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The author prefers networkdres with concrete ties and H profiles in the afkcmetwork arch of this type
normally saves around | of the steel wei ght need:e
around 1/3 of the steel weight is likely to be saved. Network arches look nice. Network arches have bee
designedn many different ways. See chapter H: Network arches built or planned.

My main publication: AiThe Net wo htip:/hAmeaiib.do/perimder thee f «
button AThe Net wodi 2080 anchi® the rdstlt ofvaa srgarsict geowth. &hus readers will
often have a hard time if they are seeking information on specific items. The present publication should be mor
readable and should lead interested readers more directly to what thegkarg for. This publication can only

be found on the internet. It will be updated at least till&20here are many references in the text. They are
supposed to lead to more information on the same sulijacis the system of references at the bottonf the

pageis important.

Contents

Chapter A is a general chapter. The network arch is an arch bridge where some hangers cross each other at s
twice. The hangers give the arches efficient support and high buckling strength. The chords have littie bend
Tie and hangers have tension. Thus the network arch makes good use of high strength steels.

Chapter AA. Materials needed for two lane network arch road bridges spanning between 60 and 200 m.
Chapter AAA. Materials needed for two track network aaihway bridges spanning between 60 and 150 m.

Chapter B is on arches. In bridges of small or moderate length atgtiesrsal columns and American wide
flange beams make very economical arches. They can come from the steel works bent to the righ. dfirvatu
arches slope towards each other, it makes the transversal beams in the tie longer. Thus the steel weight goes

Chapter C is on lower chords. The tensile force between the two ends of the arches is best taken by prestress
cables. These cablese placed in small edge beams and give partial prestress in the tie. For everyday loads
there will be full longitudinal prestress. If the distance between the arches is more than 20 m, transversal ste
beamsare likely to beneeded. The longitudinal bend moment is normally smaller than the bending moment

in the middle of the slab between the two arches.

Chapter D is on hangers. The inclined hangers make the network arch work much like trusses as long as only
few hangers relax. Suitably small anglegween arch and hangers give the hangers suitably high resistance to
relaxation and to tensile force and fatigue.

Chapter E is on erection. Economy of network arches is very dependent on efficient methods of erection. /
temporary lower chord combinedtliarches and hangers can carry the casting of a concrete tie. The arches car
be steel tubes that are filled with concrete after the steel skeleton has been lifted to the pillars. In long bridge
over navigable water finished high strength concrete spganbe lifted in place by big floating cranes. In arctic

regions the steel skeleton can be erected on ice and be lifted to the pillars before the ice breaks up in the sprin

Chapter F is on cost. Here network arches are compared to other bridge typeger@oon various methods of
erection are given.

Chapter Gs a short chapter on strengthershgetwork arches already built.
Chapter Hgives examples of network arches built or being built.
Chapter | contains references.

Chapter J isthistory ofnetwork arches as experienced by Per Tveit.

On references:

References to pages in this publication are in the forinalhd B1. References to drawings in this publication
are in the form fig. C1 and fig. 12. References to the list of literature in thocption are like (Leonhardt
1991) and Herzog (1975 p. 281) . Re f amrfor(To/at2013). b A T I
will gradually be updated as long @ authoifeel like doing spbut the reference will remain the sanigis
also appes to the present publication
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AA. Amount of materials needed for tane road bridges spanning betw&rand 20 m

In bridge design in Aalborg University Center in tiiaeteereighties the students were taught to make at least
three sketchy designs before choosing the final alternative. This can be time conSumimiagram in fig.
AA2 has bea made ¢ savetime for designers that consider network arches an alterrfatigeroad bridgelt
gives a rough estimate of the materials needed for double track road bridges spanning@ieande200 m.

The network arches might be especially advantageous forghaseln longer spans erection is more difficult.
It is stresses due to traffic loads that are reduced by the crossing h&ugelanger spans the deadweight
becomes more importaatd the crossing hanged® notnecessarilyeduce the stresses due &adweight.

The diagram osteelweights has been made starting out with the materials needed for the bridge in fidheC1.
crosssection of the bridge is shown in fig. AAR is from the mastér thesis of (Teich and Wendelin 2001).

Ther calculationscan be found dittp://home.uia.no/pertif n d e r
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Fig. AA2. Steel needed for various thane spans

Teich and Wendelin used a wind load: # 32 m/s.

The other loads were the standard-Blds used in
Germany in 2001.The dot on curvesindicates
amounts of steel taken directly from Teich and
Wendel indéds thesis. The di e
these dots

The variation in weight due to increasing spans has
beenarrived atby rough estimates. Thus the result is a
preliminary estimate fomaterials needed, but good
enough to decide if a network arclould be a
relevant alternative for a two lane road bridge. It could
also be helpful for educated guesses of the material
needed for other network arches.

Teich and Wendelin assumed concret@h cube
strength 50 MPa. To increatiee durability of thetie,
higher strengthconcretecould beused. Thiswould
make lighter bridges and would lead tonore ribbed
reinforcement and less steel of other qualities. Higher
concrete strengths could als@ lused for making
wider bridges, but that could lead to more problems
with controlling the deflectiof the slalbbetween the
archesSee also pC-7.

In Norway many bridges have only one footpath. This
is to facilitate the removal of snow. Then themofor
pedestriansand bicycles must be extra wide. Thus
little steel is saved by having only one footpath. The

amount of structural steel needed can be reduced by increasing the rise of the arch. Teich and Wendelin use
rise of the arch that is5% of the span. This looks good. In the US a rise arouid @0the span is sometimes

used because it savasot ofsteel.
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Fig. AA3. Crosssection of the two lane spans in fig. AA2
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For spans near 200 m buckling of the arch
might lead to very big crossections made
from American wide flange beams. If that is
the cas, box shaped arches might be a better
alternative.

20.25

The weight of the temporary lower chord in
fig. AA2 is bigger than necessary for the
bridge in fig. AA3. That is because the author
thinks that temporary lower chords should be
designedto be used for wdous network
arches

vy
(@

The author would very much like receive
feedback from designerswho suggests
alterationdo the diagramn Fig. AA2.
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AAA. Amountof materialsneededor TWO-TRACK RAILWAY bridgesspanning between 60 and 150m
FrankSchanack and Benjamin Brunn.

Undoubtedly, network arches are adequate for railway bridges. As one of the first network arch bridges, th

German Fehmarn Sound Bridge from 1963 with a span of 248 m carrieslypotvorlanes of road traffic, but

also one railway track. Especially during the last couple of years, the number of new network arch railway

bridges has increased remarkably, for example the new German railway bridges over Mittellandkanal (2009, on

track,132.6 m, 1,00Q of steel), over the Oder River (2008, two tracks, 104 m, 1,100 t of steel) and over the

valley Rosenbachtal (2008, one track, 89 m, 670 t of steelAR§1) (Gral3e, Tveit 2007). From a financial

and an aesthetic point of view, Gei3lI8teimann and Graf3e (2008) recommends network arch railway bridges

for spans between 80 m and 300 m.

All of the above mentioned bridges have
steel deck with longitudinal tie girders. Base
on the three most recently built bridgs
among them, the amounbf necessary
structural steel is about 7.5 t/m for sing
track bridges and about 1G/&n for double
track bridges and spans of around 100 m.

In network arch bridges axial forces a
predominant, favouring the use of higd
strength  materials. Consequgnt the
longitudinal tie girders should be replaced
prestressing cables, which have much hig
yield strength. Furthermore, single a
double track railway bridges have distanc
between the archesf about 6 m and 10
between the archesrespectively Such FEFEEZZA S

relatively short distances lie within th = = ' =
cati | ical o T:ég- AAAL. View of railway network arch bridge o\

application range of economical concre .
slabs. Hence, railway network arch bridges ﬁgsenbachtal, Germany (courtesy of Stalmd Brickenbe
iesky GmbH)

well  together with a longitudinally
prestressed concrete deck. m

A double track network arch railway bridge with a cotere /\“‘“w\

tie was the subject of (Brunn & Schanack 2003). It spans CHS IV
m and was assessed for Eurocode load modea¥1.Q). A
front view of the bridge is shown in FIi§AA2. This bridge

needs the following amounts of structural steel: 37 t for o g
steel bar hangers, 188 t for the arches and their connec %
and 15 t for the wind bracing. Furthermore, 71 t

prestressig cables and 65 t of reinforcement steel ¢ || s
necessary for the deck. \/
In this materialoptimized design the bridge needs a to

amount of about 376 t of structural steel, reinforcement ( W ( | 27
prestressing cables. This value corresponds to 3.8 t/m f

double track bridge of 100 m span. In practice, the struct

would probably be built with bigger safety margins, so the
value of 4.5 t/m is more realistic.

= =

In longer network arches the transverse reinforcement of
deck and the structural steel of thand bracing and hanger:
a 2 0 %hedofal steelveight.

The steel for the arches and the longitudinal prestres | = |
cables a80%veigt total steel! ‘

In order toget a rough estimat of the amount of steeIFig_ AAA2. Front view of the railway bridge
needed for a twdrack network arch railwayrllge with a designed inBrunn & Schanack 2003)
length L you can use this unreliable formula:

Weight=375x(L/100)
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%500 As the network arch is a simply supported beam,

= maximum design forces for uniform (maximum) load
§1SDD- increase byoughly the square of the ap increment.
gHDD Consequently, a 60 m long two track railway network
o 1 arch bridge with a concrete deck will need abéit
D g, t/m L ((0.6)"2 L 80% + 0. ¢
= total steel. A 150 m long two track railway network
= 700; arch bridge with concrete deck will need about 4.5 t/m
— 500 (152 -80%+15-20%)150 m a 1418 -
B , steel (Fig. AAA3).
D 3004 uhle track railway
= bridge, Brunn & These values W& to be adapted to the load
©100H] Schanack 2003 classification factom of specific projects. This factor
60mM 70 80 90 100 190 150 130 140150m applies to live load mly, which was about 50% of the
Fig. AAAS. Steel weight in twerack railway total load in ultimate limit state of thebridge
arches with concrete deck (UICZE= 1. 0) mentioned above (Brunn & Schanack 2003).

Railway traffic is chareterised by very high axle loads. In network arches, a high live load to dead load ratio
i ncreases t he hanger 6s tendency to relaxation a
arrangement. For the hanger net design good results have beewvedchith the use of the radial hanger
arrangement (Schanack & Brunn 200%ge also BX.

The network arch is a very stiff structure that shows very small static deflections under traffisdedeq.7

on page H24. This is important in order to assuthe safety of railway traffic. Dynamic analyses of railway
network arch bridges with a concrete deck have shown that the vertical acceleration limits are not exceeded fi
railway traffic speeds of up to 200 km/h (Schanack 2008). However, as for ak byjes, high speed railway
traffic requires a stiffening of the deck in order to reduce acceleration and resonance vibration. Economically
additional steel girders are more effective than concrete members, therefore high speed railway network arc
bridges need more steel than the values given above.

The Deutsche Bahn (DB German railway authority) advisory board for bridge design, founded in 2007 and
promoting design and construction innovations as well as aesthetic design quality of bridges, Hasdpublis
guidelines for the design of railway bridges (Schlaich et al. 2008). In these guidelines the network arch is
proposed as an innovative alternative to the classic tied arch bridges (Fig. AAA4).

The authors of that publication stress the econalaidvantages of network arch railway bridges compared to
standard tied arch bridges with vertical hangers, especially for long spans. The guidelines point out the equali
in structural and fatigue behaviour, despite the possibility of remarkably lighter stsiétn network arches.
Considerable advantages of the network arch over its classic contender are also seen in the serviceability lin
state due to larger stiffness and lower -sadfght and therefore smaller deflections. Winduced and rain
wind-induced vibrations are also less significant when sticking to the hanger arrangement of network arches
The members of the DB advisory board do not regard the possible high slenderness of network arches as
drawback in terms of robustness.

Iil[lj\\\ L

TN ot ; /

Fig. AAA4. The netvork arch as an innovative alternative railway bridge according to (Schlaich et al. 2008)

Frequently a matter of discussion, the costs for corrosion protection measures are also regarded as being eq
to both network arches and tied arches with vertitahgers, whereas network arches become more
advantageous taking benefit of the possibility of using sspessed concrete tie.

I n all aspect s, the DB advisory boardds compari s
bridges with verticahangers turns out equal or in favour of network arches. Special attention should be paid to
a connection design that implies little fatigue strain and an appropriate hanger arrangement. Guidelines for goc
hanger arrangements are given in (Schanack, B20@ga).

Last modified: 27.08.2013 A-5



B. On arches

Main points:

In the authads opinionmost ofthe arch should normally be part of a cirddat a smaller radius could be used at
both ends of the arcfThe rise of the alcshould normally be between 0.15 to 0.17 times the span. In America
the rise of the arch can be up to 0.2 times the span.

The Nielsen bridges are the forerunners of the network arches. See Fig. J1, (Nielsen 1929) and 8lweit 201
54 and 55). Their ahes were usually made of concrete. If the formwork and the erection are not too costly, this
is a good idea. It might be an extra good idea for bridges over long stretches of navigable waters where it migl
be practical to produce the spans on land. (T2&IB pp. 4755).

These days most arches should be made of steel. An economical alternative would be arches made frc
universal columns or American wide flange beams.-ft. The profiles could be bent to the right curvature at

the steel works. (Tveit 2@1p. 93). If they have vertical flanges, attaching hangers and windbracing would be
simple. See fig. C1. The distribution of stiffness would be good, because the arch is more likely to buckle out o
the plane of the arch than in the plane of the arch.

Box sectionsshould be considerddr longer spans and when extra stiffness is needed for the erection.

When the arches in arch bridgeavevertical hangers, it is important that creep does not change the shape of
the arch over the years. Therefore thepghof the arch should be near to a second degree pafd@hein2013
p. 14).When the arch is made of steglconstant curvature tter

Compared to the parabolic shape the constant curvature gives more even force in the middle of the arch a
shoter wind portals(Tveit 2013 p. 14).It also gives ease of production. Other curvatures of the arch can only
give moderate savings.

If a smaller radius of curvature is used near the ends of the arches, the wind portal would be even shorter and 1
forcein the middle half of the arch would be smaller and more even. It would also lead to more even maximurr
bending in the chord¢Brunn & Schanack 2001). The same effect can be achieved by elliptic arches (Teich
2012).

If the last memberi thetie are mad a little shorterthen the bending and rotation at the end of the bridge is
reduced and the tension in the shortest hanger will be more equal to the tension in the longer hangers. This f
been done in the Steinkjand the Bolstadstraumexetwork arcles (Tveit 2008 p. 50). This has made the main

spars 0.3 mshorter than the influence lines.

If there are no transversal beams in the tie, then the distance between the nodal points in the arch shot
normally be constant. The arch members at the enceadfgaan could be 1.5 times longer than the other member
of the arch.

Arches made of steel tubes look good and attract less force from wind. Steel tubes were chosen in the ve
slender arches of the Brandanger Bridge in western Norway. Steel tubes wene foindbe arches partly in
order to reduce the wind pressure.

Steel tubes can be used in the arches of network arches to make the steel skeleton lighter. Then smaller cra
are needed to move the steel skeleton to the bridge site. The steel skefsists aif arch hangers and a
temporary lower chord. This skeleton becomes much lighter if the arch is a steel tube that is filled with concret
shortly after the steel skeleton has been moved to its permanent position.

There are two ways of filling theestl tube with concrete. The concrete can be pumped in at the bottom of the
tube or it can be pumped through a flexible pipe inserted at the top of the arch. The latter method gives small
stresses in the steel tube. Furthermore there will be less prolflémesconcrete starts to harden before the
casting is finished. Pumping in the concrete at theobrotif the arch is probably begtpvided everything goes
according to plan.

In the Waikato River network arch in New Zealand the rectangular archefieatevith concrete. See fig. H
13.

Last malified: 15.03.2014
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BUCKLING OF ARCHES

=
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Fig B1. Possible form of buckling in the plane of a network arch

P
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In (Tveit 66) the author suggested the possible form of buckling seen in fig. B1. The rinye awdted lines
have been added later. Often fig. B1 can convince us that bucking out of the plane arches is decisive.

In a very good article (Schanack 2009) shows how buckling in network
arches can be calculated by the formula for the member iB2gThe

! p
Kox article is in German, but introduction and text for the drawings are in
7 zzzziiz g
k
7 Z

English. The same material is presented in Schanacks doctoral thesis
(Schanack 2008).

Fig. B2. Strait compressive . ) .
member with elastic support For an exact calculation of buckling we can assume that the tie follows the

arch with a mch bigger radius of curvature.

Frank Schanack (Schanack 2D0ightly pointed out that sufficiently accurate results are found if we assume
that the tie remains straight. Then the arch buckles like a column supported by flexible springs and the problel
becomes much simpler Psr = buckling load

2 2 _
¢ Tz 15 | = Length of member

El = stiffness of membe
k = stiffness of support

For the maximum load on the whole bridge (Schanack 2008) shows that the buckling load is:
EA,-n,-R

2 g ; S
2 P sin3 o fe d— oy = arcsm( ]
Ncrmin[[[n.njllmh L2 By R 2R

(o} RZ (n . TC]Z A
o
_ Ely = Stiffness of arch
Schanack have stated that the formula is not exact, b s = Span

most unlikely to deviate more than 5% from the ex 3 - A gle bet wee
value.

n = Number of waves
N, = number of hangers per arch

f = Rise of arch
EA, = Stiffness of a hanger

Last modified: 9.02.2013
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C. On lower chords. This is page 93 in (Tveit 2G)

In network arches with moderate length and width it is oftest to avoid structural steel in ties of network
arches. If the tie is a concrete slab on top of elomgateel beams, a lot of reinforcement must be used to keep
the crack width down. The next two figures illustrate this point. They come from (Tv&{pp0®3 to 93b).

The Akvik Sound Bridge

TR

135 m

Tube 219.1x6

b/w
UC 356x406x551

S 25 AR 0259 T AS 4%]]#

. K AT G e ]
Concrete e
C40/50 120, 350 350  ,1.20, “ \/ |
T 1 T T T / '
| 2.70 % 9.40 % 2.70 } )\’ ‘
% 14.80 % <L L

Fig. C1 shows the Akvik Sound network arch designed acaptdiEU codes in 2001

Fig. C1 shows a bridge between two islands in northern Norway. Teich and Wendelin designed this bridge whe
doing their masterds thesis in Grimstad, Nor way.
http://home.uia.no/peri nd er t h estelsu t Tthoens efishba Two ways of fastel
arches are shown. See also (Tveit20dp. 912). This bridge is used for predicting materials needed for two
lane networlarches spanning between 60 m and 200 m. See chapter AA.

Fig. C2 compares the steel weight of the network arch in fig. C1 to the steel weights of German arch bridge
with vertical hangers. N indicates that there are no members between the arches.t& ittticahe arches
slope towards each other. The year when the bridges were built is also indicated. (T3/qit 2693a).

The bridges with vertical hangers use more reinforcement than the network arch. This is remarkable because t
bridges with veiical hangers have steel beams under the concrete slab in the tie. The longitudinal steel beam
have tension. Therefore the slab on top needs a lot of reinforcement to keep the cracks in the stabhemall.
network arch uses only 35% of the structuraebtn the Calbe Bridge (Fiedler & Ziemann 1997) and only 23%

of the structural steel in the Jerusalem Bridge in Magdelptiregler 2005)

In fig. C2, the dotted area on

~ 200 rail SR top of the Akvik Sound steel
E = 600 o weight indicate the extra
?ﬂ % el 497 475 steel weight necessary |f_ a
2 = W - temporary lower chord is
~ 5 400 ] — 347 314 used for the erection of the
= g 300 bridge in p. GL.
20 = 200 S Nevertheless the network
; 100 - o1 arch uses much less steel
— 0 - — thar} arch bridges with
8 Regrggrrecégggent-o e 058 65 _ . - - 01 vertical hangers.
) e robes 5 : B - 22F EFE § 5.5 $3 8% The steel weight in the
2 22 E2g oy 857 oo = 5£E 559 = temporary lower chord costs
585 28 B2E 29 §’§§ EEL geo less than the rest of the steel
< © 88 08 5z ad & 8% §= partly because it needs little

to no corrosion protection.
Fig. C2. Steel weights per square métrearious arch bridges
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THE STRAUBING BRIDGECOMPARED TO A NETWOK ARCH
This and the next paggefrom pag 13 and 14 in (Tveit 2@).

The next two pages compare two tied arch bridges spanning 200 metres. The bridges are shown in fig. C3. T
bridge with vertical hangers was built over the Danube in Bavaria in 1977. ( Kahman & Beisel 1979) The authol
designedhe network arch for the IABSE congress in Vienna in 198(2,JTveit 1980) and (Tveit 2008, pp.

59 to 72). The pattern of hangers is 20@Aich is shown to the left in fig. 61 in (Tveit 28)1

The main dimensions of the two bridges are surprisiaghilar. The rise of the arch at Straubing is about 7%
higher. For the network arch the concentrated loads are bigger, but the total payload for the two bridges is abo
the same.

The tie of the network arch should usually have a concrete slab becauseighe of the tie restrains the
relaxation of hangers. The lower chord of the arch at Straubing is an edge beam and an orthotropic plate. Tl
two arches have roughly the same cresstion and stiffness. The stiffness of the tie in the network archtis jus
under half the stiffness of the lower chord in the bridge with vertical hangers.

The steel weight for the bridge with vertical hangers is only twice the steel weight of the network arch. This
impresses the author because the Straubing Bridge usesanetean the deck.

Bridge at Straubing, built 1977 Codesi DIN B
— :

.\I'
| | B
| & |
B ¢ 0.090-125 || o
i ; L —r— 8
! 11.1/2 .. 195 5
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Wheel loads: .4 Evenly distributed load: U gre EEERRE
L . Py ,., i )
B 8 8 10OKN Main lane =
S per 3m wide 5kN/m? |
g g g | wheel Rest of the bridge L sy A
18413 3kN/m? Structural steel 1330 t

Network arch, proposal 1980. Danish codes.
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—— Sidewalks: 2.5kN/m Concrete 4.5m%m
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L
Whee C40/50 Ribbed bars 621
65kN Prestressed steel 192t
per Wire for hangers 53t
wheel Measurements in metres Structural steel 363t

2670 t

Fig. C3. Geometry, loads and quantities of two tied arches
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The lower part of figC4 shows a comparison between the influence lines for bending moments in the lower
chord of the twaspans shown in figC3. Please note that the maximum influence ordinate in the lower chord of
the network arch is the same as for a simply supported beam spanning 5.6 m. The distance between the arche
15 m. Thus it is obvious that the bending in tleeiginormally much smaller than the maximum bending found

in the middle of the slab.

In long narrow bridges, howey, the longitudinal bending migbecome decisive mainly because much of the
strength of the concrete is needed for taking the variatitimeadxial force in the tiedn which case bit of extra
longitudinal ribbed reinforcement is all that is needed to put things right.

e

m

30

Half lower chord A 2. Zm2 [=018 m#

Network arch proposal 1980.

312m

| —
r

Influence lines for bending
moments in the arches

P am— o ———

Influence lines for
bending moments
in the lower chords

\ “Network arch

Bridge at

T~

Fig. C4. Areas, stiffness and influence lines for the lower and upper chord of two tied arches
C-3



EFFECT OF RELAXATON OF HANGERS This and the next padge page 67 and 68 iiTyeit 2013)

Network arches with all hangers in tension act as trusses and have little bending in the chords. Hangers ce
however, be made to relax by live load on one side of the sparC4ghowshow the network archabelled

200A (See fig.D8) reacts to a very big load on one side of the sphgr.span is also pictured in fig. C3he

left 54% of the span carriegs anlikelylive load equal to the dead load on the lane.

The dotted hangerare relaxed due to live load. They are numbered according to the sequence in which they

rel ax. The segment s

hangers are in tension.

The segments of the arch

of the chords marked fAao belc

marke d i bo ar e attached

by hangers in tension to a
section of the span acting

like a truss.

The chords mar ked
are connected to each

other by one set of

hangers in tension. This

part of the bridge

functions a bit like a tied

arch with one set of

hangers.

The equilibrium of zone

ficd is dependent on
and bending in the
chords. Zone fico
have large  bending

mo ment s . Zones fiao

Abd are more firmly

in place than zone

Relaxation of hangers
causes a significant
increase in  bending
moments inthe chords

only after a zone

exists, and even then
bending moments do not
increase as fast as the
moments in a tied arch
with vertical hangers.

This is because the
sloping hangers restrain
the horizontal
displacement of the arch
and because parts e
network arch work like a
truss.

Even if some hangers
relax, moderate live load
on part of the spamight
give smaller maximum
stresses in the arch than
the same live load on the
whole span. This is
because the partial live
load gives smaller axial
force in the arch.

ico

shear

can

and
hel d

fico.

fico

Fig. C5a Forces and deflections dueaio extremely skeadload on 200A C-4



