 m from the center of the
model in turn. The data output point was set at the stable ship speed stage. Figures 10-12
present the water level changes at different output points of each ship type. According
to [7], we used a third-order Butterworth filter to separate the primary waves and the
secondary waves of the ship waves. The sampling frequency of all data was 10 Hz. For
the primary waves, a cutoff frequency of 1/15 Hz was applied. And for the secondary
waves, we used a bandpass filter with a low-cutoff frequency of 1/10 Hz and a high-
cutoff frequency of 1/1 Hz. The situations of multiple water depths are also presented in
Figures 10-12. In addition, for the convenience of comparison, water level diagrams of
2000-ton CS (Figure 11) and 5000-ton CS (Figure 12) present the same time length.

Figure 10 presents that the ship waves of the NAB are clear and simple. There are
differences in the ship wave form at different water depths. When in shallow water, the
wave form is relatively steeper and the amplitude is larger, meaning that the energy is
more concentrated. When in deep water, the wave form is relatively flat and the energy is
dispersed. During the propagation of the ship waves, the primary waves are generated first,
and the secondary waves are generated at the same time as the drawdown wave is formed.
The wave height of the primary waves is obviously much smaller than the maximum wave
height of the secondary waves. As the water depth increases, the influence of the primary
waves decreases, including the water level rise height and the drawdown height. However,
there is no obvious difference between the above two heights at different distances from the
ship. Additionally, the period of the primary waves decreases with the increase in water
depth. On the other hand, the attenuation rate of the secondary waves slows down with
the increase in water depth because of the decrease in bottom friction.
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Figure 10. Water level changes at different water depths during the NAB navigation at (a) x = 10 m,

(b) x =20 m, (c) x = 30 m and (d) x = 40 m, and the primary and secondary waves separated by a
third-order Butterworth filter.

From the water level changes in Figure 11, it can be seen that the ship waves of the
2000-ton CS present a superposition of the primary waves and the secondary waves. There is
a significant difference in the generation time between the primary waves and the secondary
waves. During the propagation of the ship waves, the primary waves are generated first, and
after the drawdown wave is formed, the secondary waves dominate. Compared with the
NARB, the effect of the primary waves is relatively enhanced, the difference in wave height
between the primary waves and the secondary waves is somewhat reduced, and the primary
wave period increases. It is worth noting that the primary waves have similar amplitudes at
different positions without obvious attenuation. As the water depth increases, the influence of
the primary waves decreases, including the water level rise height and the drawdown height,

with a decreasing wave period. The secondary waves have more concentrated energy and a
longer impact time.
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Figure 11. Water level changes at different water depths during the 2000-ton CS navigation at
(a) x=10m, (b) x =20 m, (c) x = 30 m and (d) x = 40 m, and the primary and secondary waves
separated by a third-order Butterworth filter.

From the water level changes in Figure 12, it can be seen that the ship waves of the
5000-ton CS also present a superposition of the primary waves and the secondary waves.
However, the primary waves and the secondary waves are generated at similar times.
During the propagation of the ship waves, the primary waves are generated. When the
water level rises to the wave crest, the secondary waves are generated at the same time.
The difference in wave height between the primary waves and the secondary waves is
smaller than that of the NAB. Meanwhile, the primary wave period is larger, with relatively
enhanced wave effects. As the distance to the hull increases, the attenuation effect of the
primary waves is not obvious. As the water depth increases, the influence of the primary
waves decreases, including the water level rise height and the drawdown height, and the
period decreases accordingly. The energy of the secondary waves is more dispersed, and
the maximum height occurs at the drawdown wave. Compared with the 2000-ton CS,
the 5000-ton CS has significantly higher energy, whether it is the primary waves or the
secondary waves. Due to a larger hull size and more displacement of the 5000-ton CS, the
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disturbance to the water body during navigation is more intense, so the amplitude and
period of the ship waves generated are larger, and the wave form is more complex.
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Figure 12. Water level changes at different water depths during the 5000-ton CS navigation at
(a) x=10m, (b) x =20 m, (c) x = 30 m and (d) x = 40 m, and the primary and secondary waves
separated by a third-order Butterworth filter.

Figure 13 presents the change in the maximum height of secondary waves along the
cross-section of each ship type at different water depths. In Figure 13a, the maximum height
of the secondary waves of the NAB presents a trend of decreasing with increasing water
depth at x = 10 m and x = 40 m. At the same water depth, the maximum height decays
rapidly with increasing distance. In Figure 13b, the maximum height of the secondary
waves of the 2000-ton CS decays with increasing distance, and decays faster in deep water.
However, at x = 10 m, x = 20 m, and x = 30 m, which are closer to the hull, the maximum
height in deep water is larger; at x = 40 m, which is farthest from the hull, the maximum
height in shallow water is larger. In Figure 13c, there is no obvious pattern in the change in
the maximum height of the secondary waves for the 5000-ton CS with water depth, and it
shows an overall decay trend with increasing distance.
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Figure 13. Comparison of the maximum wave heights along the cross-section at different water
depths for the navigation of (a) NAB; (b) 2000-ton CS; (c) 5000-ton CS.

4.2. Two-Ship Navigation in Opposite Directions

For two-ship navigation in opposite directions (2NOD), the most unfavorable situation
would be in the intersection section of the two ships. The result output point is at the stable
ship speed stage. This section takes the water level change at the intersection of two ships
at x = 40 m as an example, as presented in Figure 14. The third-order Butterworth filter and
cutoff frequency setting in Section 4.1. were also used to separate the primary waves and
secondary waves. The situations of multiple water depths are also presented. The same
time length is intercepted for 2000-ton and 5000-ton CSs. Figure 15 presents the comparison
of the maximum wave heights along the cross-section at different water depths.

For NAB, the regular pattern of the ship waves with the water depth when 2NOD is
similar to that when SN. Compared with a single navigation boat, the effect of ship waves
is more significant due to superposition. Comparing Figures 13a and 15a, it can be seen
that at the same position in the channel, that is, x = 40 m, the heights of primary wave and
secondary wave of 2NOD are significantly larger than those of SN. This is of course related
to the changes in the output point and the relative position of ships caused by the changes
in the navigation position of the ships, but it still shows that the hydrodynamics of the
ships inside the water when 2NOD deserves attention.

When it is 2NOD for 2000-ton or 5000-ton CSs, the regular patterns of the primary
waves varying with the water depth are similar to those when SN. However, compared
with SN, the primary wave effect is more significant, almost doubled, while the max
amplitude of the secondary waves is smaller than that of the primary waves. It is obvious
that the energy is concentrated and easy to dissipate. The regular pattern of the secondary
waves varying with the water depth is almost opposite to that of the NAB. As presented in
Figure 15b,c, the maximum wave height of the secondary waves increases with the increase
in water depth.

There are several differences in the characteristics of the ship waves for the 2000-ton
CSs and 5000-ton CSs in the 2NOD conditions. The primary wave period of the 5000-ton
CSs is relatively short, while the wave form is steeper and more complex. Furthermore,
the drawdown wave appears after two wave crests, while that of the 2000-ton CSs appears
between the two wave crests. The secondary wave energy of the 2000-ton CSs is more
concentrated. At /1 = 6.3 m, the maximum wave height of the 2000-ton CSs at x = 10 m and
x =30 m is larger.
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Figure 14. Water level changes at different water depths during the navigation of (a) NABs, (b) 2000-
ton CSs and (c) 5000-ton CSs at x = 40 m, and the primary and secondary waves separated by a
third-order Butterworth filter.

NABs 2000-ton CSs 5000-ton CSs
0.40
14 0.40
0.35
£ 12 0.35
= 0.30
=
2
s 1.0 025 0.30
2
S
g 0.8 0.20 025
g
8 0.15
g 0.6 0.20
= 0.10
04 0.15
0.05
0 10 30 40 0 10 30 40 0 10 30 40
X (m) X (m) X (m)
() (b) c

—e— h=6.3m —o— h=7.0m —e— h=7.5m —o— h=8.0m

Figure 15. Comparison of the maximum wave heights along the cross-section at different water
depths for the navigation of two (a) NABs; (b) 2000-ton CSs; (c) 5000-ton CSs.

4.3. Discussion on Secondary Wave Height

Existing studies generally believe that when the depth Froude number Fr; < 1, the
ship is navigating in the subcritical speed zone, and the height of the ship waves generally
decreases with the increase in water depth. However, some simulation results of this study
are obviously not consistent. It is assumed that there are two reasons for this.
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First, in a restricted waterway, when the ship size and draft are large with shallow
water, more wave energy will be dissipated due to the bottom friction. When the water
depth increases, the interaction with the bottom of the waterway during the propagation
of the secondary waves is weakened, meaning the energy dissipation is reduced, and
the secondary waves can retain more energy during propagation, thus showing a larger
maximum wave height.

Second, the principle of XBeach simulating ship waves is the movement of the water
surface pressure field. In deep water, the pressure disturbance caused by the movement of
the hull can be more effectively transmitted to the free water surface away from the hull,
resulting in more energy generated by the secondary waves. Thus, the wave height of the
secondary waves is increased. In shallow water, the pressure transmission is limited by the
water depth, and the growth of the secondary wave height is suppressed.

However, there are many situations in actual ships meeting, such as different ship
types, asymmetric navigation, different loads, etc. In addition, the model in this paper is a
simple generalized straight section. The actual Pinglu Canal also has sections with complex
flow fields such as curved waterways and ship lock exits. The above situations need to be
further studied. Furthermore, one study [7] has shown that under some conditions, the
simulation of XBeach for ship waves is quite different from the actual observation, and the
maximum wave heights obtained by simulation are greater than the actual observation
value. The simulation accuracy of this study may need to be validated by subsequent field
observation and experiments.

5. Conclusions

As a high-level restricted waterway, the Pinglu Canal’s ship wave characteristics are
worth studying when large ships are navigable and the cross-sectional scale is limited.
Ship waves are divided into primary waves and secondary waves according to frequency,
and their characteristics are affected by water depth and ship parameters. This study
applied the XBeach numerical model, which performs well in simulating the generation
and propagation of ship waves. Through field observations and validation on the Chengzi
River waterway, it was confirmed that XBeach can simulate the hydrodynamic effects of
ships in restricted waterways to a certain extent.

Through simulation, we explored the ship wave characteristics under different navi-
gation conditions in the generalized channel model of the Pinglu Canal, focusing on the
influence of ship type and water depth. For SN, when the ship size is small (i.e., NAB),
the primary wave height is much smaller than the secondary wave height. As the water
depth increases, the influence of the primary waves and the secondary wave height both
show a decreasing trend. When the ship size is larger, the primary wave effect is relatively
enhanced, the period is longer, and the relationship between the secondary wave height
and the water depth becomes complicated. For both small and large ship size, the distance
to the hull has little effect on the primary waves, but a more significant attenuation effect on
the secondary waves. When 2NOD, the regular pattern of the change in ship waves with
distance and primary waves with water depth is similar to that when SN. The ship wave
effect of the NAB is stronger due to the superposition effect. For the two larger ships, the
primary wave effect is significantly enhanced and occupies the dominant position of the
ship waves. The secondary wave effect of the large ship is smaller than the primary wave,
and the secondary wave height tends to increase with the increase in water depth. The
possible reasons for the relationship between the secondary wave height and water depth
are discussed. The simulation results may need validation by subsequent field observation
and experiments.
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This study provides a theoretical basis and technical support for ship wave risk
assessment and ecological revetment design in the restricted waterway of the Pinglu Canal.
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Abbreviations

The following abbreviations are used in this manuscript:

SN Single-ship navigation

2NOD  Two-ship navigation in opposite directions
NAB Navigation administration boat

CS Cargo ship

UAV Unmanned aerial vehicle

Obs. Observation

CFL Courant-Friedrichs-Lewy number

MAE  Mean absolute error
RMSE  Root mean square error
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