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Summary 
Many years of experience of design and maintenance of bridges shows that movement structures are 
among the more expensive as far as maintenance costs are concerned. These structures are the so-called 
mechanical ones and require regular maintenance from time to time, or part or full replacement. 
The design philosophy should therefore be based on: 
• as few as possible movement structures 
• long durability 
• easy to maintain and replace 
This paper describes: 
Typical movement structures like expansion joints, bearings, hydraulic and mechanical dampers and cable 
support arrangements that allow movements. 
General arrangements of the articulation systems of some major bridges relating to the above mentioned 
design philosophies. 
Installation, operation and maintenance experiences. 
Special features in connection with replacement of the Teflon sliding disks in spherical bearings after 22 
years of use. 
Experience from replacement of a 35-year-old roller shutter expansion joint with a new water tight 
modular type on a suspension bridge. 
Challenges in the future. 

Keywords: Cable supported bridges, Articulation systems for bridges, Bearings, Expansion joint, 
Hydraulic supports.   

 

1. Paying attention to movement elements during the design phase 
Movement elements generally represent a minor portion of the total budget for construction of a new 
bridge. During the service life this ratio is generally quite different and the cost for maintenance, repair and 
replacement of movement elements is most often a major expense seen in relation to other maintenance 
costs.  
Therefore, we strongly recommend that special attention be paid to movement elements during the design 
phase. We recommend that the following guidelines are generally applied: 
• Generally as few movement elements as possible. 
• The use of Life Cycle Cost Evaluation to determine the optimal solution, e.g. a local 

strengthening of the bridge girder contra incorporation of movement elements. 
• High durability - more durable than expected to be necessary. 
• Preferably well known, field tested and well documented solutions. 
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2. Design philosophy  
2.1 Low Life Cycle Cost 
With bridge operations, it is very important that traffic flows safely and without disturbances. 
Structures which influence the traffic directly should be given extra attention when planning 
operation and maintenance. Operation and maintenance considerations and calculations of Life 
Cycle Cost (LCC) should be an integrated part of the design of the bridge. 
Traffic regulation and traffic obstruction costs are predominant expenses when repairing bridges 
which carry a great deal of traffic. Also, maintenance and repairs of the suspension system of a 
bridge in operation is extremely costly. For this reason the product/layout with the best durability 
should be selected. It will in most cases result in the lowest LCC. 
Experience shows that the construction cost of expansion joints on trafficked roads is merely a 
minor part of the LCC.  
2.2 Accumulated movement of an expansion joint  
The movements of a major cable-supported bridge are naturally larger than on beam bridges with 
traditional spans. Suspension bridges in particular may experience major longitudinal displacements 
and more specifically a very large accumulated movement which makes specific demands on 
durability. 
To illustrate this, the annual accumulated movement of an expansion joint on different bridge types 
is calculated in the figure below. 
Movements of a short and long beam bridge and of a suspension bridge, respectively:   
 
Bridge type  Continuous 

length 
Maximum 
movement  
 at joint 

Yearly accumulated 
movement at joint 

Relative 
comparison 

with hydraulic 
system (buffers)* 

2694 m ± 1.0 m ~ 100- 200 m 1-2 Great Belt East 
Bridge 
Suspension 
Bridge 

without hydraulic 
system 

2694 m ± 1.8 m  ~50 000 m ~500 

Great Belt, 
Steel Approach 
spans Halsskov 

- 2518 m  ± 0.7 m  ~100 m 1 

Steel beam  50 m ±0.03 m ~5 m 0.025 
*) The hydraulic system is explained in section 3.2 
Table 1  Expansion joint movements on beam and suspension bridges 
 
It means that the buffers reduce the wear by a factor of more than 100 times. It also shows that the 
wear of long bridges is much higher than for small standard bridges. 
Wear is caused by other things than movements, such as frost, rain, traffic intensity and dynamic 
interaction. However, the above relative comparison indicate that expansion joints and bearings for 
the major cable supported bridges should be of more durable and robust type and materials than 
applied for standard bridges.  
It is our experience that the PTFE sliding material is not sufficiently robust for suspension bridge 
joints where the girder can move freely longitudinally due to traffic. It wears out within few years. 
A bridge should be arranged with as few movement elements as possible. Movement elements are 
mechanical parts which require inspection, maintenance and replacement. The best joint is no joint 
so to speak.  
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3. Examples of movement structures 
In the following examples, design considerations and the special features regarding articulation systems 
are presented for three Danish bridges: Faroe Bridges (one approach bridge and one cable stay bridge), 
Great Belt East Bridge (suspension bridge) and New Little Belt Bridge (suspension bridge).    

3.1 Faro Bridges  
In Fig. 1 the Faroe Bridges are shown. 

Fig. 1     Faroe Bridges, 1985 

3.1.1   Articulation system 
Both for the SF-bridge (Zealand-Faroe) and 
the FF-bridge (Faroe-Falster) the bridge 
girder is designed as a closed box girder 
with a trapezoidal cross-section and an all-
welded orthotropic roadway deck, 
continuous and without joints over the 
entire length of the bridge. At the piers, the 
girder is supported on bearings permitting 
longitudinal movements and securing the 
girder transversely. The SF-bridge has fixed 
bearings at piers no. 9 and 10 for absorption 
of longitudinal forces, see Fig 2.  
 

In the FF-bridge the girder is secured longitudinally at pylon no. 9 by an elastically functioning bearing 
arrangement. The articulation system appears in Fig. 2 and Fig. 3. 

Fig. 2  Articulation system, Sjælland-Farø Bridge 

FF-bridge 

SF-bridge 
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Fig. 3  Articulation system, Farø-Falster Bridge 
 
At the bridge ends, expansion joints are placed in the deck between bridge girder and abutment. The joints 
are waterproof and designed to cope with the actual longitudinal movements of up to ± 520 mm per joint, 
primarily caused by temperature variations. 

3.1.2 Replacement of Teflon sliding discs at end bearing 
Every fifth year since the bridge was opened to traffic in 1985, the remaining thickness of the sliding 
PTFE-discs has been measured on all bearings on the bridge. The measurements show that the wear on the 
PTFE-discs is roughly the same on all bearings and that it is in the range of 0.1 - 0.2 mm per five years, 
however the wear is slightly larger on the end bearings, i.e. farthest away from the fixed piers.  
In 2005 it was identified that the remaining free PTFE-disc thickness was 1.0 mm on two end bearings. 
This value is corresponding to the value for replacing the PTFE-discs recommended by the bearing 
supplier and it was therefore decided to replace the PTFE-discs. 
In order to take out and disassemble the bearings, the bridge end was lifted by use of four coupled jacks. 
Both the movement and the force were registered. Between the jacks and the steel deck, a thick steel plate 
and a greased Teflon plate was used to minimise the friction forces introduced when the bridge girder 
moved due to temperature changes. The work was carried out at night in order to minimise the 
temperature movements and the traffic loads. The replacement was done in five hours. 
 
 
 
 

 
 
 
 
 
 

Fig. 4   Old and new PTFE disc on spherical bearing  
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3.1.3 Expansion joints 
Both bridges are continuous from one abutment to the other without expansion joints. A continuous 
structure is favorable in several respects: many service and maintenance problems are eliminated, traffic 
comfort is improved markedly, and construction costs are reduced. 
The expansion joints at the abutments were waterproof modular joints with a longitudinal movement 
capacity of up to ± 520 mm. The joint structure is dimensioned with regard to both bearing capacity and 
fatigue. However, the joints broke down due to fatigue within five years. They were replaced with a 
similar type of another make, which have performed satisfactorily.  
 

Fig. 5  Farø-Falster Bridge expansion joint 
 

3.1.4 Hydraulic torsion support, lateral wind cables and longitudinal spring support 
In cable-supported bridges, the girder is generally rigidly supported at the main towers as opposed to the 
otherwise flexible or elastic support provided by the adjacent suspension cables, hangers or stays. This 
rigid support principle generates an unfavorable bending moment distribution with a concentration of 
sectional forces and local strengthening requirements close to the support at the towers. Such strengthen-
ing often complicates the fabrication of the girder and, therefore, affects the cost unfavorably. 
A moderate sectional force distribution is accomplished if the stiffening girder is elastically suspended in 
the cables only, with the girder free to move vertically under load. However, the girder must often - and 
in particular for large spans - be restrained at the towers against torsional rotations to achieve the 
necessary rigidity to satisfy the comfort of the traffic, and, in particular, to assure sufficient aerodynamic 
stability. 
A relatively simple restraint system satisfying these requirements was developed for the Faro Bridges. 
The cross-section is constant throughout the bridge, and vertical support is provided only by the cable 
stays between the anchor piers. The structural arrangement of supports and bearings at the towers is 
illustrated in Fig.6. The support system may be divided into three distinct parts: 
a torsional fastening of the girder, permitting vertical translations but preventing torsional rotations of the 
girder; 
a lateral support of the girder, preventing side sway due to wind loads; 
a longitudinal support at one of the bridge towers to absorb braking forces, bearing friction, and other 
horizontal forces acting in the line of the 1700 m long continuous girder. 
The functional requirement a) above has been solved by a system of hydraulic cylinders arranged close to 
the tower legs. 
To achieve the desired degree of freedom for the girder, the hydraulic support cylinders have been 
arranged as pendulums, see Fig. 6. 
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Fig. 6  Connection arrangement between tower and box girder  
The hydraulic cylinder pendulums are double-acting and are designed to work in a closed (passive) 
hydraulic system for maximum reliability. Thus, the hydraulic fluid pressure is governed exclusively by 
forces from the girder caused by traffic and wind loads. 
The two chambers in each cylinder are connected cross-wise with the corresponding chambers in the 
opposite cylinder. Identical effective piston areas in the upper and lower pressure chambers are assured by 
a through-going piston rod. 
A vertical movement of the girder leads to hydraulic fluid movement from the lower chamber in 
one pendulum to the upper chamber in the opposite pendulum, and vice versa, restrained only by the resis-
tance in the fluid lines, which as a by-product provides a favourable viscous damping. The girder is thus 
free to move vertically. 
For pure torsion no fluid movement can take place and the girder will be torsionally fixed for 
torsional moments by the build-up of corresponding differential hydraulic pressure on the opposite sides 
of the pistons. 
The hydraulic system is, of course, equipped with a feeding arrangement for hydraulic fluid and volume 
variations of fluid and chambers are compensated for by pressure equalizers. High-pressure safety valves 
prevent the build-up of excessive pressures. 
In case of failure of the hydraulic system by leaking gaskets or other malfunction, the torsional rotation of 
the girder will be limited by mechanical stops in the hydraulic cylinders. Even if this emergency system is 
activated the maximum transverse slope of the bridge girder will not exceed 10 o/oo. 
Lateral wind loads on the bridge girder are transferred from the girder to the tower legs by means of wind 
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bracing cables arranged so as to permit the relative movements between girder and tower with only 
limited restraint. The cables are moderately pre-tensioned to eliminate sag and lateral movement of the 
girder under wind load. 
In the longitudinal direction the bearings are provided with a "flexibility" of ±15 mm. This flexibility is 
obtained by means of pre-compressed stacks of plate springs placed between the bearings and the 
girder. 
The system ensures that the bearings are always under compression of the load combination and at 
the same time limits the reactions from girder rotation in the horizontal plane originating from wind forces, 
differential temperatures etc. 
The total arrangement at the towers has worked well. The plate springs and the spherical bearing in 
longitudinal direction have been disassembled and overhauled due to malfunction once since the opening 
of the bridge 22 years ago. The other parts have been inspected and maintained at regular intervals.  
 

3.2 Great Belt East Bridge 
In Fig. 7 the Great Belt East Bridge is shown.   

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Great Belt East Bridge, 1998 
 

3.2.1 Articulation system 
The Great Belt East Bridge elevation is illustrated in Fig 7. 
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Fig. 8  Great Belt East Bridge elevation 
 
From the very beginning, a main objective was to develop a bridge concept where the number of 
mechanical bearings and expansion joints were reduced to a minimum. Experience from other bridges 
made it clear that maintaining these elements constitutes a major part of the total maintenance cost. 
The biggest problem with the continuous girder through the pylons is handling the forced bending 
moments at the pylons caused by angular rotation of the main cables over the cable saddles. The girder 
deflection will more or less follow the cable deflection and bending moments will be introduced. To 
minimise the forced moments in combination with dead and live load actions, the supporting conditions 
were optimized. 
Ship impacts against the superstructure were studied intensively and resulted in a horizontal design load of 
16MN — considerably higher than usually required for bearings. 
The short end span of 62 m at the anchor block had negative reactions at the end bearings, and different 
ways to avoid uplift were considered. The method using a concrete counterweight inside the girder and an 
anti-lifting device separated from the bearings was more feasible than, for example, post-tensioning by 
anchor cables to the anchor block or total counteracting by concrete counterweight. 
All bearings are replaceable and temporary bearing supports have been arranged in the superstructure as 
well as in substructure. The vertical position of the superstructure can be adjusted at the bearings by 
inserting a shim plate of maximum 50 mm thickness. 
The expansion joints have no backfall wedges at the edges, the rainwater running directly over the edges 
and collected in a drainage channel, which results in fast removal of the water and a self-cleaning effect of 
the rubber sealing. Permanent access platforms are arranged below the joints and all moveable parts are 
exchangeable. Half a joint can be exchanged without interruption to the traffic on the other half. 
 
 
 
 
 
 
 
 
 
Fig. 9   Anti lift arrangement at end bearing on approach span at anchor block  
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3.2.2  Special arrangements on the anchor block  
There are two expansion joints in a row on the anchor block; one joint at the end of the approach 
span and one in the end of the suspension bridge. The capacity of the maximum movement for the 
approach spans is ±0,7 m which is within know and experienced technology of watertight modular 
joints.  
The movement for the suspension bridge joint would be about ±1.8 m due to temperature and traffic 
if the bridge was free to move. Modular watertight joints of that size were outside proven 
technology and would also require special durability due to extreme cumulated movements.  
The problem was solved by choosing joints with capacity of ± 1.0 m, which was a little more than 
the largest watertight modular joint produced at that time. Hydraulic buffers were introduced 
between the suspension bridge girder end and the anchor block (substructure). The buffers have two 
functions: 

i. They stop the girder by a physical end stop in the cylinder if the girder moves more than 
±0.9 m so that the expansion joins will never exceed the capacity of  ± 1.0m. 

ii. For girder movements less than ± 0.9 m the buffers work by hydraulics.  
The buffers allow slow movements, due to temperature or static load. For faster movements caused 
by traffic or wind, the buffers will stop the movement or provide a dampening effect for 
longitudinal oscillation of the bridge girder. With the buffers active a reduction was originally 
expected in cumulative longitudinal movements to less than 10 % of the movements in a system 
without buffers but measurements indicate that it is even less than 1 %.. This reduction will reduce 
the wear of bearings and expansion joints and increase the lifetime. The buffer arrangements are 
shown in Fig. 10 and Fig. 11. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 General arrangement at anchor blocks, plan view 

±0.7

±0.7 m 
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Fig. 11  General arrangement at anchor block, side view 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12   Buffer inside suspension bridge girder and an expansion joints 
The hydraulic system has high pressure safety valves which prevent build-up of excessive pressures; even 
if the fracture valves are closed, the safety valves will function if the maximum pressure limit is exceeded. 
The speed regulator valve, which has the crucial regulating function, was selected with much care as its 
adjustment range is 0.01 mm/s – 2mm/s for the horizontal speed of the bridge girder movement. The 
speed can be manually adjusted.  
Operational experience with buffers on the Great Belt Link 
The buffers have met the requirements of the design function. Right from the beginning of the operating 
period, they have ensured that the bridge girder's velocity does not exceed the fixed limit values so as to 
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protect the expansion joints. Maximum movements have not yet (as expected) exceeded the end stop . 
The daily operation of the two buffer systems of each anchor block is monitored by the Control system. 
The buffers are equipped with different instruments which record movements, cylinder pressure and 
temperature. The monitoring system is alarmed if the limit values for movement, pressure or temperature 
are exceeded. 
The operational condition of the buffers is checked annually in connection with a maintenance inspection. 
During this 2-3 day inspection all components are checked and their condition and function reported. 
Pressure variation of the two chambers of one cylinder has been recorded. These pressure variations 
inform how the traffic and other loads would have moved the bridge girder longitudinally if the buffers 
were not there. Estimates show that the yearly accumulated longitudinal movements would be in the 
magnitude of 50  km if the buffers were not installed. Refer table 1.  
When the buffers first went into operation, there were periods with "stick slip" problems in the cylinder 
rod gaskets. The problems were partly solved by improving the support of the buffers and subsequently by 
changing to a new type of hydraulic oil in the buffers to lubricate the gaskets correctly. 

3.2.3 Bearings for hanger cables 
The hanger ropes are supported at the tops of the steel tubes by solid elastomere cushions to prevent local 
bending of the ropes in the critical section where the wires go into the socket. The hanger fixings are 
shown in Fig. 13. 
Around the anchor blocks the relative movement between the main cables and the bridge girder will 
introduce significant angular rotations of the hangers, as they are relatively short here. The rotations will 
introduce secondary bending stresses to the wires, which in time can lead to fatigue failure of the ropes. To 
avoid this, spherical bearings are provided at upper and lower hanger anchorages to allow free rotation. 
The arrangement is shown in Fig. 14. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 13  Typical hanger fixing at bridge girder 
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Fig. 14 Hanger fixing with spherical bearings 
 

3.2.4 Bearings at Towers 
At the towers, the bridge girder is only supported  for lateral horizontal movements by bearings arranged 
between the tower legs and the bridge girder. The bearings can accommodate a longitudinal movement of 
±1 m and vertical movements of 600 mm upward and 1m downward. In the neutral position, the bearings 
will have a 10 mm gap between their two bearing parts to avoid restraining forces in them from 
temperature variations in the bridge girder, as well as in the tower legs. The sliding bearings are designed 
to transfer a load of 10.7 MN caused by lateral wind load on the bridge.  

3.3 New Little Belt Bridge 
In Fig. 15 the New Little Belt Bridge is shown. 

 
3.3.1 Articulation system 
The Little Belt Suspension Bridge has an overall 
length of 1700 m and an overall width of the bridge 
deck of 24.5 m. The Suspension Bridge has a length 
of 1080 m, a main span of 600 m and two adjoining 
spans each with a length of 240 m. 
The bridge deck consists of a steel-box girder, which 
is seen from Fig. 15, where the existing expansion 
joints from 1970 are presented. 
 
 
 

Fig. 15 New Little Belt Bridge, 1970 
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Fig. 16 Expansion joint at one of the two adjoining towers (left) and at one of the two main towers (right). 
 

3.3.2 Replacement of expansion joint after 33 years of operation. 
The Little Belt Suspension Bridge has a total of six expansion joints. The original expansion joints were 
roller plate joints of the DEMAG type which were worn down, extremely noisy and not watertight. The 
joints have been repaired/renovated several times in their lifetime. This work was done on the roadway so 
that half of the carriageway had to be closed at a time and the traffic diverted to the other side. The 
maintenance works became more and more often and the disruptions to the traffic became unacceptable to 
the Owner. 
The expansion joints on the Little Belt Bridge were totally replaced in 2003. A technical and economical 
study was performed beforehand in order to determine an optimal solution taking into account 
construction, maintenance and road-user costs caused by delays. The conclusion was to replace the joints 
with watertight modular expansion joints. 
The capacity of the original expansion joints was ± 280 mm (side span, at side tower), 280/380 mm (side 
span, at main tower) and ± 780 mm (main span). In order to make the replacement as economical as 
possible the necessary movement capacity was reevaluated based on a probabilistic assessment with 
bridge-specific stochastic modelling of load effects and model uncertainties [3]. This recalculation reduced 
the required movement capacity respectively by 43 %, 15 % and 18 % as compared to the original 
movement capacity. 
The new expansion joints are the watertight modular type as seen on Fig. 17. 
It is our experience that the PTFE sliding material on both the sliding bearings and the springs and 
other elements of the modular joint are not sufficiently robust for suspension bridge joints where 
the girder can move freely longitudinally due to traffic. It wears out within very few years. 
 
 

Figure 17 Replacement of expansion joint on the 
Little Belt Bridge 

Figure 18 New expansion joint at the Little Belt 
Bridge 
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4. Challenges in the future 
The cable-stayed part of the Stonecutters Bridge in Hong Kong (under construction) is an example 
of a bridge with as few joins and bearings as possible. The side spans are monolithic with the 
slender piers avoiding sliding bearings and anchor cable arrangements. Detailed design was by Ove 
Arup with COWI as sub-consultant.  
The girder is supported at the towers in longitudinal direction by hydraulic buffers on either side of 
the tower. The buffers work in both tension and compression. They allow thermal movements and 
stop or restrain fast movements due to traffic, wind etc. The arrangement is illustrated in fig. 19 
together with a picture of the construction stage June 2007. 
Very large bridges, such as The Messina Bridge, even with hydraulic buffer systems applied would 
have accumulated joint movements requiring development of more durable solutions than 
experienced today. It seems like the new sliding material (modified polyethylene) is one of these 
improvements compared to the known Teflon (PTFE). The new material is superior to PTFE in 
several characteristics such as; higher contact pressure; suited to higher speed of movements; much 
lower wear. Considering all material characteristics the new material should have a several times 
increased service life compared to PTFE.  
The design life of major bridges is increasing and is often more than 100 years. The traffic intensity 
on the bridges is also increasing. Thus it is required to focus on the durability of the bridge parts 
that affect traffic directly.  
Such a list of priority would include: expansion joints; access to stays, hangers and their anchorages 
and dampers; road surfacing, roadway markings; traffic signs, crash barriers; lighting posts.  
We should, therefore improve the durability and access for maintenance and replacement of these 
important structures. 

 

Fig. 19  Stonecutters Bridge June 2007 and support arrangement at tower/girder 
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