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Abstract

This paper studied the dynamic response of a new gasbag-type floating bridge under the effect of a moving load. The arbitrary Lagrangian-
Eulerian (ALE) method was used to simulate the movement of seawater and air, and the penalty-based method was used to study the coupling
between gasbags and fluid. A three-dimensional finite element model of the floating bridge was established, and the numerical model was
verified by comparing with the experimental results. In order to prevent resonance, the natural frequencies and flexural mode shapes were
analyzed. Based on the initial state analysis, the dynamic responses of the floating bridge subjected to different moving loads were investigated.
Vertical displacements and radial deformations of gasbags under different loads were compared, and principal stress distributions of gasbags
were researched while driving. The hinge forces between adjacent modules were calculated to ensure the connection strength. Besides, the
floating bridge under wave impacting was analyzed. Those results can provide references for the analysis and design of this new floating bridge.
Copyright © 2016 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/).

Keywords: Dynamic response; Moving load; Floating bridge; ALE method

1. Introduction

Floating bridges have been constructed in many countries
and well developed as a form of transport. Compared with
stationary bridges, floating bridges have several advantages,
such as short construction period, simple engineering structure
and good economical efficiency. However, the system reli-
ability, supporting capacity and structural safety should be
taken into account. Once the moving load exceeds the ca-
pacity, it will cause structural failure and damage to vehicles
and passers. Therefore, it is of great practical engineering
value to investigate the dynamic response caused by moving
load.

For the dynamic responses of structure subjected to moving
loads, many investigations have been carried out. Steele
(1967) obtained the solution of a beam on an elastic founda-
tion for the steady-state motion which included the geometric
and material nonlinearities. Lee (1994) analyzed the vibration
of a beam with intermediate point constraints subjected to a
moving load by using the Euler beam theory and the assumed
mode method. Yang et al. (1997) evaluated the inertia effect of
moving vehicles, and obtained numerical solutions using
Newmark method. Michaltsos et al. (1996) investigated the
linear dynamic response of a simply supported uniform beam
and assessed the coupling effect of the mass, velocity and
other parameters of moving load.

With the rapid development of computer simulation tech-
nology and the finite element method (FEM) in recent years, it
is possible for the researchers to study the floating bridge
models more accurately. Wu and Shih (1998) studied the
elastic vibration of a partial-catenary-moored floating bridge
(in still water) subjected to a moving load by taking the entire
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pontoon as a slender beam supported by a number of uni-
formly distributed springs (to simulate the water buoyancy)
and concentrated springs (to simulate the partial-catenary
mooring cables). Zhang et al. (2008) evaluated the hydrody-
namic coefficients and dynamic responses of bridges by the
boundary element method for different water depths, and
indicated that water depth has little influence upon the dy-
namic responses of both types of floating bridges. Based on a
three-dimensional source distribution method, Seif and Inoue
(1998) analyzed the dynamic response of typical discrete
pontoon-type floating bridge by taking into account all of the
static and dynamic couplings from different parts, and inves-
tigated the effects of the wave parameters including height,
period and direction on the behavior. Considering the
nonlinear properties of connectors and vehicles inertia effects,
Fu et al. (2005) investigated the dynamic displacement and
connection forces characteristics of a floating bridge subjected
to moving loads by using super-element method, and found
that nonlinearity and initial gap of the connectors are impor-
tant for the hydroelastic response. Wang et al. (2006) inves-
tigated the dynamic features of a new type floating bridge
subjected to a moving load, and indicated that the dynamic
behavior of the pontoon-separated floating bridge is superior
to that of the ribbon bridge.

Compared with the floating bridges studied in the past, the
gasbag-type bridge is a new kind of floating bridge which is
constructed continuously by a series of gasbags supporting the
loads on the bridge. It is designed to bridge the gap between
seafaring vessels and shore when access to a port is unavai-
lable or denied. The examples are shown in Fig. 1. Through
innovative techniques and substantial reduction in weight and
volume, this system has significant advantages over other
causeway and bridging systems for many coastal, estuarine,
mudflat, and wetland applications. Due to structural differ-
ences with traditional floating bridge, these factors such as
gasbag deformation, coupling nonlinearity and connection
status should be taken into account in the dynamic analysis.
Because the coupling process between gasbag and fluid is
complicated, it is difficult to deal with the interaction by using
the numerical methods mentioned above. Besides, the spring
units used instead of the fluid action are unsuitable to this kind
of bridge.

During the working process of the floating bridge, water
surface changes according to the location of the moving load.

Moreover, because the gasbag is filled with pressurized gas
while the out surface is pressed by air and seawater, the
coupling interaction between gasbags and fluid should be
considered. In the research field of fluid-solid coupling and
liquid flowing, the arbitrary Lagrangian-Eulerian (ALE)
method has been widely used (Souli et al., 2000; Le Tallec and
Mouro, 2001; Zhang and Hisada, 2001; Davey and Ward,
2002; Sawada and Hisada, 2007; Lee et al., 2012). In addi-
tion, Farhat et al. (2001) studied the dynamic response of the
flexible structure in a cross flow by implementation of the
multi-material ALE; Baiges et al. (2011) solved the problem
of floating solids using an ALE framework, and coupling
conditions between the solid and the fluid were studied; Based
on the mixed Lagrangian-Eulerian method, Kashiwagi (2000)
analyzed the interaction process between the floating body and
waves, and the body motions were compared with corre-
sponding experiments.

As previously stated, there have been few studies about this
new type of floating bridge. Thus, in this paper, an attempt is
made to provide an effective analysis method and to investi-
gate the dynamic response of this bridge as well. Considering
the computing efficiency, the simulations with the explicit
integration scheme were carried out in LS-DYNA. The paper
is organized as follows: First, the computation method and
governing equations are introduced, and the penalty-based
method for the fluidestructure interaction is presented. Sec-
ond, the finite element model of floating bridge and the ma-
terial model are described. Third, the flexural mode shapes and
natural frequencies of the floating bridge are analyzed. After
the initial position and deformation are calculated, the simu-
lation results of the vertical displacement and the stress state
of gasbags are presented and discussed based on the dynamic
response of floating bridge. Moreover, the hinge connection
force is also examined in this section. Finally, some conclu-
sions are given.

2. Computation method

2.1. Explicit dynamic analysis

Continuity equation and motion equation of structure in
Lagrangian description are given by

rsðX; tÞ JðX; tÞ ¼ r0ðX; tÞ J0ðX; tÞ ð1Þ

Fig. 1. The examples of gasbag-type bridges.
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þ ms

vu

vt
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X

¼ vsij

vxi
þ rsbi ð2Þ

where rs is density of solid, J is Jacobian determinant, u is
displacement of solid, ms is damping coefficient, bi is body
force, and sij is stress tensor.

The equation of motion at time tn by using spatial dis-
cretization can be derived by

M€un þC _un þKun ¼ Qn ð3Þ

where M is the mass matrix, C is the damping coefficient
matrix, K is the stiffness matrix, Qn is external load vector, €un,
_un and un are the acceleration, velocity and displacement
vectors respectively.

Eq. (3) can be integrated by the central difference inte-
gration rule and is rewritten as follows:

€un ¼M�1ðQn �C _un �KunÞ ð4Þ
Velocities and displacements are updated in each time step

as follows:

_unþ1=2 ¼ _un�1=2 þDtn€un ð5Þ

unþ1 ¼ un þDtnþ1=2 _unþ1=2 ð6Þ

where Dtn and Dtnþ1/2 are time intervals, and depicted in
Fig. 2.

The explicit integration scheme improves the computa-
tional efficiency by using diagonal mass matrix. However, one
of the shortcomings of the explicit integration procedure is
that the stability depends on the time step size. The calculation
time step size must be smaller than the critical time which is
determined by the character length of the element and its
material properties. For low order elements, the critical time
step can be calculated by

Dtcr ¼min ðle=ceÞ ð7Þ

where le is the character length of the element, and ce is the
wave speed in the element.

2.2. ALE approach and governing equation

ALE description includes three coordinates: x is the spatial
coordinate; X is the material coordinate; c is the referential or
ALE coordinate. For a given field function f, the time deriv-
ative is given by:

Df

Dt
¼ _f ðc; tÞ ¼ vf ðc; tÞ

vt
þ vf ðc; tÞ

vci

vjiðX; tÞ
vt

¼ f;t½c� þui

vf

vci

ð8Þ

where ui is the particle velocity in referential coordinate.
The NaviereStokes equations can be also expressed in

ALE description. Thus, continuity equation of fluid can be
written as

vr

vt
¼�r

vvi
vxi

� ci
vr

vxi
ð9Þ

Similarly, momentum and energy equation of fluid in ALE
description are given by

r

�
vvi
vt

����
c

þ cj
vvi
vxj

�
¼ vsij

vxj
þ rbi ð10Þ

r
vE

vt
¼ sijvi;j þ rbivi � rcj

vE

vxj
ð11Þ

where c is the ALE convective velocity, vi is the velocity of
fluid, xi and xj are space coordinate, bi is body force, sij is the
stress tensor, r is the fluid density, and E is the total energy.

For the slightly compressible Newtonian fluid, the consti-
tutive equation is introduced as

sij ¼�pdij þ 2mDij ð12Þ

where p is the fluid pressure, m is the kinematic viscosity
coefficient of fluid, and

Dij ¼ (vvi/vxjþvvj/vxi)/2.

The above constitutive equation of the fluid is composed of the
equation of state (EOS) and thematerial model. The EOS defines
the relationship between volume change and pressure, and the
material model defines the deviatoric stress (viscous stress).

2.3. Fluid structure interaction

The interaction between the fluid and gasbags is a strongly
nonlinear process. The geometric compatibility and mechan-
ical equilibrium conditions should be satisfied on the interface:

vs ¼ vf ¼ vu

vt

����
X

ð13Þ

Fs ¼�Ff ð14Þ

where vs, vf are the velocity of solid and fluid on the interfaces,
and Fs, Ff are the interaction forces, respectively.

The interaction between the fluid and the structure makes
use of the penalty-based coupling method, which can ensure
the energy conservation. The relationship between pressure

Fig. 2. Time discretization.

139H.-h. Wang, X.-l. Jin / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 137e152



and penetration is defined, which determines the acting force
applied according to penetration distance. In Fig. 3, the
Lagrangian elements are used to model the structure whereas
the ALE elements are used to model the seawater and air.
When the solid material node xl passes through the fluid sur-
face, the penetration distance Z is determined. Thus, corre-
sponding forces are applied to the fluid nodes and the structure
nodes according to the relative displacement. To determine
whether there is interaction force between the fluid and the
structure, additional coupling points besides the element nodes
should be added in the Lagrangian element.

Based on the penalty function which can be regarded as a
spring system, penalty coupling force is numerically unstable.
Therefore, in order to limit numerical oscillations, it is
necessary to increase the damping system in the coupling
system as shown in Fig. 4. In this analysis, penalty factor and
damping factor are used to estimate the spring stiffness and
damping coefficient of the interacting system, and the values
are set to 0.2, 0.45 respectively. The coupling force is defined
to be proportional to the contact rigidity and the depth of
penetration, and can be calculated by the equation

Fs ¼ d2Z

dt2
þ x

dZ

dt
þms þmf

ms �mf

aKiA
2
i

Vi

Z ð15Þ

where x is damping coefficient; a is the scale factor; Ai, Vi, Ki

are area, volume, and bulk modulus of element respectively;
ms, mf are mass of structure and fluid.

3. Model description

3.1. Finite element model

Floating bridge module is mainly composed of loading
plate, gasbags and connecting bands. Each plate is 3.05 m long
and 6.10 m wide, which is supported by two 1.525 m diameter
pneumatic floats. Fig. 5 shows the geometry of floating bridge
module. Since the gasbags and bands are thin, they were

described by the four-node BelytschkoeTsay membrane ele-
ments in the framework of the Lagrangian scheme. The
loading plate is 0.45 m thick, which was described by hexa-
hedron elements. The finite element model meshed according
to full size of floating bridge module is shown in Fig. 6. Based
on the dynamic contact algorithm, the contact relations of
interfaces between plate and gasbag are defined.

The plates are made of the high strength and light density
aluminum alloy, and the gap between different plates is 2 cm

Fig. 3. Penalty-based coupling.

Fig. 4. Scheme of the penalty coupling with a dashpot.

Fig. 5. Geometry of floating bridge module.
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in the original design. The floating bridge modules are con-
nected and integrated by hinges which have sufficient strength
and can ensure rapid assembly. The diagrammatic sketch of
hinge joint is shown in Fig. 7. According to the operating
requirements, there is an axial rotation in a limited angle range
between different loading plates through the hinges, but the
translational motion is not permitted here. For simulating the
rotation process, the keyword of hinges model in LS-DYNA is
used. The rotation of hinge is defined by four nodes: i, j, k, l.
The force and moment of hinges are calculated by the penalty
function method. The constraint equation between the two
nodes is C(xi,xj) ¼ 0, and the node force can be expressed as:

fi ¼�kij
vC

�
xi;xj

�
vxi

ð16Þ

fj ¼�kij
vC

�
xi;xj

�
vxj

ð17Þ

where kij is rigidity coefficient of penalty function.
The floating bridge assembled by 20 modules is approxi-

mately 60 m long, 58ton weight, and the whole finite element
model is displayed in Fig. 8. In order to evaluate the load-
bearing capacity of the floating bridge, a heavy-duty truck
which can carry a 40 ton load is used to drive on this bridge.
The finite element model of truck is shown in Fig. 9. Because
the status of truck is not the research focus, it can be regarded
as rigid body.

As shown in Fig. 8, the fluid consists of three different
parts: air, seawater and internal pressurized gas. For the fluid,
the grid of ALE domain is approximately half as long as that

of structure. In order to prevent leakage, the coupling points
are defined on the surface of each Lagrangian segment in the
interacting region. At least two coupling points per each ALE
element side length should be maintained during the whole
process. Too many coupling points will result in instability,
and not enough can result in leakage. Besides, the water depth
of the model is 5 m, which is deep enough to prevent the
gasbags contacting with the seabed. According to the previous
studies (Zhang et al., 2008), the water depth has little influence
upon the dynamic responses of floating bridge, thus the effect
of water depth can be neglected.

The finite boundary of the fluid domain will cause the
generated wave to be reflected and then influence the bridge.
Therefore, it is necessary to properly define a finite compu-
tational domain with the appropriate definition of an artificial
boundary. In this analysis, non-reflecting boundaries are used
on the exterior surfaces of the air and water model to absorb
the reflected wave energy and prevent reflected wave gener-
ated at the model boundaries. The boundary condition is
similar to the damping layer, and the speed and pressure of
wave will be dying out rapidly.

3.2. Material model of gasbag and fluid

In the whole bridge system, the gasbag is the most
important part. High strength and loading capacity of gasbag
are required to ensure the 40 ton truck pass smoothly. On the
other hand, in order to reduce the gasbag storage space and
extend operational life, the gasbag material ought to have good
flexibility, abrasion resistance, and corrosion-proof. After the
structure is determined, the choice of material becomes the
key to the design. According to the empirical calculation and
experiment, composite fabric with high strength, lower relative
density and fatigue resistance have been selected as the ma-
terial of gasbag. The density and Possion's ratio of gasbag are
1150.2 kg/m3 and 0.34 respectively, and the thickness is
3.5 mm.

The reliability and accuracy of numerical results depend on
the finite element models and property parameters of material
for the analysis, which is the reason that mechanical param-
eters should be calculated or measured precisely. For the
composite fabric materials, it is difficult to predict the me-
chanical properties by theoretical method due to the compli-
cated structure. Thus, the property parameters of the

Fig. 6. Finite element model of floating bridge module.

Fig. 7. The hinge joint.
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composite fabric are obtained by the mechanical properties
test, and the stress-strain constitutive relation is shown in
Fig. 10. Furthermore, the material model of “MAT_FABRIC00

is used in this analysis, which is especially developed for
airbag materials and more suited to the large deformation.

The gasbag is filled with pressurized gas while the out
surface is pressed by air and seawater, and the pressure of
filled gas was 115Kpa in the initial design. Thus, the Eulerian
mesh was divided into three material regimes. We defined
three different material models according to the properties of

air, sea water and pressurized gas, and attributed the material
to corresponding Eulerian mesh. The mesh of internal pres-
surized gas was separated by the inner surface of gasbags to
simulate the actual condition.

In order to describe behavior of the fluid, the state equa-
tions have been applied to calculate the pressure of gas or
liquid. For the air and pressurized gas, linear polynomial state
equation was used, which defines that the pressure is related to
the relative volume and specific internal energy. Thus, the
pressure P is expressed as

P¼ C0 þC1mv þC2m
2
v þC3m

3
v þ

�
C4 þC5mv þC6m

2
v

�
E0

ð18Þ

where mv is the rate of volume change, E0 is the internal en-
ergy and equals 253312.4, C0, C1, …, C6 are constants.

In general, the air is often modeled as an ideal gas by
setting C0¼ C1¼ C2¼ C3¼ C6¼ 0, C4¼ C5 ¼ g�1¼ 0.4.
Then, the equation can be reduced as

P¼ ðg� 1Þr1
r0

E0 ð19Þ

where mv ¼ r1/r0�1, r0 is the initial density of air and equals
1.25, r1 is current density of air, g is the rate of heat release
and is 1.4.

In addition, the Gruneisen equation was chosen as the EOS
of the seawater. The equation is:

p¼
r0C

2m
h
1þ

�
1� g0

2

�
m� a

2
m2
i

"
1� ðS1 � 1Þm� S2

m2

mþ1
� S3

m3

ðmþ1Þ2

#2
þ ðg0 þ amÞE ð20Þ

where C is the speed of sound in water and is 1480 m/s in this
research; S1, S2 and S3 are the coefficients of the slope of the
us�up curve; g0 is the Gruneisen gamma and a is the first
order volume correction tog0; m is the kinematic viscosity and
equals 8.684 E�4; E is the initial internal energy. S1, S2, S3, g0
and a are all input constant parameters and the values are 1.92,
�0.092, 0, 0.35, 0 respectively.

Fig. 8. The whole finite element model.

Fig. 9. Finite element model of heavy-duty truck.

Fig. 10. Stress-strain constitutive relation.
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4. Results and discussion

4.1. Model validation

The 1/3-sacle floating bridge was tested in the wave basin
with and without deck loading for sea-keeping characteristics
(static tests) by Pratt et al. (2009). The experimental model
was assembled by 12 modules, and was approximately 12.2 m
long. The scales of different physical quantity are listed in
Table 1.

Based on the computation methods mentioned above, the
finite element model was established with the same di-
mensions of the test model. According to the position of the
loading in the experiment, a scaled deck loading was applied
on the central section of the floating bridge in the simulation.
In order to avoid a long fluctuation, the global damping co-
efficient was applied to this model. In addition, the simulation
results were obtained when the floating bridge is completely
still on the water surface. Fig. 11 shows the deformation of the
1/3-scale floating bridge under the scaled loading. The middle
module of bridge dips dramatically, while the two ends
floating up slightly. Fig. 12 depicts the 1/3-scale displacements
results of the experimental model and the finite element
analysis. The maximum vertical displacement of the floating
bridge under the scale loading is about 0.23 m. It is seen that
the vertical displacement for different position under decking
loading show a good agreement with testing data.

4.2. Modal analysis

The flexural mode shapes and natural frequencies of the
floating bridge were analyzed in this section. In order to
calculate the mode of this hinged bridge, the numerical model
was simplified reasonably according to the previous studies.
The influence of the air was ignored, and the corresponding
elements were used to simulate the effect of water buoyancy

and mooring ropes. The lowest 30 natural frequencies of this
floating bridge are listed in Table 2. Fig. 13 shows the lowest
few vertical flexural mode shapes and the corresponding nat-
ural frequencies. By contrast, the torsion mode shapes and
natural frequencies are shown in Fig. 14.

As listed in Table 2, the difference between two adjacent
natural frequencies is very small for f1�f19 but becomes much
larger for those greater than f19. This is because the different
floating bridge module is assembled by hinges. The bending
moment at the central hinge is vanish, thus the elastic defor-
mation of each pontoon is much smaller than the rigid-body
displacement, and the vertical deflection of the entire bridge
is caused mainly by the rotation at the hinge position and not
by the deformation of bridge. For example, the nineteenth-
order vertical flexural mode shape is similar to the fold line,
and the corner is located at the position of hinge. Moreover,
most of the effective stiffness of the bridge is provided by the
water buoyancy and the mooring ropes in this case. Since the
stiffness of the entire bridge due to the water buoyancy and the
mooring ropes is much smaller than the material stiffness and
changes slightly due to change of mode shape, the lowest 19
natural frequencies alter little with the increase of mode order.

For the mode order higher than the 19th, the elastic de-
formations of the bridge produce dominant effect. The bridge
can suffer with the torsion moment at the hinge position, thus
the associated natural frequency increases with the increase of

Table 1

Scale factor of different parameter.

Parameter Full scale 1/3 scale

Plate, L � W � H (m) 3.05 � 6.10 � 0.45 1.017 � 2.033 � 0.15

Gasbag, Diameter (m) 1.525 0.508

Weight (Kg) 2721.6 100.8

Deck loading (Kg) 72000 266.7

Fig. 11. Deformation of the 1/3 scale floating bridge under the deck loading.

Fig. 12. Vertical displacement of the 1/3 scale floating bridge.
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mode number as shown in Fig. 14. Compared with the torsion
mode, the vertical bending modes will be the principal modes
excited by the moving loads.

4.3. Initial position and deformation

Under the effect of inner pressurized gas, the stress and
deformation of gasbags will reach an equilibrium status.
Without considering the environmental factor and the loading,
the principal stress of gasbag is shown in Fig. 15, while the
length of grid is 0.25 m and 0.05 m, respectively. As the figure
shows, the gasbag is mainly subject to the stretching stress,
and the stress of the middle is higher than those at the two
ends. The maximum principal stresses calculated under
different mesh length are shown in Fig. 16. If the length of grid
exceeds the 0.3 m, the mesh couldn't describe the actual shape
of gasbag accurately, and will lead to stress deviation. If the
length of grid is too small, it could lead to a very large number
of mesh and low computational efficiency. Thus, both the
accuracy and efficiency should be taken into account, and the
0.25 m length of grid was chose in this analysis.

The bridge is a short distance from the water surface in the
initial finite element model. Under the action of gravity and
buoyancy, the floating bridge will come into equilibrium state.
Thus, the position of the floating bridge should be determined
in the first step.

Fig. 17 shows the floating bridge's initial and equilibrium
position, and part of gasbag immerses in the water under the
equilibrium state.

Fig. 18 shows the vertical displacement of loading plates,
the bridge will be at rest after a short time of sinking and
floating in the water, and the displacement is about 0.15 m.
The radial dimension of the gasbag is 1.525 m, and DL is
defined as radial deformation as shown in Fig. 19. De-
formations take place as a result of the action of loading plate
and fluid, thus Fig. 20 shows the time history of radial
deformation. Initially, floating and sinking of bridge lead to
fluctuating of deformation, and the stable value of the radial
deformation is about 7 cm. Fig. 21 shows the principal stress
distributions of the gasbags, and the maximum stress is about
1.5Mpa in the equilibrium state.

4.4. Dynamic response analysis

To evaluate the load-supporting capacity and to investigate
the dynamic response caused by moving vehicle, we chose
four conditions according to different vehicle total weight:
10ton, 20 ton, 30 ton, and 40 ton, respectively.

Based on the above initial state, the driving processes of
heavy-duty truck with different load were simulated to deter-
mine whether it can pass safely. Fig. 22 shows the process of 30
ton truck driving on the floating bridge. The truck accelerated to
4 m/s at the beginning, then moved along at a steady rate. If the
value of the acceleration is very large, it will cause a larger
impact on the end of bridge, thus the 2 m/s2 of the acceleration
was used in the initial phase. The floating bridge bobbed up and
down on the water while truck driving, and the modules which
located just below the truck sink considerably compared with
others. As the pictures suggest, such a bridge has sufficient
buoyancy to support 30 ton heavy truck or other vehicles.

During the course of driving, large deformations of gasbags
will take place under the action of the truck and loading plate,
thus we chose the middle gasbag as example to compare the
maximum radial deformation. Fig. 23 shows time history of
the radial deformation in different working condition, and the
maximum radial deformations are 0.136 m, 0.154 m, 0.172 m
and 0.186 m, respectively. By contrast, the maximum axial
deformations are 0.0157 m, 0.0215 m, 0.0263 m and
0.0282 m, respectively. Compared with the radial deformation,
the values of axial deformations are much smaller than those.
The moving load affects the deformation of gasbags mainly in
radial direction. Besides, the change of compression amount is
not noticeable in the effect of internal gas pressure when
payload is increased.

The height of the bridge without any load is only about
1.5 m above the water without loading, for safety reasons, the
vertical displacements are researched to prevent vehicles
submerging in heavy load case. The middle loading plate is
chosen to compare the maximum drafts, and Fig. 24 shows
time history of the vertical displacement in different working
conditions. The maximum displacements are 0.280 m,
0.416 m, 0.505 m, and 0.579 m, respectively as the figure
shows. As the load increases from 10ton to 40 ton, the

Table 2

The lowest 30 natural frequencies of the floating bridge.

Mode no.(i) Natural frequency, (Hz)

1 1.2512

2 1.2522

3 1.2540

4 1.2566

5 1.2599

6 1.2640

7 1.2691

8 1.2751

9 1.2822

10 1.2904

11 1.2998

12 1.3104

13 1.3222

14 1.3349

15 1.3481

16 1.3611

17 1.3730

18 1.3827

19 1.3891

20 2.4752

21 3.6256

22 3.7081

23 4.9927

24 6.4496

25 7.9596

26 9.4972

27 9.6415

28 11.097

29 12.723

30 14.386
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maximum draft rises gradually. For all working conditions, the
module dips dramatically when vehicle passes, and then floats
after truck driving away. Moreover, the upward dynamic dis-
placements are generated when the load arrives or departs
from the middle plate, and go up with the increase of the
loading.

Time history of the vertical displacement in different ve-
locity is shown in Fig. 25. With the speed increase, the vertical
displacement increases slightly, which agrees with the studies
of Fu et al. (2005). Due to the constraint of the mooring rope at
the two ends of the bridge, the oscillation of floating bridge
modules mainly occurs while the vehicle is passing. For the
speed of 5 m/s, the fluctuation frequency can be expressed as
u ¼ 2pvp/xp or f¼ vp/xp, where xp represents the distance
between two adjacent peaks of the response curve, vp denotes

the associated moving load speed. When the loading speed
increase from 2 m/s to 5 m/s, the fluctuation frequencies are
calculated based on the above-mentioned equation, and the
values are 0.083, 0.119, 0.169, 0.192 Hz respectively. With the
increase of moving load speed, the fluctuation frequency of the
bridge will increase and approach to the natural frequency. In
order to avoid the resonance, the lower speed of moving load
was chosen.

The gasbags not only bear inner and outer fluid pressure,
but also carry the loading plates and moving vehicles. Thus, it
is essential to evaluate the tensile strength and to analyze the
dynamic response caused by moving load. Fig. 26 shows the
time history of maximum principal stress of all gasbags. When
the 30 ton truck moves on the two ends of the bridge, principal
stress of gasbags in this state is greater than other states. It is

Fig. 13. The vertical flexural mode shapes of the floating bridge and associated natural frequencies: (a) first-order mode shape; (b) second-order mode shape; (c)

third-order mode shape; (d) fifth-order mode shape; (e) ninth-order mode shape; (f)nineteenth-order mode shape.
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because the module at the end of the bridge is connected with
other module on only one side, which will lead to more loads
and increased stress. Principal stress distributions of gasbags
are shown in Fig. 27. The deformations of gasbag result in the
variable stress as the truck drive by. Initially, the region of the
highest stresses is mainly at one end of the bridge. After a
short time of driving, the maximum stress of the gasbags re-
mains basically unchanged. At last the stress will increase
when the truck reaches the other end of the plates.

Maximum principal stress under different load is shown in
Fig. 28. With the increase of load carrying capacity, maximum
principal stress become larger gradually, and maximum ten-
sion values are 2.614Mpa, 4.103Mpa, 5.266Mpa, and
5.827Mpa respectively. The tension stress of the gasbag is
lower than the limiting stress of the compound fabric. How-
ever, there is still a possibility of structural failure for a long
time using or extreme working conditions. The reinforcement
of high stress region, such as the gasbags at the two ends, can
be considered.

Fig. 14. The torsion mode shapes of the floating bridge and associated natural frequencies: (g) first-order mode shape; (h) second-order mode shape; (i) third-order

mode shape; (j) fourth-order mode shape.

Fig. 15. The principal stress distribution of gasbag under different mesh size.
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In the structural design of the floating bridge, connecting
hinges should ensure an easy and fast assembling, and have
enough strength, long service life and good impact resistance,
which propose higher demand on the selection of hinges.
Therefore, the impact forces between interacting hinges are
examined in this section. The numerical results can provide
guidelines for the design of hinges.

Time history of impact force of middle hinge is shown in
Fig. 29. The hinge is subjected to larger impact loads

Fig. 16. The maximum principal stress of gasbag under different mesh size.

Fig. 17. Initial and equilibrium position of floating bridge.

Fig. 18. Vertical displacement of the floating bridge.

Fig. 19. Definition of gasbag deformation.

Fig. 20. Radial deformation of gasbags.

Fig. 21. Principal stress distribution of gasbags.
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whenever the front and rear wheels of the heavy truck pass,
and the maximum impact force is about 182.18 KN. As the
truck get close to the hinge, the hinge force rise sharply, and
then decline gradually. Connection force is generated by the
relative motion of adjacent plates when the vehicle reaches
and departs from the hinge. In addition, Table 3 lists the
maximum connection force under different load. As the load
increases, the connection force rise gradually, and the incre-
ment is roughly proportional to the mass addition.

4.5. Wave impacting analysis

The load moving on floating bridge was simulated in the
still water, however, the operational environment of floating
bridge is very complicated, and working conditions are often

Fig. 22. Process of 30 ton truck driving on the floating bridge.

Fig. 23. Radial deformation of middle gasbag.

Fig. 24. Vertical displacement of the middle module.

Fig. 25. Vertical displacement of the middle module.
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affected by waves in coastal area. Thus, the bridge under wave
impacting was analyzed in this section.

There are many numerical methods to generate different
types of waves. For the coastal area, the shape of ocean wave
is similar to the solitary wave. Thus, the piston-type plate
simulating the motion of the solid boundary as the disturbance
source was used to generate solitary wave in the numerical
wave flume. The principle of wave maker is shown in Fig.30.

To the solitary wave, the displacement of push plate can be
expressed as

SðtÞ ¼
ffiffiffiffiffiffiffi
4H

3d

r
d tanh

" ffiffiffiffiffiffiffi
3H

4d3

r
ðCt� SðtÞÞ

#

where S is the displacement of plate, H is the solitary wave
height, d is the depth of water, C is the wave speed. According
to Korteweg-de Vries equation, the expression of solitary wave
surface is represented as follow

hðx; tÞ ¼ H sec h2

" ffiffiffiffiffiffiffi
3H

4d3

r
ðx�CtÞ

#

Fig.31 shows water surface profiles of the numerical
simulation in flume. The wave heights are 1 m, 3 m respec-
tively, and the water depth is 10.0 m. The numerical wave is
verified by comparing the simulated water surface with theo-
retical value. Because the solitary wave length is infinitely
long theoretically, the major portion of wave is selected to
make the comparison. In Fig.32, it is seen that the wave height
in different position show very good agreement with theoret-
ical wave. Therefore, we consider that the solitary wave
generated by push plate can satisfy the accuracy requirement.

Base on the numerical wave generator method, the floating
bridge under solitary wave impacting was simulated, and the
wave heights are 1 m, 2 m, 3 m and 4 m respectively. The
impacting process of 2 m and 4 m conditions were shown in

Fig. 26. Time history of maximum principal stress of gasbags (30 ton).

Fig. 27. Principal stress distribution of gasbags (30 ton).
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Fig.33. At the beginning, the solitary wave is generated in the
numerical domain and travel in the direction of bridge. As the
wave approaches the bridge, the whole modules have the
tendency to be lifted. The vertical displacements of the middle
plate under different height wave impacting are shown in
Fig.34. The plate dips under the 40 ton moving load and then
greatly floats upward due to the wave action. After the wave
passes the bridge, the plate drops down rapidly. With the wave

height increase, the maximum vertical displacement of plate
increases gradually.

For safety reasons, the loading plate should keep some
distance above the water surface. When the wave is two meters
high, the two ends of the bridge are very close to the surface of
the wave, and it will affect the safety of vehicle traveling.
Besides, the plate which situated below the truck is nearer to
the water surface than others next to it. For the 4 m high wave,
it can be found that the vehicle bottom and two ends of the
bridge have under the water surface as shown in Fig. 33. In
this condition, the wave can impinge the vehicle directly, and
this operation is not permitted. According to the comparative
simulations, the vehicle can pass and avoid the wave impact-
ing when the wave height is lower than two meters. Further-
more, the bridge will vibrate due to the wave impact load, and
therefore it is proposed that the vehicle should travel on the
bridge at a lower speed for the safety and motion stability.

5. Conclusions

Based on the explicit dynamic analysis and ALE method,
the dynamic response of a new gasbag type floating bridge
subjected to a moving load has been investigated in this
research. Nonlinear coupling process between gasbag and fluid
was established by taking advantage of the penalty-based
coupling method. The equilibrium position and initial defor-
mation of the floating bridge were determined, and then the
truck with different load driving on the bridge was simulated.
Radial deformation of middle gasbags and draught under
different loads were compared, while the connection forces
between interacting hinges were examined. Based on the nu-
merical wave generator method, the floating bridge under
solitary wave impacting was studied. Some concluding re-
marks have been listed as follows.

� The approaches and models employed in the paper can
provide an effective way for predicting the dynamic re-
sponses and improving the design of gasbag type floating
bridge.

� For the vertical flexural modes, the difference between any
two adjacent natural frequencies is very small, and the
vertical deflection of the entire bridge is mainly caused by

Fig. 28. Maximum principal stress under different load.

Fig. 29. Connection force of middle hinge.

Table 3

Maximum connection force under different load.

Total weight (Ton) Hinge force (KN) Increment (%) Mass Increment (%)

10 48.85 / /

20 106.44 117.9 100

30 182.18 272.9 200

40 221.14 352.7 300

Fig. 30. Principle of wave maker.
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the rotation at the hinge position and not caused by the
elastic deformation.

� With the increase of gross weight, the compression
amount of gasbag has changed little because of the inner
pressurized gas. By contrast, maximum vertical displace-
ment of the bridge increases obviously. Besides, the

displacement will increase slightly when the speed
increases.

� The maximum principal stress of gasbags located at the
end of bridge is larger than others while the driving pro-
cess. This position requires more attention in the design
phase. In addition, when the front wheel reaches or the
rear wheel departs from the hinge, the vehicle causes a
notable impact on the hinge.

� The waves have obvious influence on the dynamic
response of floating bridge. For the purpose of safety
traffic, the application of this type of bridge will be
restricted in the large wave circumstance.
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