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Abstract: 
The Danube has a side branch in Baja, the Sugovica, from where the Türr-Channel opens. A pedestrian bridge over the Türr-Channel in Baja, Hungary was opened for traffic in 2015. Bridging over the navigable channel faced serious difficulties due to the high flood level and significant ship traffic. The completed structure has 62 m span. The upper deck arch bridge is made of steel tube arches filled with concrete and reinforced concrete slab for the deck. Minimal structural height was necessary in the midspan to ensure the shipping clearance so the arch has the same height as the deck in the midpoint. According to the high flood level and low clearance, the safety of the structure is ensured by filling concrete in the main girder tubes. The fabrication segments were assembled at site to 3 crane segments and were lifted to the temporary supports in the river. The concrete abutments became the part of the flood protection system. The unique shell-like cross girders and the slender arch gave a delightful bridge, which became the new symbol of the city. The bridge was built by horizontally bended piles so the calculation had to examine the soil-structure iteration. The dynamic parameters were tested by dynamic load tests with the help of large group of people and with dropped truck.

1 Introduction
It was an old dream of the city Baja in Hungary to connect the two islands in the middle of the city, the Petőfi and the Pandur-Islands. The first plans and studies were made in the sixties, but for the funds the city had to wait until 2012-2014, when an EU tender financed the project’s realization. 

The construction deadline was 2014.11.20, there was short time for making the detailed design and getting the approval, the building had to start immediately. In a situation like this, getting the approval from the authorities is realized in more steps, the planning follows the steps of the technology, the design work consorts the building method until the completion. As the result of this process, the structure could have been finished before the deadline, the unique bridge could be opened for public after long years of designing preparation. 

2 Detailed design
2.1  Location

The obstacle to cross was The Türr-Cut or Türr-Channel, which is an artificial waterway between the Petőfi-Island and the Pandúr-Island. The channel is also used by the Local Danube Directorate as a operational port and winter port, it has significant parking and crossing ship transport. The icebreaker fleet, which is responsible for the de-icing of the whole southern Danube also stations here. As the most important units of the flood protection, they must be able to be deployed under any circumstances. 

The flood can fill the whole bed of the channel until the top edge, and even higher, so at the major floods of the recent years the Petőfi-Island was protected with temporary dams. According to ship transport, in time of high flood, ship clearence with significant height had to be taken into consideration. The main problem was that the icebreaker fleet must be able to leave the port even at the highest water level, so a 20 m wide and 9,5 m high clearence is needed at the highest water level ever measured, so the fleet can sail out to prevent a possible disaster.
Considering all the possibilities, the cost, implementational and operation difficulties the Customer, the Local Danube Directorate and the designer collectively took the view, that the new bridge implemented at the 0+400 section of the Türr-Channel, below the port. This way the icebreaker fleet can operate undisturbed.

2.2  Structural design

The permit design contained a two support, upper deck arch bridge with reinforced concrete deck, which works together with its steel longitudinal and cross-girders. We made the final detailed design keeping the main parameters of the permit design. 
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The radius of the main arch is R=78.00 m. The arch is made from a Ø 610/12 mm steel pipe, filled with concrete, it is connected with the pile-caps, it is welded to a steel anchoring structure concreted in the pile caps. The reinforced concrete slab is connected to the longitudinal girders on it’s sides and to the cross-girders with shear studs. The longitudinal deck-girders are Ø 508/12.5 mm steel pipes filled with concrete.  The thickness of the rc. slab changes between 20-30 cm. The upper plane of the slab is designed according to the regulations of disabled persons roadways.
Figure 1. - The cross-section of the bridge

The solution is a broken lined upper plane, with 9.00 m long, 75 cm high ramps, and between two ramps a 1.50 m long resting place with 0.50 % slope The rainwater runs in a valley in the middle of the slab, where the slab slopes transversally. This way the risk of corrosion is minimalized at the meeting point of the longitudinal steel girders and the concrete slab. The sloping water runs between the two way traffic. The upper plane of the slab is the result of all the parameters above, that is why it has a „funny” broken surface. The changing of the upper slope is formed with the changing of the slab’s thickness. To hide the broken surface, the longitudinal girders on the side are true arches, so the broken line cannot be seem from the sides, it can only be detected, when someone walks on it.  

The arch is rigidly embedded in the abutments. The supports are designed for the horizontal loads, so they can bear the high horizontal forces as the result of the arch’s statical system. The horizontal stiffness was provided by three rows of rc. piles. To increase the sheer bearing-capacity of the pile caps by adding inner steel units were applied at the connecting section of the pile-cup. This way we could make an upper deck arch bridge in the sandy ground of the Hungarian lowland. What helped this development was that the banks of the Türr-Channel – where the abutments are made – is a protected artificial channel, with homogenious, hard sand soil, where the flowing of the water is significant, and sediments could not be formed. This way the abutments were made in deep cuts, where the horizontal support of the back wall and the piles together ensure the horizontal bearing of the structure. The lower arch is rigidly embedded in the pile cap, and the upper arch and also the slab is rigidly embedded in the abutments reinforced concrete block. 
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Figure 2.: Longitudinal section and side view of the detailed design

The connection between the continuous slab and the arch is provided by steel cross-girders and the end-cross-girders in 18 points, in 4.52-4.03 m distance. At the IV-X cross-girders, in the plane of the cross-girders the slab is connected to the upper flange of the girders with sheer studs. The form of the cross-girders is different per pair symmetrically to the middle point of the bridge they support the longitudinal girders and the slab from below. Starting from the abutment the unique cross-girders are concave, and as closer they are to the middle, the convex they become, providing a spectacular character for the bridge. 
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The reinforced concrete pile cap and abutment is a combined structure. The archs are supported with 1.00 m wide walls. Under the structure on the top of walls a structural cross-girder is made, which is rigidly connected with the longitudinal deck steel girders. The structural cross-girder’s height is various, at least 1.00 m. Between the main walls a 40 cm thick reinforced concrete slab is made to support the backfill, it’s lower edge is connected with the pile cap, it’s upper edge is connected with the structural cross girder. The 14.30 m and 10.90 m long, 80 cm diameter piles are made with CFA drilled technology, they are connected to the reinforced concrete pile caps with a 4.00 m long I400 steel I beam strengthening in the rigidly connecting zone.

Figure 3.: 3D view of the steel structure
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Figure 4: The reinforced concrete substructures

The structure is connected on both ends to bastions, which are bordered by the abutment itself, and an overall 11.56 m x 18.00 m size, axisymmetric retaining wall, with polygonal layout. The bastions offer opportunity for social life, bicycle locks and benches are placed to improve the comfort. The bastion itself is an earth structure borders by reinforced concrete retaining walls, they also provide the support of the bridge’s backfill.

The bicycle traffic is lead on the bastion from the bicycle road by reinforced concrete ramps, which are connected to the bastion’s retaining walls. The ramps are wall structures laying on flat foundation. On the eastern shore the ramps are also the part of the flood protection system.

Regarding the bicycle traffic the barriers on the bridge are 1.40 m high structures with horizontal cable surface and steel handrail with wooden covering. The columns of the barrier are the stiffened web of the cross-girders. The distance between the cables is 110 mm, the cables are parallel with the slab. The walkway is lightened by illuminators hidden in the barrier’s steel handrail.

The light source of the decorative lightning is reflector in the bed cover, which highlights the lower surface of the structure, it illuminates the main girder’s arcs. The reflectors are operational under water, in that case the glow from under the water provides an interesting sight with the bridge.

Main data about the bridge:

Span of the arch:








62.00 m.

Height of curve









6.60 m.

Radius: 












78.00 m.

Span of the substructures:





67.60 m. 

Opening between the abutment walls:
70.25 m

Width of superstructure with barrier:

5.17 m 

Total width of structure:




7.00 m

Structural height:

 





200-300 mm.

Main girder’s structural height: 

610 mm. 

Height of chord:







5.99 m.

Vertical radius of the arc:



77.24 m. 

Width between barriers: 



3.50 m. 

2.3 Statical considerations

The structure had to be slender and ethereal according to the customer’s demands, and – because of the low level of the structure – it had to be able to bear ship collision. That lead to more statical inspections wich proof that the concrete-filled steel pipes with upper deck suited perfectly. The chosen fixed arch statical system’s stiffness depends hardly on the supporting effect of the soil around the fixed piles and behind the large surface of the abutments. The real behavior of the soil depends on the size, scale and period of the load. The soil consolidates for permanent loads, it is capable of larger deformations in case of momentary live load, or extraordinary loads (for example ship collision). The structure’s modelling had to take into consideration the uncertainty of geotechnical datas and the modelling needed to be made with different approximations. In these cases the calculation is made with many, linear, and linear-plastic spring models derived from the soil’s elastic modulus on the finite-element model. The stiffness of these kind of supports can be changed during the calculation even with an order of magnitude, so the stresses, deformations, and reaction forces can be inspected with different assumptions. The structural elements can be checked with different conditions. 

The statical calculation and also the independent statical check showed, that the concrete-filled steel pipe and the fixed statical system have significant reserve load capacity. 
Taking into consideration the factors above calculations shows, that the structure statically acts the same way to significantly different clamping parameters in the clamping’s environment, but in the middle of the girder, the stress grows with 30-40 % with the softening of the support. This can be explained by the nature of the arch structure. The arch becomes flatter from slighter horizontal movement of the support, that makes the stress grow in the middle. According to the results above, significant differences were in the deflections of the superstructure also. From the dead load the deflection of the rigidly supported structure is the 60-65% of the softly supported. 

The dynamic vibration behavior of the bridge (the calculated natural frequency was approx. 1,3 1,5 Hz) and the correspondence of the of the structure is not significally affected by the support’s behavior, so we analyzed the structure with soft and hard springs also, and made the checking calculations with the envelope diagram. This meant minimal additional material in the steel structure and in the foundation, the bridge became statically suitable for bearing the forces from both support condition extremity. Only one uncertainty remained in the structure designed this way, the shape. From the two extremist support condition the calculated value of deformation from the self-load was between 35 – 104 mm, we decided regarding designing aspects, that during the construction in each building phase the shape of the structure can be corrected due to continuous measuring, and the small range of uncertainty. According to the numerous building phase and the parallelly made measuring and calculating, the structure was completed with perfect shape. 

Load test was made after the bridge was complete, and the results proved clearly, that the structure is stiffly supported, and it has huge statical inner stiffness, which the designer could experience during the process of detailed design and the numerous shape control during the construction. Overall we can conclude, that we have positive experience with this kind of structure, we recommend it’s use for similar projects.
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Figure 5: The statical system of the structure without and with concrete slab 
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Figure 6: Maximal movements with half-length utility loads, and full-length utility loads. The result of the rigid connection with the substructures is that the full-length load generates the maximum deformation. 

The bridge has to bear the pedestrian loads (5kN/m2 according to the Hungarian Standards), moreover in specific cases, ambulance should be able to pass the bridge, because the one and only road connection of the island is a twenty minutes detour, which is huge loss in case of emergency. For further request we checked the structure for the load of fire-truck, and it showed that the structure is statically also and geometrically suitable for bearing the load of a  truck 40 tones as extraordinary load in special case. 
3 Building technology

The Constructor chose to transport the steel structure on road to the location instead of shipping on the water. The sizes of the manufacturing-units were determined by the maximum size of road transport. The bridge was divided into 27 manufacturing-units, which were transported into the location individually. There at the assembling site they were welded together into three large lifting-units. At designing of the manufacturing units we had to take into consideration the building technology, the construction sequence, because the manufacturing-units were constructed with superelevations. The quantity of the superelevation was the superposition of several building phases. The individual lifting units dead loads were calculated and their deformation caused by temporary supports, also the dead-load of the middle lifting-unit put on the outer lifting-units had been taken consideration.
The loads on the temporary support from the middle lifting-unit, the effect of the possible prolapse of the temporary supports and the removing of the temporary support were calculated. Finally we took into consideration the concreting of the slab, and the filling concreting of the pipes. The calculation for the deformations in the building phases showed perfect match with the measured deformation under construction and in final form also, so the statical assumptions were confirmed.
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Figure 7: Building of the bridge 

4 Load test and it’s results

The load test was made in November 2014. The test was made to control the sufficient behavior of the main structure elements. The vertical displacements of the points were measured with high-precision geodesic devices from the shores. In the dynamic load test, the measuring devices measured horizontal and vertical accelerations. A part of the load test was implemented with human load, another with vehicle load. In the static load test the load was produced by 120 volunteers, who produced the half-track load, and the chess-board load of the bridge. For the vehicle load test two two-axle trucks were available. For the determination of the own-frequency dynamic load, excitation was needed. In the case we used human excitation load in the dynamic load test with the help of 120 people. First they ran through the bridge undisciplined, than they were asked to jump orderly above every quartering cross-section. The vehicle dynamic load test the vehicle went up on a 15 cm high ramp with its rear axle and by falling from it, the bridge was accelerated. 
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Figure 8: Test loads on the bridge 

Based on the load test, the following conclusions can be drawn:

· The measured direction of the deformations in the structure are always the same with the calculated, which means that the basic behavior of the structure matches with the calculated model. 

· The constructed structure is significantly stiffer than the calculated “average” model, which is clearly shown by the displacements, and the self-frequency. 

· The loads in the quartering cross-sections produced displacements with less than 10 % difference, which proves the longitudinal symmetry of the structure.

· The load test showed that for short time live loads the stiffest soil assumption is the correct.
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Figure 9-10: The finished structure 
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