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Abstract: In order to ensure the safety and reliability of the submerged tunnel covering layer at
the junction of an artificial island and tunnel under extremely bad conditions, the wave current
characteristics and the stability of the protective structure in the variable slope section were studied.
By conducting model tests, the coupling effect of wave and current is revealed in this study. The
hydrodynamic field, including the varying angles between waves and currents, is simulated in the
model test. The ratio (H′s/Hs) of the wave height and the ratio (U′/U) of the velocity with and
without the existence of a current, the relative velocity (U/C), the wave steepness (Hs/L), the relative
water depth (d/L) and the angle (α) between wave and current are obtained, and the corresponding
calculation expression is derived, by checking the test results, the empirical formula can better predict
the changes of wave height and water flow after wave current coupling. The stable weight of the
surface protection rock is obtained through an optimization test. Based on the relationship between
the stable weight of the protection rock and the wave height under the wave–current coupling
effect, a modified expression for calculating the stable weight of the armor block is derived. The
modified calculation method can support estimating the stable weight of the armor rocks of an
overburden structure of a similar immersed tunnel under the wave–current coupling effect. This
study can not only solve the practical problems of major projects of the Shenzhen–Zhongshan channel
but also provide valuable basic data and technical support for the construction of overburden of
subsea-immersed tube tunnels in the future.

Keywords: Shenzhen–Zhongshan channel project; overburden of immersed tube tunnel; wave-
current coupling; stability; model test

1. Introduction

According to incomplete statistics, more than 100 cross-sea and channel traffic tunnels
have been built abroad in the past 100 years. These cross-sea traffic tunnel construction
achievements [1–5] provide a good reference value for similar projects in China. At the
same time, as a cross-sea passage, it has the characteristics of a high traffic rate and small
impact on the environment, so its application prospect is wide.

In recent years, for long-distance cross-sea passage, a new combination mode of
connecting with subsea tunnels through a new artificial island in open waters has been
adopted. At the junction of the island and the tunnel, it is quite different from the connection
between a traditional tunnel and the near-shore land and faces many new difficulties in
design, mainly including: (1) the difficulty in obtaining the design wave elements is due to
the artificial island’s wave prevention requirements, the island’s land elevation is higher
than the extremely high water level, and the submarine tunnel needs to be connected
with it by changing the slope. After the abrupt terrain is artificially constructed, it is
easy to form the impact of wave breaking, current blocking, backwater and other local
hydrodynamic environment deterioration; (2) the difficulty in determining the stable weight
of overburden blocks is due to the construction of artificial islands in open waters and
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the existence of headlands in the joint section, which has poor wave shielding and easily
forms a concentration of wave energy. The common calculation formula of stable weight
can no longer be applied; (3) it is difficult to determine the thickness of the overburden
because the junction is located in the area of frequent water level changes, which is affected
by the uncertainty of the degree of the wave–current coupling impact. (4) It is difficult to
determine the interaction between the islands and tunnel; for the effect of the landscape,
the western man-made island connected with an immersed tunnel is designed to be similar
to the shape of traditional Chinese kites. Based on the previous research results [6], it is
found that complex boundary conditions such as wave energy concentration and vortex
negative pressure are generated at the corners and end of the island.

How to determine the stability of the overburden rock or block at the junction of the
island and the tunnel under adverse influence conditions, such as steep gradient, complex
hydrodynamic environment and the interaction between the island and the tunnel, is a very
complex subject. At this time, the stability is not only affected by the coupling of simple
waves and currents but also related to the structural cross-section type of the junction
tunnel, artificial island and island. Referring to the previous studies on the stability of
the junction between the island and the tunnel at home and abroad, very few similar
results have been obtained, most of which tend to be in the anti-scour cover of flat deep-sea
oil pipelines, as well as the stability of port breakwaters, bank revetments and bottom
protection blocks or blocks.

Achievements in the overburden of deep seabed oil pipelines are as follows. Thusyan-
than [7] obtained the method for determining the stability of rock blocks by using the
critical shear stress theory of rock block starting. Van gent and Wallast [8] carried out tests
under the combined action of wave and current and derived the calculation formula of
rock instability, which is also recommended by the CIRIA Rock Handbook [9].

S√
N

= 0.2θ3 (1)

θ =
u2

0
g∆D50

(2)

where N is the number of waves experienced in the whole design life of the rock pile; S is
loss area of the rock cross section; θ is the judgment parameter of the rock block instability;
u0 is the maximum velocity of waves on the surface of the block; ∆ is the ratio of stone
density to seawater density.

Tørum et al. [10] took the block stone covering the submarine oil and gas pipeline as
the object and obtained the critical value of the allowable instability rate. Wang [11] studied
the stability of the riprap protective layer of the Hainan networking project and gave the
stone grading; Wang et al. [12] took the riprap overburden of the Liwan 3-1 pipeline as
an example, combined with the stability of stones, and calculated the grading method
of stones that met the requirements; Wang et al. [13] conducted a physical model test
on the treatment of pipe suspension by a local stone throwing method and obtained the
stable particle size of stones at different flow rates; Xu et al. [14] determined the size of the
riprap block through calculation analysis and experimental research in the submarine cable
riprap protection project in Qiongzhou Strait. Sun [15] constructed a design method and
calculation formula for stone particle size and recommended the characteristic particle size
of stones for riprap calculation of a submarine pipeline in the South China Sea.

Achievements have been made in the stability of port breakwater and revetment toe
protection. Some researchers, at home and abroad [16–27], have studied the stability of
rock blocks at the toe protection of different structural sections of port breakwater under
the action of different medium and long-term waves and currents, obtained the stable
weight of blocks or stones and proposed the corresponding calculation formula for the
stable weight according to the test results. In the design, the formula for calculating the
stable weight of rock blocks or blocks at the toe of the slope is often given by using the
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wave height and flow velocity in the Code for Design for Breakwater and Revetment [28]
(JTS154-2018). See Equations (3)–(5) for details.

W = 0.1γb

(
γ

γb − γ

)3 H2L
N3

D
(3)

ND = 5.95− 7.15 ln
(

d + hc

d

)
(4)

U =
πH√

πL
g sin h

(
4πd

L

) (5)

where W is the stable weight of block; γb, γ is the gravity of rock block and water, re-
spectively; H is the design wave height; ND is the stability coefficient of the submerged
embankment block; L is the wavelength; d is the water depth in front of the embankment; hc
is the height of the embankment top above the calculated water level. U is the maximum
wave-generated bottom velocity in front of the embankment.

In addition, a few achievements have been made in the stability of submarine-
immersed tube tunnels; most of them mainly involve the stability of the foundation of
immersed tube tunnels under dynamic conditions such as waves and earthquakes. For ex-
ample, Chen et al. [29–31] and Kasper et al. [32] proposed that the foundation of immersed
tube tunnels will produce different response deformation under the action of waves, which
will lead to foundation liquefaction or local erosion instability.

To sum up, since the previous research results rarely involve the stability of the
blocks or stones of the overburden at the junction of the island and the tunnel, the design
boundary conditions are difficult to obtain, and the local hydrodynamic conditions are
complex, based on the above problems, a 1:40 model test study was carried out to ensure
the structural safety of the Shenzhen–Zhongshan channel-immersed tube tunnel of the
“century project”. This study can not only solve the practical problems in the project but also
provide valuable test data and references for the future construction of island-immersed
tube tunnels in China.

2. Physical Model Test
2.1. Engineering Background

The Shenzhen–Zhongshan channel is another supercluster project integrating “bridge,
island, tunnel and underwater interchange” after Hong Kong Zhuhai Macao Bridge. It is
located in the core area of Guangdong Hong Kong Macao Great Bay area and is constructed
according to the standard of a two-way eight-lane expressway. The design speed of the
tunnel is 100 km per hour. With a total length of 6.8 km, the subsea tunnel is the longest
and widest subsea-immersed tube tunnel in the world, consisting of 32 pipe sections. The
standard pipe section is 165 m long, 46 m wide and 10.6 m high. See Figure 1 [33] for the
project layout. As the frequency of extreme bad weather has increased in recent years, the
immersed tube tunnel is likely to encounter more severe natural environment tests than
the initial design conditions in the design service period. In order to ensure the safety and
reliability of the tunnel and improve the basic design data, physical model test research of
the junction of the artificial island and tunnel is carried out.
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Figure 1. Layout plan of the project.

2.2. Test Design
2.2.1. Model Design and Creation

1. Structural case

The total length of the joint between the test simulation island and the tunnel is 400 m,
including the covering layer of the E1–E3 pipe joint in the slope-changing section. The
top elevation is from the joint of the west artificial island to the elevation of −8.3 m of the
E3 pipe joint. Except for the 8000 kg Accropode block on both sides of the E1–E2 pipe
joint in the area where the water level changes frequently, the other surfaces are protected
with 1000~3000 kg block stones. The 100–200 kg block stones were used for the bottom
protection, and the slope is 1:2.

See Figure 2 for the structural section of the covering layer at the joint.
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Figure 2. Section of overburden of immersed tunnel (unit: m).

2. Model design and production

According to the provisions of the Technical Code for Simulation Test of Water Trans-
port Engineering (JTJ/T231-2021) [34], the normal model was adopted and designed ac-
cording to the similarity law of the Froude number. The scale of each physical quantity
simulated is as follows: geometric scale Lr = 1:40; time scale Tr = L1/2

r ; weight scale
Mr = L3

r ; wave force scale Fr = L3
r ; pressure scale Pr = Lr; wave height scale Hr = Lr.

The test was carried out in a 40 m wide and 40 m long harbor basin, which is equipped
with 40 light horizontal pusher wave making units, each with a width of 1.0 m. The
maximum wave making capacity of the wave maker is: the water depth is 0.5 m, the wave
height is 0~0.3 m, and the period is 0.5~3.0 s. At the same time, each unit can be freely
spliced to achieve multi-directional wave making. In order to reduce wave boundary
reflection, wave absorbers were set around the harbor basin.

The model test of the junction of the island and the tunnel includes two parts, namely,
the 400 m long E1–E3 immersed tube tunnel and the 630 m long west artificial island. The
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terrain within the simulation range was copied by the pile point method, with a height of
1.0 × 1.0 m, and the elevation was controlled by level; the shape of the west artificial island
and immersed tube tunnel was controlled by erecting the broken plate, and the shape was
reduced by a geometric scale of 1:40. All errors met the requirements of the test procedures.
See Figure 3 for the model creation.
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2.2.2. Working Condition Design and Boundary Simulation

1. Test condition design

Determination of water level: considering the influence of the stability of overburden
blocks in the water level fluctuation area, four water levels, namely, 3.61, 1.89, 0.56 and
−1.41 m, were selected according to the tidal level change in the project sea area. Wave
determination: the wave element adopts the result corresponding to the water level. As
for wave direction, the frequency of wave occurrence in the project sea area is high, and it
has the most adverse impact on the stability of the overburden block or rock block at the
junction. Therefore, three wave directions with angles of 45◦, 90◦ and 135◦ with the axis
from the island to the immersed tube tunnel were selected. Determination of water flow:
according to the tidal current change in the project sea area, the most unfavorable to the
stability, U = 1.20 m/s, was selected, and the constant flow mode was adopted. The water
flow direction is in accordance with the rising and falling tide direction of the project sea
area, i.e., the included angle with the axis from the island to the immersed tube tunnel is
45◦, 90◦, 135◦, 225◦, 270◦ and 315◦. That is, the simulated water flow direction and the three
wave directions are in the same direction and reverse direction, respectively. See Table 1 for
the summary test conditions.

Table 1. Test conditions (note: the values in the table are prototype values).

Direction
(◦)

Water
Level (m)

Wave Current

H1% (m) Hs (m) TP (s) Direction/(◦) Velocity/(m/s)

45

3.61 4.15 2.88 7.90

45◦/225◦ 1.20
1.89 3.80 2.64 7.57
0.56 3.72 2.60 7.44
−1.41 3.43 2.40 7.21

90

3.61 4.12 2.87 7.89

90◦/270◦ 1.20
1.89 4.06 2.83 7.84
0.56 3.97 2.77 7.66
−1.41 3.79 2.65 7.59

135

3.61 3.96 2.75 8.88

135◦/315◦ 1.20
1.89 3.84 2.67 8.75
0.56 3.62 2.53 8.26
−1.41 3.12 2.17 7.89
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2. Environmental simulation and methods

Wave simulation: irregular waves were used in the test, and according to the wave
characteristics of the sea area of the project, the provisions on the wave spectrum in the
Code of Hydrology for Harbor and Waterways (JTS145-2015) [35] were adopted. After the
demonstration, the JONSWAP spectrum was determined to be the final spectrum (γ = 3.3).
The number of irregular waves in each simulation was more than 120, and the simulation
was repeated three times. The wave height and period error are controlled within ±2%
of the specification. For the stability verification of blocks or stones, according to the
requirements of the specifications, the duration of wave action shall not be less than 3 h.

Water flow simulation: 1#~6# reversible pumps are arranged on both sides of the
harbor basin by using the intelligent control system of tidal current, and the different
rotational speeds of the pumps were adjusted by controlling the frequency of each pump,
so as to achieve the required water flow size and direction in the test basin.

Wave–current coupling simulation: before the test, the wave and current were cal-
ibrated, respectively, and the test wave height error was controlled within ±2% of the
specification. During the test, the flow pattern required for the test was controlled in the
harbor basin, and then the previously calibrated waves were superimposed and coupled
under this state. Meanwhile, the TK2008 wave height collector and current meter indepen-
dently developed by the company were used to monitor the wave height and flow velocity
in the whole process.

2.2.3. Layout and Method of Measuring Points

The arrangement of wave height and water flow measurement points: within the
simulation range of E1–E3 pipe joints, 9 measurement points were arranged along the
tunnel axis at 3 sections. See Figure 4 for the arrangement of measurement points. The test
data were monitored and analyzed by the TK2008 wave height acquisition system, and the
test results were obtained.
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Judgment method of block or rock stability: the judgment standard of block instability
is that the block falls or the displacement accumulation exceeds half of the maximum
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geometric scale of the block. The stability standard of rock blocks is that a small number of
rock blocks are allowed to swing in situ under the action of waves, individual rock blocks
are displaced, and the bottom protection surface is stable without obvious deformation.
D (%) is used for the statistics of rock block instability. The calculation formula is shown
in Formula (6). The statistical method is to count the number of rock block instabilities in
each section and calculate the instability rate by comparing the photos taken before and
after the test.

D =
Ndis

Ntotal
× 100% (6)

where D is the total instability percentage; Ndis is the number of unstable rock blocks in
each section; Ntotal is the total number of rock blocks in the corresponding section.

3. Results
3.1. Wave Current Characteristics and Variation Law of Joint

For the junction of the island and the tunnel, it can be seen from the wave height
and velocity results obtained from the test that the upstream side of the immersed tube
tunnel is larger than the downstream side. See Table 2 for the wave height and velocity
results of the measuring points on the upstream side under the most unfavorable working
conditions of extreme high and low water levels. As can be seen from the table: (1) For
wave height, the E3 position is smaller than the E1 position near the island, but affected
by the steep gradient, the wave along the way is broken and the wave height decays
quickly. For the flow rate, on the contrary, the E3 position is larger than the E1 position.
(2) Influence of wave current angle: 1© for a wave current in the same direction, compared
with a single wave, affected by the flow velocity, the wave height decreases by 10~20%, but
the wavelength increases by 15~25%. The effect on the water flow is the opposite. At this
time, after the water flow superimposes the wave velocity, the water flow velocity increases
as a whole, with an amplitude of 30~40% compared with the wave velocity. 2© For the wave
current reversal, compared with the single wave, the wave height increases by 20~45%,
and the wavelength decreases by 10~20% due to the water jacking. When the wave velocity
is superimposed on the corresponding water flow, the wave velocity decreases by 10~35%.
3© For the wave–current coupling, the wave velocity is still the main factor in the local

velocity change. (3) Comparing the results of wave current angles of 45◦, 90◦ and 135◦, the
amplitude of wave height change is 90◦ > 45◦ > 135◦. The change in amplitude of flow
velocity result is 90◦ > 135◦ > 45◦.

Table 2. Results of wave height and velocity at the junction under different wave–current couplings.

W.L (m) Conditions
Hs (m) Coupling Velocity of Wave and Current (m/s)

P1 P2 P3 V1 V2 V3

0.56
90◦ wave 2.72 2.47 2.62 2.67 3.78 6.18

90◦ wave + 90◦ current 2.61 2.17 2.25 4.06 5.22 8.16
90◦ wave + 270◦ current 4.21 3.06 3.01 1.23 3.21 5.81

3.61
90◦wave 2.63 2.55 3.02 4.79 5.32 6.14

90◦ wave + 90◦ current 2.36 2.19 2.59 5.51 7.07 8.04
90◦ wave + 270◦ current 3.99 2.99 3.38 4.07 4.73 5.89

0.56
45◦ wave 2.50 2.34 3.01 2.66 3.76 6.12

45◦ wave + 45◦ current 2.35 2.16 2.59 4.68 4.93 7.29
45◦ wave + 225◦ current 3.3 2.77 3.31 1.33 2.9 5.45

3.61
45◦ wave 2.42 2.42 3.47 4.79 5.33 6.14

45◦ wave + 45◦ current 2.32 2.21 2.84 5.8 6.71 7.18
45◦ wave + 225◦ current 3.02 2.72 3.75 4.5 4.31 5.46

0.56
135◦ wave 1.87 2.02 1.6 2.05 5.58 5.74

135◦ wave + 135◦ current 1.83 1.86 1.42 3.28 7.32 6.78
135◦ wave + 315◦ current 2.97 2.36 1.76 0.78 4.36 5.05

3.61
135◦ wave 2.16 2.54 2.03 4.56 6.75 6.49

135◦ wave + 135◦ current 2.05 2.28 1.81 5.47 8.43 7.6
135◦ wave + 315◦ current 2.68 2.81 2.17 3.65 5.53 5.78
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In order to further analyze the wave current characteristics of the steep slope section
at the junction, the relationship between the wave height, velocity change rate (H′s/Hs,
U′/C) and U/C, Hs/L, d/L under the wave–current coupling and single wave conditions
is established, as shown in Figure 5. It can be obtained from the figure that: (1) for the
wave current in the same direction, H′s/Hs, the reverse U′/C value of wave and current,
are all less than 1.0, with a change rate of 0.8~0.95. Comparing the effects of U/C, Hs/L,
d/L on wave height and velocity change rate, the sensitivity of d/L is stronger than that of
U/C and Hs/L. According to the trend of wave height and velocity change rate, H′s/Hs
is positively proportional to U/C and Hs/L and inversely proportional to d/L. (2) For
the wave current in reverse H′s/Hs, the U′/C value of the wave and current in the same
direction, with a change rate of 1.1–1.5, and the slope of change are significantly increased
compared with that of waves in the same direction.
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In order to further analyze the change rule of the wave spectrum after wave–current
coupling at the junction of the island and tunnel, the wave measuring point in the middle
of the combination of island and tunnel is selected, and the relationship between incident
wave spectrum and wave current spectrum before and after wave–current coupling is
given, as shown in Figure 6. As can be seen from Figure 6: (1) Compared with the three
wave–current coupling angles, when the wave is 90◦, the wave spectrum changes the most,
and the minimum is a 45◦ wave; (2) compared with the incident wave, the wave spectrum
energy increases to 1.7 times when the wave current is reversed and decreases to 0.8 times
when the wave current is reversed.
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3.2. Stability of Overburden Blocks or Stones

Based on the wave current characteristics of the above-mentioned junction, it can
be seen that when the wave current has different included angles, the wave height and
water flow increase significantly compared with the design. Meanwhile, complex wave
conditions such as wave breaking and water level blocking occur in the variable slope
section (see Figure 7a), which has a great impact on the stability of the overburden block
or rock block. According to the experimental observation, the stability of the overburden
in the E1 immersed tunnel with the most frequent water level fluctuation area is most
affected. After the continuous wave action for 6 h, the instability numbers D (%) of the
1000~3000 kg protection block and 100~200 kg bottom protection block are 0.39% and
1.69%, respectively. According to the Code for Design of Breakwaters and Revetments
(JTS154-2018) [28], the allowable instability rate is 1.0~2.0%. Therefore, it is considered that
the block is stable. However, the first row of 8000 kg Accropode at the toe of the wave-facing
side of the immersed tube tunnel loses the support of the seaside directional force and
becomes unstable due to the wave suction generated by the wave trough (see Figure 7b).
Through the optimization scheme of adding prism blocks weighing 800–1000 kg in front of
the block, that is, increasing the support force of the outermost block and taking measures
to shield and dissipate waves, the 8000 kg Accropode is stable under the wave–current
coupling action, meeting the design requirements.
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Figure 7. Wave state and stability after wave–current coupling.

According to the stability of the overburden at the junction of the island and the tunnel,
the area with the greatest impact on the stability after the wave–current coupling is: (1) the
E1 pipe section area where the water level changes frequently at the junction; (2) block
stones at the toe of the slope on the upstream side of the slope-changing section of the
E1–E2 pipe joints; (3) the most unfavorable conditions leading to the block stability are
90◦wave + 270◦ flow. The main reasons are analyzed as follows: (1) According to the test
results in Table 3, under this condition, the wave height at the junction of the island and
the tunnel changes the most. According to the block stability weight formula (3) in the
paper, the block weight is in direct proportion to the square of the wave height, so the
change in the wave height will quickly cause the weight change; (2) in addition, the block
stability test results also show that the large wave height has the greatest impact on the
block stability; (3) at the same time, according to the author’s previous research results on
block stability, wave height is one of the main factors causing block rock instability.
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Table 3. Revision of design wave height cumulative frequency standard.

Type Position Design
Content

Design Height
F (%)

Revised Standard

Wave Current Reversal Wave Current Co Direction

Ki Height Ki Height

Vertical wall,
pier

Superstructure, wall
body, pier

strength,
stability H1%

1.2–1.6

1.2–1.6 H1%

0.75–0.95

H5%

Subgrade bed, bottom
protection rocks stability H5% H1% H13%

slop

Breast wall,
embankment top block

strength,
stability H1% 1.2–1.6 H1% H5%

Armor blocks, rocks stability H13% or
H5%

H5% or
H1%

H or
H13%

Bottom protection
rocks stability H13% H5% H

3.3. Calculation Method and Analysis of Stable Weight

1. Calculation method of wave height and velocity under wave–current coupling

Based on the above change rules, for the test results of H′s/Hs, U′/C under wave–
current coupling, in order to facilitate engineering calculation, empirical Formulas (7)
and (8) between H′s/Hs, U′/C and U/C, Hs/L, d/L, wave current angles are derived by
referring to the test data. The calculation methods of H′s/Hs, U′/C are as follows:

H′s
Hs

= 0.93 + 1.6 sin(α)
[

0.78
(

Hs
L

)
− 0.19

(
d
L

)
− 0.06

(
Hs
L

)]
+ 0.25δ sin(α)

(
Hs
d

)
(7)

U′

U
= 0.95 + sin(α)

C
U

+ 0.45δ

(
Hs
L

)
= 1 +

sin(α)
U

√
2πg

L
tanh

(
2πd

L

)
+ 0.85δ

(
Hs
L

)
(8)

where α is the included angle between the wave, current and immersed tunnel axis (◦). δ is
the wave current direction influence coefficient, take 1.0 for the same direction and −1.0 for
the reverse direction. The meaning of other letters is the same as above.

In order to check the accuracy of the calculation Formulas (7) and (8), two sets of
90◦and 180◦ test data are used to calculate H′s/Hs and U′/U, and the test values and
calculation results are shown in Figure 8. It can be seen from the figure that the data are
basically located on both sides of the 45◦ slope line. In addition, the correlation analysis
of the two sets of data shows that the correlation between H′s/Hs and U′/U reaches
more than 0.8 and 0.75, which indicates that the newly proposed empirical calculation
Formulas (7) and (8) can better predict the changes in wave height and water flow after
wave–current coupling.
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2. Revision of calculation method for the stable weight of block or rock

Referring to the calculation method of the stable weight of blocks or stones, it can be
seen that the calculation formula mainly uses two expressions related to wave height or
flow velocity. Therefore, for the revision of the calculation method, the change range of
wave height or flow velocity is revised by introducing the influence coefficient Ki so as to
achieve the goal of revising the calculation method.

1© For the revision of the calculation method of the stable weight expressed by the
wave height, that is, the revision of the design wave height standard, in combination with
the requirements of the Code of hydrology for Harbor and Waterways (JTS145-2015) [35],
and for the strength and stability calculation of hydraulic structures, the wave train ac-
cumulation frequency standard of the design wave height under normal conditions is
determined according to the provisions in Table 3. However, after the wave–current cou-
pling, the change rate of increase or decrease in wave height under different conditions
is obtained. Therefore, the cumulative frequency standard of wave train of design wave
height should be adjusted accordingly with the change in wave height, and the cumulative
frequency standard of design wave height after adjustment can be finally obtained by using
the conversion relationship (9) between the cumulative frequency and wave height. See
Table 3.

HF = H
[
− 4

π

(
1 +

1√
2π

H∗
)

ln F
] 1−H/d

2
(9)

where HF is the wave height with the cumulative frequency F; H is the average wave height.
Similarly, the current Formula (3) can also be revised by using the adjustment coeffi-

cient in Table 3. See Formula (10) for the revised calculation method.

W = 0.1γb

(
γ

γb − γ

)3 (H′)2LP

N3
D

= 0.1γb

(
γ

γb − γ

)3 (Ki H)2LP

N3
D

(10)

2© for the revision of the calculation method of the stable weight expressed by the flow
velocity, the research results are also used to achieve the revision goal of the calculation
method by revising the design flow velocity value. Similarly, according to the requirements
of the Code of Design for Breakwaters and Revetments (JTS154-2018) [28], the maximum
wave bottom flow velocity in front of the breakwater toe is specified to determine the stable
weight of the bottom protection block. The stable weight of the bottom protection block is
determined according to Table 4. According to the test results of the flow velocity change
after the wave–current coupling, adjust the stable weight of the bottom protection block, as
shown in Table 4.

Table 4. Revision of stable weight of bottom protection block.

Design Value Revised Value

Maximum Wave
Bottom Velocity

(m/s)

Stable Weight of
Rock (kg)

Wave Current Reversal Wave Current Co Direction

Ki Weight (kg) Ki Weight (kg)

2.0~2.5 60~100

1.15–1.45

100~200

0.70–0.90

Less than 60

2.6~3.0 100~200 200~300 60~100

3.1~3.5 200~300 300~400 100~200

3.6~4.0 300~400 400~600 200~300

4.1~4.5 400~600 600~800 300~400

4.6~5.0 600~800 Greater than 800 400~600
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In addition, for the calculation method of the stable weight of blocks or stones, the
adjustment coefficient Ki method is also used to revise the current calculation method. See
Formula (11) for the revised calculation method.

W =
π

6
γsD3

50 =

[
(Ki ×U)2

2gc2 γs−γ
γ

]3

(11)

where c is the stability coefficient of rock block movement, taking 1.2 for the horizontal
bottom slope and 0.9 for the inclined bottom slope.

4. Discussion

Based on the above experimental research results and considering the complexity
of wave–current coupling, further research is needed in the future, mainly as follows:
(1) only three representative wave directions with high frequency at the project location
are selected in the paper, and the actual natural conditions have multi-directional effects
on the wave current characteristics and stability, so the multi-directional wave–current
coupling characteristics and stability research can be carried out for the island component
junction in the next step. (2) The determination of the stable weight of the blocks or stones
is also related to whether the waves are broken and the different positions of the structures.
According to the requirements of the current specifications, the stable weight of the broken
area still needs to be increased by no less than 25%; at the embankment head or the wave
energy concentration position, the weight still needs to be increased by no less than 30%.
Therefore, for the determination of the stable weight of blocks or stones, the designer needs
to combine the actual situation of the project and comprehensively consider the influence
of many factors to propose a reasonable stable weight. (3) When the derived empirical
formulas H′s/Hs and U′/U are applied, if there are prototype observation data, they can be
further improved according to the actual results.

Through the test, it can be concluded that it is very necessary to use a physical model
test for the stability study of the special area of the island component joint.

5. Conclusions

For the long-distance cross-sea passage, a new combination of an artificial island and
subsea tunnel is adopted. Due to the few research results on wave current characteristics
and overburden stability at the junction of an island and tunnel, and the difficulty in
obtaining boundary conditions in design, a 1:40 model test is carried out to ensure the
structural safety of the immersed tube tunnel of the Shenzhen–Zhongshan channel of the
“century project”. The following results are obtained:

(1) Wave current characteristics and change rules at the junction of the island and the
tunnel: 1© for wave height, the E3 position is smaller than the E1 near the island, and the
velocity is the opposite; 2© the change values of H′s/Hs in the same direction and U′/U in
the opposite direction of the wave current are between 0.8 and 0.95, whereas the change
values are between 1.1 and 1.5; 3© comparing the results of wave current angles of 45◦,
90◦and 135◦, the variation amplitude of wave height is 90◦ > 45◦ > 135◦. The change in
amplitude of flow velocity result is 90◦ > 135◦ > 45◦.

(2) Stability of overburden block: the instability number D (%) of the 1000~3000 kg
block and 100–200 kg bottom protection block is 0.39% and 1.69%, respectively, meeting
the requirements of the specification. However, 800 kg Accropode at the toe of the slope
is unstable and stable after adopting the optimized scheme, which meets the design re-
quirements. The most unfavorable conditions leading to the block stability are 90◦ wave +
270◦ flow.

(3) The wave height, flow velocity calculation method and stable weight are revised.
1© Empirical formulas H′s/Hs and U′/U are derived, which meet the accuracy requirements

after verification by test results. 2© The adjustment coefficient Ki after wave–current
coupling is used to revise the existing formula, but in view of the complexity of wave–
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current coupling, if there is prototype observation data during application, it can be further
improved according to the actual results.

This study can not only solve the practical problems in the project but also provide
valuable test data and technical references for the construction of immersed tube tunnels
on islands in the future.
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