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Foundations Structure Of The “Dubrovnik Bridge”
SUMMARY

The bridge across the long and narrow Rijeka Dubrovačka bay consists of two different superstructure elements. A 147,4 meter long west viaduct in prestressed concrete is supported by a pier and by an abutment. An adjacent main 334 meter long composite cable-stayed bridge is suspended on a pylon and supported by an abutment. The main span of the bridge is 304 m.

The bridge is situated in an area of very high seismic activity. In interaction with bridge span this yields extremely high forces which should be transmitted to the ground. The geomorphological features of the site at the position of supports make the foundation problems even worse. The resulting solution requires rather demanding foundation structure.

The paper presents the basic features of the foundation design.

1.
INTRODUCTION

The bridge across the Rijeka Dubrovačka bay is designed with four supports: an abutment on the Split side and another abutment on the Dubrovnik side and a pylon on the Split side and a pylon on the Dubrovnik side.

The bridge is situated in an area of high seismic activity. Taking into consideration the planned position of bridge superstructure,the resulting forces that should be transmitted to the ground are extremely unfavourable. The selected foundations design required a rather demanding foundation structure. A whole series of calculations for different foundation options had to be done to find an appropriate solution for the foundations and to select the structure which could take the resulting forces and transfer them to the ground.

View of the bridge is shown in Fig. 1.

Fig. 1
Schematic drawing of the Dubrovnik bridge

2.
GEOMECHANICS INVESTIGATION WORKS

Geomechanics investigation works needed for preparation of the design and for work on the foundations were performed by the “Institut građevinarstva Hrvatske” d.d., Zavod za geotehniku, Zagreb. (Croatian Civil Engineering Institute d.d., Geotechnical Department, Zagreb).

The investigation works confirmed that the ground on the site consists of layered massive limestones and dolomitic limestones with occasional thin limestone layers. Occurrences of apparently thinly layered limestones formed as a result of decomposition of thick limestone layers along parallelly stratified planes are frequent.

In addition to faulting, limestones are extremely fractured and mylonitized. Fractures can be grouped into (more than four) systems, which indicates complex tectonics.

Extremely high open joints are frequent on wavy and serrated planes of fractures formed by strike slips (particularly evident on the Split side). In general, layers (systems of fractures) on the Dubrovnik side are of relatively unfavourable strike (dip towards the sea). The situation is reverse on the Split side.

A particular problem for foundations of the pier and the pylon is their location immediately at the sea shore, which creates problems in excavation work, i.e. require protection of excavations and prevention of of sea water impact.

The abutment on the Dubrovnik side is located at the top of a steep slope, which additionally aggravates its stability. The abutment on the Split side was constructed earlier and is not the subject of this paper.

3.
FOUNDATIONS STRUCTURE

3.1
Pier on the Split side

Three possible solutions for foundations of this pier were analysed:

1.
Foundations on reinforced concrete block 23,0 m long, 15,0 m wide and 6,00 m thick. The depth of foundations should be at  elevation –4,50 meters above sea level. Excavation of such a deep pit, practically in the sea, would be an almost impossible task and the solution was abandoned.

2.
Foundations on a block whose upper part consists of 22,60 x 13,60 x 4,0 m  reinforced concrete cap and bedrock with 160 micro-piles 10,0 m long. The role of micro-piles is to keep together bedrock mass and ensure joint action of the foundation block system. The drawback of that solution is that - in addition to all above work - approx. 5,0 m of the upper layer of the bedrock would have to be grouted.

3.
Foundations on a block which consists of reinforced concrete cap with a system of 40 drilled 1100 mm diameter piles and on the rock which surrounds the piles. This solution proved to be acceptable. Work according to that solution was carried out without major problems in a very acceptable period of time.

Fig. 1
Selected pier foundations design on the Split side

3.2
Pylon on the Dubrovnik side

Foundation of the pylon is also near the sea shore, but still some distance away from it and the solution with foundations on a massive 6,0 m thick (final solution), 15,50 m wide and 15,0 m long reinforced concrete block was accepted. A 4,0 x 3,0 m beam connects two such blocks.

Installation of 20 prestressed permanent geotechnical anchors (with locations for additional anchors) is also planned for additional safety of foundations. All anchors are designed for 1000 kN loads.

In view of the required anchor durability, particularly critical in seawater immersion conditions, the design anticipates installation of carbon fibre anchors – CFRP (Carbon Fibre Reinforced Polymer) from the range of products of BBR Switzerland. Anchors consist of 43 wires Ø 5 mm (Fw = 19,6 mm2).

The basic characteristics of anchors are as follows:


(f = 2,40 kN/mm2

E = 160 kN/mm2
Nw = 47,04 kN

Nanchor = 2022,72 (nominal safety factor is Fs ( 2,0)

Development of carbon fibre anchors is certainly a large step forward in the solution of corrosion problems (corrosion is the most evident problem in permanent anchors). Therefore, the use of highly durable anchors - particularly in such conditions - should not be a matter of debate. We believe that such anchors will become a widely accepted standard.

Protection of the foundation pit (4,5 m below the sea surface) was a problem. Solution of that problem is based on a grout curtain around the whole pit, with grouting depth at approx. 25,0 m. The work has been successfully completed.

Fig. 2
Selected pylon foundations design on the Dubrovnik side

3.3
Abutment on the Dubrovnik side

Design of abutment foundation on the Dubrovnik side required the solution of a number of problems, which included exceptionally high loads that should be transmitted to the abutment, very unfavourable location (at the top of an extremely steep slope) and safety of existing houses just below the abutment. Insufficient stability of the slope, particularly in the case of earthquake (very strong in this region) additionally complicated the problem.

Two basic solutions were discussed:

1.
Protection of  foundation base by grouting. Clayey fill of the fractured rock system and strict requirements imposed on grouting operations called for the use of super fine cements (with pumpability almost at the level of chemical suspensions) and demanded rather complex work procedures. Prohibitive costs and time consuming considerations eliminated this solution.

2.
Foundations on a block formed by bedrock with a system of 40 drilled 1100 mm diameter piles. Two options were analyzed – one with 17,5 m long piles (technological limit in this case) and another with 10,0 m long piles. In both cases prestressed anchors provide stability of the slope. Naturally, to ensure  required durability only CFRP anchors will be used. If longer piles are to be used - the number of anchors is about 20 and in the case of shorter piles - about 40. At the time of preparation of this paper the option with shorter piles prevailed, primarily due to the technological problems involved in installation of long and heavy reinforcement cages in an extremely unfavourable location.

The selected solution for foundations of the abutment on the Dubrovnik side is shown in Fig. 3.

Fig. 3
Foundations of the abutment on the Dubrovnik side

4.
MONITORING OF FOUNDATIONS

In view of task (foundations) complexity, displacements of foundations will be monitored both in the construction phase and during bridge operation.  It is necessary to install instruments for measurement of vertical and horizontal displacements of the foundations and of the slope itself.

Depending on the location of the foundation element a certain number of micrometers, deformeters and clinometers was installed. 20 to 30 m long micrometers and deformeters were installed in vertical and horizontal boreholes to measure displacements at one meter intervals with an accuracy of 0,03 mm/m. Clinometers were installed directly on reinforced structure of the abutment.

In addition, control of integrity and continuity of pile cross-sections as well as measurement of forces in prestressed anchors is also planned.

Naturally, appropriate geodetic control of the structure is also anticipated.

5.
CONCLUSION

The paper presents only the basic features of the foundation design for that immense bridge in an unfavourable location primarily due to possibility of extremely strong earthquakes. As an illustration of earthquake intensity, design earthquake acceleration of 0,39 g speaks for itself. 

The impact of sea water as an aggressive (corrosive) element on foundations structure is an important problem. This was the reason for prescribing particularly strict conditions for concrete preparation, placement and curing, which also apply to relevant structural details. 

In addition, the limited space for construction activities  (and consequrent safety and protection considerations) additionally complicats execution of the task.

At the time of preparation of this paper the largest part of the foundation work was completed. All the piles and foundation blocks on the Split side and Dubrovnik side, as well as abutments has been completed.

Driving of piles was a specific experience. Piles were driven partly through fractured and partly through massive (over 1 metre thick) limestone layers. The rate of progress of one (fully completed) pile per day in such conditions can be considered a good result.

Drilling for installation of monitoring instruments and preparation of geotechnical anchors is in progress. 

Walter Bau – Konstruktor d.o.o. (Joint Venture) is in charge of bridge construction, together with specialized subcontractors.
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