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a b s t r a c t

The tension of cables and motion response significantly affect safety of an immersed tunnel element in
the immersion process. To investigate those, a hydrodynamic scale-model test was carried out and the
model experiments was conducted under wind, current and wave loads simultaneously. The immersion
standby (the process that the position of the immersed tunnel element should be located before the
immersion process) and immersion process conditions have been conducted and illustrated. At the
immersion standby conditions, the maximum force of the cables and motion is much larger at the side of
incoming wind, wave and current, the maximum force of Element-6 (6 cables directly tie on the element)
is larger than for Pontoon-8 (8 cables tie on pontoon of the element), and the flexible connection can
reduce the maximum force of the mooring cables and motion of element (i.e. sway is expecting to
decrease approximate 40%). The maximum force of the mooring cables increases with the increase of
current speed, wave height, and water depth. The motion of immersed tunnel element increases with
increase of wave height and water depth, and the current speed had little effect on it. At the immersion
process condition, the maximum force of the cables decrease with the increase of immersion depth, and
dramatically increase with the increase of wave height (i.e. the tension of cable F4 of pontoons at wave
height of 1.5 m (83.3t) is approximately four times that at wave height of 0.8 m). The current speed has
no much effect on the maximum force of the cables. The weight has little effect on the maximum force of
the mooring cables, and the maximum force of hoisting cables increase with the increase of weight. The
maximum value of six-freedom motion amplitude of the immersed tunnel element decreases with the
increase of immersion depth, increase with the increase of current speed and wave height (i.e. the roll
motion at wave height of 1.5 m is two times that at wave height of 0.8 m). The weight has little effect on
the maximum motion amplitude of the immersed tunnel element. The results are significant for the
immersion safety of element in engineering practical construction process.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Underwater transportation plays an important role in modern
transportation, and the immersed tunnels has been extensively
used in underwater transportation. To ensure the safety

underwater transportation, the tunnels should have enough
strength to resist different environmental load. Many researches
have been conducted for the immersed tunnels from different as-
pects, such as from seismic response, underwater interfacing, anti-
seismic structure, and foundation treatment (Anastasopoulos et al.,
2007; Do et al., 2015; Du et al., 2009; Li et al., 2014). Indeed, with
the rapid development of underwater transportation engineering,
the large-scale immersed tunnel project has been proposed. For the
large-scale immersed tunnel, the installation technique is
extremely complicated due to the varied hydrodynamics in sinking
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procedure.
In the immersion process, an immersed tunnel element is

affected by waves and moves in six degrees of freedom. If a long
period wave is encountered, the immersed tunnel element may
produce large movements, resulting in a sudden increase in the
tension of mooring and hoisting cables. Controlling the maximum
force of the cables and themotion response of the immersed tunnel
element is significant for underwater positioning installation.

For the motion response of an immersed tunnel in sinking
procedure, several researches have been conducted. Chen et al.
(2009a, b) studied the responses of an immersed tunnel element
under incident wave based on linear wave diffraction theory and a
three-dimensional source distribution method. The results showed
that wave loads acting on the immersed tunnel element are rela-
tively large near the free surface, and decrease as the immersion
depth of the tunnel element increases. The motion responses of the
tunnel element are similarly larger near the free surface, and
decrease as the immersion depth increases. Yang et al., 2015; 2017)
studied the dynamic motion response of an immersed tunnel
element suspended by a double barge under irregular wave con-
ditions. Based on the experimental results and numerical simula-
tions, the effects of wave conditions and the mechanical properties
of the immersed tunnel element barge system under irregular sea
conditions were discussed. Similarly, an unmoored tunnel element
in irregular waves was conducted by Zuo and Wang (2015). The six
degrees of freedom motion of the immersed tunnel element and
twin-barge model were calculated in a similar approach, as
described by Harnois (2015), using frequency-dependent data. The
results indicated that the motion response of tunnel elements in-
creases as the depth of submergence decreases, and the barges and
tunnel-barge systems play a key role in the influence of wave
conditions on tunnel movement. Huang et al. (2015, 2019) used
experimental and numerical simulation methods to investigate the
motion responses of an immersed tunnel elements and the tension
of mooring lines under random wave conditions. The dynamic
response of the immersed tunnel element was the most serious in
the process of freeboard elimination. Then the coupled mechanism
of the tunnel immersion system was conducted. To address the
coupling effect, synchronous measurements have been conducted
on the tunnel/rig motions and the suspension tensions during
freeboard elimination. The results indicate that the coupling effect
between the tunnel and rig is not only subjected to thewave height,
but also the wave period. Recently, Song (2021) considered the wall
effect on motion during the near-seabed immersion stage, a 3D
experiment was conducted. The near-wall effect of the seabed is
closely associated with the roll of the tunnel element, and thereby
has a strong dependence on the incident wave height, wave period
and wave obliquity.

Hydrodynamics of an immersed tunnel in sinking procedure
similarly receives much attention. Zhan (2001) conducted an
experiment to study the dynamic responses of an immersed tunnel
element pontoon system in river environments. The results indi-
cated that the effects of waves should be considered in immersed
tunnel element towing and immersion near the free surface. To
meet the requirements of floating transportation, the stability of an
immersed tunnel element under a wave load has been studied in
detail, based on model tests and numerical simulation by Kasper
(2008). Xiao (2010) conducted mooring, towing, and installation
experiments of immersed tunnel elements across the Yong River in
a basin to investigate the tensions of lines and motions. The test
results showed that the effect of the water depth on the tension of
mooring lines is greater in countercurrent condition than in a
collinear condition. Song (2014; 2016; 2021) conducted a
comprehensive experiment to investigate the mechanical proper-
ties of an immersed tunnel element and pontoon system under the

combined effect of waves and current. The experimental results
showed that the tension of mooring lines is closely related to the
speed of current, angle, and wave parameters. The measured
maximum tensions on mooring lines increased with the wave
period and reached a local maximum at a certain period. Sung
(2015) proposed a theoretical method to accurately achieve the
rational design of a submerged floating tunnel element, and to
estimate water dynamics, and He verified the method by physical
model tests in wave tanks. A boundary element method combined
with the Morison formula was used by Kunisu (2010) to calculate
the wave load on a submerged floating tunnel, and the calculation
result was proved by experimental results. He studied a circular
submerged floating tunnel with parallel mooring lines. For the
actual design of a submerged floating tunnel, the hydrodynamic
behavior of a submerged floating tunnel with a variety of mooring
types should be studied. Besides that, the seabed condition has
been ignored in previous researches, and which will affect the
mooring of the cables and influent the motion of the tunnels. In
addition, the wind, wave and current load have not been simulta-
neously conducted in previous researches.

In present study, a hydrodynamic scale model test was carried
out. To simulate the seabed condition, a base trench model have
been added. To meet the realistic sea environment, the wind, wave
and current loads have been simultaneously applied. Two different
mooring types have been introduced. The paper is organized as
follows: Section 2 of the paper describes the experimental model
and method, including the similarity criteria, test model, and test
facility. In Section 3, the experimental results from the immersion
standby are presented and discussed. Section 4 describes the study
of the tension of mooring and hoisting cables, and themotion of the
immersed tunnel of the immersion process. Conclusions and a
discussion of future work are provided in Section 5.

2. Model test in the towing tank

2.1. Experimental criteria

According to the concept of relative motion and similarity the-
ory, a hydraulic model of the immersed tunnel element was carried
out. The model test should satisfy the following criteria:

(1) Geometric similarity: the immersed element, two pontoons,
and the seafloor should be constructed to the same scale.

Ls
Lm

¼ Bs
Bm

¼ Hs

Hm
¼ l (1)

where L is the length, B is the width, H is the height and is the scale
ratio, subscripts of “s” and “m” refer to prototype and model
respectively.

(2) Motion and mechanical similarity: the motion and dynamics
are assumed to be dominated by inertia, and the viscous
effect is negligible.

Frs ¼ Vsffiffiffiffiffiffiffiffiffi
gsLs

p ¼ Vmffiffiffiffiffiffiffiffiffiffiffiffi
gmLm

p ¼ Frm (2)

where Fr is the Froude number, V is the flow velocity, g is the
gravity.

(3) Mooring cables similarity: the mooring cables should be
produced according to geometric, inertial, and elastic
similarity.
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ls
lm

¼ ds
dm

¼ l ;
ws

wm
¼ ks

km
¼ l2 (3)

where l and d is the length and diameter of the cable, w is the mass
per unit length, k is elastic coefficient.

According to the Geometry, Motion, mechanical and Mooring
cables similarity. The scales for various physical quantities are
summarized in Table 1.

2.2. Experimental method and equipment

The tests were conducted in the towing tank at Wuhan Uni-
versity of Technology in China, which can provide wind, wave, and
current simultaneously. The length, wide and depth of the towing
tank was 132 m, 10.8 m and 2 m, respectively. The wind was
generated by a wind-making device. A flap type wave generator
was installed at the end of the towing tank to generate the desired
waves. Absorbing materials were set on both sides and in front of
the towing tank to minimize the wave reflection. Based on the
principle of relative motion, the element model was connected to
the carriage and the velocity of current was equal to the moving
speed of the carriage. Fig. 1 shows the main equipment in the
experiments.

2.3. Experimental model

2.3.1. Immersed tunnel element mode
The immersed tunnel elementmodel wasmade of steel, with six

ballast tank and eight bollards. The mechanical properties of the
immersed tunnel element model, such as weight, weight distri-
butions, center of gravity, radii of inertia, and center of buoyancy,
were set and calibrated based on the prototype values. In present
study, according to the experimental requirement and basic con-
dition of towing tank, the model test scale ratiowas 40. Tomaintain

the motion and mechanical similarity, the same scale ratio is
applied for pontoon, cable and base trench model. The main pa-
rameters of the prototype and test model for the immersed tunnel
element are given in Table 2. The testmodel of the immersed tunnel
element is shown in Fig. 2.

2.3.2. Pontoon model
The immersed tunnel-pontoon system consists of an immersed

tunnel element and twowooden pontoons. The wooden pontoon is
constructed by two barges and one connecting bridge. The model
test scale ratio of wooden pontoons is the same as that of tunnel
model. The main parameters of the prototype and the test model
for the barges are given in Table 3, the width of the connecting
bridge is a little larger than that of tunnel model. The test model of a
pontoon is shown in Fig. 3, which is different from that of Yang
(2015; 2017).

2.3.3. The cables model
Two types of cables were used in themodel test: mooring cables

and hoisting cables. Based on the selected prototype cable and
cables similarity, the theoretical parameter can be obtained, and
then manufacturing and testing the mechanical characteristics.
Mooring cables mainly include positioning mooring cables for

Table 1
Summary of scales for different physical quantities.

Definitions Item Symbol Scale

Linear dimension water depth, wave height, heave, surge, sway, etc. Ls=Lm l

Velocity Speed, etc. Vs=Vm l1=2

Angle Roll, pitch, yaw, etc. as=am 1
Time Wave period, etc. Ts=Tm l1=2

Force Gravity, mooring tension, etc. Fs=Fm l3

Density e rs=rm 1
Volume e Vs=Vm l3

Moment of inertia e Is=Im l4

Fig. 1. Main equipment in the experiment.

Table 2
Main parameters of the prototype and test model for the immersed tunnel element.

Definition Symbol (unit) Value

Prototype Model

Length L (m) 180 4.5
Width B (m) 37.95 0.95
Height H (m) 11.4 0.285
Draft T (m) 11.1 0.2775
Freeboard F (m) 0.3 0.0075
Weight D (t) 76,800 1.2

H. Wu, C.-K. Rheem, W. Chen et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 889e901

891



pontoons and immersed tunnel element. The mooring cables for
the immersed tunnel element and pontoons were made by com-
bination of the thin steel wires, calibrated linear spring, and clump
weights, which simulated the actual dimensions and axial elastic-
ity. The diameter was 52 mm, the mass was 12.06e13.42 kg/m, and
the tensile strength was approximate 1,770e2518 MPa. The cali-
bration of the cables was conducted before each test. Fig. 4 provides
an example of the theoretical and test results of the mooring cables
for a pontoon, agreement between the test and theoretical results
can be achieved. Fig. 5 shows a photograph of the mooring cables
for pontoons.

The general steel cable was used for hoisting cables. The diam-
eter was 120 mm, the mass was 60.2 kg/m, and the tensile strength
was 1770 MPa. Hoisting cables mainly bear the sinking weight of
the immersed tunnel element during the immersion process. The
telescopic deformation of the hoisting cables was ignored due to
the quasi-static process.

2.3.4. Tunnel base trench model
To simulate seabed conditions and different water depths, two

base trench structures with 22 m and 45 m water depths were

made, and these were installed under the towing carriage. The base
trench structures were made in the same scale ratio as the
immersed tunnel element model; enough rigidity was considered
to avoid vibration, and prevention walls were set at both sides in
the direction of motion. Fig. 6 shows the 45 m base trench struc-
tures and the connection with the towing carriage.

3. Experiment of immersion standby

3.1. Test description

Before the immersion process, the position of the immersed
tunnel element should be located, and this process is called im-
mersion standby. During the stage of immersion standby, the
immersed tunnel element was held by two pontoons and a certain

Fig. 2. Photograph of the model tunnel element.

Table 3
Main parameters of the prototype and test model for the barges.

Definition Symbol (unit) Value

Prototype Model

Length L (m) 36 0.9
Width B (m) 9 0.225
Height H (m) 9 0.225
Draft T (m) 4.8 0.12
Weight D (t) 1455 0.0227

Fig. 3. Photograph of the pontoon model.

Fig. 4. Elastic curve of mooring cables for pontoons.

Fig. 5. Photograph of mooring cables for pontoons.
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number of mooring cables. Based on engineering experience, the
following two position mooring methods were used for the im-
mersion standby test.

M1: Element-position mooring method. This method was to fix
the immersed tunnel element by mooring cables of #1-#6, called
Element-6. The mooring system consisted of four transverse cables
(#1e4) restricting the sway motion. Two longitudinal cables
(#5e6), and the anchor point of the cables was set in the base
trench, as shown in Fig. 7(a).

M2: Pontoon-position mooring method. The immersed tunnel
element was held by two pontoons, which were fixed by eight
mooring cables F1eF8, called Pontoon-8, as shown in Fig. 7(b). In
addition, two types of connection, rigid and flexible, were used
between pontoons and the immersed tunnel element.

In the experiments, the wave heights were measured using
wave probes with an accuracy of ±2 mm, placed at specified loca-
tions in the towing tank. This experiment was mainly about the
measurement of tension and the motion of the immersed tunnel
element at each position for different wind and current speeds,
wave heights, and water depths in different base trenches. Fig. 8

Fig. 6. 45 m base trench model.

Fig. 7. Two position mooring methods.

Fig. 8. Sketch of experimental setup.
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shows a sketch of the experimental setup. The tension of the
mooring cables was measured by a waterproof load detector. The
motion of the immersed tunnel element was measured by a QTM
optical contactless system consisting of two parts: a motion-
sensitive camera system and a photosensitive sphere. The camera
system included several high-speed cameras, which were installed
at fixed positions on the towing carriage. The photosensitive
spheres were fixed on the test object, and several photosensitive
spheres constructed a rigid body. The response of the immersed
tunnel element model was obtained by measuring the motion of

the rigid body. The layout of the test model with a 45 m base trench
is shown in Fig. 9.

3.2. Test matrix

According to the Froude similarity criterion with a length scale
of 1:40, the water depth for model tests was 0.55 m and 1.125 m for
the in-situ water depth of 22 m and 45 m, respectively. A real
current speed of 1 m/s-1.6 m/s was selected as the reference data
for model tests. The wave heights for the immersion standby were
chosen as Hs ¼ 0.8 m and 1.5 m in the regular waves, and the wind
speed is 75.9 m/s (the selected parameter was from the hydrologic
environment of construction site). To obtain accurate experimental
data and eliminate errors, at least three replicate tests were per-
formed for each condition. The main parameters for the immersion
standby test in regular waves are listed in Table 4.

3.3. Analysis of results

The model tests were conducted and the relevant data was
measured. To present the data for practical engineering, the
experimental data have been transferred to the data for the pro-
totype by the Froude similarity criterion. All of the data at following
is for the practical immersed tunnel element.

3.3.1. Effects of the mooring method
As shown in Fig. 8, there were two position mooring methods in

the immersion standby experiment: Element-6 and Pontoon-8. The
connection between the immersed tunnel element and the pon-
toons was rigid. Fig. 10 shows the maximum force of the mooring
cables and the maximum motion of the immersed tunnel element
in the two methods under a wave height of 0.8 m, current speed of
1.5 m/s, wind speed of 12 m/s, and water depth of 22 m. The
maximum force of the mooring cables was much larger at the side
of incoming current rather than outgoing current, approximate ten
times of Element-6. The total force in the two methods was
approximate same. As the Element-6 method with fewer mooring
cables to restrict the hydrodynamic force, the maximum force of
Element-6 (105t) was much larger than that of Pontoon-8 (11.5t).
The amplitude of roll motionwas relatively larger in the Pontoon-8
method. The amplitude of surge motion was opposite, and there
was no much difference in the other responses of immersed tunnel
elements.

Fig. 9. Photograph of test model with 45 m base trench.

Table 4
Main parameters for immersion standby test in regular waves.

Parameter Symbol (unit) Value

Prototype Model

Draft of base trench D (m) 22 0.55
45 1.125

Speed of current V (m/s) 1.0 0.1581
1.3 0.2055
1.5 0.2372
1.6 0.2530

Wave period T (s) 6 0.95
Wave height Hs (m) 0.8 0.02

1.5 0.0375
Speed of wind Vs (m/s) 75.9 12

Fig. 10. Force of mooring cables and motion of immersed tunnel element in two methods (Fig. (a): The horizontal coordinate represents the cable number and the vertical co-
ordinate represent the maximum force of the mooring cables; Fig. (b): The horizontal coordinate represents six-freedom motion and the vertical coordinate represents the
maximum value of the motion.).
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3.3.2. Effects of the connection method
There were two types of connection between the immersed

tunnel element and pontoons: rigid and flexible. The wave height
was 0.8 m, speed of current was 1.5 m/s, wind was 12 m/s, and
depth of water was 22 m. The maximum force of the mooring ca-
bles and the maximum motion of the immersed tunnel element in
the two connection types in Element-6 are shown in Fig. 11. The
forces of the cable-F1 and cable-F2 under flexible connection is less
than those under rigid connection, which indicates that the flexible
connection can reduce the maximum force of the mooring cables at
the side of incoming current. For the other cables and motions of
the immersed tunnel element, the maximum forces have no much
difference under the two types of connection.

The maximum forces of the mooring cables and the maximum
motion of the immersed tunnel element for two types of connec-
tion in Pontoon-8 are shown in Fig. 12. The parameters were the
same as that of Element-6. Comparedwith the rigid connection, the
maximum forces of the cables are more averaged under the flexible
connection. For the motion of the immersed tunnel element, the
maximums of roll and sway have been dramatically decreased due
to the flexible connection.

Comparing the rigid and flexible connections under the two
mooring methods, it can be found that the flexible connection
under Pontoon-8 was better, because in this type of connection, the
maximum force of the mooring cables was less, and the amplitude
of the motion was relatively smaller, especially for the sway,
decreased approximate 40%.

3.3.3. Effects of current speed
Fig. 13 shows the variation in maximum force of the mooring

cables and the maximum motion of the immersed tunnel element
under Pontoon-8with the flexible connection. Thewave height was
0.8 m, wind was 12 m/s, and water depth was 22 m. The results
indicate that the maximum force of the mooring cables at the side
of incoming current increased with the increase of current speed.
The current speed had little effect on the maximum force of the
mooring cables at the side of outgoing current, and on the
maximum motion of the immersed tunnel element.

3.3.4. Effects of wave height
In Fig. 14, the maximum tension of mooring cables and the

motion response of the immersed tunnel element are plotted
against the wave height. The current speed was 1.5 m/s, wind was
12 m/s, and water depth was 22 m. The results show that the
maximum tensions of the cables increased with the increase of
wave height. For the motion of the element, different from the
current in Fig. 13(b), the motion of the element was remarkably
affected by the wave height, and most motion amplitudes of the
element increased with increasing wave height, especially for roll
motion, increased from 0.25 to 0.60 when wave height vary from
0.8 m to 1.5 m.

3.3.5. Effects of water depth
Fig. 15 shows the maximum tensions under two water depths

when the wave height was 1.5 m, current speed was 1.5 m/s, and
wind was 12m/s. As Fig. 15 shown, themaximum tensions of cable-
F1 and cable-F3 at water depth of 45 m are much larger than that at
water depth of 22 m. The maximum motion of immersed tunnel
element increased with the increase of water depth, particularly for
the roll and sway, increased to approximate two times.

Fig. 11. Force of mooring cables and motion of immersed tunnel element for two connection types under Element-6 (The meaning of each coordinate is same as that of Fig. 10).

Fig. 12. Force of mooring cables and motion of immersed tunnel element in two connection types under Pontoon-8 (The meaning of each coordinate is same as that of Fig. 10).
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4. Experiment of immersion process

4.1. Test description

In the immersion process, the immersed tunnel element was
connected to the pontoons by four pulley blocks, and a force sensor
was arranged on the hanging rope of each pulley block. The im-
mersion process includes three sets of cable systems: element-

position mooring system, pontoon-position mooring system, and
hoisting cable system, as shown in Fig. 16 and Fig. 17. To investigate
the maximum force of the cable system at different depths of the
immersed tunnel element, the slow immersion process has been
treated as a quasi-static process. The weight of the immersed
tunnel element can be controlled by filling the ballast tank with
water inside the immersed tunnel element. The sinking depth can
be adjusted by the pulleys arranged on the pontoons. Fig. 17 shows

Fig. 14. Variation in force of mooring cables and motion of immersed tunnel element with wave height under Pontoon-8 (The meaning of each coordinate is same as that of Fig. 10).

Fig. 15. Variation in force of mooring cables and motion of immersed tunnel element with depth of water under Pontoon-8 with rigid connection (The meaning of each coordinate
is same as that of Fig. 10).

Fig. 13. The variation in force of mooring cables and the motion of immersed tunnel element with speed of current under Pontoon-8 (The meaning of each coordinate is same as
that of Fig. 10).
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the schematic diagram of the cable arrangement in the immersion
process. Fig. 18 shows a photograph of the immersed tunnel
element at depths of 11.4 m, 22 m, and 45 m, when the simulated
water depth was 45 m (distance from waterline to base trench).

4.2. Test matrix

According to the Froude similarity criterion with a length scale
of 1:40, the water depth for model tests was 1.125 m for the in-situ
water depth of 45 m. The quasi-static measurement depth was
0.285 m, 0.55 m and 1.125 m. Weights of 0.01875t, 0.02375t, and
0.03563t were selected as the sinking weights (negative buoyancy).
The main parameters for the immersion test model and prototype

are listed in Table 5.

4.3. Analysis of results

4.3.1. Effects of immersion depth
The effect of the immersion depth on the maximum tension of

mooring cables, hoisting cables, and maximum motion of the
tunnel element was investigated. Fig. 19 shows the variation of the
maximum tension of mooring cables and maximum motion of the
tunnel element when the wave height was 0.8 m, sinking weight
was 1200 t, speed of current was 1.0 m/s, and the wind was 12 m/s,
and the depth of complete initial immersion for the tunnel element
is 11.4 m.

The results show a decreasing trend of maximum tension on
most cables with increasing immersion depth. For the motion of

Fig. 16. Element-position mooring system and pontoon-position system.

Fig. 17. Schematic diagram of cable arrangement in immersion process.

Fig. 18. Photograph of immersed tunnel element at depths of 11.4 m, 22 m, and 45 m (The values represent the distance between the sinking box and waterline, as the “h” in Fig. 17)
with simulated water depth of 45 m (distance from waterline to base trench).

Table 5
Main parameters for immersion test in regular waves.

Parameter Symbol (unit) Value

Prototype Model

Draft h (m) 11.4 0.285
22.0 0.55
45.0 1.125

Speed of current V (m/s) 1.0 0.1581
1.3 0.2055
1.6 0.2530

Weight W (t) 1200 0.01875
1520 0.02375
2280 0.03563

Wave period T (s) 6 0.95
Wave height Hs (m) 0.8 0.02

1.5 0.0375
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element at h ¼ 11.4 m, the roll and sway are more obvious than
other motions, and the maximum tension of cable #1 and #2 for
element and pontoon are larger than other cables due to the
incoming direction of wind, wave and current. With immersion
depth increased, the wave kinematic amplitudes decreased and the
wave loads on the tunnel decreased, which results in the motion
amplitude of tunnel element decreases with the increase of im-
mersion depth. As the pontoon floating, the cable force had no
much difference with the water depth. For the hosting cable, the
maximum load contains two components (the weight/buoyant
component and wave induced component), as the wave load
component decreased with the immersion depth, the decreasing
cable load can be observed, and the decreasing between h ¼ 11.4 m
and h ¼ 22 m is more obvious than that between h ¼ 22 and
h ¼ 45 m.

4.3.2. Effects of current speed
Fig. 20 shows the variation of the maximum tension of mooring

cables andmotion of the tunnel element when thewave height was
0.8 m, sinking weight was 1200 t, wind speed was 12 m/s, and
immersion depth was 11.4 m. The roll and sway, and the maximum
tension of cable #1 and #2 for element and pontoon are larger than
other cables due to the incoming direction of wind, wave and
current. The results indicate that the current speed had no much
effect on the maximum tension of the cables. For maximummotion
of the tunnel element, a slight increase of the motion amplitude
with increasing current speed could be obtained.

4.3.3. Effects of the wave height
As shown in Fig. 21, the maximum tension of mooring cables

and maximummotion of the immersed tunnel element are plotted
against the wave height, where the sinking weight was 1200 t,
immersion depth was 11.4 m, current speed was 1.0 m/s, and wind
was 12 m/s. The roll and sway, and the maximum tension of cable
#1 and #2 for element and pontoon are larger than other cables due
to the incoming direction of wind, wave and current. The results
show that the maximum mooring tensions and maximum motion
responses of the element increasewith the increase of wave height,
the roll motion at wave height of 1.5 m is two times that at wave
height of 0.8 m. For two pontoons, the cable tension is dramatically
increasing, the maximum tension of cable 4 at wave height of 1.5 m
(83.3t) is approximately four times that at wave height of 0.8 m
(18t). For the hoisting cable, the increased wave kinematic ampli-
tudes induced the increase of wave induced component load,
which results in the increase of hoisting cable tension.

4.3.4. Effects of weight
Fig. 22 shows the maximum mooring tensions under different

weights when the wave height was 0.8 m, current speed was 1.0 m/
s, and wind was 12m/s. As Fig. 22 shows, the weight has little effect
on the maximum force of the mooring cables and motion of the
tunnel element, but the maximum force of the hoisting cables in-
creases with the increase of weight.

Fig. 19. Variation of maximum tension of mooring cables and motion of tunnel element with immersion depth (Fig. (a): the horizontal coordinate represents each element cable
and the vertical coordinate represents the maximum tension of the element cables; Fig. (b): The horizontal coordinate represents each six-freedom motion of element and the
vertical coordinate represents the maximum value of the motion. Fig. (c): the horizontal coordinate represents each pontoon cable and the vertical coordinate represent the
maximum force of the pontoon cable; Fig. (d): the horizontal coordinate represents each hoisting cable and the vertical coordinate represent the maximum force of the hoisting
cables.).
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Fig. 20. Variation of maximum tension of mooring cables and motion of tunnel element with current speed (The meaning of each coordinate is same as that of Fig. 19).

Fig. 21. Variation of maximum tension of mooring cables and motion of tunnel element with wave height (The meaning of each coordinates is same as that of Fig. 19).
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5. Conclusions

This paper has presented a comprehensive experimental model
in a towing tank to investigate the hydrodynamics and motion
characteristics of a tunnel-pontoon system. The wind, wave and
current loadswas simultaneously considered, and the trenchmodel
was introduced to simulate seabed condition. Two different con-
ditions have been discussed, and the maximum tension of the ca-
bles and the motion amplitude of the tunnel have been illustrated.

For the experiment of immersion standby:

1. The maximum force of Element-6 was larger than for Pontoon-
8, and the total force in the two methods was approximate the
same. Compared to a rigid connection, the flexible connection
could reduce the maximum force of the mooring cables at the
side of incoming current, and the sway decreased approximate
40%.

2. The maximum force of the mooring cables increased with the
current speed, wave height, and water depth. For the maximum
motion of immersed tunnel element, the current speed had little
effect, however, the maximum motion increased with the in-
crease of wave height and water depth.

For the experiment of immersion process:

3. The tension of cable #1 and #2 for element and pontoon were
larger than other cables due to the incoming direction of wind,
wave and current. The maximum force of the cables decreased
with the increase of immersion depth, and dramatically in-
creases with the increase of wave height. The current speed had
no much effect on the maximum force of the cables. The weight
had little effect on the maximum force of the mooring cables,

and the maximum force of hoisting cables increased with the
increase of weight.

4. The maximum motion amplitude of the immersed tunnel
element decreased with the increase of immersion depth,
slightly increased with the increase of current speed. The
maximum motion dramatically increased with the increase of
wave height, the maximum roll at wave height of 1.5 mwas two
times that at wave height of 0.8 m. The weight had little effect
on the element motion.

Based on the experimental findings, suggestions for engineering
safety are as follows:

(1) As the maximum force of the cables and motion is much
larger at the side of incoming wind, wave and current, the
cable with better tension resistance is more adaptive to use
at the incoming side.

(2) The wave height dramatically affects the tension of pontoon
cable and hoisting cable, this should be strictly controlled
during the practical immersion process, it's important to
select an adaptive time with good sea state for immersion.

(3) As the force of the hoisting cables increase with the increase
of weight, the ballast tank water inflow velocity and the
immersion speed should be slowly.
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