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Abstract 

Following the successful completion of the Storebælt and Øresund Crossings, the Danish Ministry of 
Transport appointed Femern A/S to be in charge of preparation, investigations and planning in relation 
to the establishment of a fixed link across the Fehmarnbelt. To further investigate the causes behind 
the cable vibrations that were observed on the cable-supported bridges forming part of the 
aforementioned crossings, Femern A/S commissioned a 5-year international collaborative research 
project, entitled “Understanding and controlling wind-induced vibrations of bridge cables”. The 
ultimate goal of the project has been the establishment of novel vibration mitigation schemes that 
could be readily, economically, and effectively implemented on a cable-supported bridge that might 
form part of the fixed link.  In support of the proposed research, Femern A/S commissioned a new 
climatic wind tunnel, designed specifically for the testing of bridge cables. Five years after its 
initiation, the participants report the main results from the research project. 

1 Introduction 

In June 1998, Denmark opened to traffic the world’s second longest suspension bridge as part of the 
18km long Great Belt Fixed Link between Funen and Zealand. The Storebælt Bridge has a main span 
of 1624m and pylon heights of 254m. Two years later, the 16km long Øresund Fixed Link between 
Denmark and Sweden was opened. The Link consists of a tunnel and a cable stayed bridge, which 
currently holds the longest span of 490m for a cable stayed bridge carrying both road and rail traffic. 
Both projects are considered to be engineering and socio-economic success stories. However, a series 
of reported cable vibrations on the bridges of both links have left the designers and operators with 
questions surrounding the overall understanding of the cable vibration mechanisms and measures for 
their mitigation. The resounding success of the aforementioned links led the Danish state to examine 
the possibilities of a fixed link between Denmark and Germany. Femern A/S was established and 
charged with the preparation, investigations and planning in relation to the establishment of a fixed 
link across the Fehmarnbelt. The 17.6km crossing has many similarities to the previous crossings and 
it was for this reason that it was decided that a 5-year research project focused on the understanding 
and controlling of wind-induced bridge cable vibrations be commissioned. Early on, it was believed 
that a cable-stayed bridge would be a major component of the link. At the time of writing this, it has 
become probable that the fixed link will be the world’s longest combined road and rail undersea tunnel. 
Nevertheless, it is hoped that the findings from this project will help in our overall understanding of 
the cable vibration mechanism and contribute to the mitigation measures that will make future cable-
supported bridge links even more successful. The Fehmarnbelt Fixed Link is due to open in 2020.  
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2 Monitoring 

As part of the project, monitoring systems were installed on the Øresund (cable-stayed) and Storebaelt 
(suspension) Bridges, recording accelerations of selected cables and of the deck and tower, together 
with wind velocities and other weather conditions. The instrumentation on the Øresund Bridge is 
shown in Figure 2.  

 

Figure 2. Elevation of Øresund Bridge showing locations of instruments. 

The aim of the monitoring was to characterise the vibrations of cables in different environmental 
conditions. In particular, for the inclined cable stays on the Øresund Bridge, which are arranged in 
pairs, a system identification method was used to extract the effective total stiffness and damping 
matrices, which were found to be functions of the wind and rain conditions. The results of the 
damping matrix for dry conditions and wind normal to the bridge are presented in Figure 3. The results 
show negligible coupling between modes in the two vibration planes but clear trends of the direct 
damping terms (CXX/M and CYY/M) with Reynolds number. For low Reynolds number the 
aerodynamic damping is proportional to wind velocity, in accordance with conventional quasi-steady 
theory, but for Reynolds numbers greater than about 1x105 (corresponding to a wind velocity of 6m/s), 
there is a significant drop in the aerodynamic damping. Although it remains positive over the full 
range of Reynolds numbers for this wind direction, this is believed to be linked to the dry inclined 
cable vibrations observed on some bridges in certain conditions. Most significantly, the results for all 
5 cable modes analysed are remarkably consistent. This is despite the natural frequencies and hence 
the reduced velocities being very different. This gives clear evidence that the behaviour is governed by 
Reynolds number rather than reduced velocity. 

  

 

Figure 3. Damping matrix for cable 8M vs. Reynolds number, for wind normal to the bridge, from system 
identification of first 5 modes from full-scale data, together with theoretical quasi-steady values using static 

force coefficients from 3 different sets of wind tunnel data. 
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3 Climatic wind tunnel 

Cable vibrations on both the Storebælt and Øresund Bridges have been reported in icy and snowy 
conditions. Therefore, any systematic attempt to understand these vibrations would involve the 
recreation of varying meteorological conditions. To this end, a new climatic wind tunnel  (CWT) was 
designed and built, as a collaborative effort between the Technical University of Denmark and 
FORCE Technology Denmark (Fig. 1). The CWT has been in service since 2010. 

The closed circuit CWT has overall dimensions of 8m x 20m x 4m, which were primarily dictated by 
the space available. It is equipped with a 210kW fan, able to produce a maximum wind velocity in the 
bare tunnel of 32m/s. Upstream of the test section, a 4m x 4m settling chamber hosts the cooling unit, 
a honeycomb grid and the water spray unit. In-cloud icing conditions are generated by a rotatable 
spray bar allowing for the alignment with any inclined cable configuration. The spray system creates 
droplet sizes between 10 and 40µm by varying the supply pressures of air and highly purified water. 
The 250kW cooling unit produces a minimum uniform temperature in the test section of -5°C at full 
velocity. A 4:1 contraction leads to the 2m x 2m, 5m long test section, which allows for the testing of 
full-scale cable sections for a variety of combinations of yaw and inclination angles, down to 22.5o of 
inclination. The installation of a dynamic rig allows for vibration testing. A maximum value of the 
residual turbulence in the bare test section of 1% is guaranteed by the design. Additional turbulence 
can be created at through the addition of passive grids.  

     
Figure 1. Climatic Wind Tunnel at FORCE Technology, Denmark (left), test section with dynamic rig (centre) 

and cable force coefficient evaluation with in-cloud icing (right). 

4 Dry vibrations 

Wind tunnel tests of scaled twin Øresund Bridge cables did not produce dry vibrations for the specific 
relative cable wind angles tested.  

       
Figure 4. 160mm diameter HDPE tube with helical fillet (left) and the observed dry vibration amplitudes as a 

function of wind velocity (right).  
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Consistent and repeatable limited-amplitude dry vibrations were observed for single helically filleted 
cable sections, though. The cable had an inclination angle of 25° and a yaw angle of 60°, leading to a 
relative cable wind angle of 63°. Figure 4 shows a tested 160mm diameter HDPE tube, together with 
the observed vibration amplitudes measured as a function of wind velocity. 

5 Rain-wind induced vibrations 

Rain-wind induced vibrations (RWIV) were observed during the wind tunnel testing for smooth cables. 
From the tests, it was clear that the vibrations were significantly enhanced by the presence of an upper 
rain rivulet. The rivulet on a 160mm diameter plain HDPE tube can be seen in Figure 5, together with 
the observed RWIV amplitudes for a relative cable wind angle of 63°. 

    
Figure 5. Upper rain rivulet on oscillating 160mm diameter HDPE tube (left) and observed vibration amplitudes 

as a function of wind velocity (right). 

6 Innovations 

Patent applications have been submitted for two innovative surface modifications that were found to 
be superior to existing surface modifications. Figure 6 shows a surface modification with a non-
optimised drag coefficient of 0.65. This is analogous to the drag coefficient found on dimpled cables. 
The modification of Fig 6 was found to be stable under all tested conditions. One of the main 
attributes of the proposed modifications is a concave fillet, which unlike traditional fillets, helps to 
effectively repel water from the cable surface. 

 
Figure 6. Proposed surface modification for enhanced cable aerodynamic stability and reduced drag. 
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