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Abstract This paper investigates the effects of structure
parameters on dynamic responses of submerged floating
tunnel (SFT) under hydrodynamic loads. The structure
parameters includes buoyancy-weight ratio (BWR), stiffness
coefficients of the cable systems, tunnel net buoyancy and
tunnel length. First, the importance of structural damp in
relation to the dynamic responses of SFT is demonstrated
and the mechanism of structural damp effect is discussed.
Thereafter, the fundamental structure parameters are investi-
gated through the analysis of SFT dynamic responses under
hydrodynamic loads. The results indicate that the BWR of
SFT is a key structure parameter. When BWR is 1.2, there is
a remarkable trend change in the vertical dynamic response
of SFT under hydrodynamic loads. The results also indicate
that the ratio of the tunnel net buoyancy to the cable stiffness
coefficient is not a characteristic factor affecting the dynamic
responses of SFT under hydrodynamic loads.

Keywords Submerged floating tunnel · Structural damp ·
Buoyancy-weight ratio · Cable stiffness coefficient ·
Tunnel net buoyancy · Hydrodynamic load

1 Introduction

Submerged floating tunnel (SFT), also named Archimedes
Bridge, is a novel type of traffic structures for water crossings,
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which is balanced by its buoyancy, self-weight and constraint
forces resulted from cable systems and thus submerged a
certain depth underwater. An SFT basically consists of four
parts: (i) the tunnel structure which is made up of tunnel
segments and allows traffics and pedestrians to get through,
(ii) the shore connection structures which connect SFT to
shores, (iii) the cable systems which are anchored to the
waterbed to balance the net buoyancy (the present paper con-
centrates on the SFT type of tunnel buoyancy larger than
tunnel weight), and (iv) the foundation structures which are
constructed at the waterbed to install cable systems. One of
the attractive advantages of SFT is that the construction cost
of unit tunnel segment will not increase as the total length
of SFT increases. Thus, SFT is more beneficial to be set up
across the long-span water sound compared with traditional
bridge structures. In addition, SFT is a preferred solution for
the water area where traditional bridge construction is not
suitable, due to the environmental-friendly features of SFT,
i.e. less impact on surrounding natural environments and rel-
atively less effect from typhoon and earthquake [1,2].

However, there is still not an actual SFT being built in the
world. To build such a bridge will encounter various scien-
tific and technical difficulties, such as the tunnel architec-
ture design, the cable system configuration, the connection
design between tunnel tube and shores, the installation of
SFT structures, etc. Although a limited number of investiga-
tions may bring us useful premises and suggestions for the
structure parameters and the design standard of construction,
some essential technical issues related to safety, stability and
reliability of SFT are still in the way of study, when it is sub-
jected to hydrodynamic loads, seismic load and accidental
load [3–5].

Compared with the case of traditional bridge structures,
the research on dynamic responses of SFT under hydro-
dynamic loads is inevitable. Since 1980s, there have been
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research reports in the aspects of conceptual design and
dynamic response by investigators from Italy, Norway, Japan,
United States of America, etc. In China, the involvement
of SFT study has started since 1990s. In recent years, the
Sino-Italian Joint Laboratory of Archimedes Bridge (SIJ-
LAB) has made efforts in the structural design of the first
submerged floating tunnel prototype in Qiandao Lake of Zhe-
jiang Province and has performed relevant simulations and
experiments [6,7]. Nevertheless, as for such a novel structure,
the mechanism of dynamic response under environmental
loads is still not clear enough for the design of an SFT at
present.

It is obvious that the structure design and the dynamic
response study of SFT are noticeably dependent on hydro-
dynamic conditions (water wave and current [8]) where SFT
is supposed to be constructed, and thus design parameters of
the tunnel are related to the environment.

In the present paper, the effects of structure parameters
on dynamic responses of SFT are investigated based on the
hydrodynamic environment of Qiandao Lake and the struc-
tural design of the tunnel and cable system proposed by SIJ-
LAB. The effect of structural damp on dynamic responses of
SFT under hydrodynamic loads is discussed. Since dynamic
responses in the current direction and in the vertical direc-
tion are the most dominating and meaningful in SFT design,
the structure parameters related to the dynamic responses in
both directions, such as buoyancy-weight ratio, cable stiff-
ness coefficients, tunnel net buoyancy and tunnel length are
analyzed.

2 Calculation model

In the calculation model of SFT, the structural design of
the tunnel segment adopts the design scheme of submerged
floating tunnel prototype (SFTP) in Qiandao Lake of
Zhejiang Province. The design length of SFTP is 100 m and
the tunnel is submerged 4.2 m under the water surface. The
shore connections between SFTP and shores are of pin joints,
while axial displacement relaxation is applied at one end.
The configuration and the distribution of cable systems are

schematically shown in Fig. 1, for which the tunnel tube is
anchored by three cable groups to the foundation with the
connection being of spherical hinges. Note that cable group
2 is located in the mid-span of SFTP and the other two groups
(all named group 1) are symmetrically located at both sides
of group 2. The parameters of SFTP structure and hydrody-
namic environment of Qiandao Lake are listed in Table 1,
which are used in the calculation.

The design of tunnel cross-section [7] is shown in Fig. 2,
which is a sandwich structure consisting of outer aluminum
shell, inner steel shell and concrete shell in the middle, for
the aims of corrosion resistance, collision protection, tun-
nel weight balance, etc. A simplification method of total
SFT cross-section based on the principle of bending stiff-
ness equivalence [5] is employed in the calculation. That is

E I = E A IA + EC IC + ES IS, (1)

where E A, EC and ES are the elastic moduli of aluminum,
concrete and steel, respectively; IA, IC and IS are the cross-
sectional moments of inertia of aluminum extrusion, con-
crete shell and steel shell, respectively; E is the equivalent
elastic modulus of the simplified tunnel; and I is the total
cross-sectional moments of inertia of the simplified tunnel.
With the same diameter of tunnel and the same mass of unit
length along the tunnel, the equivalent elastic modulus of the
tunnel in the form of the proposed sandwich shell can be
obtained.

Morison Equation expressed by Eq. (2) and Stokes fifth
order wave theory are employed to calculate fluid forces of
the tunnel and the cables subjected to hydrodynamic loads
[9].

f (t) = 1

2
CDρD(uw + uc − ẋi ) |uw + uc − ẋi |

+ ρπ D2

4
(Cmu̇w − Ca ẍi ), (i = 1, 2), (2)

where xi (i = 1, 2) is the displacement in X or Z direc-
tion; uw and uc are the fluid particle velocities on the axis of
SFTP in X or Z direction; and other parameters are defined
in Table 1.

Fig. 1 Schematic diagram of SFTP, tunnel tube anchored by three cable groups to foundation. a Side elevation; b Cable group 2; c Cable group 1
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Table 1 Parameters of fluid dynamic environment and SFTP structure

Fluid dynamic environment Symbol Unit Value Structural properties Symbol Unit Value

Fluid density ρ kg/m3 1,050 Tunnel equivalent density ρT kg/m3 2,018

Water depth h m 30 Tunnel outer diameter D m 4.39

Wave height H m 1.0 Tunnel inner diameter d m 3.48

Wave period T s 1.8 Tunnel equivalent Young modulus ET N/m2 3.2 × 1010

Surface current velocity U0 m/s 0.1 Cable density ρC kg/m3 7,850

Drag coefficient CD 1 1.0 Cable diameter dC m 0.06

Mass coefficient Cm 1 2.0 Cable Young modulus EC N/m2 1.4 × 1011

Added-mass coefficient Ca 1 1.0 Kinetic viscosity Coefficient υ m2/s 1.067 × 10−6

Fig. 2 Designed cross section of SFTP [7]

During the calculation, energy loss due to the deformation
and the movement of the tunnel structure notably influences
the dynamic responses of SFTP and the effect of energy loss
in the form of structure damp cannot be neglected. How-
ever, for the structural damp of actual structures is hardly
to be provided precisely, it is usually obtained by means of
practical measurements of specific structures. Thus, Rayleigh
damping model is adopted in the calculation. That is, the
damping matrix of the physical system having multi-degrees
of freedom can be treated as the sum of the mass matrix
and the stiffness matrix for the system taking the form of
[C] = α[M] + β[K ], with the damping coefficients α and β

being

α = 2ξiωiω
2
j − 2ξ jω jω

2
i

ω2
j − ω2

i

, β = 2ξ jω j − 2ξiωi

ω2
j − ω2

i

, (3)

where ωi and ω j are the i th order and the j th order natu-
ral frequencies of structure, respectively; and ξi and ξ j are
the i th order and the j th order damping ratios of structure,
respectively.

With all of the considerations regarding structure config-
uration, loading calculation and damping effect, the transient
solver of ANSYS and the pipe59 element are applied to sim-
ulate SFT subjected to gravity, buoyancy, cable tensions and
fluid forces.

3 Effect of structural damp on SFT

The modal analysis method in a small damping system is used
to solve the natural frequencies of SFT. Owing to the coupling
between tunnel and cable systems, low order frequencies and
modal shapes of SFT mainly result from cable systems, when
the cable systems have been meshed into pipe59 elements.
The commonly used solution scheme in cable-stayed bridge
analysis is also brought into the present calculation model.
That is, each cable in the calculation model is meshed with a
single pipe59 cable element for the modal analysis, and the
first two order frequencies and modal shapes of SFT domi-
nated by tunnel vibration can be obtained. The modal analysis
results regarding SFTP, as a simulation example, are shown
in Fig. 3. The natural frequencies corresponding to the first
and the second modal shapes of SFTP are 0.815 and 1.45 Hz.

The damping ratio of each order mode from real SFT is
unavailable. But it is noted that the damping ratios of the first
and the second order are almost the same while the first order
is the major excited one in the present case. Thus, in the calcu-
lation, the damping ratio of 0.025 measured in model exper-
iments of SFTP [10] is used for the first and the second order
mode. The damping coefficients α and β can be calculated
with Eq. (3) and the results are 0.586 and 0.00352, respec-
tively. Thus, dynamic responses of SFTP including structural
damping can be analyzed numerically. For both cases of with
and without structural damping effect, the dynamic responses
at SFTP mid-span in current direction and vertical direction
are shown in Fig. 4.

Figure 4 shows that in the current direction the amplitudes
of both cases are almost equal to each other, although a phase
shift exists; while in the vertical direction the differences of
the amplitudes and the frequencies of dynamic responses
with and without structural damp are remarkable. Therefore,
the effect of structural damp on dynamic response is evident
in the vertical direction, whereas the effect is negligible in
the current direction.

The data shown in Fig. 4 are the simulation results for the
time scale between 40 and 50 s, which are of the steady state
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Fig. 3 The first and the second
order modal shapes of SFTP.
a The first order modal shape;
b The second order modal shape

Fig. 4 Dynamic responses at
the mid-span of SFTP under
hydrodynamic loads versus
time. a Current direction;
b Vertical direction

of dynamic responses for SFTP under hydrodynamic loads.
It implies that in the case of structural damp neglected, low
order vibration modals of the tunnel are excited and the verti-
cal dynamic response of SFTP is the superposition of the first
order modal vibration to the forced vibration under hydrody-
namic loads. On the other hand, in the case of the structural
damp considered, the vertical dynamic response of SFTP is
only the forced vibration of the tunnel under hydrodynamic
loads, while the low order modals are not excited.

Furthermore, for the case of structural damp neglected,
the dynamic responses of SFTP under hydrodynamic loads
with different BWRs are analyzed. The relationship between
dynamic responses at SFTP mid-span in the current and ver-
tical directions and BWR are shown in Fig. 5, where the
ordinate is the standard deviation (STDEV) of the dynamic
response in certain direction normalized by the tunnel diam-
eter (D), while the abscissa is the buoyancy-weight ratio
(BWR). Similarly, for the case of structural damp consid-
ered, the relationships between STDEV of SFTP dynamic
responses and BWR are shown in Fig. 6. Here, STDEV is
defined as the small amplitude vibration of tunnel around its
updated balance location induced by hydrodynamic loads,
i.e. the value of STDEV is the real reflection of dynamic
response of tunnel tube under hydrodynamic loads.

The comparison of Figs. 5b–6b indicates that structural
damp is not a negligible factor in the analysis of dynamic
responses of SFT under hydrodynamic loads. Figure 6 dem-
onstrates that dynamic responses in both current and vertical
directions decrease as BWR increases from 1.1 to 1.9. When
BWR is larger than 1.2, STDEV of dynamic response in the
vertical direction is, to some degree, of the steady state as
shown in Fig. 6b. That is, even if BWR increases from 1.2 to
1.9, the decrease of the STDEV value of dynamic response
in the vertical direction is less evident.

From the discussion regarding dynamic responses based
on the assumption of Rayleigh damping model, it is noticed
that structural damp substantially influences the calculation
results of dynamic response analysis involving SFTP with
different BWRs under hydrodynamic loads. When the struc-
tural damp is taken into consideration, the dynamic responses
of SFTP decrease and the influence pattern of different BWRs
on dynamic responses is also changed. It is also noted that
damping coefficient α increases while β decreases as BWR
increases from 1.1 to 1.9 by comparing damping coefficients
α and β in SFTPs with different BWRs. In other words,
in such a circumstance, the influence of the mass matrix on
structural damp increases, while the influence of the stiffness
matrix on structural damp decreases.
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Fig. 5 Relationship between
STDEV of SFTP dynamic
responses and BWR (without
structural damp). a Current
direction; b Vertical direction

Fig. 6 Relationship between
STDEV of SFTP dynamic
responses and BWR (with
structural damp). a Current
direction; b Vertical direction

4 Effects of fundamental structure parameters
on dynamic responses of SFTP

4.1 Tunnel length

The tunnel length is one of the fundamental structure
parameters in the engineering design of SFTP, which is obvi-
ously determined by the distance of water crossing and will
definitely affect the compatibility condition of tunnel defor-
mation, the configuration of cable systems, the net buoyancy
of tunnel tube and concentrated forces at the shore connec-
tions. If the SFTP structure is assumed as a unit tunnel seg-
ment, then a long SFT can be built by coupling all of the
degrees of freedom of adjacent segment ends. For example,
a long SFT structure formed by five tunnel segments is shown
in Fig. 7 and the first two order natural frequencies and modal
shapes due to tunnel vibration are shown in Fig. 8.

In order to discuss the effect of tunnel length on the
dynamic responses of SFT under hydrodynamic loads, ten
cases with different tunnel lengths (100–1,000 m) are cal-
culated by coupling different numbers of tunnel segments
(the length of unit tunnel segment is 100 m), in which the
hydrodynamic conditions in Qiandao Lake is used.

Dynamic responses in both current direction and verti-
cal direction at the mid-span of SFTs with different tunnel
lengths are shown in Fig. 9, where the ordinate is the ratio
of dynamic response STDEV to tunnel diameter (D), while
the abscissa is the ratio of tunnel length (L) to tunnel diam-
eter.

Fig. 7 Schematic diagram of an SFT formed by five tunnel segments

Fig. 8 The first and the second order modal shapes of an SFT. a The
first order modal shape; b The second order modal shape
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Fig. 9 Relationship between
tunnel length and STDEV of
dynamic responses. a Current
direction; b Vertical direction

Fig. 10 Dynamic responses at
SFT mid-span with different
BWRs versus time. a Current
direction; b Vertical direction

It is observed in Fig. 9a that although the value of STDEV
in current direction exhibits a sine-shape pattern as the tunnel
length increases, the value of STDEV is far less than that of
tunnel diameter, which implies that the effect of the tunnel
length on the dynamic response in the current direction is
negligible.

In the vertical direction as shown in Fig. 9b, the regular
fluctuation in the dynamic response curve mainly results from
the difference of constraint strength. In the case of SFTs with
odd number tunnel segments (the cases with tunnel lengths
of 100, 300, 500 m, etc.), the mid-span of SFT is just the
constraint point of cable system and the constraint strength
of mid-span is much stronger than the adjacent points, so
the amplitude of the mid-span dynamic response is not the
maximum point along the tunnel. In the case of SFTs with
even number tunnel segments (the cases with tunnel lengths
of 200, 400, 600 m, etc.), the mid-span of SFTs is the connec-
tion point between tunnel segments and there is no external
constraint, so the amplitude of mid-span dynamic response
is the largest one along the tunnel. Therefore, the constraint
strength of odd-number-segment SFT is stronger than that of
even-number-segment SFT. That is, under the same applied
loads, the amplitudes of the mid-span dynamic response of
the odd-number-segment SFTs are less than those of the
even-number-segment SFTs. Nevertheless, only small fluc-
tuation of the STDEV curve prevails in the vertical direction,
i.e. the dynamic response of SFT does not evidently affected
by the tunnel length.

In brief, the effect of the tunnel length on the dynamic
responses of SFT regarding the environmental background

of Qiandao Lake exists but is not substantial. In the engi-
neering design of SFTP, the effect of tunnel length on the
amplitude of dynamic response is insignificant.

4.2 Buoyancy-weight ratio

The buoyancy-weight ratio (BWR) is defined as the ratio
of tunnel buoyancy to the whole tunnel weight (including
weights of tunnel structure, infrastructure, and cable systems).
For such a structure, BWR influences not only the tunnel geo-
metrical design but also material selection, strength design,
stiffness design, etc. It is undoubted that tunnel buoyancy
must be larger than its self-weight and the net buoyancy (the
difference between buoyancy and self-weight) is balanced by
the cable systems which are connected between tunnel and
foundation. Obviously, BWR determines the tension force
of the cable section and influences the dynamic behavior of
SFT structure (tunnel and cables [11]), especially the stability
of SFT. Furthermore, under the service condition, the actual
BWR value of SFT is affected by traffic load and crowd load.
So it is an important issue in the feasibility analysis to find
out an adequate range of BWR for which the responses of
SFT can show a steady performance.

Consider, for example, an SFT structure with five tun-
nel segments for simulation as shown in Fig. 7. After modal
analysis and structural dynamic response analysis with struc-
tural damp, the displacement oscillations at the SFT mid-
span as a function of time history are obtained and shown in
Fig. 10. Dynamic responses of SFTs with different BWRs
in both current direction and vertical direction are shown in
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Fig. 11 Relationship between
STDEV of dynamic responses at
SFT mid-span and BWR.
a Current direction; b Vertical
direction

Fig. 11, where the ordinate is the ratio of STDEV of dynamic
responses to the tunnel diameter, while the abscissa is BWR.

Figures 10 and 11 demonstrate the BWR effect on SFT
dynamic responses due to hydrodynamic loads. As for the
dynamic response in the current direction, the value of
STDEV increases with the increasing value of BWR. As
shown in Fig. 11a, when BWR is between 1.1 and 1.2, the
value of STDEV in the vertical direction decreases steeply
with the increase in BWR, comparing with the BWR larger
than 1.2. As discussed in the previous part of “Effect of struc-
tural damp on SFT”, the value of BWR may affect the value of
damping coefficients (α increases while β decreases as BWR
increases) in the assumption of Rayleigh damping model and,
consequently, make a considerable impact on the value of the
integral structural damp. Thus, the dynamic response of SFT
under hydrodynamic loads versus BWR is probably due to
the involvement of the structural damp.

From Rayleigh damping model, it is obvious that in addi-
tion to the influences of damping coefficients α and β on
the structural damp, the structural damp also depends on the
relative value of the mass matrix and the stiffness matrix in
every specific design. For instance, in a certain design, the
contribution of the mass matrix is much less than that of the
stiffness matrix of the structure. Then, as BWR increases,
the decreasing value of β is of a major advantage in the cal-
culation of structural damp; while the increase of structural
damp resulted from the increasing value of α only presents
a negligible influence on the total value of structural damp.
Therefore, it is the contribution extent from the mass matrix
and the stiffness matrix that determines the response patterns
due to different values of BWR, i.e. the increase of BWR
can bring about the increase of dynamic responses of SFT in
some designs and also may lead to the decrease of dynamic
responses of SFT in other designs.

The present calculation results as well as our previous
simulations [12] demonstrate that no matter whether the
structural damp is included or not, when BWR of tunnel
is larger than 1.2, there is an evident trend change in the
dynamic response of the vertical direction of SFT under
hydrodynamic loads.

4.3 Cable system stiffness

As this paper only concerns the SFT type with BWR larger
than unity, the tunnel buoyancy is larger than tunnel self-
weight and the net buoyancy is balanced by cable systems
which are assembled between tunnel and foundation. Hence,
the design parameters of cable systems will directly deter-
mine relevant anchoring abilities and, consequently, influ-
ence dynamic responses of SFT under hydrodynamic loads.
The SFT stiffness matrix is calculated synchronously with
SFT deformation in the time history via ANSYS. In order to
analyze the effect of cable system stiffness on the dynamic
responses of SFT tunnel, the stiffness formulas of cable sys-
tems in X and Z directions are given in this part to deal with
the results from ANSYS postprocessors. With regard to the
ratio of the net buoyancy of unit tunnel segment (100 m) to
the stiffness coefficient of the cable systems (BCR), the effect
of the cable system stiffness on dynamic responses of SFT
under hydrodynamic loads is discussed.

By concerning the constraint nonlinearity of cable sys-
tems, some calculation results both in the static and dynamic
analyses showed that the deformation of cable system due to
the gravity effect is negligible compared with the dynamic
responses due to hydrodynamic loads [13]. Thus, elastic sup-
ports are employed to simulate the SFT cable systems in the
analysis. The schematic diagram of stiffness calculation for
cable group 1 is shown in Fig. 12 [10].

If the displacement of tunnel in X direction is δx as shown
in Fig. 12a, then according to the geometric relationship and
Hooke’s Law, the change of tension (	Tx ) in cable group 1
is derived as

	Tx = AE

L

(√
δx2 + L2 − L

)
, (4)

where A, E and L are sectional area, elastic modulus and ini-
tial length of each cable, respectively. The force equilibrium
in X direction leads to

Kxδx = 4(T0 + 	Tx ) sin θx , (5)
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Fig. 12 Schematic diagram of
cable group 1. a Surge motion;
b Heave motion

Fig. 13 Schematic diagram of
cable group 2. a Surge motion;
b Heave motion

where Kx is the stiffness of cable group 1 in X direction, T0

is the initial tension and θx is the inclined angle of each cable
during the vibration process. According to the geometric rela-
tion, sin θx = δx/

√
δx2 + L2 and cos θx = L/

√
δx2 + L2,

which are substituted into Eq. (5) to yield

Kx = 4(T0 + 	Tx )√
δx2 + L2

= 4T0√
δx2 + L2

+ 4EA

L

(
1 − L√

δx2 + L2

)
. (6)

If the displacement of the tunnel in Z direction is δz as
shown in Fig. 12b, then the change of tension (	Tz) in cables
is obtained as 	Tz = E Aδz/L .

From the force equilibrium relation Kzδz = 4	Tz =
4E Aδz/L , the stiffness of cable group 1 in Z direction is
derived as

Kz = 4EA/L . (7)

The schematic diagram of stiffness calculation of cable
group 2 is shown in Fig. 13 [13]. Similarly, if the displace-
ment of tunnel in X direction is δx and the change of length of
outer cables of group 2 is 	Lo as shown in Fig. 13a, then the
change of tension in cables is obtained as 	Tx = AE	Lo/L ,
where A, E and L are sectional area, elastic modulus and ini-
tial length of outer cable, respectively.

In accordance to the geometric relation, it is assumed that
	Lo/δx = sin θ1, then the force equilibrium equation in X

direction is

Kxoδx = (T0 + 	Tx ) sin θ1 − (T0 − 	Tx ) sin θ1, (8)

where T0 and θ1 are the initial tension and initial inclined
angle of outer cables, respectively. Thus, Eq. (8) becomes
Kxo = (2EA sin2 θ1)/L1.

As shown in Fig. 13b, if the displacement of tunnel in
Z direction is δz and the change of length of outer cables
for group 2 is 	Lo, then the change of tension in cables is
obtained as 	Tz = AE	Lo/L1. Again referred to the geo-
metric relation, it is assumed that 	Lo/δz = cos θ1, and the
force equilibrium in Z direction is

Kzoδz = 	Tz cos θ1 + 	Tz cos θ1. (9)

Thus, one obtains Kzo = (2EA cos2 θ1)/L1.
From the foregoing discussion, the formulas of stiffness

coefficients of SFTP cable systems can be written as

Kx = 2E A sin2 θ1

L1
+ 2EA sin2 θ2

L2

+
4EA(1 − L3/

√
δx2 + L2

3)

L3
+ 4T0√

δx2 + L2
3

, (10)

Kz = 2EA cos2 θ1

L1
+ 2EA cos2 θ2

L2
+ 4EA

L3
, (11)

where L1 and θ1 are the initial length and the inclined angle
of outer cables of group 2, L2 and θ2 are the initial length and
the inclined angle of inner cables of group 2, L3 is the initial
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Fig. 14 Relationship between
STDEV and BCR. a Current
direction; b Vertical direction

Fig. 15 Relationship between
STDEV and BCR. a Current
direction; b Vertical direction

length of vertical cables of group 1 and δx is the displacement
of tunnel in the current direction.

By adjusting the elastic modulus of cable material in the
simulation, the stiffness coefficients of both cable groups can
be adjusted and the influence of BCR on dynamic responses
can be analyzed. The BCR range between 0.32 and 0.50
is calculated and the results of STDEV for SFTP dynamic
responses are shown in Fig. 14.

4.4 Net buoyancy of unit tunnel segment

Equation (11) indicates that vertical stiffness coefficient of
cable systems is irrelevant with the initial tension of cables.
Hence, the vertical stiffness coefficient of cable systems can
be assumed as the reference of the net buoyancy change in
the discussion of net buoyancy effect.

By adjusting the outer diameter of tunnel, the net buoyancy
of unit tunnel segment can be adjusted and, consequently,
the influence of BCR can be analyzed from the net-buoy-
ancy point of view. The BCR range between 0.32 and 0.50
is calculated and the simulation results of STDEV for SFTP
dynamic responses are shown in Fig. 15.

Figure 15 indicates that as for the structure parameters
of the cable systems employed in this paper, the value of
STDEV for SFTP dynamic response in the current direc-
tion increases as the net buoyancy of unit tunnel segment
increases, while in the vertical direction STDEV of SFTP
dynamic response increases as the net buoyancy of unit tunnel

segment decreases. Moreover, the relationships between
STDEV and BCR in both current direction and vertical direc-
tion show obvious linearity characteristics.

According to the comparison of Figs. 14b and 15b, and
the discussion in Sects. 4.3 and 4.4, it is reasonable to judge
that on the premise of SFT structural safety (BCR is in the
range between 0.32 and 0.50), BCR is dimensionless but not
a characteristic factor with respect to SFT dynamic response
under hydrodynamic loads. However, it is certain that both
of the net buoyancy and the stiffness coefficient of cable sys-
tems are essential factors in the research and the design of
SFT.

5 Conclusions

By the solution of SFT calculation model and the evaluation
on fundamental structure parameters regarding the structure
design of SFTP, the following conclusions are drawn:

(1) BWR is a key structure parameter regarding the SFT
structural stability. The effect of BWR on SFT dynamic
responses under hydrodynamic loads are affected by the
contribution of the mass matrix and the stiffness matrix
in a design. No matter whether structural damp is con-
sidered or not, when BWR is 1.2, there is a remarkable
trend change in the vertical dynamic response of SFT
under hydrodynamic loads.
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(2) The net buoyancy of tunnel segment and the stiffness
coefficient of cable systems are significant struc-
ture parameters making influence on SFT dynamic
responses. However, BCR is not a characteristic factor
with respect to SFT dynamic responses under hydrody-
namic loads.

(3) Structural damp is an inevitable factor in the analysis
of SFT dynamic responses under hydrodynamic loads.
Structural damp evidently affects the amplitude and the
frequency of dynamic response in the vertical direc-
tion, whereas in the current direction the structural damp
effects on the dynamic response amplitude are negligi-
ble.

(4) The effect of SFT tunnel length on dynamic responses
can be neglected in the practical design.
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