Revised manuscript for World Steel Bridge Symposium Nov. 2009 in San Antonio

References and small corrections have been added. Some of the references will be in place later. The full text of the references can be found in the list of literature in “The Network Arch” on my home page: http://pchome.grm.hia.no/~ptveit/  Inclined characters  are used when I was supposed to point at a slide.
     
1 Network arch, Mangamahu.  My name is Per Tveit. I come from Norway. The title of this lecture is:  ”Genesis and development of the network arch”.
The network arch is an extremely light arch bridge that I came to think of when I was working on my master’s thesis 54 years ago. I am very thankful for this opportunity to tell you about it. I have a lot to tell, still there will be room for your questions at the end of the lecture.
Network arches are arch bridges where some hangers cross other hangers at least twice. Touching on the development of network arches, I want to tell you how network arches function, about their optimal form and how they can be erected. Some examples of built network arches will be presented. Metric units will be used. I am sorry if that is a problem.

2 Nielsen Bridge. The forerunner of the network arch was the Nielsen bridges in Sweden. [Nielsen 1929] Their chords were so stocky, and the ratio of live load to dead load was so small, that they did not need crossing hangers to achieve small bending moments in the chords. In a patent application from 1926 Nielsen showed hangers that crossed other hangers once. If built these bridges would not have been network arches. In the bridges that Nielsen built, hangers did relax due to loads on part of the span. Please note that there are no railings between the hangers and the traffic. 
         3 Beam Analogy. Increased loads and stronger materials make it advantageous to use hangers that cross each other at least twice.   The network arch can be seen as a simply supported beam. The chords are the compressive and the tensile zones. The hangers are a very light web.
4 Partial continuation 1.  Most of the shear force is taken by the vertical component of the axial force in the arch. The hangers take some of the variation in the shear force. Increased rise of the arch could give much smaller axial forces in the chords, but it would detract from the good looks of the bridge.
 5 Partial continuation 2. The arch should normally be part of a circle. The nodes can be placed equidistantly along the arch or along the tie. The arch is well supported and can efficiently utilize high strength steel. That also applies to all the other steel members. As long as the hangers remain in tension, the bending moments in the chords are very small. When hangers relax, the bending moments in the chords increase. 
6 Concrete ties with diagram of thicknesses. If the arches are less than 15 m apart, it is best that the tie is a concrete slab with small edge beams. Normally the biggest bending moment in the tie is in the middle of the slab. The longitudinal bending moment in the tie is normally smaller. 
The axial force in the tie is best taken by prestressing cables in the edge beams. For everyday loads the prestressing cables give a longitudinal prestress in the concrete tie. This makes the tie more durable.
It might be a bit like swearing in church to defend the concrete tie of network arches in this conference on steel bridges. I humbly apologize, but the concrete tie is a cost-efficient solution when the arches are less than 10 to 15 m apart. Then we do not need steel beams in the tie.
Longitudinal steel beams in the tie would lead to extra reinforcement to reduce the crack width in concrete that rests on the elongating longitudinal steel beams. Prestressing cables combined with longitudinal steel beams in the tie would introduce unfavourable compressive stresses in the steel beams due to creep and shrinkage in the concrete slab.
Longitudinal steel beams in the tie reduce the bending moments in the arches and increase their buckling strength, but these effects would be slight and unimportant. 

Longitudinal steel beams in the tie can be very useful in many methods of erection.
7 Transverse tension members. When high strength concrete is used to obtain better concrete durability, we can make the concrete slabs thinner and hope that the deflections will turn out as computed. If we get too big deflections, they can be counteracted by transverse tension members under the tie.
8 Wedges under tension members. Over the years, the size of the deflections can be controlled by putting wedges between the slab and transverse tension members. If the bending moments can be taken by the reinforcement in the slab, rupture of transverse tensile members will not endanger the bridge.
If the transverse prestressing consists of replaceable steel rods like in Germany, their stress can be altered to adjust the deflection of the slab. Then the span of the slab can be over 15 m.

9 Schulenburg Bridge, cross section.  Even if we have transversal steel beams in the tie, the longitudinal steel beams in the tie can be avoided. How this can be done is shown in this slide of the Schulenburg Bridge. It has a span of 90 m. The bridge was the subject of Wolfram Beyer`s master’s thesis at the Dresden technical university. His adviser was Professor Dr. Frank Schanack, who is present at this conference. He is probably the man in the world who knows most about network arches. The transversal steel beams in the tie are deeper than the longitudinal concrete beams.
10 Schulenburg Bridge, picture. This is a picture of the Schulenburg Bridge. The deep beams do not make the bridge look clumsy, but it would have been more elegant if the tie had been half a metre deep instead of 1.77 m deep. 

11 Fehmarn Sound Bridge. [Stein and Wild 1965] If there are transverse beams, the hangers would normally be fastened to the ends of these beams. Then the hangers would have many different diameters. In that case there are no strong reasons to avoid a constant slope of the hangers. This arrangement has been used in the Fehmarn Sound network arch in Germany and in many Japanese network arches. [Nakai 1995]
12 Steinkjer. [Tveit 2007] The optimal hanger arrangement depends on many things: ratio of live load to dead load, ratio of concentrated to evenly distributed load and length of concentrated load and the rise of the arch. 
The arch is normally part of a circle, maybe with a slight deviation near the ends of the arches. It is advantageous to have little variation in the hanger diameter. Especially when the hangers are fabricated locally as was the case for the first two Norwegian network arches. They had a constant change of slope between adjoining hangers. The maximum hanger force was less than 10 % bigger than the average hanger force.
 13 Steinkjer influence lines. This slide shows the influence lines of the Steinkjer network arch. [Tveit 1966] You can see that the axial forces in the chords must have small variations. The same applies to the maximum bending moments in the tie. The slope of the hangers is stated in the top right corner of the slide. 

14 200 m hanger arrangement. The hanger arrangements in this slide were found by trial and error in 1979. If there are no transverse beams in the tie, then it is usually best to use a constant distance between the nodal points in the arch. The hanger arrangement to the right was used in Teich and Wendelin’s master’s thesis in 2001.
15 Åkvik Sound 2001. This slide shows the network arch in Teich and Wendelin’s master’s thesis. [Teich and Wendelin 2001] EU loads and codes were used. The tie is a concrete slab. The arches are made of universal columns with a yield strength of 490 N/mm2. The universal columns are supposed to come pre-bent from the steel works. Two ways of fastening the windbracing are shown. 
16 Steel weights in various arch bridges. In this slide the steel weight in Teich and Wendelin’s network arch is compared to steel weights in some German tied arch bridges with vertical hangers. N means that there is no windbracing. S means that the arches slope towards each other. The years when the bridges were built are indicated. 
The network arch has no steel beams in the tie; still it needs about the same amount of reinforcement as the other bridges. The slide supports my claim that network arch bridges can save over ⅔ of the structural steel needed in other steel bridges. 
17 Herzog. This slide compares network arches to other steel bridges that have been built. The other bridges are from before 1973. [Herzog 1975] 
I believe that today they would have used more steel. Optimal two-lane network arches would use slightly less steel than indicated by this diagram.
18 Points of importance. You all know that steel weight is not the only ting that matters. This slide indicates other things of importance. Network arches are slimmer. That looks good. They have a thinner lower chord. That makes ramps shorter. It also makes it easier to design the roads leading up to the bridge. 

Optimal network arches have shorter welds and simpler details. Other tied arch bridges have much more surface that needs corrosion protection. Other concrete parts need much more maintenance than concrete slabs with a slight prestress. Erection is often more expensive with two to four times more steel to erect.
 Maybe the structural steel for Teich und Wendelin’s network arch would not cost more per tonne than the steel in the German tied arch bridges. The steel for the arch is ~80 % the weight. 
 
19. Steel 60 to 200 m.  This slide gives a rough estimate of steel weights in two-lane network arches. The spans are between 60 and 200 m. Longer spans might not be quite so competitive, because the crossing hangers reduce the stresses due to live loads, but not the stresses due to permanent loads.
The dots indicate the steel weights from Teich and Wendelin’s Åkvik Sound Bridge. The diagram can be used to compare steel weights of proposed bridge alternatives. 
20 B&S railway bridge.  The network arch is very well suited for railway bridges. Brunn and Schanack’s master`s thesis was the design of this two track railway bridge in 2003. [Brunn and Schanack 2003]. It has a span of a 100 m.

21 Tie.   This slide shows the reinforcement in the tie in Brunn and Schanack’s railway bridge. It uses very little steel.

 22  Steel weights.  This slide shows the steel weight pr m track in many railway bridges. You can see that Brunn and Schanack’s bridge uses about ⅓ of the steel needed for the other railway bridges.
23 Rail 60 to 200 m. Here Schanack gives a rough estimate of steel weight in two track railway bridges. The spans are between 60 and 150 m. The dot indicates the steel weight found in Brunn  and Schanack’s master`s thesis in 2003.
 The diagram can be used for comparing the steel weights of two track railway bridge to other alternatives. The German railway’s advisory board for bridge design favours network arches over arch bridges with vertical hangers. [Schlaich et al, 2008]. Four network arch railway bridges have been built in Germany.
24 Schanack 1. Frank Schanack has made two very interesting diagrams that show the advantages of network arches. [Brunn and Schanack 2009] In this diagram he compares a network arch to a tied arch railway bridge with vertical hangers. The span is a hundred meters. In the upper third of the diagram, bending moments due to dead loads are shown. 
Because the arch is not a parabola, but part of a circle, the bending moments in the arch with vertical hangers are 10 to 15 times bigger. 
The middle of the diagram shows the bending moments due to maximum live loads. The maximum bending moment in the tie is 11 times smaller in the network arch. In the arch of the network arch, the biggest bending moment is around 10 times smaller.

The lower third of the diagram has maximum live load on half of the spans. The maximum bending moment in the tie is 20 times smaller in the network arch. In the arch of the network arch, the biggest bending moment is around 13 times smaller.
25 Schanack 2.  In this diagram Schanack starts at the top left with a tied arch with vertical hangers and the maximum live load on half the bridge as shown in the previous diagram. Then the angle between the arch and the hangers is gradually reduced. At the bottom left of the slide the maximum bending moment is only 6% of the starting value.
26 Frank’s hanger arrangement. In 2003 Frank Schanack suggested a constant angle between the arch and the hangers, except near the ends of the arches. This hanger arrangement has many advantages. 
27 Scaffolding for Bolstadstraumen. Now to the erection of network arches. Network arches have been built or are being built in Germany [Graße 2007], Poland [Zoltowski 2005], Czech Republic, [Sasek 2005, 2006], Slovakia, Norway, Spain, The United States, [Steere 2008], [Wollmann 2008], Peru, Argentina, New Zealand [Chan 2008], Japan, [Nakai 1995] Taiwan and maybe more places. 

Erection is done in many ways. The two Norwegian network arches were erected on a timber structure resting on piles in the river bed. The slide shows the scaffolding for the Bolstadstraumen network arch in Norway. When the scaffold was finished, the concrete tie could be cast. Then the arches were erected and the hangers were put in. Then the hangers were tightened until the arch carried the tie and the timber structure could be removed.
28 Temporary lower chord.   This temporary tie can be used for the erection of network arches. Combined with arches and hangers it makes a stiff steel skeleton that can be moved. It can carry the casting of the tie. First the concrete at the ends of the span must be cast. Then the edge beams. They might have to be cast from both ends to avoid excessive relaxation of hangers. When the edge beams have been cast, they take the bending in the tie while the concrete lane is cast. (I could have said that this is the steel tie of a network arch. It can be removed when the concrete can stand by itself. Then corrosion protection for the steel tie can be omitted.)

29 Lifting the steel skeleton.  The steel skeleton of the network arch from Teich and Wendelin’s master’s thesis can be lifted by Norway’s biggest floating crane. The span was 135 m. 
The lifting capacity of the crane is 600 t. The steel skeleton weighs around 230 t, but it is practical to put in some of the wooden form and the reinforcement before the skeleton is lifted to the pillars.


 30 Removing the temporary chord.  This wagon can be used for removing the temporary tie and the formwork. Part of the deck in the wagon has been a horizontal part of the form for casting the concrete tie. The wagon rolls along the edge of the finished tie. If there is transverse prestressing of the tie, the stressing can be done from the wagon. The same temporary lower chord can be used for bridges with various spans and widths.

31 Skew Bridge.  This slide shows the first stage in the erection of a network arch across a canal. The span is a hundred metres. In order to reduce the necessary thickness of the concrete tie, the bridge has three arches.
The structural steel supplemented by a temporary lower chord is erected at the side-spans on one side of the canal. If the shape of the steel skeleton is right, then no adjustment of the hangers will be necessary later.
While the steel beams on top of the pontoon are tied to the abutment, the steel skeleton is rolled to the middle of the pontoon. Then the pontoon is pulled across the canal. Finally the steel skeleton is rolled onto the abutment on both sides of the canal.    Then the tie is cast.
32 Mangamahu. This slide tells about the erection of the Mangamahu Bridge in New Zealand. [Chan 2008] The steel tie was erected on two temporary supports. Two halves of the arch with windbracing were erected by the two red mobile cranes. The yellow crane in the picture carried the two men that joined the arches at the top.
 Afterwards the hangers were put in. Then thin concrete plates were placed on top of the steel tie and the concrete slab was cast. 
If we define the slenderness of an arch bridge as the span divided by the combined height of the chords, this is the world’s most slender tied arch bridge. It got a gold award of excellence in New Zealand this year. 
33 Bechyne photo.  This slide shows a network arch that was built in the Czech Republic in 2004. [Sasek 2005, 2006] It has a span of 41 m. It replaced an old bridge with too little room for the 100 year flood.

The existing roads on both sides of the bridge needed only small alterations. The Czech engineer Ladislav Sasek heard about the network arch. Then he consulted my home page and designed this bridge.

34 Bechyne Cross-section.   This is a cross-section of the Bechyne Bridge. Please note how the pipes are hidden under the footpath.

35 Bechyne lifting.  Sasek suggested this method of erection for the steel skeleton of the network arch in Bechyne. The steel skeleton weighs about 30 t. 20 t of the load is formwork and reinforcement. Ladislav Sasek is now busy building a 200 m network arch that won a design competition in Prague.
36 Providence. General drawing.  This network arch in Providence in the USA was finished in 2007. [Steere 2008] The span is 122 m. It has three arches. There are five lanes in each direction. The slope of the hangers is 60°. There is only one hanger at the end of each transverse beam.

 37 Providence, Steel skeleton.  This slide shows the 2500 t steel skeleton of the Providence network arch before it was floated 20 km to the site.

38 Blennerhassett Bridge. This slide shows the mail span of the Blennerhassett Bridge across the Ohio River. [Wollmann 2008]                                                                                                                 In was opened in 2007. The span is 268 m. There is 32.6 m between the planes of the arches. Compared to a bridge with vertical hangers, the crossing hangers reduce the live load deflections by a factor of 11. 

39 Blennerhassett erection. The method of erection of the Blennerhassett Bridge was influenced by the need to have room for passing ships. The slide shows erection when one of the last beams in the tie was about to be put in place. The bridge was chosen because it was less costly than a previous design. This year it got a national award for long span bridges.
40  Conclusions after 54 years. Part 1. After 54 years with network arches, I have arrived at some conclusions that I will present in the next three slides.  A well designed network arch is likely to remain the world’s most slender tied arch bridge.  The slim chords are pleasing to the eye and do not hide the landscape or cityscape behind them.

The slim tie is an advantage when the bridge is lifted up to let traffic pass under it. It also makes ramps leading to the bridge shorter.  The small vertical reactions give savings in the substructure.  If the distance between the arches is less than 15-20 metres, a concrete tie would often be a good solution. Concrete ties should have small edge beams with room for the longitudinal prestressing cables. If the distance between the arches is more than 10 m, transversal prestressing should be considered.  Network arches have small longitudinal bending moments in the chords.

41 Conclusions after 54 years. Part 2. Network arches are equally well suited for road and rail bridges.    All their members efficiently carry forces that can not be avoided in any simply supported beam.    

Tie and hangers give the arch good support and high buckling strength in the plane of the arch.       Tension is predominant in tie and hangers. H-beams with horizontal webs (Universal columns or American wide flange beams) have a favourable distribution of stiffness and give simple details.   All hangers can have nearly the same cross-section.  Efficient methods of erection are available.    Erection can be done using a temporary lower chord which, combined with the structural steel, has enough strength and stiffness to carry the casting of the concrete tie.


42 Conclusions after 54 years. Part 3. Network arches are not sensitive to uneven settlements in the foundations.  High strength and low weight give the network arch good resistance to earthquakes.

Most concrete parts need more maintenance than a concrete slab with a slight prestress.   Network arches have small surfaces and need little corrosion protection.  High strength steels are well utilised. 

If things go well, the network arch can save up to 40 % of the cost and 70 % of the structural steel. (Ted Zoli saved more than 50% of the cost by using two network arches instead of a cable stayed bridge footbridge in San Jose. The spans were the same.) A high percentage of the cost will be labour.    Conservatism and lack of time are important obstacles to the building of network arches.

Thank you all for listening. I look forward to your questions now and during the whole congress. If you want me to, I can lead you to the slides and the manuscript for this lecture. - Thank you very much.
This manuscript, the slides and my contribution to the 2009 World Steel Bridge Symposium can be found at
PAGE  

