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Abstract: Hangzhou Bay is a world-famous strong tidal estuary with an irregular coastline, unique to-
pography, numerous human activities, and complex hydro-sedimentological environment. The
Daishan-Yangshan Sea-Crossing Transport Corridor (DSTC) project is located at the mouth of
Hangzhou Bay, which is composed of multiple sea-crossing bridges, an underground tube tun-
nel, and several man-made islands. The large-scale engineering of DSTC fully connects the cities of
Shanghai, Yangshan, Daishan, Zhoushan, and Ningbo. This article discusses the morphodynamic
responses due to the construction of the DSTC based on a state-of-art numerical model system from
the perspective of its impacts on the hydro-sedimentological environment of Hangzhou Bay, as well
as on adjacent projects. This study proved that the variation range of tide level in Hangzhou Bay is
mostly within 2 cm after the implementation of the DSTC, while that of the man-made island and
piers is only within 6 cm. The tidal prism decrease percentage of Hangzhou Bay is less than 0.5%. It
does not significantly change the current field and underwater topography in Hangzhou Bay, except
near the man-made islands and the bridge. The effect of the DSTC on surrounding ports and channels
is small and limited. That is, the proposed DSTC engineering is feasible from the perspective of
morphodynamic responses. The conclusions provide a useful reference for similar large-scale estuary
construction projects.

Keywords: Hangzhou Bay; numerical model; tidal current; suspended sediment concentration;
morphology evolution

1. Introduction

A sea-crossing bridge is a super-large human engineering project across a bay or strait.
It may lead to potential hydrodynamic and sediment environmental problems such as
tidal level rise [1–3], navigable-flow velocity increases [1,4], excessive siltation in excavated
waters [5–8], and significant changes in seabed topography [9–11]. Therefore, scientific
research is needed before the implementation of such a super-large project. Its impact
should be evaluated and predicted to check its acceptability and optimize the project
design to minimize the variation in the tidal currents, sediment transport, as well as the
morphology evolution.

Hangzhou Bay is located to the north of Zhejiang Province, south of Shanghai, east
of Zhoushan archipelago, and west of Qiantang River (Figure 1). It is a famous trumpet-
shaped bay with the largest tidal range in China [12,13]. There are Qijiebamei islands,
Tanxushan Island and other islands in the bay, and it covers a water area of approximately
5000 km2. From north to south, there are Shengsi islands, Qiqu islands, Chuanhu islands,
Daxiaoqushan islands, Huoshan islands, Daishan Island, Daxiaochangtu islands, Xiushan
Island, Changbai Island, Zhoushan Island, Cezi Island, Jintang Island, and other islands
at the mouth of Hangzhou Bay. Deep tidal channels are usually formed between these
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islands, including Dajiyang, Huangzeyang, Daiquyang, Huangdayang, Hengshuiyang
and Huibieyang, which are the main channels that connect the Hangzhou Bay with the
open sea.
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Figure 1. Location of the study area and tidal prism statistical sections (Section 1: Ningbo–Zhoushan
Island, Section 2: Zhoushan Island−Daishan Island, Section 3: Daishan Island−Yangshan Island,
Section 4: Yangshan Island−Shanghai).

Hangzhou Bay is rich in natural resources such as ports and shipping. In addition to
Shanghai Port and Jiaxing Port, there are Daishan Port, Yangshan Port, and Beilun Port. In
recent years, with the increasing needs of economic development, a series of high-density
artificial engineering construction projects have been carried out in Hangzhou Bay and
its adjacent areas. At present, an island connection project from Ningbo to Zhoushan
Island and the East Sea Bridge connecting Xiaoyangshan Island and Shanghai have been
completed, and the sea-crossing project from Zhoushan Island to Daishan Island has also
been started [14]. The DSTC project proposed in this paper achieves the full connection of
Ningbo−Zhoushan−Daishan−Yangshan−Shanghai, which is of great significance.

The DSTC project starts from Daishan Island in the south and ends at Dayangshan
Island in the north. It intersects with the Daishan North Channel, East Branch of Yushan
Bridge Boat Route, Custom Route (West Branch of Yushan Bridge Boat Route), Jinshan
Channel (Recommended Route), and Caojingdong Channel in turn (Figure 2a). Apart
from the parts of the Daishan North Channel that need to be dredged, the rest are natural
channels. The DSTC consists of a 15.0 km long bridge, two man-made islands, and a 14.2 km
long underground tunnel between the two man-made islands. The Northern Man-made
Island is arranged in a planned reclamation area. The DSTC has about 388 bridge piers
with the smallest pier diameter of only 2 m.
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Figure 2. Distribution of present navigation channels and seabed sediment patterns of the studied
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Hangzhou Bay is unique and has more complexity than other bays due to its complex
topography and coastline, strong flow dynamics, and high suspended sediment concen-
tration (SSC). Therefore, the bay is of great significance to study the morphodynamic
responses of the DSTC for its optimal design. Many existing studies have been carried out
on the influence of the construction of a sea-crossing bridge on the hydrodynamic as well
as sedimentary environments [15–17]. To date, the numerical model has been an effective
tool to simulate the hydrodynamics and sediment movements of the coastal and estuary
waters [18–24]. Therefore, in this article we discuss the morphodynamic responses due
to the construction of DSTC based on a state-of-the-art numerical model system. Firstly,
the hydrodynamics and sediment environment of the engineering sea area were analyzed
based on field measurement data. Subsequently, a planar two-dimensional (2DH) model
system was established to carry out simulations on the hydro-sedimentological environ-
ment under the construction of the DSTC project. In the end, the feasibility of the DSTC was
fully evaluated from the perspective of its impacts on hydro-sedimentological environment
of Hangzhou Bay, as well as on adjacent projects. In fact, we believe this study provides
valuable experience not only as an engineering case study, but also in the construction of
similar sea-crossing bridge projects in strong current and high SSC sea areas.

2. Study Area and Methodology
2.1. Study Area

The DSTC project, which connects Daishan Island and Dayangshan Island at the
mouth of Hangzhou Bay, belongs to the estuary of Qiantang River. The water depth
of deep channels on the south side of Yangshan Island and the north side of Daishan
Island is generally between 10 and 30 m, and the water depth between deep channels
is basically between 8 and 9 m. The underwater bathymetry near the DSTC presents a
distribution trend of shallow water in the middle and deep water on both north and south
sides (Figure 2a).

According to the statistical results of the annual measurement data from the wave
station on the north side of Yushan Island (Figure 1), the dominant directions are from
NNE-SE, with the total occurrence frequency of 61.7%, and the annual average wave height
is about 0.7 m.
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Due to the limitation of the trumpet-shaped coastline and the increasing bottom
friction, the tidal amplitude gradually increases to the upstream along the Hangzhou Bay.
In the study site, the average tidal range is between 1.99 and 2.76 m, and the maximum
tidal range is between 3.90 and 5.03 m. The tidal current in the Hangzhou Bay belongs to
the regular semidiurnal pattern, which is a clockwise reciprocating flow along the coast
or deep channels (Figure 3). The tidal current in Hangzhou Bay is strong; therefore, the
measured maximum depth-averaged velocities are between 0.71 and 2.51 m/s.
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Figure 3. Indication of the main tidal current directions and locations of measurement stations.
H1–H11 are the tidal level gauging stations, V1–V26 are the tidal current and suspended sediment
concentration gauging stations).

The seabed material of the deep channels on the north side of Daishan Island and the
south side of Dayangshan Island are mainly clayey silt and sand-silt-clay. The bed material
between the deep channels is mainly clayey silt (Figure 2b). The median bed sediment
size d50 along the bridge axis of DSTC is 0.01~0.03 mm. The SSC value in the Hangzhou
Bay is generally high, which is closely related to the fact that the bed sediments are easily
entrained due to strong currents. Along the DSTC area, the mean SSCs range from 0.19 to
2.53 kg/m3.

2.2. Methodology

(1) Governing equations of numerical model

The governing equations of the morphodynamic numerical model system consist of
wave propagation, flow movement, suspended sediment transport, and seabed evolution.

∂N
∂t

+∇ · (→v N) =
S
σ

(1)

(
cx, cy

)
=

d
→
x

dt
=
→
c g +

→
U (2)
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→
U
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] (4)

where N is the wave action density; t is the time;
→
x = (x, y) is the Cartesian co-ordinate;

→
v is the propagation velocity of a wave group; S is the source term for energy balance

equation; ∇ is the differential operator; σ is the relative angular frequency;
→
U is the current

velocity vector; cg is the magnitude of the group velocity of the wave energy relative to
the current; d is the water depth; s is the space co-ordinate in wave direction; θ and m is a

co-ordinate perpendicular to s;
→
k is the wave number vector; ∇→

x
is the two-dimensional

differential operator in the
→
x space.

The tidal current equations are as follows.

∂h
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= 0 (5)
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where x and y are Cartesian coordinates; η is surface elevation; h is total water depth; u
and v are velocity components in the x and y directions, respectively; f is the Coriolis force
parameter; g is the gravitational acceleration; ρ0 is the water density; pa is the atmospheric
pressure; (τsx,τsy) and (τbx,τby) are the x and y components of the surface wind and bottom
shear stresses. Sxx, Sxy, Syx, and Syy are components of wave radiation stresses; Txx, Txy and
Tyy are components of the lateral stresses which include viscous friction, turbulent friction,
and differential advection. In the Cartesian coordinate system (x,y), the depth-integrated
non-equilibrium suspended load equation is listed in Equation (8):

∂c
∂t

+ u
∂c
∂x

+ v
∂c
∂y

=
1
h

∂

∂x
(hDx

∂c
∂x

) +
1
h

∂

∂y
(hDy

∂c
∂y

)− Fs (8)

where c is depth-averaged concentration; Dx and Dy are dispersion coefficients; Fs is the
seabed erosion and deposition function. According to Figure 2b, Hangzhou Bay is a typical
muddy coast. Sediment movement mainly exists in the form of suspended sediment with
little bed load [1,7]. The seabed deformation equation that relates to suspended load is
shown in Equation (9):

γ0
∂ηs

∂t
− Fs = 0 (9)

where γ0 is sediment dry density; ηs is seabed erosion and deposition thickness.

(2) Model Domain and Mesh Resolution

Because of the extremely complex coastline, it is necessary to establish a large-scale
model. The model range is about 280 km × 350 km. There are about 1000 islands in the
model domain, and it also considers the upstream discharge of two rivers, which are the
Yangtze River and Qiantang River.

The irregular triangular mesh system is adopted to divide the model domain including
137,610 grid nodes and 266,133 elements. The maximum spatial resolution is 10,000 m and
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the minimum spatial resolution is 1 m. Each bridge pier is treated as an independent solid
boundary (Figure 4). The water depth in the model adopts the sea chart of Hangzhou Bay
and the latest local measured data in 2017. The elevation datum system is based on Mean
Sea Level.
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(3) Key parameters

Manning coefficient: The computation domain of this paper is large; thus, the Manning
coefficient needs to be calibrated. The final used range of the Manning coefficient is from
60 to 90 m1/3/s.

Sediment Settling velocity: The typical muds settle in seawater with a form of floccu-
lated mass. The flocculation sediment settling velocity is in the range of 0.04–0.06 cm/s.
We take the average value of 0.05 cm/s in this study.

Dry density: The dry density can be determined by the following formula.

γ0 = 1750d0.183
50 (10)

where γ0 is median grain size of the suspended sediment. In this paper, d50 = 0.0078 mm,
so γ0 = 720 kg/m3.

(4) Open boundary

The open sea tidal level boundary conditions are obtained from the China Tide soft-
ware [25]. The upstream discharge of Qiantang River is set to the yearly-average value of
1468 m3/s, and the discharge of Yangtze River is directly set to the measured data provided
by the Changjiang Water Resources Commission of the Ministry of Water Resources.

(5) Model calibration

The model was calibrated using four synchronous hydrometric surveys conducted in
the Hangzhou Bay in summer (8/2017) and winter (11/2019). There were 11 tidal-level
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and 26 tidal-current and SSC stations in each survey (Figure 3). The verification of the
calculated results and the measured data of the spring tide in 2017 are shown in Figure 5.
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The comparison of local depth before and after the implementation of the reclamation
project on the north side of Daishan Island (Xiken Hill–Dongken Hill Seawall and Dongken
Hill–Daishan Seawall) is suitable for calibrating the seabed deformation (Figure 6).
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The seabed deformation verification considers the combined effects of waves and tidal
currents. The representative wave condition is predicted based on the annual measurement
data from the wave station on the north side of Yushan Island. In this paper, the wave direc-
tion of WNW-ESE which has great influence on this project is selected as the representative
wave. The waves are mainly concentrated in N-NE, ENE-ESE, and WNW-NNW directions,
and the total frequency of the three directions is 95 %.

The representative wave height and wave direction are selected according to
Equations (11) and (12):

α =
1
2

arcsin
∑ Pi H2

i Ti sin 2αi

∑ Pi H2
i Ti

(11)

H =

(
∑ H2

i Pi

∑ Pi

)
(12)

where α is the representative wave direction; Hi, Ti, Pi, αi are wave height, wave period,
occurrence frequency and wave direction angle, respectively; H is the representative wave
height.

Representative and simulated waves characteristics are shown in Table 1. The compar-
isons of calculated and measured seabed deformation at different sections are shown in
Figure 7.
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Table 1. Representative and simulated waves’ parameters.

Parameter
N-NE ENE-ESE WNW-NNW

Measured Calculated Error Measured Calculated Error Measured Calculated Error

Heights (m) 1.01 0.99 −0.02 0.95 0.98 0.03 1.25 1.22 −0.03
Periods (s) 4.4 4.4 0.0 4.3 4.2 −0.1 4.9 5.1 0.2

Directions (◦) 20 23 3 89 91 2 318 320 2

3. Results
3.1. Impact on Tidal Level

Numerical simulation results before and after the construction of the DSTC project
during spring tide show that the high tide level increases during flood tide and the low
tide level decreases during ebb tide on the southeast side of the DSTC, and the high tide
level decreases during flood tide and the low tide level increases during ebb tide on the
northwest side of the DSTC. These changes in tide levels are more sensitive near the axis of
the DSTC. According to the simulation results, the variation range of high and low tide level
in Hangzhou Bay is mostly within 2 cm (Figure 8), while that of Southern Man-made Island
and piers is only within 6 cm. The numerical simulation results during the spring tide
show that the maximum reduction rate of the tidal range near Zhapu (H9 station) is only
about 0.37%, which proves that the construction of DSTC has little impact on tidal level.
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3.2. Impact on Tidal Prism

The calculated tidal prism changes during spring tide in four sections (S1: Ningbo−
Zhoushan Island, S2: Zhoushan Island−Daishan Island, S3: Daishan Island−Yangshan
Island, S4: Yangshan Island−Shanghai) before and after the construction of DSTC are listed
in Table 2. The tidal prism of Section 1 decreases slightly with the decrease percentage
only within 0.10%. The tidal prism of Section 2 and Section 4 increases slightly, and the
increase percentage is within 0.11%. The tidal prism of Section 3 tends to decrease, and the
decrease percentage is within 1.48%. Generally, the tidal prism decrease percentage in the
four sections is less than 0.5%.
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Table 2. Variation in tidal prisms (108 m3).

Sections
Flood Tide Ebb Tide

Tidal Prism Amount of
Change

Rate of
Change (%) Tidal Prism Amount of

Change
Rate of

Change (%)

Ningbo−Zhoushan Island 94.70 −0.05 −0.05 98.10 −0.10 −0.10
Zhoushan Island−Daishan Island 57.20 0.03 0.05 56.20 0.06 0.11
Daishan Island−Yangshan Island 108.30 −0.97 −0.90 115.50 −1.71 −1.48

Yangshan Island−Shanghai 74.00 0.08 0.11 73.00 0.04 0.05
Ningbo−Shanghai 334.20 −0.91 −0.27 342.80 −1.71 −0.50

3.3. Impact on Current Field and Current Velocity

It can be clearly seen from Figure 9 that the DSTC construction has made no obvious
change to the tidal current field in Hangzhou Bay.
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before and after the DSTC, respectively).

The current fields change obviously near the Southern man-made Island (Figure 10).
The current is divided into two branches in the upstream of the Southern man-made Island.
Several large-scaled circulation flows form in the downstream with a tongue-like shape,
its width is nearly equal to the length of the Southern man-made Island and its length is
about 1.2–1.5 times of the length of the Southern man-made Island. The current velocity
on the north and south sides of the Southern man-made Island increases sharply, and the
maximum value can reach 3.2 m/s.

The current velocity on both sides of the bridge piers decreases due to a water blockage
effect (Figure 11). The current velocity in the upstream and downstream of the Southern
Man-made Island is significantly reduced, and the decreased value is between 0.01 and
0.75 m/s. The current velocity on the north and south sides of the Southern Man-made
Island increases, and the increased value is between 0.01 and 0.67 m/s. The current velocity
in the navigable channel of Daishan North Channel increases with a value of 0.14 m/s.
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3.4. Impact on Morphology Evolution

Driven by the annually averaged wave conditions and upstream discharges, we
continuously modeled the hydro-sedimentological processes and predicted the seabed
morphology evolution until the morphology reaches the equilibrium state. Figure 12
presents the final stabilized morphology evolution after the construction of DSTC project,
and in Figure 13 we also illustrate the evolution time-process of erosion and deposition at
two characteristic locations. From the simulation result it can be clearly seen that the rate of
seabed erosion and deposition (especially erosion) decreases with time. The seabed erosion
and deposition on the west side of Yushan Island and the east side of Daishan Island are
basically not affected by the construction of the DSTC. There are obvious seabed deposition
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and erosion near the Southern Man-made Island. The maximum erosion thickness and
deposition thickness is about 7.6 m and 4.7 m, respectively. The initial development of
erosion and deposition is very fast. Over time, the morphology evolution slows down and
approximately reaches a stable state of equilibrium in the 8th year.
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Figure 13. Erosion and deposition process accumulated year by year at sections D1 and S1. The
locations of sections D1 and S1 are presented in Figure 12.

The navigable span of the Daishan North Channel generally scours to a maximum
thickness of −1.5 m. The seabed deposition occurs at the beaches on both sides of the
bridge, and the deposition thickness is between 0.5 and 2.0 m.
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3.5. Impact on Harbors and Channels

No influence was found on the Shanghai Port, the Jiaxing Port, the Beilun Port, or
major channels such as Yangshan Channel, Jinshan Channel, and Caojingdong Channel.
Minor influence was found on the Yangshan Port and Daishan Port. The DSTC causes the
Daishan North Channel to scour, which is conducive to the maintenance of water depth.
There are erosion and deposition on the Custom Route and the East Branch of Yushan
Bridge Boat Route. The erosion mainly occurs on the route segment of the north side of the
Southern Man-made Island, with the maximum scour thickness of 1.4 m. The deposition
mainly occurs on the route segment of the west side of the DSTC, with the deposition
thickness within 2.0 m. In summary, the effect of the DSTC on surrounding ports and
channels is small and limited.

4. Discussion

There are many islands in the study area (more than 1000 islands), which has an
irregular coastline boundary, large tidal range, strong tidal current, and fine seabed material.
Therefore, the project area has strong sediment-carrying capacity, high suspended sediment
concentration, and complex underwater terrain conditions. Tidal channels with large water
depth (local water depth reaches more than 100 m) are often formed between islands
due to the narrow channel effect (high tidal current velocity), while muddy tidal flats are
developed in tortuous coastline areas where the dynamic condition is weak. In short, there
is a close relationship between the water depth and hydrodynamic conditions in the project
sea area [10].

The analysis of the simulation results discussed above show that the erosion and de-
position mainly occur near the DSTC until the morphology nearly reaches an equilibrium
state after approximately 8 years. The east and west sides of the Southern Man-made
Island and bridge piers would experience deposition (the maximum deposition thickness is
4.7 m). Two fan-shaped erosion areas form adjacent to the Southern Man-made Island with
a maximum erosion thickness of 7.6 m. It is worth noting that deposition mainly occurs in
areas with weakened hydrodynamics, while the erosion mainly occurs in the areas with en-
hanced hydrodynamics. It can be seen that a significant feature of engineering construction
on such high suspended sediment concentration coasts is that the hydrodynamic change
leads to great changes of morphology while new morphology can also feedback to the
hydrodynamics, which is a fully coupled process. This erosion and deposition change
developed very fast in the early stage, and the morphological evolution slowed down with
the increase of time.

According to the measured bathymetry data (1:25,000), the long-term morphology
evolution of the large-scale seabed exhibited a slightly erosive trend during 2011–2017 due
to the decrease of upstream sediment supply from the Yangtze River in recent years [26–28].
Therefore, the seabed deformation resulting from the DSTC is impressive compared to
natural evolution. Nevertheless, for the entire Hangzhou Bay, the impact of the construction
of the DSTC is still limited. The tidal prism decrease percentage is less than 0.5%. In
summary, the design of the DSTC is acceptable in terms of its effects on the surrounding
hydro-sedimentological environment.

However, it should be emphasized that the problem to be solved in this paper is the
impact of DSTC construction on the morphodynamics and hydrodynamics environment
in large-scale sea areas. Therefore, the numerical model used in this paper is a two-
dimensional large-scale shallow water model, which cannot accurately simulate the fine
local three-dimensional flow phenomena such as the horseshoe vortex and local scour
depth of the piers [29–32]. Therefore, if we focus on the local scour and protection of bridge
piers, it is recommended carrying out additional physical model tests in the future.

5. Conclusions

The DSTC, which is composed of multiple sea-crossing bridges, an underground tube
tunnel and several man-made islands, is a challenging large-scale project that is located at
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the mouth of Hangzhou Bay, China. Due to the complex shoreline boundaries and unique
topographic conditions, strong current velocity, and high suspended sediment concentra-
tion, the DSTC may lead to potential morphodynamic responses and raising environmental
problems. Scientific research is needed before the implementation of such super-large
projects. This article discusses the morphodynamic responses due to the construction
of the DSTC based on a state-of-art numerical model system from the perspective of its
impacts on hydro-sedimentological environment of Hangzhou Bay, as well as on adjacent
projects. In addition, this paper provides a useful resource for similar large-scale estuary
construction projects. Based on simulation results and discussions, several conclusions are
listed as follows.

(1) The impact of the DSTC on tidal currents is limited to its vicinity except that near
the bridge and man-made islands. It has little impact on the tidal level and tidal prism.
Once constructed, the variation range of tide level in Hangzhou Bay is within 2 cm, while
that of the man-made island and piers is only within 6 cm. The tidal prism decrease
percentage of Hangzhou Bay is less than 0.5%;

(2) The seabed scours on the north and south sides of the Southern Man-made Island,
whereas it deposits on its east and west upstream and downstream sides. The maximum
thicknesses of erosion and deposition around the island is about 7.6 m and 4.7 m, respec-
tively. The initial development of erosion and deposition is very fast. Over time, such
change slows down and basically reaches a stable state of equilibrium in 8 years;

(3) The construction of DSTC has no influence on the Shanghai Port, Jiaxing Port,
Beilun Port, and other major channels such as Yangshan Channel, Jinshan Channel, and
Caojingdong Channel. Minor influence was observed in the Yangshan Port, Daishan Port,
Custom Route and East Branch of Yushan Bridge Boat Route.

In summary, based on the simulation results, the DSTC design is feasible in terms
of the morphodynamic responses, and the morphology evolution reaches equilibrium
in 8 years. However, the numerical model applied in this article is 2DH, which is more
suitable for estimating morphodynamics on a large scale. If we focus on a more delicate
process e.g., the local scour at bridge piers, a physical model or CFD numerical model is
more appropriate.
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