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Abstract 

Floating bridges serve as attractive solutions where classical bridge concepts are not possi-
ble. However, compared to more commonly encountered bridge concepts such as cable-
supported bridges, their dynamic behavior remains less investigated. Here, an end-supported 
pontoon bridge, currently under development by the Norwegian Public Roads Administration 
(NPRA) for the Bjørnafjord crossing in Norway, is considered as a case study to investigate 
its dynamic behavior under combined wind and wave loading. The stochastic dynamic behav-
ior of the bridge are evaluated using state-of-the-art time domain analysis techniques. The 
frequency-dependent motion induced forces are modeled using state-space formulations, 
which are then embedded into the general-purpose finite element software ABAQUS, where 
the global dynamic analysis is carried out. Results of global response measures at the bridge 
girder are presented and the results are carefully discussed. 

Keywords: floating bridge, buffeting, first-order waves, stochastic dynamics, radiation forc-
es, self-excited forces, state-space model 
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1 INTRODUCTION 
Although they are still relatively rare, floating bridges offer viable and economically effi-

cient alternatives to the more classical long-span bridges. Span lengths so far has not been 
crossed with cable-supported bridges can possibly be crossed with floating bridges, without 
needing massive increase in the cost due to impractically large section dimensions. Such a 
solution for crossing the 5 km wide, Bjørnafjord in Norway is currently under evaluation of 
the Norwegian Public Roads Administration (Statens Vegvesen) as part of the Ferry Free E39 
Coastal Highway Project [1]. In contrast to the cable-supported bridges, however, the dynam-
ic behavior of such structures under environmental actions is far less investigated. The harsh 
nature of the Norwegian fjords together with its complex and mountainous topography in ad-
dition to the uniquely large scale of the structure makes such an evaluation increasingly chal-
lenging for the designing engineers. Significant efforts in understanding the underlying 
complex dynamics of the system are therefore necessary. 

Dynamic analysis of floating bridges under random environmental loads require a stochas-
tic dynamics approach, where the hydrodynamic effects at the pontoon locations and the aer-
odynamic interaction of the bridge girder with the wind should be modeled. Such an analysis 
can be carried out both in the frequency domain using spectral analysis [2,3] and in the time 
domain using Monte Carlo simulations [4,5]. Although significantly less time-efficient, time 
domain methods allow incorporation of the nonlinearities in the system. In a time domain ap-
proach, structural and geometric nonlinearities and nonlinear wind and wave forces can be 
included in the dynamic analysis, the effects of which might be important in case of such a 
slender structure. However, the frequency-dependent motion-induced forces, namely the aer-
odynamic self-excited forces and the hydrodynamic radiation forces that arise from the fluid-
structure interaction, are more difficult to model in a time domain approach. For computation-
al efficiency, radiation forces are conveniently modeled by state-space models [6,7] in analy-
sis of large offshore structures and recently same approach was adopted for floating bridges 
[5]. Similar approaches can also be encountered in modeling of the self-excited forces in aer-
odynamic analysis of bridge decks [5,8,9].  

Numerical simulations of the dynamic behavior of a super-long curved floating pontoon 
bridge under combined wind and wave actions are carried out in this study. The analysis is 
carried out in time domain, where the motion-induced forces are modeled using state-space 
models. The analysis results are presented in terms of standard deviations of the girder dis-
placement and section forces.  
 

 
Figure 1: Floating bridge crossing the Bjørnafjord 
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2 THE FLOATING BRIDGE CONCEPT 

The floating bridge concept studied here is currently under concept development phase and 
considered a viable option for crossing the Bjørnafjord in Norway, which is a 5 km wide fjord 
in Hordaland, Norway. The fjord is exposed to strong winds and waves from the Norwegian 
Sea and the depth of the seabed does not allow for abutments, which would support a classical 
bridge. Therefore, a floating bridge with that is supported by pontoons is considered for the 
crossing (Figure 1). The proposed bridge consists of mainly three parts: a cable-stayed bridge 
that would allow the passage of ships underneath it, a high-bridge part that provides the tran-
sition between the cable-stayed bridge and the pontoon bridge, and the low bridge that sits on 
floating pontoons (Figure 2). On top of each pontoon, columns support the bridge girder, 
which has a streamlined girder of 31 meters wide and 3.5 meters deep. The bridge is also 
curved, providing an arching effect against the harsh environmental loading from the open-sea 
exposure.    
 
    

 
Figure 2: Technical Drawings (courtesy of Norwegian Public Roads Administration) 

 

3 MODELING FRAMEWORK 
In the framework of finite element discretization, the equation of motion of the structure 

under wind and wave loading, including the fluid-structure interaction terms, can be written as 
[5,7] 

 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )M u C u K K u F F F F Fs s s h wind buff se wave radt t t t t t t+ + + = + + + −   (1) 

where Ms, Ks, Cs are the structural mass, stiffness and damping matrices, K h  is the hydrostat-
ic restoring stiffness matrix and u(t) is the vector of displacements. Fwind  is the static wind load 
vector, ( )Fbuff t is the buffeting load vector and ( )Fwave t is the first order wave load vector. ( )Fse t  
and ( )Frad t  denote the aerodynamic self-excited forces and the hydrodynamic radiation forces, 
respectively. The structural matrices are easily obtained using a finite element model of the 
structure (Figure 3), where the frequency-independent hydrostatic stiffness matrix can be ob-
tained based on the buoyancy.   
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3.1 Motion-induced forces 
The frequency-dependent motion-induced forces, ( )Fse t  and ( )Frad t  will be modeled by 

state-space models for computational efficiency. The state-space model adopted for both 
terms can be written as 

 ( ) ( ) ( )
( ) ( )

X DX Eu
z QX

t t t
t t

= +
=



 (2) 

where X(t) is the so-called state vector and D, E, Q are matrices of the model, ( )z t  denotes 
the frequency dependent part of the force vector. The system of equations given in the model 
gives a linear, continuous and time invariant system that describes the relationship between 
the motion of the structure and the motion-induced forces. The composition of the D, E, Q 
matrices depend on the functional form assumed to represent the forces. The detailed formula-
tion of the models can be found in [5,10].  

3.2 Buffeting and first-order wave forces  
The buffeting forces due to wind turbulence and the wave forces are stochastic dynamic 

forces acting on the structure at pontoon locations and along the girder. They can be modeled 
as time-dependent nodal forces in the finite element framework described. However, the sto-
chastic processes are generally defined in the form of spectral density matrices and Monte 
Carlo simulations are needed to obtain representative time-series of the processes.  

Neglecting the aerodynamic admittance terms, the buffeting load vector for a girder node 
can be written assuming three degrees-of-freedom associated with the drag, lift and pitch mo-
tions of the girder as  

 

2( / ) ( / )
( , )

( , ) 2 ( / )
( , )2

2

D L

buff L L D

M M

D B D B C C
u x tUBF x t C C D B C
w x t

BC BC

ρ
 ′ ′−
    ′ ′= +     

′ 
 

 (3) 

where ρ is the air density, U is the mean wind velocity and B is the width of the bridge 
deck. DC , LC and MC are the aerodynamic static coefficients of the bridge deck. Lastly, ( , )u x t  
and ( , )w x t  are the time-series of the along-wind and vertical turbulences. 

    Similarly, the first-order wave forces exerted upon pontoons by the incident waves, this 
time acting on a node with six degrees of freedom, can be written as 

 

 
( )

( )
( )

1

( , , ) ( , ) cos ( cos( ) cos( ) , , {1,2,...6}

Im ( , )
2 ( , ) , tan

Re ( , )

T

T
T

wave n m nm n m m n mn mn
n m

n m
nm n n mn

n m

F x y t k x y t n m

Sη

ω θ η θ θ ω ε φ

ω θ
η ω θ ω θ φ

ω θ
−

= + − + − =

 
= ∆ ∆ =   

 

∑∑
 (4) 

 
where  ω ,θ , η  and k denote the frequency, direction, wave amplitude and wave number, re-
spectively and T is the transfer function, which can be obtained via potential theory. 
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4 NUMERICAL SIMULATIONS  

A detailed finite element model of the bridge, which was created in the general-purpose 
commercial finite element software ABAQUS [11] was supplied by the Norwegian Public 
Roads administration. The model (Figure 3) consists of beam elements representing the 
bridge girder and the columns and nodes at the water level at the pontoon locations. At the 
pontoon nodes, structural springs are used to model the hydrostatic stiffness of the pontoons. 
Prior to modal and dynamic analyses, the static loading on the structure, namely the prestress-
ing of the cables, self-weight of the structure and the static wind loads are applied to get the 
correct stiffness. Eigenvalue analysis is carried out after the application of static loads. The 
first four mode shapes, along with the corresponding natural frequencies are shown in Figure 
4. The first natural period of the structure is found to be around 116 seconds. 
 

 
Figure 3: Finite element model of the bridge with aero and hydro user elements 

 
Figure 4: First four mode shapes and natural frequencies  

4.1 Stochastic dynamic analysis 
As discussed earlier, the definition of the stochastic environmental loads in the finite ele-

ment model requires simulation of random time series from the processes defined by spectral 
characteristics. Time series of wind and wave forces are generated using an FFT-based simu-
lation scheme [12]. The spectral densities of the processes are taken according to the design 
guidelines and the forms and parameters of the spectra are presented in Table 1. A Kaimal 
type of spectra along with Davenport coherence scheme is assumed for the wind turbulence, 
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where the Jonswap spectrum along with a cos-2s directional distribution is adopted for the 
wave spectrum. 
 

Wind spectra parameters 

( )5/32 , , ,
1 1.5

i i z
z

i i z

S f A f fzf i u w
UA fσ

= = =
+

 
( ) . xexp( ), , { , }

( ) ( )
nm

n m

S f fC K m n u w
US f S f
∆

= = − =  

U 30 
m/s 

Cwy 6.5 CD(CD’) 0.53(0) 

Au 6.8 Cwz 3 CL(CL’) 0.133(4.87) 
Aw 9.4 Iu 0.14 CM(CM’) 0.042(0.056) 
Cuy 10 Iw 0.077   
Cuz 10     

Wave spectra parameters 

( )
( )2

2 2exp4 4
2

4

2

5 1 0.278ln( )
( ) exp 1.25

16

0.07
, 2 /

0.09

( ) cos
2

p

ps p p

p

p
p p

p

s

H
S

for
T

for

D

ω ω

σ ωω γ ω
ω γ

ω ω

ω ω
σ ω π

ω ω

θθ

 − − 
 
 

 −
= −  

 
≤  = = >  

 =  
 

 

s 3 
Hs 2.4 
Tp 5.9 

Table 1: Analysis input 

 
The self-excited forces are modeled using the state-space model described in Eqn (2). The 

self-excited forces obtained by the quasi-steady theory are curve fitted by rational functions 
and the obtained coefficients are used to deduce the aerodynamic state-space model. Similarly, 
the hydrodynamic added mass and damping obtained from potential flow analyses in 
WADAM software using a panel model of the pontoon. The coefficients, which are obtained 
only at discrete frequencies, are then curve fitted using the method developed in [13]. The re-
sults of the curve fitting are then used to deduce the hydrodynamic state-space model. 

The state-space models cannot be directly incorporated into the commercial finite element 
software. To overcome this obstacle, additional node elements at the existing nodes of the fi-
nite element model, defined by a user subroutine are introduced into the model, following the 
work of [5], where details of the implementation can be found. 
 

5 ANALYSIS RESULTS 
Dynamic analysis of the bridge is carried in time domain using the ABAQUS model, in-

cluding the aerodynamic and hydrodynamic effects. 5 simulations of 1-hour duration each 
have been performed. The global responses along the length of the bridge girder, namely the 
strong and weak axis bending moments, the axial force and the displacements in three de-
grees-of-freedom (drag, lift and pitch) are extracted by post-processing the analysis results. 
The standard deviations of the global responses are then calculated using the hour-long sig-
nals at each node or integration point along the girder. The resulting standard deviations of the 
responses are plotted in Figure 5 for each simulation, where the average of five simulations is 
also shown.  
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Figure 5: Standard deviations of the global responses of the bridge girder: the gray lines show different simula-

tions, where the red lines are the averaged results 

 

6 CONCLUSIONS 
Dynamic behavior of a super-long curved pontoon bridge crossing the Bjørnafjord in Nor-

way is investigated in this study under wind and wave loading. The analysis methodology is 
described and selected global responses under a certain environmental condition are presented. 

Although the time-domain method discussed here has been used and verified against well-
established frequency domain analyses before [5,10], comparisons are still necessary to en-
sure reliability of the approach. Such an analysis framework allows inclusion of also nonline-
ar phenomena with reasonable cost of computation, and opens possibilities for many 
investigations concerning the dynamic behavior of the structure. The contributions of wind 
and wave loadings and their interaction, different sources of damping, hydrodynamic interac-
tion of the pontoons and global parametric stability of the entire bridge can be listed among 
others. 
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