A revised lecture on network arches in Chongqing in China 9th July 2012
Welcome to my lecture on network arches. I am very thankful that Director and Chairman Dr. Man-Chun Tang has arranged to let me give this lecture. He saw a picture of the very slim Brandanger Bridge in western Norway and invited me to give a lecture at T.Y. Lin in Chongqing.
欢迎诸位来听我的关于网状系杆拱的讲座。十分感谢邓博士安排我来做这次演讲。他看见过一张挪威西部的修长的Brandanger桥的照片，并邀请我来重庆的(T.Y.Lin 林同棪公司)做这次演讲。

Network arches are based on an idea that I got when I was working on my master’s thesis 57 years ago. It has been my main field of research ever since. By definition a network arch is an arch bridge with inclined hangers. Some of the hangers cross other hangers at least twice. (Tveit 1959,1966, 1980a,1981)
网状系杆拱主要是来源于57年前我在写硕士论文时候的一个概念。此后本人一直致力于研究网状系杆拱。网状系杆拱可以简单定义为一个具有倾斜吊杆的拱桥。其中一些吊杆之间至少有两次相互的交错。
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Fig. 1. A most competitive network arch.  图.1 一个最有竞争力的网状系杆拱

None of the references on the last page are given in Chinese.

网状系杆拱可以简单定义为一个具有倾斜吊杆的拱桥。其中一些吊杆之间至少有两次相互的交错。
一个网状系杆拱可以看做是一个简支梁。系杆是可以（伸缩/拉压）的区域。这些吊杆构成一个轻的网状结构。
大部分的（剪切力shear force）被拱的（轴向力 axial force）的垂直部分所承受。
矢高的增加会使得（轴向力 axial force）更小，但是如果这个距离太大，就会对桥的外表美观造成一些影响。

In one single lecture I obviously cannot tell you everything about network arches. In the first part of the lecture I will concentrate on good design of two-lane network arches. In the second part of my lecture I will present some supplementary information.
当然在一次讲座中我不可能对该结构讲的面面俱到。在讲座的最开始部分，我将着重讲述一个设计比较好的两车道网状系杆拱桥。在讲座的第二部分，我会讲述一些补充的信息。

Network arches have very little bending in the chords. The arches are well supported by the hangers. Thus they can take high buckling stresses. 
网状系杆拱结构系杆的弯矩很小。主拱被吊杆很好的支撑。因此，他们可以承受较高的屈曲应力。

Two-lane network arches for road bridges are very competitive, and not too difficult to design. Longitudinal prestressed concrete ties are assumed.
对于公路桥梁来说两车道网状系杆拱非常具有竞争力，并且设计起来并不困难。这里我们假定采用纵向预应力混凝土系杆。
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Fig. 2. The Brandanger Bridge in western Norway has a main span of 220m. It was opened in 2010. (Tveit 2004a, 2004b, 2004c)
图.2 挪威西部的Brandanger桥具有220m的主跨部分。2010年建成通车。

The final design of the Brandanger Bridge was done by the firm Aas-Jakobsen in Oslo, Norway.
这座桥的最终设计是由挪威奥斯陆的Aas-Jakobsen公司完成的。

The bridge leads to some islands with about 400 inhabitants. The lane is only 5m wide. That corresponds to the width of most roads on the islands.
该桥连接了一些大约有400人居住的小岛。车行道宽度只有大约5m。这与岛上的大部分道路宽度相当。

The arch is part of a circle. I would have liked to have a bigger rise of the arch. Because that would have looked better and would have saved some money.
该桥的主拱是圆的一部分。我更希望可以有一个更高的主拱。这样会使得桥看起来更美观并且能够节约造价。
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Fig. 3. Some dimensions of the Brandanger Bridge
图.3 Brandander桥的一些尺寸

Fig 3 gives some dimensions of the main span of the Brandanger Bridge. You can see that the height of the tie is 400 mm. The outside diameter of the steel tubes in the arches is 711 mm. 
图3显示了Brandanger桥主跨的一些尺寸。从图中可得知系杆高400mm。拱钢管外直径711mm。


If we define the slenderness of an arch bridge as the span divided by the sum of the heights of the chords, then the slenderness of the Brandanger Bridge is nearly 200.
如果将拱桥的（长细/跨高比/柔度 slenderness）定义为跨度除以总的系杆高度，那么Brandanger 桥的（长细/跨高比/柔度 slenderness）大约为200。




The Brandanger Bridge might remain the world’s most slender arch bridge for many years to come. This is because bridges for long spans will usually have more lanes and thicker chords.
在未来的数年内，Brandanger桥可能会依然是世界上最（细长/柔 slender）的桥。这主要是因为长跨度的桥通常会有更多的车道和更粗的系杆。(Tveit 2004a, 2004b, 2004c)
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 Fig. 4. The lifting of the middle of the arch
图.4 主拱中间部分的吊装

The main span of the Brandanger Bridge was built on a plain where rocks had been taken out for covering pipelines in the North Sea. 
Brandanger桥的主跨在北海的一片平地上建造，这个地方的原有的岩石被用去覆盖海中的输油管线。

First the tie was cast and prestressed. In fig. 4 the middle of the arch is lifted into place by three mobile cranes.
首先系杆被浇筑并施加预应力。如图4，主拱的中间部分由三辆吊车升起吊装就位。
 (
Fig. 5
.
) [image: Bridge lifted at Sløvågen] 
Fig. 5. Lifting of the main span of the Brandanger Bridge
图.5 Brandanger桥主跨部分的吊装

The main span weighed 1862 tonnes. It was lifted by two Dutch floating cranes. 
主跨重1862吨。由两艘荷兰的起重船将主跨吊装就位。
[image: SAM_0612NY_jpg_662892b]
Fig. 6 It was transported 5 km to the bridge site.
图.6  从预制工地到桥位处约5km
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Fig. 7. The finished Brandanger Bridge.(Larsen & Jakobsen 2011)
图.7 竣工后的Brandanger桥

Try to imagine how slim the bridge would have looked if the arches had been right behind each other.
请试想一下如果从桥两边的主拱重叠的角度看过去，这座桥是有多么的纤细。
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Fig. 8. The Nielsen bridges are the forerunners of the network arch.
图.8  Nielsen桥是网状系杆拱的前身 (Nielsen1929, 1932, 1936, )

Around 60 Nielsen bridges were built in Sweden between the two World Wars. (Ostenfeld 1976).
两次大战期间瑞典修建了大约60座Nielsen桥。
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Fig. 9.
 
The longest Nielsen Bridge.
 
Castelmoron
 1933.
 Span 145 m.
)
图.9 最长的Nielsen桥，Castelmoron 1933，跨度145m

The hangers were steel rods. For loads on one side of the span many hangers relax. 
吊杆由钢条组成。当载荷位于桥跨的一侧时，许多吊杆会放松。

In the lifetime of the Nielsen Bridges there has been a great increase in the traffic loads, but breaking of hangers has not been a problem.
在Nielsen桥的使用过程中，交通运输量有了显著增加，但是从未有吊杆断裂的问题出现过。

In his PhD thesis in 1929 O. F. Nielsen explained how his bridges could be calculated.
在1929年 O. F. Nielsen的博士论文中结识了该如何计算尼尔森拱桥。
[image: \\filgrms1\u04$\pert\Documents\Filer fra M-disk\Bilete\Fagbilder\Nielsen Bridges\Sweeden\Nielsen patent.JPG]
Fig. 10. Drawing from a patent document. (Nielsen 1926)
图.10 专利文档中的图

Nielsen never crossed the hangers of his bridges, but in a patent document in 1926 he showed crossing hangers.
Nielsen从没让他的桥上的系杆交错，但是在1926年的一份专利文当中，他展示了交错的系杆。

Sometimes the arch of the Nielsen bridges was cast in the spring from a scaffold resting on the ice. When the ice broke up in the spring, the casting of the tie was supported by the arch. (Ostenfeld 1976)
Nielsen桥的拱有时在春天冰面上的脚手架上浇筑。当春天融冰的时候，系杆的浇筑由拱来支撑。


Today we have stronger materials and bigger traffic loads. That makes it advantageous to let some hangers cross each other at least twice.
如今我们有高强度的材料以及更大的车流量。这就使得吊杆之间相互交错至少两次的优势得以发挥。
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Fig. 11 The network arch at Steinkjer. Opened 1963. (Tveit 1980b)
图.11 Steinkjer的网状系杆拱桥。1963年建成。

After 8 years of study, designing and building, my first network arch was opened at Steinkjer in Norway in 1963. It is a mistake that there are no railings between the road and the hangers. Still the bridge is in good shape after 49 years. 
历经8年的研究，设计和施工后，我的第一个网状系杆拱桥于1963年在挪威的Steinkjer 建成投入使用。这座桥的一处失误是车道与吊杆之间没有防护措施。尽管如此，49年后这座桥看起来仍然不错。




[image: ]
Fig. 12. Structural details for the Steinkjer Network arch.
图.12 挪威Steinkjer拱桥的结构详情 (Tveit 1959, 1664, 1966, 1987)

Here are some structural details of the Steinkjer network arch. The arches are triangular. The length of the hangers can be adjusted. The railings are fastened to the outside of the concrete slab under the footpaths. Prestressing cables take the tension in the tie. 

这里有一些关于Steinkjer网状系杆拱桥的结构详述。主拱断面是三角形的。吊杆的长度可以调节。护栏固定在人行道下的混凝土板的外侧。预应力线缆承担系杆中的拉力。
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Fig. 13. Details in the arch of the Steinkjer network arch
图.13 Steinkjer网状系杆拱桥主拱部分的细节

Fig. 13 shows structural details around the second transverse tube in the wind bracing. The joints in the arches are simple flanges.
Most diagonals in the wind bracing are steel rods, but the diagonals nearest to the ends of the arches are wire ropes of the same kind as used in the hangers.
图13中描述了（风撑wind bracing）中第二根横向钢管的构造细节。拱的连接处使用简单的（凸缘联轴节flanges）。（风撑wind bracing）中的大多数（斜向吊杆diagonals）采用钢条，但是靠近拱尾部的的（斜向吊杆diagonals）采用了和吊杆一样的钢丝索材质。
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Fig. 14. Hanger and end of an arch
图.14  吊杆和主拱的端部

Fig. 14 shows the shortest hanger and the end of an arch. It is filled with concrete to increase its ability to withstand traffic colliding with it.
图. 14中显示了最短的吊杆和主拱的端部。混凝土的灌注增加了其抗击车辆碰撞的能力。
(Tveit 1980a, 1984, 1984a, 1987, 1992)


Influence lines for the network arch at Steinkjer
The slope of the steepest hanger is 74.4°. The difference in the slope between two adjoining hangers is 1.8°.
 (
Compression in arch
Tension in tie
Force in hangers
Bending moments at nodal
points
 in arch
Bending points in the middle
 
of members in arch
Bending moments in tie
Rotation at the end of the tie
Deflection of tie at the
middle
 of the span
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Fig. 15. Here are some influence lines for the network arch at Steinkjer. You can see that the bending moments in the tie do not change much except near the end of the span. (Tveit 1992, 1999a, 2010)
图. 15一些Steinkjer网状系杆拱桥的影响线。从中可看到，除了桥跨端位置外，其他地方的（系杆弯矩bending moments in the tie）变化都比较小。


The hanger forces are very even. So are the axial forces in the chords, but they increase a little near the ends of the span.
吊杆内力很均等。系杆的轴向力同样如此，但是在桥跨端处，这些力有一些增大。

Normally the arch should have a nearly constant curvature, but the curvature might be a bit smaller near the ends of the arches.
拱曲率应当接近常数， 但是拱末端的曲率可能会稍微小一点。
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Fig. 16. Slope of hangers. 
图.16吊杆的斜度 

There should be a constant angle between the arch and the hangers. This is a very good way of arranging the hangers. It was first published by Frank Schanack and Benjamin Brunn. Schanack did his doctorate on network arches in Spain in 2008. Now he is a professor in Chile.
主拱和吊杆之间应是一个常数角度。这样比较有利于吊杆的排列布置。这个建议由Frank Schanack 和 Benjamin Brunn首次提出。Frank于2008年在西班牙完成他的关于网状系杆拱桥的博士工作。现在他是智利的一名教授。
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Fig. 17. Large angles between arch and hangers make it more likely that hangers relax. If many hangers relax, the bending moments in the chords increase. 
图.17 主拱和吊杆之间角度的增大更可能使吊杆放松。如果许多吊杆放松，系杆中的弯矩就会增大。

These bending moments will be insignificant as long as only one line (or none) can be drawn from a member in the arch to a member in the tie without crossing a hanger in tension. That is because the grey parts of the bridge that are tied to each other by hangers in tension are rather stiff.
我们可以画连接从拱到系杆的直线，当仅有一条线（或者没有）未穿过受拉的吊杆时，弯矩就会非常小。这是因为桥梁灰色的部分是通过受拉的吊杆互相连接，刚度较大。

[image: ]
Fig. 18. Forces in the middle and the end of a network arch
图.18  一座网状系杆拱桥中部和端部的力

If we assume that there are no bending moments in a network arch, then the forces at the end and in the middle of a network arch are as indicated in this drawing.
我们假设一座网状系杆拱桥没有弯矩，那么这张图显示了网状系杆拱桥中部和端部的力。
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Fig. 19. This slide shows the movable bearing and the end of the network arch at Steinkjer. The big end plate was examined for lamination.
图.19  这一张是Steinkjer网状系杆拱桥的（滑动支座movable bearing）和（端头end）构造示意图。大的（端部板end plate）要经过检查确保没有（层压lamination）。




Fig. 20
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图.20   Steinkjer拱桥在最后的粉刷前是这个样子的。建筑师希望我们保持红色外观，但是我当时没有如此大的勇气。后来，当我在中国看到红色的拱桥时，才明白建筑师是对的。
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Fig. 21. This is a network arch from a 300-page master’s thesis by (Teich &. Wendelin. 2001). Their calculations can be found on my homepage. http://home.uia.no/pert
图.21 这是(Teich &. Wendelin. 2001)一篇300页硕士论文中的一座网状系杆拱桥。在我的主页中可以找到他们的有关计算。http://home.uia.no/pert

Teich completed his doctorate on network arches this year. (Teich 2012). Please note that the arches are universal columns with a yield stress of 430 N/mm2. These profiles can be cold bent at the steel works. Two ways of fastening the windbracing to the arches are shown.
Teich今年完成了他关于网状系杆拱桥的博士论文。请注意这些拱桥使用的标准钢构件屈服应力是430 N/mm2。这些组件可以在钢厂冷弯加工成型。将风撑固定到主拱上有两种方法可以参考。

[image: \\filgrms1\u04$\pert\Documents\Filer fra M-disk\Bilete\Fagbilder\Network Arches\Steel weights\Compared to the Åkvik Sound Bridge\Fig 6.jpg]
Fig. 22. Here the steel weight of the Åkvik Sound Bridge is compared to the steel weight of German tied arch bridges with vertical hangers.
图.22 这是Åkvik Sound网状系杆拱桥与德国的几座竖直吊杆拱桥在用钢重量上的对比。

S means that the arches are sloped towards each other. 
N means that there is no wind bracing.  Steel in a temporary tie would be 51 kg/m².
 “S”表示两个逐渐靠近的拱坡。“N”表示没有风撑。Åkvik Sound桥的临时低系杆用钢两大约为51 kg/m2。

All the bridges have been designed using roughly the same codes. 
所有的桥梁均采用相同的规范设计。
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Fig. 23. Steel weight is not the only thing that matters. 
图.23  用钢量并不是我们唯一关心的。竖直吊杆拱桥体积更大。他们有2到8倍深的系杆。15到30倍长的焊缝深度。3到7倍多的需要养护的刚表面。 其他的混凝土部分需要比轻微预应力混凝土板更多维护。架设成本更高，因为需要2到4倍多的钢材。


Part of the great saving of steel is because higher steel strengths have been assumed. Furthermore the transverse span between the arches is much smaller in the network arches. (Graße et al 2007)
大量节省钢材的一部分原因是我们假设采用更高强度的钢材。进一步讲，网状系杆拱的拱之间的横向跨度更小。
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Fig. 23.  This diagram gives a rough estimate of steel weight in two-lane network arches. The spans are between 60 and 200 m. 
图.23 这幅图给出了两车道网状系杆拱桥的大约估计用钢重量。跨度在60到200m之间。

The dots indicate the steel weights needed in Teich and Wendelin`s Åkvik Sound Bridge.
圆点表示Teich and Wendelin的Åkvik Sound桥所需要的用钢重量。

The diagram can be used to compare steel weights for alternative designs of proposed bridges.
对一座需要建设的桥，这张图可以用于对比各种备选设计方案的用钢重量。
[image: ]
Fig. 24. The scaffolding for the network arch at Steinkjer is shown in this slide. After the concrete tie was cast, the arch was erected. Then the hangers were installed and tensioned till they carried the tie. Then the wooden scaffolding was removed. 
图.24 图中描绘了Steinkjer网状系杆拱桥的脚手架构造。在浇筑了混凝土系杆之后，架设主拱。接着安装并张拉吊杆直到他们触及系杆。之后移除木制的脚手架。

[image: ]
Fig. 25. Many promising methods of erection can use this temporary tie. 
图.25  许多好的架设方法中用到这种临时系杆

与主拱和吊杆结合后，临时系杆可以构造出一个可移动的坚硬钢制骨架。他也可以承担混凝土系杆的浇筑。首先浇筑桥跨两端的混凝土。接着从两端开始浇筑边梁，这样做是为了防止吊杆放松。然后浇筑混凝土板。
(Tveit 2009, 2009b, 2010, 2011)
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Fig. 26.  Launching a network arch over a canal. 
图.26  在河道上架设网状系杆拱桥。临时系杆可以用于在河道上架设网状系杆拱桥。 首先在河道的一侧架起带有临时系杆的钢骨架。然后将钢骨架移动到浮船中间。接着将浮船牵引到河道中。然后将钢骨架移动到桥墩上并浇筑系杆。最后拆除临时系杆，这个拆下的临时系杆可以再次用于其他的网状系杆拱桥。(Geißler et al 2008)
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Fig. 27. ©This drawing shows a wagon for removing the formwork and the temporary tie. 
图.27 © 这张图描述了移除框架和临时系杆的车辆装置。车辆中板已经被用于浇筑混凝土系杆。它具有两个很长的横梁。

当浇筑完成之后中板被下移。临时系杆的纵梁变成了中板的纵梁，中板用于移除临时系杆。

固定于吊杆的低处末端的（千斤顶jacks）可以用来移动平台。
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Fig. 28. Two bridge alternatives for a fjord in western Norway
图.28  位于挪威西部峡湾的桥的两个备选方案

In a play by the Norwegian playwright Henrik Ibsen a poet says: “The unborn poems are often the most beautiful.”
挪威戏剧家易卜生的剧本中的一首诗中写到：“未创作出的诗往往是最美丽的”

That is how I feel about the more slender of the two bridges in fig. 28. 
It might be built on the northern shore of the longest Norwegian fjord.
这也是我对图28中两座更修长的桥的感受。它或许可以建在位于北部海岸的挪威最长的峡湾上。

Of course the network arch would look less slim if the arches were not right behind each other.
当然如果两个拱没有恰好重叠的话，网状系杆拱桥看起来并不是那么纤细。
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Fig. 29. A suggested network arch across a fjord in western Norway.
图.29 跨越挪威西部一个峡湾的网状系杆拱桥建议方案

This network arch could have been built across a fjord in western Norway. There, ships are few and far between. Thus parts of the arches can be near to the water level. (Tveit 2001, 2002, 2002a)
这个网状系杆拱桥本可能修建在挪威西部的一个峡湾之上。那里船只稀少并相距较远。因此拱桥的一部分可以接近水面。

The steel skeleton consisting of arches, hangers and a temporary lower chord, could be assembled on one side of the span to be lifted across the fjord.
有主拱，吊杆和临时系杆构成的钢骨架，可以在桥跨的一侧组装完成等待吊装跨越峡湾。

The parts of the arches that are below the lane can be floated in place. The steel skeleton could also be assembled far from the bridge and be floated to the bridge to be lifted in place. Then the concrete tie could be cast.
车到下方的主拱桥部分可以浮运到位。钢架也可以在其他地方组装并浮云到吊装的位置。之后可以浇灌混凝土。
Now I would like to say something about the breaking of hangers. If the hangers are steel rods that fail in fatigue, that is not likely to be serious. The other hangers are not likely to fail at the same time. Thus we are likely to have ample time to replace the hanger.
现在我想说一点关于吊杆断裂的问题。如果吊杆是钢条因疲劳断裂，问题貌似并不严重。其余的吊杆可能不会在同一时间断裂。因此我们有充裕的时间去更换吊杆。

If two hangers that are next to each other at the lane fails, then they are far apart at the arch. Thus the bridge will not fail.
如果车行道上相邻的两个吊杆断裂，这两根吊杆在拱上相距会很远。这样的话桥梁不会垮塌。

Learned friends have told me that the network arch is a robust structure. (Zoli & Woodward 2005)
一些学识渊博的朋友告诉我网状系杆拱是非常健壮的结构。


In wide network arches creep and shrinkage might make it difficult to control the deflection in plates spanning between the edge beams.
在一个宽的网状系杆拱中，收缩徐变问题使得控制两个边梁之间的（桥面板plates spanning）的挠度变形很困难。

If problems arise, transverse reinforced polymer ropes can be put under the concrete slab. The size of wedges between the ropes and the concrete plate can be used to control the deflection.
如果这个问题出现，可以再混凝土平板下安装横向的加强聚合缆绳。缆绳和混凝土平板中间的楔形块的尺寸可以用来控制挠度变形。

Transversally prestressed plates between the edge beams will have a tendency to move upwards in the middle. That can be counteracted by using some prestressing rods where the stress can be adjusted in the lifetime of the bridge.
 边梁中间的横向预应力平面会出现反拱。可以利用一些可调节压力的预应力钢绞线来消除返拱桥。

Many countries that are developing fast can expect a great increase in traffic. Then it might be a good idea to build network arches for the present traffic, but have plans ready for a second network arch when the traffic demands it. 
许多迅速发展的国家将会有大量增加的交通。如此一来根据现有的交通量建立网状系杆拱桥，同时为考虑到之后更大的交通需求量，做好第二座网状系杆拱桥的设计准备是一个很好的思路。
Sometimes the roads have a strip of grass between lanes of traffic. Then two slim parallel network arches can be used to cross a river or fjord.
有时候道路非同向车道之间会有一些绿地保护带。在河流或峡湾上架设两座平行的网状系杆拱桥可以达到这种效果。
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Fig. 30. The Nielsen bridges were made of concrete. To save erection costs, network arches should usually have steel arches. 
图.30 Nielsen桥一般采用混凝土结构。为了节省架设成本，网状系杆拱桥经常使用钢结构主拱。

Where many equal spans are needed over long stretches of moderately deep water, all concrete spans can be made on land and be moved to the pillars by floating cranes.
在水深适度并且距离很长的情况下需要修建许多等跨桥梁，全部的混凝土跨可以在陆地上施工完成并由起重船安装就位。

This slide shows a suggested cross-section of the tie of a 235 m long side-span over the Fehmarn Belt Bridge between Germany and Denmark.
这一页展示了跨越德国和丹麦之间长约235m的Fehmarn大桥的系杆断面图。
A cylinder strength of fcc=85 MPa is suggested. First the three lane spans are put in place. Then the spans for the two railway tracks are cast in situ.
最好使用抗压强度为85Mpa的圆柱体。首先三车道的主跨安装就位。接着两个铁路桥跨在原地浇筑。
Finally I would like to present some network arches that have been built. 
最后我想介绍一些已经完工的网状系杆拱桥。
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Fig. 31. The Fehmarn Sound Bridge in Northern Germany has a span of 248 m. It is a bridge for road and rail. It was opened in 1963 like my first network arches. The idea of the crossing hangers probably came from my work in Germany in 1955 to 1956. (Stein Ph 1951, Stein & Wild 1965)
图.31 位于德国北部长248m的Fehmarn Sound桥。这是一座公路铁路两用桥。如同我的第一座网状系杆拱桥一样，这座桥也是1963年建成。交叉吊杆的设计思路有极大可能是来自我1955至1956年在德国的工作成果。(Graβe et al 2007)
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Fig. 32. Here is a network arch that was built in Providence in Rhode Island in the United States. The bridge was opened in 2007. The span is 122 m 
图.32 位于美国罗德岛州Providence的一座网状系杆拱桥。这座桥于2007年建成。桥跨122m。

The bridge has 5 traffic lanes in each direction. The steel skeleton was built on a quay 20 km from the bridge site. Then it was rolled onto pontoons and floated to the bridge site. (Steere &Wu 2008)
这座桥具有双向10车道。钢结构骨架在距离桥20km的码头修建。接着被装在浮船运送至桥的位置。
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图.33 位于俄亥俄河之上的Blennerhassett是世界上最长的网状系杆拱桥。主跨268m。

During erection the river had to be kept open for traffic. The bridge was opened in 2008. All hangers have a slope of 63.6°. The rise of the arch is 0.2 times the span.
在这座桥架设过程中，河流需要保持航道开放。这座桥2008年建成。所有的吊杆的倾斜角度为63.6°。矢高是跨长的0.2倍。

The use of inclined instead of vertical hangers reduced the live load deflection by a factor of 11. Bending moments in the arch and the tie were reduced by a factor of 4 and 5.
用倾斜的吊杆取代竖直吊杆降低了11倍的（活载挠度live load deflection）。主拱和系杆的弯矩分别降低了4倍和5倍。(Wollmann & Zoli 2008)
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Fig 34. The Happy Hollow pedestrian bridge in San Jose in California is shown in this picture. The first design for the site was a cable stayed bridge that was far over budget. The network arch that was built was designed by HNTB Corporation. 
图.34  位于加利福尼亚圣州何塞的Happy Hollow 人行桥。这座桥最初的斜拉桥设计方案由于超预算而被放弃。这座网状系杆拱桥由HNTB公司了的设计完成。
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Fig. 35. Pedestrian Bridge in San Jose in Calafornia
The cost was about 50 % less. The steel is slow corroding. The railings are a net. The top of the net is a wire fastened to the hangers.
图.35  加利福尼亚州圣何塞的人行桥。该桥造价节约了50%。钢材受腐蚀较慢。栏杆是网状的。网状的顶部是一条固定在吊杆上的绳索。
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Fig. 36. Mangamahu Bridge in New Zealand. (Chan & al, 2008)
图.36 位于新西兰的Mangamahu桥

The picture was taken one year after the author visited New Zealand. It shows a situation in the erection of the Mangamahu Bridge. The span is 85 m. It was opened in 2008. 
这张照片是在作者访问新西兰一年后拍摄的。图中展示了Mangamahu的架设场景。这座桥跨长85m。于2008年建成。

The two red cranes each lift half of the arch. The yellow crane lifts the two men that join the arch at the top. The network arch replaced a two span bridge that was swept away by a flood. The native Maoris appreciate that the bridge does not disturb the spirits of the river.
两个红色的吊车分别架设一半的主拱。黄色的吊车将连接主拱的工人升起。这座桥取代了一座被洪水冲垮的（双跨度桥two span bridge）。当地的毛里人喜欢这座桥，因为它没有侵犯河水的灵魂。

Here is a list of conclusions after 57 years working with network arches.
以下是我在57年中对网状系杆拱的工作的一些经验总结。
A well designed network arch is likely to remain the world’s most slender tied arch bridge.
所有设计良好的网状系杆拱桥都可能是世界上最纤细的吊杆拱桥。
The slim chords are pleasing to the eye and do not hide the landscape or cityscape behind them.
纤细的系杆看起来赏心悦目，同时不会遮挡身后的自然景观和城市风光。
The slim tie is sometimes an advantage when there is traffic under the bridge. 
当桥下有交通时，纤细的系杆有时具有很大优势。
Small and vertical reactions give savings in the substructure.
较小和竖向的反力，可以为下部结构节省造价。
If the bridge has less than 15-20 m between the planes of the arches, then the lower chord can be a simple concrete tie.
如果两个主拱间距小于15-20m，系杆可以是一个简单的混凝土系杆。
Concrete ties should have small edge beams with room for the longitudinal prestressing cables.
混凝土系杆应当采用小的边梁，只要保留足够的纵向预应力线缆的空间。
If the distance between the arches is more than 10 m,   transversal prestressing should be considered. 
如果主拱间距大于10m，可以考虑采取横向预应力。
Network arches have small bending moments in the chords.
网状系杆拱桥的系杆弯矩很小。
Network arches are well suited as bridges for roads, rail and footpaths.
网状系杆拱桥十分适于公路，铁路以及人行道的桥梁。
All structural members efficiently carry forces that cannot be avoided in any simply supported beam.
所有的结构组件有效的承载了力，这些力在所有的简支梁中都不可避免。
Tie and hangers give the arch good support and high buckling strength in the plane of the arch.
系杆和吊杆给予主拱良好的支撑，并且让主拱平面内产生良好的抗弯强度。
Tension is predominant in tie and hangers.
拉力主要存在于系杆和吊杆上。
 
Arches made of H-beams with horizontal webs have a favourable distribution of stiffness and give simple details.
具有水平（腹板web）的（工字梁H-beam）构造的主拱带来良好的刚度分布，并且构造细节简单。
All hangers can have nearly the same cross-section.
所有的吊杆都有几乎相同的界面。
Efficient methods of erection are available.
可采取高效的架设方法。
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. 
架设过程过可以使用临时的系杆，这些系杆与具有足够强度和硬度的结构钢组合在一起，从而承受混凝土系杆的浇筑。

Network arches are not sensitive to uneven settlements in the foundations. 
网状系杆拱桥对桥基处的不均匀沉降不敏感。
High strength and low weight give the network arch good resistance to earthquakes.
高强度和轻重量使得网状系杆拱桥有良好的抗地震作用。
Most concrete parts usually need more maintenance than a concrete slab with a slight prestress. 
大多数混凝土部分通常比采用少量预应力的混凝土板需要更多的养护。
Network arches should have small surfaces that need little corrosion protection.
网状系杆拱桥应当具有小的表面，这样只需少量防腐蚀保护措施。
High strength steels are well utilised.
更好的利用了高强度的钢材。
If things go well, the network arch can save up to 40% of the cost and 70 % of the structural steel.
如果一切顺利，网状系杆拱可以节约最多40%的造价，70%的结构用钢。

A high percentage of the cost will be labour.
人力成本是占据桥梁造价的很大比重。
Conservatism and lack of time are important obstacles to the building of network arches.
对建造网状系杆拱桥来说，守旧主义和时间紧迫性是两个很大的障碍。


Being over 80 years old, the author feels that his contributions to the future development of network arches will be minor. He would like to point out uses of network arches that deserve to be examined more closely.
作者已经80岁高龄，他感到他对网状系杆拱桥未来发展所能够做出的贡献并不会太多。他更愿意指出的是，对网状系杆拱桥的使用值得更进一步的研究。


1. All concrete network arches cast on shore and placed on pillars by big floating cranes. 
所有的混凝土网状系杆拱桥在岸上浇筑，并且由大型起重船安装就位。

2. Network arches for high speed trains. The considerable stiffness of network arches makes them suitable for this kind of bridges. 
网状系杆拱桥适于高速铁路。网状系杆拱桥的高刚度使它非常适于建造高速铁路桥。

3. The effect of many hangers relaxing in network arches.
网状系杆拱桥中过多的吊杆放松带来的影响有待研究。


4. Erection of network arches where the arches are steel tubes and temporary lower chords are used. This steel skeleton is lifted onto the pillars. Then the steel tubes are filled with concrete. When the concrete has hardened, the concrete tie can be cast.
在网状系杆拱桥的架设中，使用钢管主拱和临时系杆。这种钢架安装在桥墩上。然后在钢管中灌注混凝土。当混凝土凝结后，可以浇筑混凝土结构的系杆。


5. Temporary network arches for spans from 60 to 120 m assembled from standard components up to 15 m long. These arches could be used for spans too long for the Bailey bridges from the Second World War.
跨度介于60至120m之间的临时网状系杆拱桥，由最长15m的标准组件安装完成。从二战时期起，这些拱桥可以用于更长的，Bailey活动便桥所不能达到的跨度。


From the autumn of 2012 this lecture can be found at my home page http://home.uia.no/pert
Then it will contain many more references. 
在2012年的秋季学期，这个讲座内容会出现在我的主页http://home.uia.no/pert中。到时候会有更多的参考文献在其中。

Later there will be some alterations. I would be thankful for your suggestions.
讲座内容今后会有一些 变动。我很希望 大家能够提出建议 。
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Hanger End of arch filled with concrete
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Slope of
hangers

This very good way of arranging the hangers was
first suggested by F. Schanack. There is a constant
angle between the arch and the hangers. A smaller
o gives the hangers higher resistance to relaxation.
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The bending moments in the chords will

be small, as long as only one line can be

drawn from a member in the arch, to a
member in the tie without crossing a
hanger in tension. The coloured area
indicates a stiffer part of the bridge.
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If we assume that there are no bending moments

in a network arch, then the forces at the end and

in the middle of a network arch are as indicated in
this drawing
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the end of the
network arch at

Steinkjer, Norway
1963
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The networkarch at
Steinkjer looked like this
before it got its final coat

of paint. The architect
wanted us to keep the red
colour, but | did not have
the courage.

Many years later, when
1 saw the redarch bridges
in China, | understood
that the architect had
beenright.
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Steel weight s not the only thing that matters.
Other points of importance are:

Aesthetics
Adaptability
Materials

Fabrication
Corrosion protection

Maintenance

Erection
+ On sidespans

Bulkier bridges

2 to 8 times deeper lower chords
2 to 4 times the steel weight

15 to 30 times longer welds
More complicated details

3 to 7 times more surface to protect
Other concrete parts need much
more maintenance than concrete
slabs with a slight prestress.
Erection is more expensive

with 2 to 4 times more steel.

* Floating into place

* Erection on ice
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TEMPORARY TIE

Combined with arches
andhangers it makes 2
stiffsteel skeletonthat
TPE A 240 ] canbe moved.

o IPE A 240 The steel skeleton can
carrythe castingofthe

concretetie.
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Launching a network arch over a canal
Final position of network arch Network arch EMPtY steel

Center being tube ® 0.6 m
of launched
cang Tee iy |

[ Road
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First the steel skeleton with a temporary tie is erected on
one side of the canal. Then a pontoon is brought to the
pillar nearest to the steel skeleton. Then the steel
skeleton is rolled to the middle of the pontoon. Then the
pontoon s pulled across the canal. Atthe central pillar
the steel skeleton is rolled ontothe pillar and the tie is
cast. Then the temporary tie is removed.
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Wagon for removing a temporary lower chord.

1A 240

Handrail

jood 0 give camber
Plywood plates

t“

The floor in the middle of the
removal wagon has been a part of
the formwork for the casting of the
tie. It has two extra long transverse
beams. The floor has been lowered
after the casting was finished.
The longitudinal beams in the
temporary lower chord have
become longitudinal beams in the
floor of the wagon for removing
the temporary lower chord.
Jacks fastened to the lower end of
the hangers can be used to move
the platform.
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Prowdence Bridge in Rhode Island, usa
L Span 122m.
Opened 2007.

network arch in
Providence

built 20 km from
the site.
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Happy Hollow network arch
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A MOST COMPETETIVE NETWORK ARCH

A network arch is an arch bridge with inclined hangers. Some of
the hangers cross each other at least twice.

A network arch can be seen as a simply supported beam. The
chords are tensile and compressive zones. The hangers are
alight web.

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 distance between the chords would give them
smaller forces, but if that trend is exaggerated, it would
detract from the good looks of the bridge.




