Extradosed Bridges : A Fact Finding Trip to Japan
A visit to several of Japan’s extradosed bridges taught us many lessons we could apply to New Haven’s new Pearl Harbor Memorial Bridge—the first extradosed bridge to be built in the U.S.

The new Pearl Harbor Memorial Bridge (Q Bridge) being planned for the I-95 crossing of the Quinnipiac River will be an extradosed bridge. This bridge type is a hybrid between a cable stayed bridge and a box girder bridge so as to extend the span range of the box girder. The site of this bridge is about 1.6 km (1 mile) away from an airport, so the towers could not be made tall enough for a standard cable-stayed bridge. 
The new bridge will be the first extradosed bridge built in the U.S., so the Federal Highway Administration (FHWA) organized a fact finding trip to Japan, where more than 20 such bridges have been constructed or are in various stages of either design or construction. 

Twelve people were in our delegation for the 10-day trip made in September 2001, two from FHWA, four from ConnDOT, three from PB and three from the section design consultant for the bridge. We met with representatives of the following firms to learn from their experience in designing and constructing extradosed bridges:

· Japan Highway Public Corporation (JHPC) 

· CTI Engineering Ltd. (CTI) 

· Sumitomo Construction Company, Ltd. (SCCL) 

· Hanshin Expressway Public Corporation (HEPC) 

· Japan Bridge & Structure Institute (JBSI). 

The Bridges We Visited

The bridges we visited are summarized in Table 1 (at left) and described in more detail below.

Odawara Blueway Bridge. This bridge (Figure 1) is located on the coast in Odawara City, southwest of Tokyo. It was the first extradosed bridge built in Japan and the first bridge in the world to use external exposed cables. It is a three-span continuous structure with two planes of cables arranged in fan shapes. The span lengths are 72 m (236 feet), 122 m (400 feet) and 74 m (242 feet). 

Table 1: Extradosed Bridges Visited by U.S. Delegation
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Figure 1: Odawara Blueway Bridge

The segmental-type superstructure is a two-cell concrete box accommodating one lane of traffic in each direction. It is 13 m (43 feet) wide out to out. The depth of the superstructure is 2.2 m (7.22 feet) at the center of the main span and at the ends of the flanking spans, and 3.5 m (11.5 feet) at the towers. It was constructed using the balanced cantilever method. Segments weighed 400 metric tons (440 tons) and each was cast in four days.

The height of the concrete towers is 10.7 m (35.1 feet) above the deck and 37.2 m (122 feet) below the deck. The tower saddles are made of double pipe structures to accommodate replacement of the stays. The stays are anchored outside the saddle to prevent strand slip inside the saddle area, which otherwise would create a difference in cable force from one face of the saddle to the other.

The stay cable strands are of the Flo-Bond seven wire type. The stay pipe is made of fiber reinforced polymer with cement grout covering the epoxy strands. The pipe has a variable blue color for aesthetic purposes. The stays are comprised of nineteen 15-mm (0.6-inch) -thick strands. High damping rubber dampers (3 percent to 5 percent logarithmic damping) were used to overcome rain and wind vibrations. 

Shinkawa Bridge. This concrete extradosed highway bridge spans a river between Odawara City and Nagoya. It was under construction at the time of our trip. 

The superstructure is of the cast-in-place balanced cantilever type. It accommodates two lanes of traffic in each direction and features two parallel planes of stays in the center median. The superstructure is a five-span continuous unit with span lengths of 38.5 m (126 feet), 45 m (148 feet), 90 m (295 feet), 130 m (426 feet) and 80.5 m (264 feet). The last three of the five spans are supported by the stay cables. The first two spans and part of the third are on a horizontal curve. The superstructure is comprised of a three-cell box girder with a parabolic soffit in the extradosed spans. It is 25 m (82 feet) wide out-to-out, 2.4 m (7.9 feet) deep at the approaches and the center of the main span, and 4 m (13.1 feet) deep at the towers, which are 13 m (42.6 feet) in height. 

The substructure is unusual. Due to high scour potential, the tower piers in the river are oriented in the direction of flow in an effort to reduce the effect of scour; however, the pier caps at the tower piers are skewed to the pier shafts to be perpendicular to the longitudinal axis of the bridge. The main pier foundations are cellular structures with concrete filled steel pipe piles. The approach piers are on cast-in-place circular piles. The height of the towers is 13 m (42.6 feet) above deck and 11.2 m (36.7 feet) below deck.

The cable system is provided by Freyssinet. The stay cables are comprised of thirty-seven 15.2-mm (0.6-inch) -diameter epoxy-coated Dywidag (DW) strands. Four different types of post-tensioning systems are used — two in the box girders and one each in the cross beams and deck slabs. They are as follows:

· Box girders. DW bar systems with 32-mm (1.26-inch) -diameter and twelve Freyssinet 12.7-mm (0.5-inch) strands 

· Cross beams. Twelve Freyssinet 15.2-mm (0.6-inch) strands 

· Deck slabs. 28.6-mm (1.13-inch) bars for transverse post-tensioning. 

The saddles in the towers are of double pipe type similar to Odawara Blueway Bridge, however the entire saddle system for all the stay cables is prefabricated and placed on the tower, including the inner pipe. 

Miyakodagawa Bridge. This bridge is on the second Tomei Expressway over the Miyakodagawa River near Hamamatsu City in Shizuoka Prefecture. It has a two-span continuous concrete rigid frame with three towers supporting both roadways. 

The superstructure is composed of two twin-cell concrete box girders fixed to the tower piers. Each cell is 19.91 m (65.3 feet) wide and each roadway accommodates three 3.75-m (12.3-foot) -wide lanes. The superstructure was built using the cast-in-place balanced-cantilever method of construction. The segment lengths were typically 3 m (9.8 feet) in length, with the segments near the tower being 2.5 m (8.2 feet) in length. The segments are 6.5 m (21.3 feet) high at the piers and 4 m (13.1 feet) high at the midspan.

One unusual feature of this bridge is its substructure. The pier columns are of composite type. They consist of multiple steel pipes with post-tensioned hoop tendons for confinement and vertical rebars on the outside for crack control. The use of pipes reduces cost and improves seismic performance. During construction, pipes can support concrete formwork and scaffolding. This is an interesting concept used for tall piers, especially in high seismic regions. The pier columns are founded on spread footings. The height of the towers is 20 m (66 feet) above the roadway and 83 m (272 feet) below the roadway.

The stay cables consist of twenty-seven 15.2 mm (0.6 inch) high-density polyethylene-covered strands, each of which is comprised of seven wires. The outer pipe is of high-density polyethylene type with polyethylene filler, similar to that of the other bridges. 

Kiso and Ibi River Bridges (also known as the Kisogawa and Ibigawa Bridges).
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Figure 2: Kiso Bridge

 These two, long extradosed bridges on the New Meishin Expressway in the Mie Prefecture advanced the state-of-the-art. The first hybrid extradosed bridges constructed in the world, these two bridges and their approaches were completed in 2001. The Kiso River (Figure 2) and Ibi River bridges are 1145 m (3,756 feet) and 1397 m (4,582 feet) long, respectively. Their substructures and superstructures were constructed in separate construction contracts. 

Both bridges are of multiple extradosed-type spans. The main spans are of hybrid construction with precast segments at the piers and steel boxes in the mid spans. The transitions between the steel spans and precast concrete segments are provided by special hybrid segments. The steel main spans are not directly supported by stay cables. 

The Ibi River Bridge is a six-span continuous structure. The Kiso River Bridge is similar, but with only five spans. In both bridges, the three-cell steel boxes in the main spans are 100 m long (328 feet) and 4.3 m (14.1 feet) deep. The 2000-metric ton (2,200-ton) steel spans were hoisted to position with a derrick. The concrete box girders cantilevering out from the towers are of the precast segmental type, each with a three-cell box. 

Each box segment weighs from 300 metric tons to 400 metric tons (330 tons to 440 tons). A total of 360 segments were cast for the two bridges then erected by using a 600-metric ton (660 ton) crane. The segments are:

· 33 m (108.2 feet) wide out-to-out, with an effective width of 29 m (95.1 feet) 

· 4 m (13.1 feet) deep at the shallow ends near the abutments 

· 4.3 m (14.1 feet) deep at the interface with the steel sections in the main spans 

· 7 m (23 feet) deep at the towers. 

Concrete segments were transported to each site on barges from an 80 000-m2 (860,000-square-foot) precast plant built for the project and located 10 km to15 km (6 miles to 9 miles) from the sites. A short-line, match cast system was used for casting the segments; each segment took three days to erect. Each pier segment weighs 1200 metric tons (1,320 ton). The riding surface is comprised of 75-mm (3-inch) -thick asphalt overlay with a waterproofing membrane. The soffit of the concrete superstructure is parabolic.

The foundations for the main tower piers are 28 m by 30 m (91.8 feet by 98.4 feet) rectangular caissons that are 39 m (128 feet) deep. Steel pipe piles with interlocks were used for the cofferdams. Pipe piles filled with concrete support the piers inside the cofferdams. The cofferdams were dewatered and tremie filled before the piers were constructed in the dry. It took nine months to construct all nine piers for the two bridges.

The towers above the roadway are in the form of a sail looking from the river (Figure 3), a beautiful design, but one that complicated the forming at the base. The towers are 30 m (98.4 feet) high above the roadway and support two parallel planes of stays in the median. From the tops of the foundations, the towers extend about 54 m (177 feet) in height. The stays are at 5-m (16.4-foot) intervals. At the tops of the towers, prefabricated cable anchorages were used and covered by concrete. Saddles were not used in these bridges.
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Figure 3: Sail-like towers of the Kiso Bridge

The stays, manufactured and supplied by Skinko, are comprised of galvanized strands in extruded polyethylene sheathing with a wax coating. The outer pipe for the stays is made of white high-density polyethlyene. Polyethylene beads were used inside the pipe as filler. Stay cables provided by cable supplier, BBR, were prefabricated with Hi-Am & Dina anchors. In these bridges, stay cables support the precast concrete segment weights, steel main span section weights, and live loads. 

There are no spiral beads on the high-density polyethlyene pipe to overcome rain-wind vibration. The cable vibration was tested in a wind tunnel. Wake galloping was considered because there are two planes of cables close to each other, but it was not shown to be an issue. High damping rubber shock absorbers were used at the base to reduce the vibration effects.

Okuyama Bridge (Shin-Karato Bridge) 

The Okuyama Bridge, located near the town of Shin-Karato, Kobe is part of the Hanshin Expressway Kita-Kobe Route that hugs Mount Rokko in the Karato area. It is comprised of two parallel structures offset from each other. The eastbound bridge has a length of 260 m (853 feet), a height at mid span of 120 m (394 feet), and it is on a curve of 400 m (1,312 feet). The westbound bridge is slightly longer, at 285 m (935 feet), and slightly higher, at 140 m (459 feet), but with the same radius as the eastbound bridge. Both bridges are on a horizontal curve. Because of seismic considerations, the superstructure and the towers are integrated and sit on bearings over hammerhead piers. 

The Okuyama Bridge tower height/span ratio is 1/10. The eastbound structure is a two-cell box with parabolic haunch soffit at the towers. The span lengths are 66.1 m (216.8 feet), 120 m (394 feet) and 72.1 m (236.5 feet). The depth is 2.5 m (8.20 feet) at the ends and mid-span, and 3.5 m (11.5 feet) at the towers. The west-bound bridge superstructure is similar in all respects except it is a three-cell box structure with the center cell being smaller than the two outside ones. Its span lengths are slightly different, and the roadway widens from about the middle of the main span to the west end.

Two planes of stays support the superstructures. The cables are anchored on either side of the boxes under the cantilevers. The towers, 12.2 m (40 feet) high above the roadway, are supported on base isolation rubber bearings. 

Because of difficulty accessing the site, all rebar cages were pre-assembled off site (including piers and towers) with the post tensioning, and then erected. Pre-grouted transverse tendons were used for the first time on this bridge. The tendons are in epoxy resin inside a polyethylene pipe. Epoxy curing time was set to about three months to six months to account for construction time lag. Internal post-tensioning was used inside the boxes. 

A prefabricated saddle system was used, similar to that of other bridges described above. The stay cables were stressed to 0.60 fy. The stay cables consisted of bare strands (no protection) with grout inside a high-density polyethylene pipe installed in place. A Dywidag cable anchoring system was used for the stay cables; all saddles were grouted before being erected in the towers. 

Tsukuhara Bridge 

This structure consists of two 3-span parallel highway bridges, each accommodating two lanes of the Sanyo expressway in the Kobe, Hyogo Prefecture (Figure 4). Spanning Lake Tsukuhara, they are two of the world’s largest extradosed bridges. 
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Figure 4: View of Tsukuhara Bridge looking up, towards the roadway.

For the superstructures, each has a single-cell concrete box girder that is fully integrated with the substructures. The substructures are V-shaped with a large V-shaped void in the middle. The towers extend outwards, following the V shape above the roadway level. 

Each box is 12.8 m (42 feet) wide out to out, 3 m (9.8 feet) deep at the ends and mid span, and 5.5 m (18.0 feet) deep at the piers. The soffit is parabolic. The span lengths are 65.4 m (214.5 feet), 180 m (590.4 feet) and 76.4 m (250.6 feet). Cast-in-place balanced cantilever construction was used for the superstructure. Segment lengths were about 7 m (23 feet), so they required an extra large form traveler. 

The tower piers, which are 35.5 m (116.4 feet) and 27.5 m (90.2 feet) tall below the box girders, are very aesthetically pleasing structures. The lower 10 m (32.8 feet) of the piers are solid and sit on caissons erected by the pneumatic caisson method. One of the tower foundations is located in 20 m (66 feet) of water with the bedrock slope at 45 degrees. This pier construction required an artificial island to be built and other ground improvements made, in addition to pre-boring in the rock. 

Ungrouted semi-fabricated cables were used for the stay cables. The strands are extruded with polyethylene and made into 27-strand bundles. They are inserted into the high-density polyethylene pipe, with polyethylene filler used between the strands and elsewhere inside the pipe. A prefabricated saddle was used in the towers similar to the other bridges described above. Vibration reduction dampers were used at the superstructure level. The dampers consist of high damping rubber.

Lessons Learned and Knowledge Gained

Our trip to Japan was a success. A major benefit gained was the confirmation that we were on the right track with our concept, plus we came home with much to consider and insight into several areas discussed below.

Concrete vs Steel. Most of the bridges we saw were of concrete construction, so as a result we gave considerable consideration to whether we should proceed with only a concrete alternate or go with a dual alternate in steel as was planned originally. Of course the bridges in Japan didn’t have the traffic maintenance restrictions that the Q Bridge has. After a thorough evaluation of the constructibility issues, we recommended that both the steel and the concrete alternatives continue to final design.

Cable Stresses. Another area where we gained insight was the allowable stresses for stay cables. Our practice in the U.S. is to stress the stay cables in conventional cable stay bridges to 0.45 fy, and we don’t have a criteria for extradosed bridges. In Japan, the stay cables of extradosed bridges are stressed to 0.60 fy for two primary reasons: 

· Extradosed bridges are a transition between girder and cable stay types, leaning more towards the girder type. 

· A low fatigue stress range in stay cables is present in the extradosed bridges. 

Cable Anchoring System. Designers in Japan have used mostly double pipe saddles, but they are leaning now toward anchoring each stay cable in the tower and girder. This latter system is what we use mostly in the U.S., and what we feel is a much more redundant system. 

Other Points of Interest. Our meetings with owners, contractors and designers of extradosed bridges were open and informative. They led to some interesting technical discussions about extradosed bridges. Points that were revealing to us were the:

· Use of double pipe in saddles at towers with the prefabricated stays inside 

· New concept of tall pier construction addressing high seismic forces, such as with the Miyakodagawa Bridge 

· Recent venture into hybrid extradosed bridges, such as Kiso and Ibi River bridges, which is extending the span range of such types of bridges. 

· Discipline, cleanliness and quality of construction, all of which are excellent. 

When the new Pearl Harbor Memorial Bridge is built, it will be the widest extradosed bridge in the world. If it is constructed in steel, it will join the ranks of the very few steel extradosed bridges in the world.
