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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. When the distance between the arches is over 10 m transversal prestre
should be considered. If the distance between tbleearis more than 20 m, transversal steel beams will be
needed. The longitudinal bending 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 netwbrkvark much like trusses as long as only a
few hangers relax. Suitably small angles between arch and hangers give the hangers suitably high resistance
relaxation and to tensile force and fatigue.

Chapter E is on erection. Economy of network archasiig dependent on efficient methods of erection. A
temporary lower chord combined with arches and hangers can carry the casting of a concrete tie. The arches ¢
be steel tubes that are filled with concrete after the steel skeleton has been liftegiltarthdn long bridges

over navigable water finished high strength concrete spans can be lifted in place by big floating cranes. In arcti
regions the steel skeleton can be erected on ice and be lifted to the pillars before the ice breaks up @ the sprin

Chapter F is on cost. Here network arches are compared to other bridge types. Comments on various methods
erection are given.

Chapter H is a short chapter on strengthening of network arches already built.
Chapter G gives examples of network &shuilt or being built.
Chapter | contains references.

Chapter J ishistory of network 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 this publication are like (Leonhardt
1991) and Herzog (1975 p. 281) . Re f amfern(To/at 2012).dt A T |
will gradually be updated as long lafeel like doing spbut the reference will remain the same
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AA. Amount of materials needed for tlane road bridges spanning betw&drand 200 m

In bridge designn Aalborg University Center in theineteereighties 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 ¢ save time for designers thainsider network arches an alternativea road bridgelt
gives a rough estimate of the materials needed for double track road bridges spanning@ieande200 m.

The network arches might be especially advantageous for theselsdanger spansrection 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 to deadweight.

The diagranof steelweights 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 calculations can be found lattp://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 curves indicates
amounts of stel taken directly from Teich and
Wendel indéds thesis. The
these dots

di ¢

The variation in weight due to increasing spans has
beenarrived atby rough estimates. Thus the result is a
preliminary estimate of materials needed, obd
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 concrete withbe
strength 50 NPa. To increasthe 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 also be used 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 the room for
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 gdoln the US a rise around @0of the 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 casegbox shaped arches nhigbe 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 various 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 bridges spanning between 60 drxDm
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 carries not only two lanes offioablutra

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, 1,0000f 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, Gei3ler, Steimann and Gral3e)(@@8nmends 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 amount of necess3
structural steel is about 7.5 t/m for singl
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 hig
strength  materials.  Consequently, t
longitudinal tiegirders should be replaced b
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. Suc
relatively short distances lie within the _.
application range of economical concre{:é
slabs. Hence, railway network arch bridges %5’
well together with a longitudinallyNiesky GmbH)

prestressed concrete deck. e

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

tie was the subjectf@dBrunn & Schanack 2003). It spans 1( 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.

g. AAAL. View of railway network arch bridge o\
senbachtal, Germany (courtesy of Staimd Brickenbe

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 railwapridge
needed for a twarack network arch railwayrliige with a designed in (Brunn & 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
22T} 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
— 5001 (152 -80%+15-20%)150 m a 1418 -
B , steel (Fig. AAA3).
T 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 90 100 170 150 130 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.

— T
I’HI, N |

o ot ; ; o

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: 22.08.2013 A-5



B. On arches

Main points:
In the authais opinion the arch should normally be part of a circle. The rise of the arch should normally be
between 0.15 to 0.17 times the span. In Ameheaise 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 (Tveit 2012
54 and 55). Their arches were usually made of concrete. If the formwork and the erectiontao 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. (Tveit 2012 pp5%7

These days most arches should be made of steekcAnomical alternative would be arches made from
universal columns or American wide flange beams.-ft. The profiles could be bent to the right curvature at
the steel works. (Tveit 2012 p. 93). If they have vertical flanges, attaching hangers anceingimould 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 gfilktig | hemesidg

Box sectionshould be considerddr longer spansral 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 the shape of the arch should be near to a secopdrdégtaélveit 2012
p. 14).When the arch is made of steglconstant curvature kmtter

Compared to the parabolic shape the constant curvature gives more even force in the middle of the arch a
shorter wind portalg(Tveit 2012p. 14).1t 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
force in the middle half of the arch would be smalled anore even. It would also lead to more even maximum
bending in the chord¢Brunn & Schanack 2001). The same effect can be achieved by elliptic arches (Teich
2012).

If the last memberi thetie are made a little shortghen the bending and rotatiam 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 end of the span could be 1.5 times longer than thelether me
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 were chosen for the arches partly
order to reduce the wil 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 skeleton consists of arch hangers an
temporary lower chordrhis skeleton becomes much lighter if the arch is a steel tube that is filled with concrete

shortly after the steel skeleton has been moved to its permanent position.

There are two ways of filling the steel tube with concrete. The concrete can be pomapdde 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 problems if the concrete starts to harden before 1
castig is finished. Pumping in the concrete at the bottom of the arch is probably best. Provided everything goe
according to plan.

In the Waikato River network arch in New Zealand the rectangular arches are filled with concrete. See fig. H
13.

Last malified: 22.082013
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BUCKLING OF ARCHES
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Fig B1. Possible form of buckling in the plane of a network arch

In (Tveit 66) the author suggested the possible form of buckling seen in fig. B1. The rings and the dotted line:
have been added later. Often. fRjl can convince us that bucking out of the plane arches is decisive.

El ! In a very good article (Schanack 2009) shows how buckling in network
. ..£_ arches can be calculated by the formula for the member in fig. B2. The
%/% % é % § éé ?} article is in German, but introduction cartext for the drawings are in
[t 7. English. The same material is presented in Schanacks doctoral thesis
Z 7 (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 much bigger radius of curvature.

Frank SchanackSchanack 208) rightly 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 P.r = buckling load

2 2 —
P =il (n.nj ~EI+(—Z—) " n = number of waves
¢ n-m | = Length ofmember
El = stiffness of member
k = stiffness of support

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

2, S . S
2 —LP2 P sindq 2 + 4 o = arcsm( ]
. EI T = 2.R
Ncr—min[l[n EJ —1] LA £:2: 0 R 2. f

%o B [MT i
Qo
_ El, = Stiffness of arch
Schanack have stated that the formula is not exact, b ¢ = Span

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

n = Number of waves
Ny = 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 2012)

Often it is best to avoid structural steel in ties of network arches. If the tie is a concrete slab on top of elongatin
steel beams, a lot of reinforcement must be used to keep the crack width down. The next twdldisfuags
this point. They come from (Tveit 2012 pp. 93 to 93b). See also Chapter C in{iage A

The Akvik Sound Bridge

YN,

135 m

Tube 219.1x6

b/w
UC 356x406x551

S it ‘ff/}ﬁ@*%ﬂ #

N A 7 5 777
Concrete
C40/50 41_20; 3.50 } 3.50 %1.204
2.70 % 9.40 } 2.70

f
14.80 % <L L

Fig. C1 shows the Akvik Sound network arch designed according to EU codes in 2001

|
T
1
T

Fig. C1 shows a bridge between two islands inhaort Norway. Teich and Wendelin designed this bridge when
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 (Tveit 2012, plR)9 This bridge is used for predicting materials needed for two
lane network arches spanning between 60 m and 200 m. See chapter AA.

Fig. C2 compare the steel weight of the network arch in fig. C1 to the steel weights of German arch bridges
with vertical hangers. N indicates that there are no members between the arches. S indicates that the arct
slope towards each other. The year when the bridges built is also indicated. (Tveit 2012, p-93a).

The bridges with vertical hangers use more reinforcement than the network arch. This is remarkable because t
bridges with vertical hangers have steel beams under the concrete slab in the tiagithdinal steel beams

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 structural steel in the Calbe Bridge (Fiedler & Ziemann 1997) and only 23%
of the strtural steel in the Jerusalem Bridge in Magdeb(Kgdler 2005)

In fig. C2, the dotted area on

~ s ol BN top of the Akvik Sound steel
E T 600 | weight indicate the extra
?‘) 2 497 - steel weight necessary if a
Y 2 500 ] a0 temporary lower chord is
~ 5 400 ] ] 347 e used for the erection of the
E © 300 bridge in p. G1.
B0 £ 200 S
= Nevertheless the network
> 100 o8 arch uses much less steel
0 - — than arch bridges with
"® Reinforcement 58 vertical hangers
o Prestressed - 75 ° 65 £ 108 110 109 101 g '
d ribbed ] - . .
n o Ssg £E._ S%g ggg 5.5 $3 8% The steel weight in the
2 e Evo ofiy 83 C 2,2 EEe 3 s E temporary lower chord costs
TE5 287 22E 55 88 ESS £3S less than the rest of the steel
< ©® @8 ®@%8 35z a 3§ §% §s partly because it needs little

to no corrosion protection.
Fig. C2. Steel weigbktper square metie various arch bridges

Last modified: 1102.2013 C-1
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THE STRAUBING BRIDGECOMPARED TO A NETWOK ARCH
This and the next pagaefrom page 13 and 14 in (Tveit 2012)

The next two pages compare two tied ardddes spanning 200 metres. The bridges are shown in fig. C3. The
bridge with vertical hangers was built over the Danube in Bavaria in 1977. ( Kahman & Beisel 1979) The authol
designed the network arch for the IABSE congress in Vienna in 198%). (Tveit1980) and (Tveit 2008, pp.

59 to 72). The pattern of hangers is 20@Aich is shown to the left in fig. 61 in (Tveit 2012).

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

The tie of the network arch should usually have a concrete slab because the weight of the tie restrains tt
relaxation of hangers. The lower chorfdtiee arch at Straubing is an edge beam and an orthotropic plate. The
two arches have roughly the same cresstion and stiffness. The stiffness of the tie in the network arch is just
under half the stiffness of the lower chord in the bridge with vettizagers.

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 uses no concrete in the deck.

-
i

Bridge at Straubing, built 1977 Codesi DIN
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Fig. C3. Geometry, loads and quantities of twaltaches
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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 two spans shown in fi@3. Please note that the maximum influence ordimatae 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 the tie is normally much smaller than the maximum bending founc
in the middle 6the 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 variation of the axial force in themnéch case bit of extra
longitudinal rbbed 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
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EFFECT OF RELAXATION OF HANGERSThis and the next padge page 67 and 68 i ¢eit 2012)

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 veryif) load on one side of the spdrhe 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 hangers are relaxed due to live load. They are numbered according to the segquiict they
relax. The segments of the chords marked fAaod belc

hangers are in tension. o

s

©
> S 0y
The segments of the arch Yo s & 08
~ < v &é K eo
mar ked Abo are attac e & & c
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Fig. C5. Development of maximum stress in the arch member numbered 114GH fig.

Fig. C5 applies to bridge 200A which has the arch shown inG#. In bridges with more slender chords, i.e.
universal columns, the bending moments will increase more abruptly after some hangers have relaxed. This
because slender chords have less ability to take the increased bending moments that occur after some hang
have relaxedThere is more othis in(Tveit 2012, pp. 60 to 6.

Fig. C5 shows how maximum stresses in member 114 increase with increasing evenly distributed load. The
loaded length of 54% of the span and member 114 has been chosen because it is the member that gives ec
maximum stress dum partial load and full load for the lowest live load intensity. The curved line shows how
stresses increase with increasing load intensity on the left of the span. The straight line shows how stress
increase due to live load on the whole span.

Consideable bending moments due to relaxation of hangers are present when the two load cases in fig. C5 les
to equal maximum stresses.

For fig. C5 the span in figC4 has been calculated by nbnear calculation in the deflected state assuming
constant modulu of elasticity. Still stresses due to partial load are almost linear until the first hanger relaxes.
When hangers 1 and 2 have relaxed, the maximum stress in member 114 increases equally fast due to par
load as due to load of equal intensity on theltspan. For a live load of 61% of dead load, partial load and
full load give equally high maximum stress in member 114. Hangers 1 to 6 are now relaxed.

Broadly speaking, hangers relax because of horizontal displacement of the arch due to partal livetle

lane. If we give the hangers a smaller angle with the lower chord, their tendency to relax is reduced, an
bending due to relaxation is reduced. The smaller angle with the chordermilallylead to an increase in the
bending moments due to amntrated loads. Clearly a compromise must be found.

Since it is more complicated to calculate spans where hangers relax, it saves considerable time if the hange
have slopes that make it relatively easy to prove that it is the load on the wholeashetidhes the dimensions
of the chordsFatigue in hangers also speaks for hangers that do notlrelakalso at the lower 40% of page
5ain (Tveit 2012).
C-5
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TIES WITH LONGITUDINAL CONCRETE BEAMS AND TRANSVERSAL STEELBEAMS

Longitudinal steel bearmin the tiecan be
: 10.72/2 : .
0'80 avoidedeven if there are transversal steel
gl beams It has beenachieved in the
S Schulenburg Bridge. Span 90 rBee fig.
C6. It is presented i masted thesisby
6 Wolfgang Beyer (Beyer 200%. Frank
Schanak was adviser. He used a
combination of transversal steel beams
and longitudinal concrete bearnls. this
way the prestressing cables do not give
compression in the steel beams in the tie.
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. 0.5m deep.

Fig. C7. Picture of the Schulenburg
Bridge in fig. C6
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Thickness of simple concrete slabs between planes of arches
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Fig. C7. Necessary thickness of concrete slabs

Thickness in

The diagram in fig. C7 comes from (Teich & Wendelin 2001). In bridges where the arches are maferthan
apart the deflection will influence the necessary thickness of the concrete slabs. This problem of deflectiol
becomes more important with increasing strength of concrete. Suitable camber can counteract deflection due
stresses, creep and shrinkage

The longitudinal prestress will give a reduced deflection in the slab between the edge beams. Because
Poi sson6ts ratio, the upper fibres in the middle o
will lead to a reduction in theéeflection.

If the deflection becomes too big due to more creep and shrinkage than expected, the deflection can I
counteracted by spanning fibreinforced polymer cables transversally under the concrete slab. Wedges can be
put in between the slab @rhe cables till the deflection is sufficiently reduced. Since this can be done, thinner

sl abs can be used in the hope that the defl ection
arches alrelady builto p. G

Where the transvergarestressing reinforcement can be changed, its stress can also be altered to control th
transverse deflection. In this case distances up to 20 m between the arches can be used.

Should the arches be inside or outside the pedestrians ?

The biggest bendingn the lower chord is usually halfway between arches. The longitudinal bending in the
lower chord is usually smaller.

In 2012 some engineers from the public roads in Norway suggested that the arches should be outside t
footpaths. This would not be eaamical, because it would lead to much longer spans between the arches. Thus
the lower chord would be much thicker and heavier.

For the pedestrians it is nicer to have the hangers and the arches between them and the heavy traffic. T
railings can be ligher if they are between the hangers and the outside of the lower chord. See fig. AA3 and fig.
E11. The space under the arches can be used when groups of pedestrians pass, eauhwkigar cyclists pass

small groups of pedestrians.
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Should the lower chord from the erection of a network
arch become part of the permanent structure?

The author has oftemeen askedSince you have got the temporary lower chord anyway, why do you not make
it part of a permanent combith@n of steel and concrete? Then you do not have to remdBeldw is a list of
reasons why the temporary lower chord should not become part of the permanent tie. Theauthlike to

state that the full potential of a network arch can be achievgdfdhe tie is a concrete slab.

1. A permanent longitudinal steel chord leads to a deeper lower chord. This is unfavourable from the
aesthetic point of view and leads to longer ramps at some bridge sites.

2. A network arch with a permanent steel tie mighsimepler to erect, but would have a much highsteel
weight The comparison is lopsided, but in fig. 4 p.10the weight of the lower chord and the
transverse beams is 26ahs The temporary lower chord for the Akvik Sound Bridge weigtmind40
tons. Seeg(Tveit 2012 ,page 12

3. The longitudinal bending in the lower chardthe finished spais so small that there is no need for a
longitudinal beam of structural steel to take the longitudinal bending.

4. The concentrated wheel loads always cause & lo¢rding in the slab. In narrow bridges only moderate
amounts of extra reinforcement are needed for the slab to span between the arches.

5. If we use transversal beams, the loads on the slab are concentrated before they reach the edge beam. T
gives morebending in the edge beams and in the ardbaqTveit 2012,page 6§ it is shown how the
wheel loads for the network arch in fig. 88 p. 13are distributed when they reach the edge beam.

6. A permanent tieof structural steel in tension casscracks in @oncrete slab above it. This reduces the
durability of the concrete slab.

7. Transverse beama the permanent lower steel choruld make the reinforcement in the slab more
complicated.

8. The temporary lower chord is joined together by high strength bbfisetls no corrosion protection and
can be produced on site. Thihe cost of fabrication per ton is not high.

9. The edge beams are cast before the slab. When the slab is cast the longitudinal bending in the tie is tak
mainly by the edge beams. Thus th&talices between the temporary transverse beams can be constant.

10. A temporary lower chord can be used again and again in bridges of varying widths and Terigjhst
requires makingome new holes and maybetng or weldng some beams and windbracirithe wood
on the temporary lower chord canfrefabricated glued wooddreams that can be reused.

11. The transversbeams in the temporary lower chord can be chosen freely as long as they have sufficient
strength. Any old beam might be used.

12. A permanent lowesteelchord would be shop welded and would have a corrosion protection that has to
be maintained forever.

13. The great longitudinal tensile forces in the tie are best taken by prestressing cables because of the hi
strengthto-cost ratio.

14. Prestressing céds pressedigainst concrete will take fatigue well.

15. The longitudinally partially prestressed slab in the lower chord of a network arch bridge is favourable as
far as maintenance is concerned.

16.The temporary | ower <chor d irestiorsoithmsidelskeletan offa@matwvork e &
arch on the side span of the Skodje Bridg&yeit 2012, pp. 50band51) and fARemovi ng t
| ower chord of (Tveh2012ppage&3. e Br i dgeo

17. If a permanent loweconcretechord is used, the formork might still have to be removed. If the
formwork becomes part of the permanent structure, it is likely to be relatively costly.

The validity of these statements might depend on the quality of sand and gravel and the availabl
concrete technology in ¢éhcountry in question.
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D. On Hangers
The sloping hangers make network arches different from other bridges. Thus the chapter on hangers will b
long. Itdiscusseslesign of hangers, slope of hangers andcetiethe possibility of breaking of hangers.

1. Design of hangers
A. Wire hangers with adjustable length

Hangers in the first two network arches.

The cables in the Steinkjer Bridge are shown in figs D1 and D2. (Tveit 2012)
pp. 5b6c. H2 and H3 and-2 andJ-8). The lower end of the hanger is copied
from a bridge at Luled in Sweden (Kungliga Vagh vattenbygnadsstyrelsen
(1954)). An advantage of this design is that the length of the hanger can be
adjusted by one man turning the nuts at the end of therstizlIf there had

been only one rod at the lower end of the hangers, altering the length of a
hanger would not have been so easy. The upper end of the hangers in the
bridge in Lulea is shown in fig. D3.

The hangers at Steinkjer were made of cables thaisted of 37 galvanized
compact round strands. Locked coil ropes were not used because the author
was afraid that they could be bent and opened during transport and erection. In
the Steinkjer Bridge the diameter of the hangers was 35 mm. The ends of the
wires are anchored in conic holes. The threads at the ends of the wire must be
spread out well before the conic holes are filled with molten zinc. The mining
industry has experience with fastening wire ropes in conical holes with molten
zinc and so an e@gpt on wires in mines supervised the process.

The hangers of the Bolstadstraumen Bridge were very similar, but in the
Bolstadstraumen Bridge the supervision was not so good and antimony was
Fig. D1. Lower end of a hanger  added to the zinc to lower the melting point. There the womes had a

in the network arch in Steinkjer  tendency to slip out of the conical hole.

_165_ 160
12|
|1

Rods set in the concrete cannot be changed. Thus
must have good corrosion protection. Olav Grindla 1 !
who works with upkeep in the Norwegi&ublic Roads 3! EU‘ ;
Bridge Departmentuggests corrosion gtection of the | 5/
steel rods 60 mm into the concrete. The level
concrete around the rods should BE05mm higher than
the surrounding concrete. In this way theidag salt
Fig. D2.The upperend ofa |l be washed away from the rods by the rain. (Tv
hanger in the bridge at Steink  1964) shows putty on topf the concrete between th
steel rods and the concrete.

Where the hangers in the Steinkjer and Bolstadstraumen bridges cross each other Fig. D3 Upper

the hangers is covered by a split open plastic tube. See fig. D4. Thus they wi €nd of hangers

damage each other if théang or rub against each other. The ends of most hangers were

in the same plane. Thus the hangers had to be pushed sideways when they crossed each other. This is alr
because the resulting stresses are small. Furthermore, when hangers have maxnthendassing hangers

have moderate loads. This reduces the sideways bending in the hangers when they carry the maximum loz

Because the author did not quite trust the strength of the bolts at the upper ends of the hangers in fig. D2, the
was a weldat the upper end of the hanger. It would be better if the bolts and the plates to which they were
fastened were so thick that welding could be avoided. In the Bolstadstraumen Bridge there were two bolt
through the plate at the upper end of the hanges.Wwas more complicated.

The force in a hanger was measured by applying a transversal load to it and

measuring the deflection. See eight
net wor k ar cheso o n http/fheme.aiaurto/pesuindiersthe h o m
button ASupplementary I nformationo.

by measuring the frequency of the vibrations in the hanger.
There are many differenedigns of hangers in-Ato H-28.

Fig. D4. Crossing hangers
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B. Hangers with replaceablerods through the edge beam

The Swedish bridge office of the public roads in Borlange has been dissatisfied with rods that come directly ou
of the concrete, as these cannot be changed. They would like to avoid thimns@ulot of experience has
brought them to that conclusion.

The fact that this arrangement has worked well in the Steinkjer network arch (Se& mdHH3) has little
significance in Sweden. The fact that the rods coming out of theeterttave gien no problems foB0 years

might be due to the longitudinal prestress in the ties of the Steinkjer and BolstadstBridges. (Tveit 2012

pp. 66¢.). In the Brandanger Bridge in western Norway the lower ends of the hangers can be changed. They a
fasiened to bolts through the lower chord.

When the steel rods at the lower ends of the hangers in the Steinkjer network arch were designed(Jee fig.
Professor Arne Selberg mentioned that maybe the rods could be twisted out of the concrete. Thhere vehy
a nut at the ends of the rods.

In fig. D5 there is supposed to be a compound glued to
vertical steel rod that makes it possible to twist them out of
concrete. Removal of some of that compound should mal
possible to put in new rods teplace the old ones.

Maybe the triangular plate on top of the edge beam sh¢
have dowels underneath. It could be about a centimetre a
the concrete at the start of the casting. Afterwards it shoulc
lowered and maybe hammered into the soft cdaacre

The lower end of the wire in the hanger in fig. D5 can be u
to adjust the hanger length. The details have been copied
the home page of the Italian firm Redaelli. A tensioning dev
must be applied to the lower end of the hangénefvise the
tensioning rod carot be turned round.

The author admits that he prefers the lower ends of the har
in the network arch at St e
revient toujour a ses premiers amoars.
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C. Hangers made of steel rods

a. Round hangers

Such hangers can be found in arch bridges with vertical
hangers. See (Gunther et 2000) and (Bast 2008). In
this publication hangers for network arches are
mentiored on page 14. In his doctoral thesis Stephan
Teich (2012, chapter 2has done extensive research on
this subject

b. Hangers made of flat steel

Welds in hangers made of flat steel have high fatigue
strength. See fig. 9.26 in (GraRe and Tveit 2007). The
width of the hanger can easily adjust to the hanger force.

Here there might be extra trouble where the hanger
comes out of the concrete. Maybe putty should be used
between the concrete and the flat steel. Round hangers
Fig. D6. Joint between a flat hanger and a tend to look better than flat hgers. In Germany flat
temporary lower chord hangers in railway bridges have had unwanted vibrations.

Fig. D6 indicates how hangers made of flat steel can be fastened to a temporary lower chord. The upper end
the hanger can be fastened to the flanges of universal colurdmarican wide flange beams as indicated in
fig. 97 in (Tveit 2008Hangers for various network arches are shown on gptdiH27

D. Slope of hangers

Diagram for predicting how slope of hangers influences hanger resistance to relaxation

\ NE AN N Noe

£ NN N N N N
é 2 \ N \ \\40°
= AN \\ Nt [N
5 \\ \\ N 50° \ . Rise of arch
z NN & f/1=0.15
2 \ 8° N T~
3 N 65° ~ ~
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E § 80 N
25 | L ~— ~ | ——
E £ 955’?\0\ ~ —
E g 0 100° \\\\ \\\\
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Fig. D7. Diagram that indicates when the first hanger will relax due to
a evenly distributed live load on the left side of the span

The slope of the hangers influescieir resistance to relaxation, their maximum force and their fatigue load.
Back in 1963 the author made many diagrams like the one shown in fiTveit 1966). It indicates the
hangersdé tendency to rel ax i n the spae.tThedeft kf tha spanthaswarh e r

evenly distributed load. There is a lot on finding the ideal slope of hangers in (Tveit 2012, pp. 26 to 29j).
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Back in 1980 the author (Tveit 1980b) suggested the hanger arrartgarfig. D8 for bridges spanning 200 m.
The hanger arrangement was found by trial and error. THoedioates of fig. D8 can be found on (Tveit 2011
p. 62). The hanger arrangement on the right hand side of fig. D8 has been reduced by a factor Osgthimnd u
(Teich and Wendelin 2001). The coordinates can be found in (Tveit 2012 p. 76).

_12X3.9m | [ 12X4m |

|
Fig. D8. Suggested hanger arrangement for two network arches spanning 200 m

A. Slope of hangers when the tie is a simple slab.

When there are no transverse beanthéntie, the upper ends of the hangers should be evenly distributed along
the arch. Evenly distributed hangers tend to give a more even maximum force in the hangers. If there ar
transverse beams in the tie, the hangers would often be placed at theéherse: teams.

The distance between the end of the arch and the first node in the arch should be around 1.5 times the distal
between the nodes in the arch. In the network arch in Steinkjer the span was shortened by 0.25 m to get a bet
stress distribubn in the hangers. This shortening can be seen by comparing the span in fig. 6a in (Tveit 2012) tc
the influence lines on (Tveit 2012 p. 57).

In the first two network arches, Steinkjer and Bolstadstraumen, the author used a small constant chaege of slo
in adjoining hangers. See p. 57 and p. 58. I n the
angle between the arch and the hangers should be constant in most of the arch. In section 6 in a revised edit
of their nrdps/homewasio/perieses the button AMasters Thes
of hanger arrangements.

In his doctoral thesjschapter Teich 2012) Teich has examined many hanger arrangements. He found tha
hanger arrangements with a constant slope between arch and hangers and hanger arrangements with a si
constant change of slope in adjoining hangers are the best. In a recent article (Schanack and Brunn 2009a) gc
for a constant angle between arch dnahgers, but find that a constant change of angle between adjoining
hangers is almost equally goddhe constant angle between the arch and hangers gives simpler detalils.

B. Slope of hangers at the end of transversal beams

When the network arch has teversal beams in the tie the lower ends of hangers are normally fastened to the
ends of the transversal beams. This is the case for the network arches #8 ppH-L0 and H23 to H25.

They all have a constant slope of the hangers. In these wide hifiggash is so gt that the uneven distances
along the arch do not lead to much additional stresses due to bending.

Sometimes there are constant distances between the nodes along the arch and along the tie:13de pp. H

22. This looks good. The thor does not know how uneven the maximum hanger forces are. In any case the
amount of steel in the hangers is a small percentatye sfeel used for the whole network arch.
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3. BREAKING OF HANGE RS

The hangershould be well protected by guardils. If hangers break nevertheless, many hangers will have to
be broken at the lower chord before the bridge is endangered in the collapse limit state. This is because hang
that have their lower ends near to eacheptt the lower chord have their upper ends well spread out at the
upper chord. Thus the arch will not collapse until many hangers are broken. Near the end of the arch the hange
are not so well spaced, but here the arches are stronger.

Tension in the mstressing cables will prevent a rupture in the lower chord till a lot of hangers are broken.
Bending capacity and tension in the deflected statedeidlythe collapseof the lower chord. Collision between
lorries and the superstructure is a problem welen structural members are above the l&imwvever, this
problem is not overlgerious invell designedptimal network arches.

Learned friends have told the author that network arches are robust structures.

Zoli and Woodward (2005) came to the sameoctasion after having done a thorough dynamic examination of
the effects of the breaking of hangers. Zoli has done a lot of work on the effect of the breaking hangers it
network arches. Zoli concludes that in a well designed network arch hangers candeslakithout the traffic

being reduced. It is easier to do this exchange of hangers without interrupting the traffic if the arches do nc
slope towards each other. Furthermore a well designed network arch will not collapse if one or two hangers at
broken.Because of the high redundancy, network arches are less likely to collapse than trusses and most oth
bridges.

For the aut h(@wibHlds9 tHe bsils &moteh af & mad bridge spanning 1006ee #4. He did

some tests removilgpmehangera nd concl uded: AOnly when a very hi
whent he | oad was extremely big, would we get buckli
The very slendeBolstadstraumen Bridge (p-#) has a rise of 18% of the spa’wo hangers going down from

the top of the bridge were removed while the author was on top of the bridge measuring deflection in the arct
He concluded that the maximum stress in the anigiint have reached yield.

The hangers of around 60 Nielsenhafwridges built in Sweden were steel rods. Seeit 2012 p. 55) and
(Ostenfeld 1976 pl24).They were meant to relax due to esided loads. Nielsen 29, 1932 and 1936. Once

the author asked a very experienced engineer at the bridge office of tte publb ads i n Sweden:
repair hangers in the Nielsen bridges if they Dbre
never heard of the hangers in the Nielsen bridges breakKivig).is very interesting, because to the best of the
alt hords knowledge many of the Nielsen bridges hac

When he was is Sweden the early sixties the author heard of a hanger in a Nielsen bridge breaking. He does
not know if this was due to fatigue or other reastfrs.steel rod hanger in a network arch of the Akvik Sound
type broke, the author woulthveelongate the hanger by thermostatically controlled heating in a metal casing
around part of the hangérhenthe hangewould have beeweldedin such a way thahe original length was
maintained.

(Bast 2008) is about hangers in arch bridges. Page 14 says that the vibration tendency in the hangers of netwi
arches is reduced when the hangers are tied to each other where they cross. In the Steinkjer and t
Bolstadstraumen network arches, split open plastic tubes were attached to one of the hangers where they cros:
each other. See fig. D4. This arrangement has worked well for fifty years. If the hangers can move away fron
each other, they can be tied to eacleothith plastic bands.

Zoli and Woodward (2005) have written an interesting article on cable loss in long span bridges. Their practica
examplewasthe Blennerhassett Bridge. See pg23ito H25. Their results are not frightening, especially when

the hawger failures are gradual. That will be the case when the rupture is in cables and not in rods or in the enc
of cables.
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E. On erection

When designing network arches, it is also necessary to suggest at leasttbod of erection. This chapter
suggests various methods of erectiOther interesting methods for erecting network archesuwygestedor

the Mangamahu Bridge-B, the Waikato River Bridge #1,theBechyne Bri dge ( Gagek
Blenderhaset BridggWollmann et al. 2007), therovidenceBridge H5 (Steere et al. 2008nd the pdedrian
bridge in Happy Hollow Park and Zdo San Jose, USA, 126.

ERECTION ON A SCAFFOLD

Erection on a scaffold is the most straightforward way of erectirefveonk arch with a concrete tie. It can be
used where temporary scaffolding under a bridge can be tolerated for a limited period to be removed when tf
bridge is finished. If thick ice and soft soils make the pillars extra costly, that speaks againspahsrin

rivers. For narrow bridges that cross over roads a scaffold might be tolerated when the network arch is buil
This might also be the case when a network arch is built over a road that is going to be made wider.

In Peru some rivers carry no watdout half the year. The dry sand in the river bed is sometimes shifted around
by strong currents. Thus the durable foundation for the pillars will be costly. This speaks for relatively long
spans. Extensive scaffolding can be tolerated in the dry season

The scaffolding used for the Bolstadstraumen network arch in Norway is shown fig. E1. In the longitudinal
direction the piles are ~3.25 m apart. There the hangers were tensioned maintaining the right shape of the arc
When the hangers carried the tiee scaffold was removed. See also fig. J8. On the adjustment of hangers in
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CASTING THE CONCRETE TIE ON A TEMPORARY L OWER CHORD
Arch, hangers and a temporary lower chord can make a stiff steel skeleton that can be moved when lifted ne
the ends or by cables pointing towards ¢inels of the arches. Ség. E2. It can be moved by various cranes
and/or pontoons. In arctic regions it can be erected on the ice on the rivers. $e p. E

Local conditions will decide how much formwork and reinforcement should be put in before thekstemn

is moved to its final position. When the steel skeleton is in place, the concrete is first cast at the ends of the t
and around the curved parts of the prestressing cables. After that a slight prestress can reduce the stress in
longitudind beams in the lower chord. Then the edge beams are cast.

Usually the casting must be done from both sides to avoid relaxations of hangers that can lead to big deflectior
The load that leads to limits of deformations are indicated by (Tveit 2011 jigan@i7the accompanying text.

After the edge beams have been cast, they take most of the longitudinal bending in the tie. Then the concre
slab is cast. During the casting the prestressing cables must gradually be stressed to reduce the tension in the
longitudinal beams in the temporary tie.

Unlike a permanent lower chord the temporary lower
chord needs no corrosion protection. It can be produced
on site wusing high strength
there are sites where the full potential of tharrow
network arch can not be utilised without using a temporary
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Cross-section of formwork and half the permanent and temporary Fig. E3 shows a crossection of a wagon for removing the

lower chord. (Camber of the transversal beams is not shown) formwork (Tveit 2011 p. 52 to 53a)_ It rolls a|0ng the edge
-+ of the finished tie.

i IPE 240 i

.L._ .._‘_\.//-.._ —  —  — l;\.__:l‘_

L The floor in the middle of the remdvavagon has been a
; part of the formwork for the casting of the tie. It has two
l extra long transverse beams. The floor has been lowered
» , after the casting was finished. The longitudinal beams in
=1 the platform have been parts of the longitudinal beams in
& I the emporary lower chord.
=
l

Windbracing fastened

/10 wooden beams .

Jacks fastened to the lower end of the hangers can move
[PE 240 i the platform. [\IQ pe_rsonnel should be allowed on the
ot H—=——=  platform when it is being moved.

Steel in temporary lower chord seen from above *#J

In wider bridges the workers can stand on the platform
Fig. E2. A temporary lower chord while they prestress and injebettransverse prestressing
rods or cables.

After the temporary lower chord and the formwork have
been removed, they have a certain value as they can be
used in other structures.

With slight alterations a temporary lower chord can be
reused in many differé network arches. If the width of

= the lower chord is not increased, only new diagonals and
g2 new holes are needed. The temporary lower chord can also
2|5 — be reused in the unlikely event of the replacement of the
B £ & concrete tie of an existing network arch.
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| IPE 240 Fig. E3. Wagon for removing a temporary lower chord
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ERECTION UTILIZING STRONG STEEL BEAMS INTHE LOWER CHORD

In wide bridges transversal steel beams are likely to be used. Then longitudinal steel beams in the tie ce
simplify the erection. Fig. &5 shows the railway bridge across the Gdavel Channel at Henningsdorf.
(Geil3ler et al. 2008). The span is 97.4 m. A pontoon will be used for floating the steel skeletss the
channel. See fig. E6

The inner and outer hgars under each arch are sloping in different directions. This gives a torsion that can
easily be taken in the windbracing and in the transverse beams in the tie. There is a footpath between tt
hangers. The footpath must be outside the arches at thefehésarches. The hangers are flat steel. They give
high resistance to fatigue, but their vibrations are considerable.

The nodes are placed equidistantly along the arch. In the irregular variation of hangers an optimum has be
sought. There are elastom#ampeners between the longer hangers to reduce wind induced vibrations. Other
erections that use pontoons can be found in (Tveit 2012520, 34, 47 and 54).
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Fig. E6. V-shaped sengthening of the steel skeleton above the pontoon when it is moved over the
OderHavel Channel
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CRANES FOR ERECTION

Cranes for lifting parts of arches in place will be used in the erection of practically all netaloeks.aHere the
cranes for lifting steel skeletons or whole main spans will be examined.

MOBILE CRANES

Ladi sl av Gagek (2005 and 2006) suggested using a
Bridge built in the Czech Republic in 20@F veit 2011 pp. 92a to 92c¢. and14 to H16) See fig. E7. The span
is 41 m. However, the contractor preferred another meffiodit 2011 pp. 92¢)
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STEEL SKELETON WITH REINFORCEMENT AND FORMWORK

Fig. E7. Proposed method for erecting the Bechyne network arch

Fig. E8. Method for lifting the stéskeleton of the Mangamahu bridge in place. Sggam8

Fig. E8 illustrates the erection of the Mangamahu Bridge in New Zealandemperarysteel tie was erected
on two temporary supportSee fog 3 on page-Bl Later concrete was put on top the stieelTwo halves of the
arch were erected by the two red mobile crafiiks.yellow crane in Fig. E&arried the two men that joined the
arches at the top.

Afterwards the hangers were put The concrete was put on top of the temporary lower cliiovee define the
slenderness of an arch bridge as the span divi de:
most slender tied arch bridge when built. Se@ td H-10.
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ERECTION USING FLOATNG CRANES

[————= 5 o T In big rivers and coastal areas network arches or steel
: gg I |8 : gg 0| skeletons of network arches can be lifted in place by
: ‘%‘» = : 2 & : < B E : big floating cranes. See alébveit 2012p. 29K.
> 1.8 &8 0
l gg | gg% The crane shown in fig. E9 can be built to erect
| S P 2= = network arches in wide rivers. It can bring steel
' — skeletons from the shore to the pillars. The crane can be
= Can be folded down so that it can pass under existing bridges.
= Pillar wéifgn It needs less than 1 m of water under the pontoon.
A A . . ,
Y ] !JL The crane in fig. E9 is shown erecting one half of the
steel skeleton for a combined band rail bridge with
e ) 2 10, 2Om spans of 160 m. (Rack 2003). The bridge has four

arches. Each of the two steel skeletons shown in fig. E9
weighs ~1000netrictons. (Tveit 2012 p. 54).

When both steel skeletons in fig. E9 are in place, they
can be joined togethend the concrete tie can be cast.
At the top of the pillars there must be room for
prestressing the longitudinal cables.

Ballast
tanks

( Pillar 41 x6 m )

The crane can be used for road bridges that are longer
and/or wider because road bridges use less steel than
railway bridges. For tapillars, pontoons and cranes on
top of the pillars would sometimes be a better.idea

Pontoon 55 x42 x 3.5
A-A

Fig. E9. Crane for erection of network arches in
wide rivers

e

]

T
In coastal areas whole spans of network arches or ¢ e
skeletons of network arches can be lifted in place H%
big floating cranes. See fig. E10. The crane can m e
in the middle of the soundnd place the span o
pillars onthe shores.

Combined with arch and hangers, the temporary lo

chord makes a stiff steel skeleton. This steel skele %I
can be moved when lifted near the ends. It has enc

strength and stiffness tmrry the concrete tie while if
is cast.

If the temporary lower chord has longitudinal bear
between the ends of the arches, then transverse bt
in the lower chordare placed equidistantly excej
near the ends of the arches.

Fig. E10. Lifting thetemporarysteel skeleton of the
bridgein Fig.C1

Longitudinal wooden beamon top oftransverse beams carry the wooden form. This gives a convenient
platform for placing the reinforcement and the prestressing cables. Local conditions will decide how much
formwork and reinforcement should be put in before the steel skeletonviednto the final position. Fig. E10
shows how the steel skeleton of the jkvik Sound
floating craneUglen. The lifting capacity is 600t. The steel skeleton weighs ~230t, but it might be practical to
put in so much wood and reinforcement that 410t is lifted.

According to Wikipedia floating cranes that can lift over 10000 metric tons are available. The limited room
under the hooks decides how high over the sea level the steel skeleton can be liftedlyNiois better to use
one crane at each end of the span to be lifted.

In 2010 the 220 m finished main span of the Brandanger Bridge in Norway (Tveit 2011 p. 93c) was built on a
flat area where rock for covering pipelines in the North Sea had bemm ¢ak. The main span weighed 1862
tonnes. It was lifted by two big Dutch floating cranes. See p. B8pn/elearningabse.org/I20

Last modified: 26)7.2013 E-5


http://elearning-iabse.org/l20

HOW TO ERECT THE LOF TESNES NETWORK ARCH. Span
135m

An examination of possibilitiesf erection of a network arch.

The plan is to see if a steel skeleton for the Loftesnes Bridge can be erected on a quay to be lifted to the brid
site by floating crare The bridge is much like the Akvik 8nd Bridge calculated by Teich and Wendelin
(T&W) in 2001. Sedttp://home.uia.no/pedt n der t he b ut tMonre offindtavark aeches tah lges i ¢
found under the button AThe Network archo (TNA).

The bridge haa span of 135m. The width@&WG6 s br i dge i s 1Bridg8 might bE less wideo f t
and have a slightly longer distance between the planes of the aftieeblorwegian loads on the Loftesnes
Bridge will be slightly smaller than the loads 0&W©& bridge. In these calculations the data fro&Wo s
bridge are used.

Calculation of the temporary lower chord of the steel skeleton.

To make the bridge lighter, 88mn7 will be the cube strength of concrete used. The cylindrical strength of the
concrete Wl be increased fron#t0 to 74"/mn¥. According to BW p.109 the strength asks for a necessary
plate thickness of ~27 cm. Because the concrete strength is ingrereséickness of the slab between the
arches can be reduced to 24 cm. If the deflectidheotoncrete slab becost®o big it can be counteracted by
puttingfibres of reinforced polymeopes under the slaBee TNA p. 50.

The transverse beams in the steel skeleton are placed 3 m apart. The thickness of the wood in the temporary
lower chordis 3 cm.Try using a steel beam HE 240Fhe max load on the transverse beams is:

Concrete 0.24m x 25kN/A8m = 18.00 kN/m

Wood  0.03m x 7kN/m3m = 0.63 kN/m

Steel beam 240 A60.3 kg/m 9.81/1000 =  0.06 KN/m
18.69 kN/m

Max stress irasteel beanHE 240 A:
M/W=((ql%8)/W)=((18.69x9.4/8)/675.1)=.3058 kN/ni=305.8"/mn? ~ 420/1.4"/mn?

This would be all right for steel 2@ M which has a yield strength o2@"/mn?
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The longitudinal steel ties in the temporary lower chord must have a height of around 200 mm because that
the height of the lagitudinal wooden beams that carry the form for the concrete. See figs 21 and 56 in Tveit
2011.

Use HE 200 A which has a height of 190mm. The weight is 60.3 kg/m. If we use this profile, the temporary
lower chord can carry the form and reinforcement whersteel skeleton is lifted. The temporary lower chord
can be reused in spans of different length and widths.

Assume that the steel tube in the arch is Dxt = 610x12.5mm. A=23454mm
Assume steel S 460 ML with a yield strengti60 N/mnf Yield force 46023464/ 100000=10.8 MN.
Assume that the cube strength of the concrete that is filled into the tube is 85 Nfged0 N/mnf

Force in the concrete: ((0.5(62@x 12.5§)x3.14x40)/1000000=10.75MN

Assume a rise of the arch: 135x0.17=23m

In Teich and Wendeti the maximum force in the arch is in the collapse limit state 17.05 MN. The rise of the
arch has been increased from 0.15L to 0.17L, the concrete slab is thinner and the Norwegian loads are smal
than the German loads. Thus the load in the collapsediate is more like 14 MN. The strength of the concrete

in the tube can be increased if necessary. Therefore the chosen dimensions are about right.

Buckling perpendicular to the plane of the arch is assumed to be decisive. Buckling has been examined.

Weight of the steel skeleton, with form and reinforcement, when it is moved from the quay to the bridge site.

Wood 0.03 i¥m®* Width 14.8 m 710 kg/f (135+2)m 432t
Temporary transverse steel beams in the tie  60.3 kg/m 16m 48 beams 46.3t
Temporary longitudinal beams in the tie  42.3 kg/m x135m x2 11.4.¢

Reinforcement from Teich and Wendelin p. 84. 150t + 10t extra because the slab is tHi6Ger
Steel in tubes in arch 184kg/m 2x135m +20% extra steel attbedods of the arches 59.6 t
Hangers, windbracing, bearings and other details. Teich and Wendelin p. 84. 60.0t

Load to be lifted to the bridge site 3855t

Norwayds biggest floating crane 0 Seplfic306n Teelr 2012] Wef t
can also use one crane at each end of the steel skeleton. If we do not install most of the formwork and tt
reinforcement before the steel skeleton is lifted, a crane that can lift 190 t can be used. Two cranes that can |
100 t each can also be used. Several floating cranes in Norway can lift that much.

When the steel skeleton is in place the concrete is pumped into the steel tubes in the arches. The pumping car
done from the bottom of the steel tubes. When the cenigsufficiently hardened, the edge beams are cast. To
avoid the relaxation of hangers the edge beams might have to be cast from both ends. The concrete slab un
the lanes is cast last. More on the casting of the tie can be found at (Tveit 2012 p. 12).

Materials needed for the main span of the Loftesnes Bridge:

Permament structural steel 120 tFlnal position of network arch Kistwork arch tEtr)np;?)/ gtgel
Concrete 1300 t. Center being Ube S ia m
Reinforcement 165 t. of launched /
Formwork 2200 rh canal __~"Hangers are not drawn
Temporary lower chord 100 t. Tie ~~__ Temporary lower chord

temporary tie can be found at
Tveit 2012pp.52 to 53a.

Information on removing the
135 m

i

Fig. E12.Erection of a network arch over a canal in China

Conclusion: The main span of the Loftesnes Bridge could be a network arch with steel tubes in the arches
Span 135 m. A steel skéba consisting of arches, hangers and a temporary lower chord can be assembled on :
guay. It can be lifted to the bridge site before the steel tube is filled with concrete. Then the concrete tie is cas
The temporary lower chord can be reused in netwmkes of different lengths and widths. The bridge needs
very little materials.
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ERECTION ON ICE This page is much the same as page 30b in (Tveit 2012)

In Russia, Canadand northern Scandinavihe steel skeletonof nework arches can be erected ice in the
winter andbe lifted onto the pillars(Tveit 2012 p. 30b)This method of erection could be competitive and
would contribute to reduieg winter unemployment

To make the span look good, the lower chord shoul@ lmawvupward camber of at least 1% of the span. The
surface of the ice is flaf'he creep, shrinkage and elastic compression in the tie will give the span an upward
camber. The compression in the arch works the other Waychievea suitable camben the lower chord,
blocks of wood of varying heightsan be pubn the ice underthe transverse beams in the temporary lower
chord.

For this type of erectiopreventingwater from seefing onto the surface of the ice near the steel skelston
desirable If this is achievedthe strength of the ice would be ample. 600 to 800 mm mightffieisnt for
carrying the 1.2 per metre that the steel skeleton for the Ak@ibund (See fig. C1)would weigh for the two
weeks that the erection of tisteel skeletomvould take. The Alberta Occupational Health and Safety gives this
general guidance: For clear blue ice 690 mm thick, the permissible point load for working on river ice is 8 t.

Sufficient thickness of the ice can be producactold days by pumping water torthe ice. Spraying water in

the air above the ice can accelerate the procegsichic areas this might not be necessary since it is usually
easy to achieve one metre thick ice. Reinforcement ofvite wood is treated byCederwall and Fransson
1979. If such reinforcement is used to reduce the creep in the ice, it could be placed on 100 to 150 mm thick ic
before water is pumped onto the i€Bveit 2012 p. 30Db).

The snow must be removed from the ice near the bridge site in order to avoid layers ohghevice. Such
intermediate layers of snow would reduce the strength of the ice cover. Another reason for removing the snow
that the insulating effect of the snow could make the ice melt from below. This might be important if very thick
ice has not &en achieved

When there is only a slight movement in the water, it is enough to put the snow in longish heaps in the vicinity
of the bridge. If there is a slight unidirectional current at the bridge site, only the snow on the upstream side o
the bridgeshould be put together in longish heaps.

When the ice is thick enough, itilvbe an almost ideal platform for erecting the steel skeleton. The steel
skeleton consistsf the arches and the hangetas a temporary lower chord. Skg. E2. The skeletorcan be
put up with the help of steel scaffoldind.mobile cranecan be used for erectinige steel skeleton

Stepwise building of bridges using network arches

The author likes network arches with concrete ties. Network arches are most competitpanfottat are
between 70 and 170 m. Such spans are usually not built unless the traffic needs quite wide bridges. This spe
against concrete slabs in the tie. Stepwise building should be considered.

Where there is little traffic and more traffic candogected in the future, we can build wide pillars at once. For
the present traffic two or three lane concrete slabs can be sufficient. When more lanes are needed, another str
of spans can be added. This is very relevant in countries like China, laidRuasia where there are big rivers

and a significant increase in traffic can be expected.

It might be an extra good alternative to build wide pillars from the start where the dimensions of the pillars are
greatly influenced by horizontal load such a#lision with ships, current and ice. The second string of spans
can be designed to carry bigger loads than the first string of spans. Later the spans in the first string can |
replaced by wider spans designed to carry heavier traffic.

Last modified: 26.072013 E-8



F. On cost of bridges This chapter can also be found on pp. 93ai 93c in (Tveit 2012)

In his work with network arches the author has presented influence lines and quantities to make it easy fc
fellow engineers to check his claint®ncerning savings of materials. Optimal network arches have little
welding and simple details that repeat themselves many times. The cost per tonne will be fairly low if efficient
methods of erection can be found. The author has been reluctant to speaiys in US dollars or sterling
because such savings are much more difficult to defend

It deserves a mention that two network arches in the USA were built because they were less costly than tf
alternatives first suggested. One was the Blennerhd&$adte (Wollmann and Zoli 2008). See also pag@3H

to H-25. Another was a pedestrian bridge in Happy Hollow Park and Zoo in San Jose in Calif@gthia H

28. There two equal network arches replaced a cable stayed bridge and over 50% of the cost of th
superstructure was saved.

The reduction in cost resulting from the use of network arch bridges is of great interest. Therefore a networl
arch with a span of 150 m will be compared to an arch bridge with vertical hangers spanning 100 m built ove
the rive Saale near Calbe in Germany, (Fiedler and Ziemann 1997). A comparison of steel weight of various
steel bridges has been made by Max. Herzog (1975) and by Tveit (1999). Fig. F1 shows that arch bridges do r
tend to use more steel than other steel bridges

At similar sites network arches should normally have longer spans than other bridge types. This is because tl
steel weight of the network arch is smaller and it increases more slowly with increasing spans. This is an extr
advantage if the size of thgllar depends mainly on the forces due to collision with ships or forces from
breaking of ice in the spring.

The data for the network arch are based on the network arch designed by (Teich and Wendelin 2001
See fig. Clonp. G1. A slightly revisedegr si on of their work can be fo
6007 http://home.uia.no/perti nder t he button AMaster

The cost per fof bridge between the railings is compared. The average
width between theailings is 13.9 m for the Calbe Bridge and 14.8 m for
the network arch. Both bridges are assumed to have many equal spans.

It is shown that the network arch with a span of 150 m will need about
the same size of supports as the 100 m arch bridge wiibaldrangers.

The loads and codes of the EU are used for both spans. Factors that
influence the cost of both spans are presented. (Tveit 2012 pp36BRa
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Fig. F1. Steel weights of various bridges
Material and cost of the Calbe Bridge compared to that of a network arch

Main span over Saale at Calbe Network arch
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Comparison of weight per m2 of useful bridge area
60% of the structural steel is saved. 34% of the reinforcement is saved. 24%o0tteee is saved.
The pillars are the same for both bridges. Less weight needs to be moved during erection.

The saving on cost is probably 35 to 45% pépfruseful bridge area.

Fig. F2. Comparison between the Calbe Bridge and a netwahilspanning 150 m
Last modified: 15.04.2013 F-1
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Data from the comparison

Permanent load per span: Calbe(100m) Network arch(150m)
Structural steel 530t 255.1 (150/135F 315t
Railings 200kg/m 20t 30t
Reinforcement 151t 126.2 (150/135) = 140 t
Concrete 1463 t 1358 (150/135) = 1509 t
Asphalt,etc. 80mm 136t 197t

2300 t 2191t

Live load on a support:

Calbe, area: 1390 nf:((9.0-2.5)-3-100+ 1390-2.5)0.981/1®%32 t
Network arch: 2205 nf :((9.0-2.5)-3-100+ 2205-2.5)0.981/1828 t

The load on a support due to concentrated live load is about the same for both bridges.
The live load on each support is added to the permanent loa@ saphort after it has been multiplied thye

relevant partfigal safety factors 0
Calbe: 2300+532(1.5/1.35)=2891 t Network arch: 2191+828(1.5/1.35)=3111t
Area exposed to wind:
Arches and tie Hangers Railings Traffic
Calbe: (0.9-:2+2)100 0.12-207[m] 1-100 2-100 73 7 C
Network arch: (0.424-2+0.6)150  0.06-1528[m] 1-150 2L150 72

The vertical load on each pillar is about 7% smaller for the Calbe Bridge. The area exposed to wind on eac
pillar is approximately 8% smaller for thealbe Bridge. Since the span of the Calbe Bridge is 33% smaller, the
saving in the pillars when using the network arch is likely to be between 25% and 32%.

Comparison of the superstructure of the Calbe Bridge with a span of 100 m and a useful areanBfth30
network arch with a span of 150 m and a useful area of 2205 m2.
Reduction per mz2 of

Calbe Network arch useful bridge area
Structural steel 530t 315t 60%
Reinforcement bars 151t 140t 42%
Concrete 1463t 1509t 35%
Weight of steel skeleton during erection 530t ~400t 24%

All comparisons will be lopsided. The additional facts in fig. F3 should be taken emsideration. The
network arch makes better use of high strength steels. The vyield strength of the steel in the Calbe Bridge is 3
MPa compared with 430 MPa in the network arch. See fig. C1 and fig. F3 for comparisons between networl
arches and arch bridg with vertical hangers.

The rise of the arch is 17% of the span in the Calbe Bridge and only 15% of the span in the network arch. In tt
network arch, the arch and the hangers protrude from the bridge area making the bridge area less useful. This
partly compensated for by widening the network arches up to 1.2 m at the end of the span. This widening is nc
included in the useful bridge area mentioned above.

The author thinks that using the network arch

Points of Other steel arch road bridges

Importance compared to optimal network arches ~ €an save between 40% and 50% of the cost of
Aesthetics Bulkier bridges the superstructure. The author also thinks that
Adaptability 2 to 8 times deeper lower chords using the network arch instead of the arch with
Materials 2 to 4 times the steel weight vertical hangers can save between 35% and 45%

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 Erection is more expensive

* On sidespans with 2 to 4 times more steel.
* Floating into place
« Erection on ice

Fabrication
Corrosion protection

Maintenance

Fig. F3. Compason of optimal network arches
to arch bridges with vertical hange

of the cost per m2.

If anybody makes a careful comparison of the
cost of an optimal network arch bridge spanning
more than 100 m with other types of bridges,
the author would like to know the results.

Last modified: 15.04.2013 F-2



FA. Earthquake

The network arch has good resistarioeearthquakes because it has a high strength to weight ratio. It is
thereforeideally suited for earthquake prone regions. Since most of the reinforcement is in the edge beams, th
sideways strength in the tie is good. Good stoppers must be used to prevent the ends of the network arch frc
sliding sideways.

Professor Dr. Semih Teacn o f Bojazi - University in |Istanbul
the design of network arches where strong earthquakes are likely to occur. These recommendations were giv
to Eduardo Marianyi in connection with the design of a network aver the Carbon River in PemMlow the
recommendations can be found at the a@hdrome pagehttp://home.uia.no/pert/ under the button
ASupplementary I nformationo.

FB. Factsthat speaksagainst the building of néwork arches

The bridge type is new angeople who make decisions are often reluctant to use new bridge types
unknown to them. This might be very important in India where the opinion ofrgegrieonnel carries
more weight than in Europe and the USA.

Spans of network arches are straight and are not able to accommodate roads with horizontal curvature

If the design of a network arch is delayed, the design office gets the blame. They are less likely to ge
blamed if the bridge becomes 20% more costly thecessary. In USA, a design might not be used if
the cost is much above budget. In Germany an alternative design is likely to be built if it cost less an
looks goodMany network arches has been accepted in these countries.

Not many engineers can beits t ed wi th a design firmbds first
lots of intriguing problems to attend to. Steel firms have moderate interest in bridges that uses little
steel. The concrete firms would like to see more concrete. General conserragbimprevent
network arches from being used at suitable sites.

FC. Network arches compared to continuous beams built from both sides of pillars

It is interesting to compare network arches to continuous beam bridges. They both have to carry the
same loas. In the continuous beam however, the bending moments have their maximum values near
the supports. Here the beams can have extra height and strength. In the middle of the spans the benc
moments are smaller and the height and strength of thesgotm is smaller. Thus the beam can

have a curved underside. This looks good.

In the network arches the bending moments at the supports are zero. Thus the biggest bending
moments are near the middle of the span. Here the height of the arch is maximum.

Costof the continuous beams is moderate if the span can be built from both sides of the pillars. So is
the cost of erection of a network arch if a light steel skeleton can be lifted in place.

Network arch Continous concrete beam

Bending
moment \ ﬁ A\J

diagram

Structure , | | —

It seems to the author that the network arch will be lightettzndxial forces in the beam bridge will
be bigger, but it has no structural steel.

Last modified: 22.08.2013 FA-1
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G. Strengthening of network arches already built

It is never easy to strengthen an existing bridge. The network arch i€@&gtien, but in some cases it can be
done. If the lower chord is a concrete slialcan be strengthened by transverse tension members under the slab.
This speaks for using the concrete slab between the arches. If the deflections of the slender si@btbeco
big, this can be counteracted by tensioning the transverse tension members undefdwefiie G1.

Steel plates
fastned to the
form and the

concrete

. Device for
Fibre reinforc?d : 1 tightening
polymer rope " the rope

Fig. G1. Schematic desigri a cevice for counteracting transversal deflectiomobncrete slabie

The tension members can be fastenedrtchors glued to the lower outside corner of the slab. They can be
stressed through ordinary tensionangd by putting a kind of wedge between the slab and the tension member.
The wedges should make the tension in the transvepseounteract some of éideflectionin the slab due to
dead load. The tension members could be steel rods, wires or fibre reinforced pobpeershe transverse
tension members will strengthen the slab so that bigger vehicles can pass over the bridge.

If the slab inawide retwork arch has transversal prestressing caltledll normally have a tendency to bend
upwards. Themaybe partial prestressing with a lot of ribbed reinforcement under the prestressing cables
should be consideregthen designing the bridg&xchangeabldransverse prestressimgds might be better
because their stress can be changed.

If the arch is a universal column or a wide flange héaoan be strengthened by welding a steel plate on top of
the arch. Then the arch can take a bigger axial fotoe plate will increase the bending capacity and the torsion
stiffness of the arch. THengitudinalbending capacity in the lower chord will also increase, but not much. The
cavity under the plate can be filled with concrete. This is more likely to berdmrethe ends of the arches if
the arch ends in concrete.

In the longitudinal directionraoutside tensile member can strengthen the lower cHaach a member has not
been taken intaccountwhen designinghe bridgeit will be difficult to fasten he tensile membeat the ends of
the span.



H. Network arches built or planned. This list will be extended.

Bridgesbuilt: smail print for unfinished contributionssome authors are wishful thinking.

The netvork arch at SteinkjefFinished 1963. Per Tveit H-2

The network arch over Bolstadstraumen. Finished 1963. Per Tveit H-4
Providence River Bridge. Rhode Island. Opened 2007. Patricia D. Steere, Maguire Group Inc. H-5
Mangamahu Network Arch in New Zead Opened 2009. Michael Changlrhes Consulting Group.  H-8

The Waikato River Network Arch. Rob Presland, Holmes Consulting Group, New Zealand. H-11

The network arch over the Lugnice River  (licLaWd1l4s!| av

fiPalma del Ri0 . Ne t whililakes & ¥I. ©OtiegalDEAM S.A. Madiid , Spaingeneral@ideam.esH-17

ADebad Ne ttwilanks &t @rtbgalDEAM S.A. Madrid , Spairgeneral@ideam.es H-20

Blennhassett Bridge, Ohio. Opened 20Bvegor Wollmann, HNTB Manhattan H-23
The pedestrian bridge in Happy Hollow Park and Zoo, San Jose, California. Ted Zoli, HNTB New Me2k
Dziwna Riwer.Pland. Fi ni shed 2003. Krzyszt bMostéstalgt owski , Konsortium NECSO
Network arch road bridge over A 38 near Leipzig, Ge2006. Uwe Steimann, GMG, Dresden.

Network arch road bridgeverthe motaway L 39 in SaxonyOpened2006. Uwe Steiman, GM@resden

Railway Bridge, Germanfolandat Frankfurt/Oder. Opened 2008.

The Flora Railway Bridge over the Mittellandkanal. Finished 2009. Uwe Steiman, GMG, Dresden.

Bridgesthat areplannedor being built

Network arch in Prague, Finishedi)Ladid av Gagek, Mott MacDonal d, Prague.

Argentina

This page is notomplete It will be continually updatedSome of the authors that are indicated in small print
have not been asked y&ach bridge getsvo or threepages Normally the pages wilcontain:Name of the
bridge.Name of the authoiVhereand wherhas beerbuilt. When it is opened or finished. Who in what firm
designedtiand which firm built it. Those who have written aboutatwork archbridgewill be mentioned as
co-authas on pageA-1. The normal form of thebridge descriptions is indicated by the descriptions of the
ProvidenceRiver Bridge The Steinkjer and the Bolstadstraumen network arahrepages F2 and H4 are
extensively described elsewhere in the.text
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THE NETWORK ARCH AT STEINKJER Steinkjer is a little town ~100 km nordast of Trondheim in

Nor way. Norwayds first network arch was opened th
K. Ellingsens mekaniske verkstedgal), and A/S Olav Sande (concrete and foundations). Fig. H1 to fig. H4
show the design. (Tveit 1964, 1966, 2007 and 2012)

Transverse steel tube
_ _.._i-:::t:\gzr( of windbracing
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. .
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Fig. H1. An overview with structural details of the networklaat Steinkjer
The tie on the scaffold on fig. H4 was
cast first. Then the arch was erected

% B'S"_%Tg’v and the hangers were put in. Then the

8| 2 I hangers were tightened till they carried

é’ EE ‘ 8 the lane and the scaffolding could be
\ 3 removed.

. T l 3

N\steet 1

Allowable stresses without load factors
were used in the calculation of the
bridge. Comparison with medn loads
and codes is complicated. The network
arch at Steinkjer is built for a knife
load of 177 kN in each of the two lanes
plus an evenly distributed load that
varies with the loaded length. For a
loaded length of 9 m this load is 41
kN/m in each laneThe simultaneous
snow load is 0.918 kN/mover the
whole bridge.

In the main span the materials needed
per nf of area between the railings
were: Concrete 0.22 Instructural steel
60 kg, reinforcement 40 kg,
prestressing steel 7 kg.

f /0154

Fig. H2. Details in the arch at Steinkjer
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Itwast h e a luck that Tedjes Moe, a very

able young architect, adviseddm when he
designed the Steinkjer
your design show the flow of forces in the
bridgeo. Terje Meegtowas
using universal columns in the arches. Later
he became a professor of architecture.

Fig. H3 shows the bridge before it got the final
coat of paint. Terje Mo recommended that the
red colour should be used for the final coat.
The author chose a mop®nventional silver
grey. However, seeing the red colour of
Chinese arch bridges convinced him that Terje
Moe had been right.

The Steinkjer network arch is now 50 years

old, and is still in good shape. (Tveit 2012)

There are no railings between the traféind

the hangers. That was a mistake. Four or five
lower ends of hangers have been bent by
vehicles bumping into them. The cressction

of the lower end of hangers is ample just

above the concrete. The concrete does not
seem to be damaged.

A vehicle hasbumped into a tube just above
the lane. This tube had the extra capacity to
take the shock and the resulting bending. See
also (Tveit 2007) and-2 to J8.

Fig. H3. The Steinkjer network arch before the final coat of paint
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Fig. H4. Scaffolding for the
Steinkjer network arch
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THE BOLSTADSTRAUMENNETWORK ARCH F 151

T o
Fig. H4. The main span of the Bolstadstraumen Bridge is 84 m. It was opened at the end of 1963.

It was decided that there was to beoanpetition between the Norwegian bridge offidehe Public Roadand

the author on an arch bridge over the Bolstadstraum in western Norway. The terms were no cure, no pay. It d
not worry the author much. He was fairly confident that he would win.aeed9 and J10 and(Tveit 1966

and 2012).

The authordés network arch used 44 tonnes of struc
decided that the rise 6f h e a arthlstouldbe 18% of the span while the rise of thelr ahould be 21.5%

of the span. Their design needed 125 tonnes of structural steel. Both bridges had a concrete slab spanni
between the edge beams. The network arch was about 20% less costly.

The Bolstadstraumen Bridge influence lines are foun@oait 2012 p. 58. In the network arches at Steinkjer

and Bolstadstraumen there was very little relaxation of hangers. This precaution was taken partly because the
was no computer capacity for calculating the effect of hangers relaxing. In those daysasherdy one limit

state in the norms. That made the task much easier.

The Bolstadstraumen Bridge was built over a tidal current in a fjord 45 km-easttof Bergen. It was opened

in December 1963. It was built by Alfred Andersen (steel) and StoltmBgtbundation and concrete). The
scaffolding for the main span is shown on fig. E1. Lately many houses have been built south of the bridge
Therefore the foot path has been made wider and the road has been narrowed down to one lane:1See also E

Fig. H5. The Bolstadstraumen Network Arch seen from the south

Last modified 2607.2013 H-4



Design and Construction of the Providence River Bridge
PATRICIA D. STEERFP.E., Bridge Department Manager, Maguire Group Inc

The Providence River figige is part of the $65ti | | i on Al wayo project bein
Department of Transportation (RIDOT) with Federal Highway Administration (FH\&Upervision The

project involves the relocation and rebuilding of the intersectior9&f &rd 1-195 in downtown Providence,
Rhode Island. In the center of the project is the Providence River Bridge with a network arch for the main spar
Maguire Group Inc. provided the engineering for the arch span and Cardi Corporation was the General
Contracor.

The main span is a 4d0ot-long (122 m) network arch bridge which was the first network arch built in the
USA. The original concept for the Providence River Bridge was to create a signature bridge for the city
including a 40&oot-long (122 m) are bridge for the main span with vertical cables. Early on in the
preliminary design phase, it became apparent that using inclined cables, rather than vertical cables could have
significant effect on the behavior and the weight of the structBreliminary twodimensional analysis using
vertical cables resulted in arch and tie depth and steel weights much greater than those required for the recen
built Alsea Bay Bridge in Oregon. One of the differences in the bridges was the wextiazfl cables 6r the
Alsea Bay Bridge. Switching to inclined cables in thB tnodel of the Providence River Bridge resulted in a
reduction of ten times in the deflections and a significant reduction in moments in the arch and tie.
Since he was a studenthe
Norwegan, Per Tveit, hmdone
considerable research on the
design of these bridgesThe
idea has been usegktensively
in Japan Based onTveitos
research, it was decided to use a
network arch cable arrangement
to save a considerable amount of
steel weight fothe design of the
arch span. The design of the
Providence River Bridge began
with a cable study to determine
the optimal cable arrangement
for the bridge. Initially, seven
oo, s different arrangements were
PRSP e e Eiim ey 5 investigated.
2 ) . .

W’"/ s & Four options had varying cable

e = angles, and three had constant
cable angles with respect to the centerline of the tie. Preliminary design of the main members was performe:
An estimate of the bridge cost was developed for each arrangement for dead plus live load cases where the |i
load was placed on varying portions of the span length. The Beam spacing ranged from about 10 feet to 18
feet. In general, the further the flooeams were spaced, the lower the steel cost. When thé#aors were
spaced at 17 feet or more, the dedkkhess had tbeincreasd. (A discussion of the cable arrangement study
used for this bridge can be found in references 1)

In general, the biggest difference in results was in the bending moments at the end of the arch and tie, and t
bending momentwere smaller for the constaangle cable arrangement. The bending moment stresses in all
cases were small, however, compared to the axial streBsesise of two cables per flobeam was not a cest
efficient option due to the large increase in theytkrof cable requiredThe chosen option had one cable per
floor beam at a constant angle of 60 degrees from the horizontal and b #oarm s p a c¢9 orSge pagé 1 3
H-7.

One unique feature of the Providence River Bridge is the use of three archthigrsthan the normal two ribs.

The bridge can carry five lanes of traffic in each direction and has a total width of 165 feet (50 m). Due to its
large width, it was decided to use three arches and to usebil@ons to span between the ties to cangy t
concrete deck. The center arch for this bridge carries over half the load due to the rigid connection of the floo
beams to the ties. The flobeams were attached to the tie with moment connections based on the retrofit used
on Wi s cMameitedolliet Bridge in Prairie Du Chien, which connected the flbeam flanges to the tie

to prevent fatigue crackifig

H-5



Another unique feature of the new bridge is the ten degree skew of the bridge. The preferred alignment of th
bridge required that thbridge cross the river at a slight skew. The piers were aligned parallel to the river
resulting in a skew to the bridge.

One of the main concerns of a tied arch bridge design is the fracitical nature of the tie member. At the
beginning of the ésign processt was decided to eliminate this problem by making the tie internally redundant.
Several options were investigated for achieving redundancliuding using a welded tie member and adding
either internal or external pestnsioning cablesapable of carrying the tension load, and using a bolted tie
section. The bolted section was comprised of four plates connected by bolting the four corners together usir
angles. This option was chosen and the section was designed so that any oneptatr angle could crack

and the remaining section was capable of carrying the load.

Two other decisions were made to decrease the likelihood of problems with thehée Providence River
Bridge. The first decision was to use high performance $bedahe tie. This steel has greatly increased
toughness, which increases the fatigue resistance of the steel. In addition, it was decided to metalize and pa
the arch span. The added protection should enable the bridge to withstand corrosiohdongest bridges in

this environment Wwere large amounts of road sale used in the winter monthshich cause significant
damage to the bridges in the region.

The Contractor, Cardi Corporatiyndecided to
build the bridge off site and to contract with
Mammoet, a heavy lift firm, to float it from its
construction site to the final site 12 miles (19 km)
away. The steel erectors were Northeast Steel and
Griffin Iron Works. The bridgesite had difficult
access for cranes and barges. In addition, thie cos
to build over water was a consideration, and the
contract required coordination with the boat traffige
moving under the bridge during steel lifts over the  SESSS_—— .
boating channel. One further advantage of = = e :
building the bridge off site was that the . : ——
construction ofthe supporting piers could be e .

concurrent with the construction of the
superstructure. == : =" = 2

The 5.5 million pound (24,500 kNteel skeleton of thkridge (See next pageyas lifted to a height above the
top of the pier bearing seat elevatimd placed on bges usingself-propelled modular transporters (SPNITs
Two large barges, which were linked to each other using crane booms to form a catgpeamfiguration,
were used for the move. When the bridge was in the correct position, the outgoing tdktbdtpver it onto
the piers.

The bridge opened to traffic in November 2007. F
for Large Projeci Innovative Management for the bridge float. The float was also featured on The History
Ch an n e rabhdMega Mavers
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Design and construction of the Mangamahu River Bridge in New Zealand

Michael Chan, Holmes Consulting Group, PO Box 942, Wellington, New Zealand

The Mangamahu Road Bridge spans over the Mangawhero River northeast of Wamgémeiinorth island of
New Zealand. The previoukree sparbridge collapsed ina flood in 2006. The suggested replacement was a
trusswith two spans of 42.5m. Significant river protection works were required.

The network arch with a span of 85m was proposed by the contractor. SeeTige thetwork arch bridge
eliminated the need fa central pier in the riveiThis removed the need for any substantial river protection
works arounda central pier in the riverThe proposed network arch also has a shallow deck depth which
permitted the existing road carriageway to remain at its cugrade eliminating the need to build up approach
roadways. These advantages and associated cost savings led the client to accept the network arch bridge as
replacement bridge design.
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Figure 1- The Mangamahu network arch. Span 85m. Built 2008.

TheMangamahu network arch bridge has a singlen®&%e wide lane plus shoulders between side barfiges
approximate overall widtfs 6.6 metres The arch has a rise of 14etre and has a circular geometric profile for
ease of fabricatioriThe steel encasl concrete piles can carry the vertical loads from the empty span even if
some of the earth around them is washed away in a 100 years flood.

The top chord member is a fabricated box section comprising-eolled 310UC section arranged with its
flangesoriented vertically, with extra top and bottom welded plates for the arch eleB®nfig. 2The readily
available 310UC section was curved isttape by being pressed in anetre incrementsThis minimized steel
wastage and extra fabrication cost conegato cutting a curved web plate out of a steel slisstTveit who
first suggested the network arches claims that a simygeofile would have been able to carry the forces in the
arches, but its lack of stiffness might have made the erection maoeltliff

Figure 2- Arch element comprising a curved 310UC with welded top and bottom plates
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Figure 3i Tie and deck slab of the Mangamahu network arch in New Zealand.

A ladder form of deck construction with hatlled 310UC longitudinal tie ahtransverse transoms at regular
centers was utilized. The transoms suppeoetasdeck slabs made composite with the transoms and bottom tie
with an insitu topping. This system offered an opportunity to complete much of the superstructure work over
theriver from a suspended, sealfipporting platform. Longitudinal posttensioning is provided within the deck
slab to provide a residual compressive stress and control the variable tensile stresses due to live loading.

The erection methodology was developédthwhe contractor, with the steel ladder deck supported on falsework
at approximately 3@netre spans, whilthe arch was split into two halves, each assembled on opposite sides of
the river. Each half of the arch, with its bracing elements attachedjftedsbly an 85 tonnes capacity mobile
crane and moved into position, then bolted into the foiee When both halves of the arch were in position,
two workers in a magage were lifted by a third mobile crane, allowing the arch crown splice to be.8#&d

fig. 4.

The whole operation of erecting the arch took less than a day to complete. When all the hangers had be
installed, the falsework supporting the ladder deck could then be removed as the structure was now capable
being self-supporting. Preast deck panels were lifted into place by a mobile crane, providing a permanent
formwork for the insitu concrete topping. The whole construction process took less than three months to
complete, proving the construction methodology to be very effective.

Figure4 - Erection of the arches with mobile cranes
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Lock nut

/ Fill void between

fitting & hanger
with epoxy

Lock nut

Typical hanger setout detail

Note: Epoxy grout bars into couplers, nuts &
forks. Methodology and materials to be
approved by the engineer. Minimum strength of
resin and epoxy grout to be S0MPa at 28 days.
Epoxy to complete coat treads between &/ a
hangers, nuts, couplers, forks and seal these C"/#;\

E 7 1 areas to water ingress. S
\/ Hangers to be fully tightened into couplers and

fork fillings. Couplers are to be located clear of 310UC95

hanger crossing points.

Fig. 51 Hangers fothe Mangamahu network arch.

A parallel hanger arrangement of 32 hangers at 60 degrees measured to the bottom tie was adopted as 1
resulted in reasonable design actiomn the arch, bottom tie and hangers. As the magnitude of actions is
relatively small and fatigue not an issue for this bridge due to its low volume of traffic, Reid bars were utilized
for the hanger elements, providing an economical, readily availadlesw@table hanger solutiosee fig. 5.
Purpose designed hanger fittings were also developed to improve fatigue performance compared to th
proprietary fittings.

The total weight of structural steel for thetwork archwas approximately 80 tonneShis is 150 kg/nt of

bridge arealn addition to the numerous advantages the network arch bridge brought to this project, the resulting
bridge is also an elegant structure which is welcomed by the local comnitinigydefine the slenderness of a

tied arch brlge as the span divided by the sum of the height of the arches then the Mangamahu network arch
the worl ddéds most sl ender arch bridge. The Dbridge
Consulting Engineers in New Zealand in 2009.

Referene:

Chan, m. & Romanes, M. (2008) ANew Zeal and®BNew Fi r .
Zeal andbés I ndustry Conference hosted by HERA in O

H-10



Design and construction of the Waikato River Network Arch

Rob Presland Project Director, Holmes Consulting Group, Box 942, Wellington, New Zealand

A new crossing of the Waikato River was required as part of a proposed new road alignment bypassir
the town of Taupo, New Zealand. The project involves 16 km of new road ahg@ameé two major
bridges, one across a geothermal power plant site and the other crossing the Waikato River.

The project to construct the new road was bid competitively between three major contractor anc
consultant design teams to develop tender designthé overall project. The successful contractor
was Fulton Hogan, lead consultants, Sinclair Knight Merz. Holmes Consulting Group were sub
consultants for the project, responsible for the Waikato River Bridge design.

The network arch bridge concept waggented to the contractor who immediately saw the potential
for this form of structure and potential savings in construction costs over a concrete bridge or othe
form of steel bridgeThe Waikato River Bridge, upon completion in early 2011, will be dhby
second and the longesttwork arch bridge in New Zealand.

The first network arch bridge in New Zealarile Mangamahu Bridge also designed by Holmes
Consulting Groupwas completed shortly before the Waikato River Bridge design commenhiced.

idea fa using a network arch bridge on both of these projects was taken after a seminar presented |
Per Tveit in New Zealand in 2007. Interestingly, one of the competing contractor/consultant teams als
developed a network arch bridge design although thewaginot successful.

The Waikato River Bridge is 148 m long overall with a b@@nain network arch span over the river
channel (refer Figure 1). The two end spans are steel ladder girder bridges. The bridge supports tv
traffic lanes, a footpath and prowsi to carry two geothermal steam pipes across the bridge. The arch
has a rise of 20m and is 12.75m between arch chord centrelines to provide for the clearance envelor
required by the project (refer Figure 2).

Positioning of piers or any construction aii within the river waterway was not permitted by the
conditions of the contract. The Maoris do not want the river spirits to be disturbed. This dictated the
main span length and method of constructing the main arch span over the river.
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Figure 1. Wikato River Network Arch. Span 100 m. Built 2010.
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Figure 2. Waikato River Bridge cross section

The network arch structure uses a fabricated steel box section top chord, measuring 680mm deep a
600mm wide and is concrete filled to provide aidtidl load carrying capacitfrefer Figure 3)The
project requirements for this bridge included additional design scenarios to consider the loss of hange
through fatigue or accident, as directed by the client. These load combinations proved to govern th
size of the arch members because of larger bending moments developed in the arch top and bottc
chords where the hangers had been removed.

The bottom tie also uses a fabricated steel open box section and forms a ladder deck arrangement w
steel transm beams transverse to the bridge supporting a concrete deck slatenBmsting tendons

are provided in the bottom chord member to provide compression to the deck slab under servic
loadings and sufficient tension capacity to the bottom chord undemtdtlimit (strength) conditions.

The arches for the Waikato River Bridge were filled using ac®eiipacting concrete mix, placed
using a standard concrete pump connected to the base of each end of the arch. Concrete strength 1
normal strength (40 MPa ooressive strength at 28 days). By pumping concrete from each end of the
arch we could vent any air in the arch out of the ports along the length and at the crown of the arch.

A varying hanger arrangement was adopted for the bridge to optimise fatigoemaerte for the
hangers. Hanger bars are 64mmnukder medium tensile solid bars with proprietary fittings (Refer
Figure 4).
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Figure 3. Waikato River Bridge Top Chord Sections
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Figure 4. Waikato River Bridge typical hanger configuration

The network arch span provided a lightweight structural systénthe central span utilises
approximately 360 tonnes of structural steel (180 kggmdeck area). Construction of the arch span
will include launching of the completed bottom chord across the river,osiggpon cantilevered
temporary falsework so that no temporary piles are located in the waterway. The arch top chord will b
craned into position in sections and site welded together to complete the arch. Installation of the
hanger bars will complete théeslwork followed by completion of the concrete deck slab. See article

on the Mangamahu bridge on pagd 6
Completion of the overall projeatasearlyin 2011.
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Design and construction of the network arc hover the Rivargni ce

LADISLAVG A G FPK.D., MOTT MACDONALD, Prague, Czech Republic.

The Betyne Bridge in souther Bohemia is
the third network arch to have a prestressed
concrete deck. It has two steel arches with a
rise of 0.147 times the span. The network
arch was suggested by Per Tveit whHen
was a student in 1955. The two Norwegian
arches designed by Per Tveit were finished
in 1963." pgs 5b to 7a. Both had concrete
ties with longitudinal prestressing cables.

The network arch has inclined hangers that

cross each other at least two timese $g.2.

It works like many lattice girders on top of

each other and has very little bending in the
| . e arches and in the longitudinal direction in

Fig. 1. Approd@8ddge t o t he Be c thegtie.lDletworlarches are very stiff.

The Bechyne network anavas the third network arch with a concrete tie with longitudinal prestressing cables.
pgs 3a to 5a. Later network arches has been built in: Roudne, span 34m, 2008. Baliny, span 73,5, 2009. A
Czech network arches have been designed by MOTT MACDONALRey will all have longitudinal
prestressing cables in the tie. The building of a fourth network arch with a span of 200m has started in Prague.
shall be finished in 2013.

Aesthetic considerations were important in the choice of a network arctefBetthyne Bridgé. It replaced a

bridge from 1883 with insufficient load carrying capacity and not enough room for thged@@ood. The old

bridge could carry only three vehicles of 6 tonnes at the time. The network arch could carry three 26 tonne
vehicles or one vehicle of 50 tonnes.

The new bridge is built 1 m higher than the original structure. The new granite stones in the abutment are th
same as in the original structure. The abutments are capped with reinforced concrete and a bearingthat cons
of rubber and steel plates. During a 100 year flood the bridge is expected to maintain a clearance of 1m. On
small alterations were needed at the roads on both sides of the Biiégese of the tie is 1% of the span. See

fig. 2.

The hangers aragdributed very tightly and provide a continuous support of the deck. This allows the deck to be
very slender, creating an attractive structure with a delicate look. The cross section of the welded arches and t
transverse members between them suggeisivanted U. They are designed to be open to allow easy access for
inspections and aintenanceThey all measure 320 by 320 mm. The transverse members are placed at the two
quarter points and the halfway point. See fig. 2. Two additional transverse beah@@eiocated at each end of

the arches just above the bearings. These crossbeams are buried beneath a layer of reinforced concrete.

Transverse beam

L= BECHYNE ZAREC|=D

L

100 year flood River Luznlce J E B —

T C: 3
x\: Prestressed concrete deck C35/40 1 — i
N 41000 L l RO
‘.\ }x’Orginal
. .~~~ |abutment

Fig. 2. Longitudinal section of the Bechyne network arch
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Fig. 3. Crosssectionofthde c hynD Net wor k Ar ch

The deck of the new bridge is only 38.5 cm thitlhas 30 cm of reinforced concrete topped by approximately
8.5 cm of asphalt road surfacee fig. 3.The comparabléower flange of the lattice in the original steel bridge
was appioximately 2 m thickThe new, thinner deck meant that the roadway could stay at the same elevation
despite the increase in roamder the bridge

The space under the sidewalks contains the utilities. The traffic lane is 3.6 m wide and the sidewalks 1.3 r
wide. The traffic lane is separated from the sidewalks by a 0.5 m high steel guardrail that also protects th
hangers. Along the outer edges of the sidewalks there is a 1.1 m high steel railing. The deck is a 7.9 m wide sl
of C35/45 concrete. Thickness 18 cm under the sidewalks, 25 to 30 cm under the roadway and 56 cm just
below the hangers. The deck is prestressed by four tendons, embedded in the concrete slab. Each tenc
consists of 15 prestressing strands and has an outside diameter of 15.5.

Thetendons are anchored not to the special anchors normally used in prestressing cables, but rather to the
mm thick vertical steel face plates at the ends of each arch. The tendons both carry the horizontal arch force a
transport the prestress into tbencrete slab. They eliminate longitudinal tensile stress in the concrete. In the
transverse direction, the slab acts like reinforced concrete.

The edge beams are part of the bearing structure and feature a shell like coating of glass fibre anthabncrete
is sprayed on to a thickness of approximately 15 mm. The coating provides a smooth surface and enhances 1
structur e 6s Thepaverheatton the raagmayecansists of a medium grained mastic asphalt carpet
made of modified asphalt (40 mnppured asphalt (40 mm), and waterproofing (3 mm). It has an overall
thickness of approximately 85 mm. The bridge is protected with a multilayer waterproofing applied by spraying.
See fig. 3.

Work on the Bechyne Bridge began in October 2002. The origiidgebhad to be moved approximately 10 m
downstream and placed on temporary supports so that pedestrian and automobile traffic could continue. Tt
steel structure for the new bridge was erected without welding with the aid of light support scaftaidefy:.

The entire steel structure was divided into two arches, three central beams, and two transverse beams. Each ¢
was split into three parts. Consequently, there were 11 assembly elements altogether, plus elements of the lov
tendon. Every assembjgint of the arch elements was designed as a friction joint with-$tigimgth bolts.

Originally, MOTT MACDONALD had proposed using a crane to lift and place the steel skeleton as well as the
concrete formwork. The steel skeleton would be built on landveas expected to support the form while the
concrete deck was caélp. 92c. Instead of using the crane, however, the contractor chose a more traditional
approach. The assembled steel structuith arches, crossbheams and hangers were assembtet aging a
steel lattice scaffolding that was erectedon temporarysupports made of steel micropisstin the riverbed.
1 p. 92¢. Then the network arch was lowered into place using hydraulic jacks.
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