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SUSPENSION BRIDGES

Introduction

History

From the historical point of view, the cable theory had a firm grounding
by the nineteenth century, when the Menai Straits Bridge, Wales was
completed in 1826, which still exists, with its 177m main span.

Fig. Menai Bridge

It wasreported by Needham[1] that The predecessor in outside of Europe -
China, Central and South America mastered how they build the
suspension bridges. The Fanhe Brdige dated B.C. 206 in Shanxhi Province
was probably made using iron chains. And also the Iron-Chain suspension
bridge date from A.D. 65 was constructed in Ynnan Provincein China; but
recordsare not reliable asto who built these early bridges.
The native Americansdid , and still do, makeintricate rope pathways, and
perfected these with some ingenious ways of improving the tensile
properties of vine ropes.
By contrast with the earlier unknown builder of suspension bridges, the
Tibetan Monk, Thang-stong rGyal-po may be the first renowned builder of
iron chain bridgeq 2].
[2] H. Max. Irving1981. Cable Sructures, The MIT Press,
Cambridge, M assachusetts, and L ondon, England
The famous Brooklyn Bridge is probably the most remarkable suspension
bridge of the 19" century



Fig. Brooklyn Bridge

It was built during 1869-1883 in New York City across the East river
between the boroughs of Manhattan and Broolkyn. The bridge has a
center span of 486m and side spans of 286m, giving a total cable supported
length of 1058m.

The Brooklyn Bridge —the first East River bridge- was the chief work of
the bridge designer John. A, Roebling, who was born in Germany but
emigrated to the United States of America at the age of 25. Before he
started to design the his Booklyn Bridge construction, he had already
designed the first Niagara Suspension Bridge with a main span of 250m,
and the Cincinnati and Covington suspension Bridge over the Ohio River
with a main span of 322m. The fatal bridge disaster of the suspension
bridge across the Ohio River at Wheeling, which was destoyed by the wind
in 1854, gave Roebling very strong impression on the Wind Effect, and he
took several measures to increase the stiffness of suspension bridges
beyond what is obtained by the cable itself. In his bridges, following the
Wheeling disaster, he therefore introduced stiffening trusses with a
considerable bending stiffness and stay-members to supplement the pure
suspension system.



In the second half of the 19™ century the first order theories were

available to analyze the suspension bridges. In 1886, the first order or
“elastic theory was further developed by Maurice Levy.
The trend to let the calculations influence the lay-out of the structure is
clearly seen in the Williamsburg Bridge, the second bridge to span the East
River in New York. This bridge was completed in 1903, some distance
upstream form the Blooklyn Bridge. It has a main span of 488m. It isthe
first entirely made of steel. The designer’s strong desire to have a
practicable mathematical model in the arrangement of the structural
system led the stiffening trusses of the deck structures of Williamsburg
bridge are exceptionally deep, and the open steel truss towers resemble
high-voltage power linetowersrather than suspension bridge towers.

Fig. Williamsburg Bridge, New York City

In 1909, between the Broolklyn and Williamsburg bridges the Manhattan
Bridge was completed. It is painted blue and has a main span of 448m. In
addition to vehicular traffic, the Manhattan and Williamsburg bridges
also convey metro rail traffic. This causes requirements with respect to the
load carrying capacity of these bridges.

In the evaluation of cable supported bridges the Mahattan Bridge is
notable for the fact that it was the first major suspension bridge to be



analyzed by the so-called ‘deflection theory’ which had been developed by
Melan in Vienna in 1888. The deflection theory is a second order theory
taking into account the displacements of the main cable under traffic load
when calculating the bending momentsin the stiffening girders.

Fig. Manhattan Bridge

After the opening the Manhattan Bridge little progress was made in the
design of suspension bridgesfor a period of morethan 20 years. Then in
1931 came a suspension bridge which almost doubled the free span of the
previous bridges. With it’s main span of 1066m, the George Wahington
Bridge across the Hudson river. This was the first bridge to overcome
1000m between towers.

O.H. Ammann, the designer of George Wahington Bridge had panned
from the beginning of his design to have two decks with roadway on the
upper deck and subway trackson the lower deck.

The 1930s became a decade of great achievements in the field of
suspension bridges in the United States of America: the George
Washington bridge was followed by such impressive structures as the San
Francisco-Oakland Bay Bridge designed by L.S.Moisseiff, and the Golden
gate Bridge designed by J.B.Strauss.

The West Bay Crossing consists of twin suspension bridges placed end ot
end with a separating anchor pier at the center.



Fig. San Fransisco West Bay Crossing
Each of the two suspension bridges has a main span of 704m and side
spans of 352m.

The majestic Golden Gate Bridge is situated at the entrance of the San
Fransisco Bay. The bridge was opened to traffic in May 1937. I1ts 1280m
main span was longest in the world until 1964 before completion of the
Verrazano Bridge. This bridge was made with only two main cables each
930mm in diameter, compared to the four main cables each 910mm in
diameter used in the Geor ge Washinton Bridge.

The stiffening truss of the Golden Gate Bridge represented an extreme
in slender ness as the depth-to -span ratio was only 1:168. At the sametime,
the space truss comprised only three plane trusses, two vertical under the



cable planes and one horizontal below the bridge deck. This configuration
resulted in an insignificant torsional stiffness of the truss section, but at
the time when the Golden Gate Bridge was designed the importance of
torsional stiffness for achieving aerodynamic stability was not fully
appreciate.

A few years later the extreme senderness of the Golden Gate Bridge
was sur passed several times by the Tacoma Narrow Bridge in Washington
Sate, USA, opened to traffic on 1% July 1940. With a main span of 853m it
then ranked as the 3" in the world. This bridge had the stiffening girder
made up of plate girders with a depth-to-span ratio of only 1:350. This
extreme denderness was actually the ultimate result of the designer
L.S.Moisseiff’s application of the deflection theory, which gave ever
decreasing bending moments with reduced bending stiffness. Despite the
extreme denderness of the stiffening girder, the bridge possessed an
adequate safety against the action of the traffic load and the static wind
pressure. Besides the small depth-to-span ratio, the width-to span rationof
1:72 also went beyond previous practice.

Right from its opening, the bridge had shown a tendency to oscillate in
the wind, but during the first four months these oscillations were vertical,
with no rotation of the cross section involved. And the oscillations were
always damped down after having reached an amplitude of about 1.5m.

Then, after a few months in service, following the breaking of some
stabilizing cables which prevented mutual displacements between the
stiffening girder and the main cables at mid-span, the type of oscillation
suddenly changed. The oscillations then took the form of torsional
movements with the main span oscillating asymmetrically in two segments
with a nod e at mid-span. The torsional movements became mo9re and
more violent with a tilting of theroadway at the quarter pointsfrom +45
-45 . After approximately one hour of these violent self-exited oscillations,
caused by negative damping of the aerodynamic forces, the hangers began
to break in fatigue at the sockets and a large portion of the stiffening
girder fell into the water.

During the final oscillations of the Tacoma Bridge the wind had a speed of
56-67km/h, which was well below the maximum wind speed the bridge had
been designed to withstand.



After the Tacoma Bridge Disaster, aerodynamic studies became an
important part of the design process for all suspension bridges to come
and also suspension bridges already built were investigated to reveal if
there was any danger of aerodynamic instability.

Fig. Thefirst Tacoma Bridge

One of the bridge investigated was the Bronx-Whitestone Bridge in New
York. Thisbridge, designed by O.H.Amman and opened to traffic in 1939,
had as stiffening girder composed of two plate girders with a depth-to-
span ration of 1:2009.

Oscillations had been observed on the Bronx-Whitestone Bridge but
they were always of the non-catastophic vertical type and with small
amplitudes.

Nevertheless, in 1946 it was decided to strengthen the Bronx-Whitestone
Bridge by adding a truss on top of the plate girdersto double the depth of
the stiffening girder, and by erecting stays from the pylon tops to the
stiffening girder. And so Roebling's vision to combine the suspension
system with stays to increase the resistance against oscillations was again
adopted.



Fig. Bronx-Whitestone Bridge



A strong bridge
in Michigan

The mo®l remarkable o ihe
bricipas construcisd in tha 1850%
Is the ons scross the Maockinac
Siraits in Michigan, betwean Lake
Michigan and Lake Huron, The
bridga has a todad langth of 58
km, Whan gompleled In 5T,
with 188 maln span of 1158 m |
rankasd 2nd, diFectly aller 1ha
Golden Gate Bridge. The bwa 548
i Eide Spans gne ralther long com-
parasd with the man span. The
steel fowers are 168 m tall
Piciune T8,

The Mackinac HBridge s
claimad 1o ba the warld's strang-
a5 suspansion bridge, abla o
withstand svan winks of 632 mph
oF 10 kmdh, This is achéaved by
maang ol sama stuctural arrange-
e, For inslance, tha Dvs mid-
s lwnss gul o fowr lanes in all
are of apen grid consbructian {he
same arangement s apolisd ko
the Lisban Bridgs, mentioned be-
low). The stramg sleel truss deck
maasures 207 m o« 11,7 m, and the
nawigation clearance is 45 m, On
thia Bridga siie, wintar climata 15
SAVATA

Suspension bridge,
again the longest-
span in Europe

# notable suspension bridge
was camplaied i 1968 across the
Sl iwar, moar Tancardle
France After a paricd of naarly 70
yaars, with & main span of 508 m
it returned b span Ength record
Iroam tha Firth of Forlh Railsay
Bridge (2 & 521 m) back o suspan-
sicn Bridpes in Burope Picfue 20

Instead of paalsbaire sirands,
iR cablas af the Tancardlle Bdidge
oonsisl of helicalwie strands. In
1his respeci, al its complatan o
was the langest suspension bridge
in fhe world, Tha steal tness deck
measuras 16,0 x 60 m, and the
navigalion clesmace g 51 m.

The Tancarvlle Bridgs jowemns
A mads of concmie, nat of sbael.
Far & long time, in this respect o
was the longest-span suspenslon
bridge. Tha Humber Bridge, Bri-
tain 1981, was than tha longest
span suspansion bridgs with con-
arate towars, In Tabla §, the Tallow-
ing bridigas hawe concrale iowens:
Greal  Balt, Humber, Jiangyin,
Teing MWa, and Higa Kuslen The
olhar i Talde | has &) wars

T8 Mackinac Sirails Gridpe, Michigan, claimed io wilhatand ainds
of 1000 Fmeth
FHOTD MACTMAS BRUMNEE ALTHOWTY

20, Tancaraia Bridge, France, amee (e longasi-aoan bidge in
Elvrnpa,
PHOTT CHAMBRE DE COMMERGE & [FINDUSTRIE DU HilRE



Bridges of the 1950's

In 1957, a molabls Bridgs was
apened io tralfic in Wilminglon,
Dedawars, USA. Il was namad
Delawans Mamorial Bridga, and 7
has a main span of 45 m. 4
paralial bridge was bullt durl
ihe lallowing decada. The seco
bridge was complated inm 1958,
and it also has a m leng main
span, The Delaware Memodal
Twin Bridge is the |ongesl-2pan
twin suspension brigge in ihe
world. Picfurs 21

In 1987, in Philadalphia, PA
LS4, a bridpe callad ha Wall
Winitman idge wan opansd 1o
traffic. 11 has a main span of 2000
feal af 610 m, 12 atael truss dock
j® 241 % 5,5 m in cmas-saclion,
ihe sieal iowars & 115 m in
hiakght, and tha navigation clear:
ance ls 45 m

Bridges of the 1960's

Tha Mesrrazanc-Harows Bridge is
ihe maogt remarkable bridge of the
196005, If was comploied in P35 ol
the entrancn of 1o Pord ol Mew
York, With a maln =pan of 1258 M
it was fha langestspan Suspan-
sion bndgs  wntil  the  Humbsar
Bri was compléled i 1981, The
shea| Rowars of the Verrazano
bei are 210 m 183, The bridge
(35T cables, sanh B0 am in dia-
malar, and 1wo tralfic lavels 1oiall
ing 12 lanes. Tha cross-section of
the sleed fnss deck maasuns 1.4
¥ T2 m, and the navigalion chaar-
ance is B9 m. In 1981, annual iraflic
valsma reached 70 mill wahickes
Biciure 22,

Maarty one kilomelre wast of

b fnmzhu ELThhanm;:HILI‘InI
] nburgh, Scollan

m a large suspansion bridgs
was opansd lor road traffic. Tha
main span of ke Firth of Forh
Foad Bridga & 1100 yarde of 1008
i, & 1his was first tima in Eu-
rape whed [he ona kilomaire span
wah axceadad The siael lowars
arg 156 m high, Tha light sieal
truss deck Is 23,8 m wide, tolall-
ing 36,3 m inclsding tha can-
1ilavars for light traffic, and B4 m
deap. Tha navigation olearance 8
&G m. Picture &3

Tha largest suspension bridge
In South Amserica s situabted in
Venezunla, It s the &n lura
Bridge ower the Orinoco Miver @l
Ciudad Bolivar. Tha bridge, main
ﬁn Ti2 m, was completed in

7. This Rmarican type brigge
with sirong slifiening trussas In
the deck measuras 178 % 76m in
cross-section, Tha sieal fowers
are 123 m high, while the naviga-
tion clearance is &0 m. Acfure

et 111
#

twin bridge.

PHITD DELARARED MIVERN POT ATHCHTY

Ay i

22, Varrazano-Narrows Br, Mew Yok agcgagad Mha fang-leagd
apan lenghh mecard of the Goldan Gata pe
FHOTD TAMDADUGH BRIDGE AND TIWNEL AUTHORTY



22 Firk ol Farth Aaed Bridga, oy =
Soodlamd, A fsd Bidge in
Eumpe 0 ascdod a somy engry
af o kiGmsina

PHOTD SCOTTISH MU B A

2d, anposfurs Bridge, Winezusda, the fonpest-span bridps & Soulh Ameviza.
PP LEATRD STATES STTEL iNTEAMATAWAL
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A beautiful red
suspension bridge
at Lisbon

Lisban's first bridge across the
Tagus River was compleled in
1864, It was named Ponbta Salazar.
Dusdiing tha April 1574 ravcduilan,
the Bridgs was rmpamad Ponba 25
de Absil. Tha man span of tha
bridge, 1013 m, was (he langest in
Eurcpe unfil TATO. whan tha
Bosporus Bridge was completed.
The stasl fowars are 190 m fall,
lallesl in Ewnps wntil comalation
al tha Greal Ball Bridge in 19897,
The fowndation depih ol dha
south fower of the Lishon Beidga
|5 B0 m below waber level, and 1ha
navigation clearance of the deck
is 70 m, At complation, ihese bwao
ligures wene mecords for long:
apan suspansion bridges. Tha
skead fruss deck mesgunas 210 ®
W,T m, and thers |8 a plan la add
a rallway onto the lower level of
gack. The Apsid 28tk Bridgs is
paintad in a beauiiful red colowr
and scemalimas i ks ratarred 1o as
L.ramz.g'i Gaiden Gate Bridge. Fio-
iy .

A novel streamlined
suspension bridge
off Bristol

Im 18868, a novel suspension
bridge was opaned ta fralfic over
thm Sarvmrn Alver moar Bristal, Bei-
fadn. Its main span ks 988 m long.
Il s the firs? lOng-3pan Suspsan-
s beldga o Tave bolh & slream-
lined steal boa girder deck and In-
clined hangers. The deck is 30 m
deep, 22,9 m wide, and fotals a
width of 319 m with the can-
tibavars for lght traflic, Tha sieod
iwers are 136 m high, while tha
navigation clearancs is 37 m,

The Savarn Sridge expases an
axcaplicngl laplure Insigad of
convanianal vertical hangers, |ks
l'lﬂl'lnﬂ'l'ﬂ are imclined. Thay foem a
rigzag figura in the lengitudinal
prodile of bridge The inclined
hangers are & means o achiavn
bBaltar damping agalinst vibra:
1kane, cauged by wind and traffec
loads In Tabla |, only the Tallkw-
ing three bridges have inclined
hangers: Humbsar, Bosporus, and
Savarn, while 1he athars have ver:
tical hangars. Beoause of in
creasing trallie oals, tha Savarm
Bridgs was rafusbished In 1ha
1380 Tha hangers  ware
replacad (they ama atill inclined)
and fhe deck and bowers were
strangthamed. Piciue 2.

25, Fonta 25 oa Abril, bacause of s beaudiful g colour sometimeas

mamad Lisbonk Goden Gale Bridge.
PHOTD MINSTEAM? D48 DBRAS FLELICLE

25, Sevarn Bridge, Brifain, the frst major suspension bridge fo have
hath & sireamitngd steel bax girder dack and (nciined hangars.
PHOT BRITISH ROFES LMD

In Table I, 1he flollowing 10
bridpes have siesl box girder
decks: Greatl Bell, Humbear, Jian-
gyin, Tsing Ma. Héga Kusien,

Fatilh Sultan Mahmel, Bosporus,
Kurushima-d, Eurushima-2, and
Sevarn, while the 10 olbers hiave
stesl fruss decks.



Some suspension
bridges with
extraordinary hangers

In Moazambigue, earlkar Por-
tuguese East Africa, thans ans
tweo rane suspensian bridges with
Inclined hangars Wi They both
hava & prastrassad concrata gind-
Br deck and e BUCCaE5ve HUS-
D atag flowe in 1 Koegiuiatinal
a a ri in the longifedema

ﬁlt: ol |gl'i.-dgn. The SZave River

go at Wila Franca do Save,
opaned to fraffic in 1T, is tha
Iomges ans of ihase lwa. Its spans
whe 100 + 3 0 A0 + W00 m; Pl
twre 27, Tha Zambazi River Bridge
al Tele, dated 1972, ia the amaller
one, with spans B0 4+ 3 x 180 +
90 m,

In Bl Salvador, Cantral Amarl-
ca, thane ig even a more exraondi-
nary mulli-span  SwEspansion
brigge. 1t is the San Marcos
Bridge across the Lempa River,
dafed T52 The bridge has five
suocassive suspansion spans ol
TE + 150 + 204 + 158 + TEm.
s hamgers are al @ ras ciiss-
cross pasilian in the langitludinal
prafile of bridge. Piofrre 24

PWOTE MISVETERLD OF OFALS PLT AT

27, Bave Bn'gr, Mazambigus, Tive BUCcesiive SUSHENEIN Spand,
concrate deck Sfrucione, and inclined hangers.
PRI LT ALFOROMA OF ESTRADAS OF MOCAMBTOUE




Bridges of the 1970's

In Europs, In the 18708 fws
nodable suapsnsion ridges wers
apensgd b fraffic. Tha Basparus
Brid in Bstanbul, commleied in
19?'£:| the larger of 1hase. With a
1074 momsain span il was Eunopes

eal-span Buspensicn bridge
unlil complation of the Humbsar
Bridga in 1961, L@ iha Sewern
Bridga. 1ha E::E:unm bridge also
has  inclined hangers and @
stream|ined stes| bos gindes deck.
The deck ia 3,0 m dessp, 280 m
wide, while the botel widih ks 330
i including the cantilevars tar
light traflic, Tha sbaal Iowers ans
165 m tall. Ondy tha main span is
susponded, the side spans ans ur-
susnerded. Piotums 29

&% completion in TR0, the Lithe
Bedl Bridps, Dernmadk, will & maih 2% Sospoves Bndge, fsfanduy), 8 thres mitlenniums dredm of @ bodge
span of m was The larges! sus- b fwean Europe ang dsin

gian bridge in Scandinavia, PWOTD CANAPOLLART GESEL MACS0WL DT
ihe Tancardlle Bridga, b Lii-
tha Badl Bridge has cables consis-
Img af halicatwine sirands insipad
ol paralled-wire sfrands. ks 130 m
Hﬂglll.l:mlﬂm are alsn made af gon-
crebe. Tha abfeamiined staal box

girder deck measures 33,3 % 30m,
whila fhe navigation claarance is
47 m, Ficiuve 30,

The largesi suspension bridge
af the Far Enss was complsted in
1873 aciaEs the Kahimon Sl |
belwesn Kpdahu and Haonshi bs- |
larda o Japar. Tha  Easmsan
Bridge has a maln span of 712 m. |
f This pormwntional Amancan §ypo

Llia suspension bridge has o haavy

" o simel truss deck, measuring 2.0 =
s - | T-'E'I,'IJ m in craas-aesion Tha el
".'.. = lowsis ars W1 M Rgh Brsl The |
1 i L n&vightlioh clearsnce & B1 m

.,_._-...,'w ; i
-

AR Lithe Bell Bridigs. Denmark, onca the larges! suspension bridge in Scandinavia.
FHOTE QSTEMFELD 4 JANSON




Bridges of the 1980's

Thea bridgs atroas The Humbsr
Esfluary af Hingslon-upan-Hull,
Baitain, is tha most emarkable
suApansson beldge of the 1980 K
wias opanad to fratfic in 1981, The
144 m maln span of the Humbar
Bridga returnad the reoord from
Ameroa ke Eum firsL time
:1:: THBG. (¢ Iﬂln the u:rnlﬂﬂ't

e=l-Span Mﬂpﬁiﬁﬂﬂ

wundil comgletion of 1he Greal Beil
Bridgs in 1297, The deck of the
H Bridgs 15 45 m deap (50
% deeper than In Tha Bavarn and
Bosporus hndlpnl. 20 m wida,
and 285 m wida in all including
e cantilewars for light traffic

EHEH Humbsr HEE: I::t: wlqull:
-SpAN SUS n bridge

caposns tha ‘In?:llmg lree tsch-
nical fealuwres oconcrets fowars
(183 m 1adl), inclined hangers, and
a sbreamlined sl box girder
deck. Tha Humbar B & fhs
last major suspension or O
strusbed with inclingd hangers. In
bridges  bull  laber, wertical
nangars ame wﬂ again, The un-

al g tha bolh side
m &mlﬂdﬂmmhﬂ]m

a I'llll.l'l af the Humbar Bridge.
Picture 31

In 1HEE, the second suspension
bridge was compietad acrass fhe
Bosporus in istanbul 11 is localed
some kilometres upsiream from

1ha first bridge. The secand cross:
ing is called tha Fatih Sultan kMeh:
Bridge. it has a main span of
few matres langer than
that of the first bridpe. Similarly o
e firet bridge. (he secand bridge
dlea has & & e sleal Do
f oachk, bul confrary o 1he
bridge tha second bridgs has
warilcal hangare The  second
beidge has 4 = 4 tatic Innn:l
whita the rsi ori has 3 &
lanes ts deck is 3,00m
mi ez, and 19,4 m wids inc
the caniileven for light mlﬁ:.
comgletion. it was (he wides]
long-span suspenaion Bridge in
the world. Tha |wo Bosporus
beicdgan are aquigped with
trian'bicycls paths on both sides,
though rot in =sa mm:rllrr for
salaly reasans).
have a navigation clearance of B4
m. The second bri is situabed
batesan steap river banks, 1 fas
o slde spars &l all, thss 11 & a
mnﬁu—upan guspEnason  bredge
The ez ane 100 m high abose
the piers, and 165 m above tha
waler laval, Picture 37

In the same yesd, 1868, & ng
suCCRRRION Of Dridges was oom:
Hanshu

plaled  batwaan and
Shilcku Islards, alang the H'-;||Irr1.l-
Sakmida Route

in  Jagan. This

!l'ldpl succassion includes same
ard Sus-

E.&m is Galled 1ha
ashi Iu':nu]l i,

123 km, makes L the worlds
gesl highrsapmailway bridge.

#According 1o Tabda I, there are
three large suspension bridpes
an this rauke: Mirami-Bissn sabs
imain & 1100 m), Kita-Biaan
Seth m}, and Shimoisui-Sabs
(B0 m). Tha Minami and Kita
bridgas have ihres mnarmal sus-
pensicn apans In the Shimodsui
Bridga onky the main span ks sus-
pended and the side spans are
unsuspandat. Al thoea bridges
hava shoel bowers and 2 ovel shoal
truss deacks.

Unill the 1297 comgplation of
the T=ing Ma , Bk 1900
makn Mr‘;ﬂ- af mMM| Brigge
for the lime baing makss 0 ihe
widld's longeal-span  highvway
raitway brdge, The steal fowers
of tha Minamd Bridge ame of
diftarand height, 184 m and 188 m.
The stenl truss deck maasures
200 = 138 m, and the navigation
chearance = 65 m. The bridge has
tw cables 1070 mm in diameler,
&id Uhie i the sl suspenaban
brigge ever 1o have cables larger
than one metra. Piciume 33,

In 885, on ihe Kobe-Maruio
Fouts betwean Honshy and Hok
kalde islands, Japan, the Ohnan-
o Bridge was complatad. It is
sibuated south of the gigantic
Bkashi Bridpe on fthe
same rouie. The 878 m main span
places the Ohnaruto Bridge after
1he bridges listed in Tabbe | It has
& gbasl russ dech, 340 x 12,5 m,
and 1he aieal towess ara 145 m
nigh,

31, Mumber Brigge, Beitain, relurned the span lsoglh meord from Americs back fo Ewopa
FHCID RUWBER BRTOIE oA



32 Fatih Swran Maehmer Bridge, Istanbwl, the wides! long-span suspension bridge &1 complation
PHOTE K4ARAVOLLAA!N GEMEL MIDIALAGEH

J3 Ssfo-Ohashi succession of bridges, JJapan, curmsniiy the words fangesl Mpwaprallway Dridge.
PRI HONSHL-FHNINL BROGE SUTHOMTY



Bridges of the 1990's

Thi lasl decade of the ending
milleritiwm, the 1900, can with
reason be relermed 1o az The De
cade of Greal Brdpes. During
this pariod, for instanss, teo of
tha lgrgasl ever budll suspangion
bidges and many olher notable
bridges, particularly cable-stayed
bridges, as well as some large
conorete bridgas [sea Table 1)
will e complatad.

During T9E5-1857, a large saus-
pansion bridge aoross the Anger
man Aiver In Swacan, B under
construciion, i will be lpcaled a
Few Kikomelnss downatredm Trom
the Sanddbron, a graceful con-
arete arch bridge (main span 284
m; 1843 The naw Suspansion
bridge 15 callad 1he Hoga Kiuslan
Bridga, and its main apan af 1210
m will rank Bk in fhe world,
dirsctly afier the Golden Eaie
Bridge. The Haga Kustan Brdge
has conceeda towers, 180 m in
halghi, & streamiined siesl box
girdes deck, 22.0 x £.0 m in cross-
sectien, and a navigation claar
anca of £0 m, For a start thie deck
will hawa two traffic lanes, in the
Mifurs probabdy lowr lanes, The
gide spans will alas be suspend-
ﬁ. for assihetic reascns. Piciune

For soena time, the Greal Balt
East Bridge, under construcibon
in Denmark during 18911987, win
be the workd’s lonpast-span Sus-
panskan briggs {untl completion
af ihe Akashd Bridgeal. H= 1624 m
i apan i% tha first ona to ax
cered one mibe (M08 mi i will also
have ihe world's talkasd concrete

254 m, Tha straambinad
gles| box girder deck, 31,0 x 4.0 m,
& sonfinutus rd the bowors
al a lngth ot mi, from an-
choraga bt anchorage. This is
likaly tha longesi comiinuous
glgal girdes bridge deck in the
wold. There was a8 dispubte be-
tween Finland and Danmark con-
caming tha nawigation clearance
of &5 m, which iz nol high enough
foe gome vagsals, n fAutumn H‘El
IswayEs,  &n repmant  was
meached. Picture

During  1992—7887 in Hang
Kong, which will be retumed to
China in 1987, a large suspansion
bridge Is undar conatruction, The
structure = calkad (he Teing Ma
Bridge, and It l=ads o 1he new
Chel Lap Kok Airport, The 17T m
main span will maks the 24wl
Takng Ma Brigge tha worlds lon-
gest-span highwayirallway bridge.
The la I &ida span, 359 m, is
guspanded, whike the sharter side
span, 300 m, is unsuspandad, The
bridga has wo cabdas 1900 men in

34, HAga Kusien Sl.l:udm Bif with respact (o span langih af
the l:hln,pu of tha mi
PHOTD m“mrrnfamum

35 Greal Balt Bridge. Dammark, for 8 shor! peariod the warlds
longesi-apan SuspEnsian
FHOTD SEOAERA ELTSFORWOELSEN



diamaer. Tha deck, 310 0 7.3 m,
i& @ combbnation of a sheal russ
andl & B oonEnacEan. Al com
phitic, (L will ba the widast long
Epan suspsndicn Bnidge iR 1ha
worid. The upper level &c i3
dalea G lanes for highway ballic
Tha railway tratfic runs ssong {he
|owar Wesed Inskde e bos. whare
Il &0 &S0 TED EMBIGENCE
Imnas Bor mpad iradfc, o ba wsaed
in o of wiglen Iyphocng. Trae
navigation claaranca will ba 79 m
highasl = The workl amoang langs
suspension bridges. Plciure A

In Jdipgsu Prowinca in Ohina
the large Jiangyen Bradge osar
Hiver Yanghes |\ undar conairus-
flon. The Bridge 16 sxiecied 1 D
complated by the change ol the
milennigL bs TIBS m main shaen
|| raeni ih B e word. Cinly fhe
Mk Span i suspended, the bwo
Sl S0EnE ang nok Thus i =il be
iha longasi-span partial suspon
pion brdge. Tiha Diadge will hoso
crrerels lowara, 108 m i Fighl,
and B sireamiread il Hin geil-
o deck, maasurivg 30 < 15 m in
cense-section, Pisiune A5

Ely 1988, 1hia Tigar Gaie Eridga
wmill b& complated &omss 1ha
Pcar| Mresr @l Howses, Ching. s
B rain gpEn olecas 0 jus &l
{or the bridges liesed in Table |
The bridge will hove congmele
iowars and a sirnamiined sheal
bos gldar deck. The cables an
conglrected  of  predabrioaied
parallal-wii MEnls

Batween Honshu and Hokkeal-
do Islands, on the Onomschi-
Imiabkari Aowie in Japan, thame are
Hurusihilma brkdges curmnily ums
dar canElneEtEn

H comprizes Hess naccessive
suspension beidges, with two
shamd cabla archorages. The
Kumushima bridges, o be com
platad in 1990, Fave & InRamiarad
alesl box  ginder  decka  Tha
KEunmhimal Bridge & e
amaliezt one. it has a main &pan
of B00 m and all fhree spans ans
suspended  The Kunushima:2
Bricge k5 In the middie. H has &
main apan ol 1020 e The masn
apan and ohé ol 1ha BaSs dpans
ars guspeectad, The Bunshima-3
Bridpe = e largeat ane of (hase
ihres suspension bridges. He

T o

lsd =1

— _— ——

= o =

. Teing Ma Bridge, Hong Kong, Ihe worid's songsatspan
fgimearpirailnaay Dridgd. PACTLRE COMETRLICTION TOOAN

A8, Kirushlbng Andges, Jepes & fese conairuahion af e
BUCTSERiEe Buspea o Dragee wlR Jued stbaved cable anchorsged
PHOTD HOWSHLULEVROND BRYGE AUTHOMPY

main maln span s 1030 m iong
and only thai |s suspended. The
alignmant of outermasi sida span
o tha FRuruskémad Bridga s
Guresd and |58 Cablas dagssng
by Gha alde Span down b 9

gnd anchomge. &3 llusirated by
e mocoempaewing piciune, The
slonl bow girdes deck of 1k Kuns
shima-3 Bridge moxswres 320 x
&3 m, and e nevigabicn chear
ance ia 85 m, Pelere 38

ar. .,.'.an;:,lm Er.lq:lge_ v, e -‘ﬂ.‘wﬂ-@nml S HRTLRARA r‘:r.;dg-u wiih i Danded Sidd Spans

PCTLVAE TOWAILY LIMSFEWESTY Sl ol

20
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A gigantic bridge
in a strong
earthguake

Dwring 19889858, norih af ihe
above  mantiensd | Dhnaniks
Bridga. & plpantic suspansicn
bebdge B wnder conairuslicn
acioss ihe Akashl Siraits. The
bridpe is situated on the Kobe
Maruld FAoule, belwsen Honshu
and  Shikokw Islands, Japan,
south-wast of Koba City, The 19891
m main span of the Akashi-
Halkyo Bridge is the lirsl one 1o
axiaad A naulical mils (1852 m).
The Twd 2850 m side spans are
&l -ahﬂ-rrl'lnuﬂr lang. The siesl
lowars are 297 m high, tallest
fBrid towers in fha woekd, The
stoal fruss deak accammipdales 6
lanes tor highaay trattic, and tha
navigalinn claagrance iS85 m. Tha
deck mapsures 355 = 140 m in
crogs-saclion, and ke deck is
deapar than in any other long
Epan suspension bridge

Driginally thare was a plan o
accommedale & railway anlo the
lowar laval ol the dach, bul this
plan was abandonsd. The railway
D@ wowld have reguired {owr oa-
Bles, while twa cablas are swii-
cignl for the road traftio The Ewo
cables arp 1922 mm in diamsatar,
which is a record. The gheed wires
ol the cables hava an ullimale
taneile Blrangih of 1800 MPa,
whvich alas is a record. The cabdos
ware consirucied of profabeioal:
ad paralled-wie strands, Consa-
qumt'yw'lhll tachnigue ks suitabla

susspansien beldgas of
nis magnitude, The pilel wire
wag carmeed scress the sirailts by
& halicopbar, a technigwe applied
far the first time ever, Pictue 39

In January 1965, an agrihquaka
of T2 on the Richier scale oo
curmad in Kobe area, and more
than S0 paople wens Rilled, Ao
eording L Piclure 40, tha
apicentra of the earthguisa was
lacated at the sowih and of tha
Akashi Bridge, sevaral kipmelres
away from Kobe City ltsefl. The
bridge experianced & Eevers
earthgieake resistance fesl Whan
i sarhguaks ooourned, tho o
evs of the bridge and its cablas
were newly completed, and 1he
canstructian of the deck was o
b commancad, Boconding io Pie-
e 40, Duildings and beidges cal-
lapsad even al 4 distance of 50
km from ihe Akazhi Bridge.

docording to a  predimingny
resaarch (10, the Akashl Bridge,
naving a design load of 8.5 an the
Bichlar scale sarthquakes, s
wivad wilh minor damages Be-
EHuse ol the movement af ihe

30, Awaahl-Kalkyo Bridge, Japan, record bridpa in many resdects,

amgng ham

the longest main span of any bridoes.

PHOTE HONSHLIAEHTROKL AMEGE ALTHOAITT

T[RRI

Aiage tall rmooasls

4. The apicanire of the Kobe earthguake occwrred af the gife of ke

@E&

Akgehi Brigge, seveval kifomstes away from Kobe Gily itsell.
PICTLRE HANSHLY EXPRESSAST AUALAT CORPORATION

parth, tha distance bsiwesn the
fouindaticng of the bowers in-
greaped B0 cm and the lops of the
toveers inclined B cmn. 'I'?':l main
span increased 80 ocm and be-
cama nearly 1991 m, and 88 &
rasult fha sag of Ihe cables
dacreasad by 130 cmo 0L ks esti-
matad thal s damagss wouwld
nat have been this slight had 1he
Gablas not been alroady installed.
Despita  tha esarthquaks, the
Akashi Bridge |5 axpecied o be
oomplated acoording 10 ke arigi-
nal schedule, in May 1998



Long-span bridges
of the future

In Japan, iherm is & propasal o
Build & gigantic eige scross the
Tll.lﬂﬂl'u Straila belwasn Honshu
and Hokkaida |=lands. The bridge
would Include live sucCassheg
maln spans af 2000 m sach, and
iha greatest foundation depih
would be aboul 230 m. An esti
mated commencament of tha
projac] wauld be arcund the yaar
20%. Since 19588 tham already e
a tunnal, callsd the Saikan Tun-
nil, far radlway traffic under the
Taugaruy Strafs. it is 838 km It;:ﬁ'
cumently tha world's langest rail-
way lunnal, a few kilomatros
longer han e Eurgiunned undes
the Englizh CGhannal

During the past féew decades,
various proposals have Been
mada to buwild a bridgatunnel
across 1he Messina Sialls be-
tween Sicily and laly, Ona of 1he
pohaimas présanis B suUBpansion
bridige wilth & main span ol 3500
m., Tha kowers would ba 800 m
high

Similarly, befwesn Spaim and
Marocco acress tha  Gibrabar
Srai, varous briggefiunnal altar-
nadives have bean poppessd (S0
One mecent plan seggesis an
enarmaus  suspension  Bridgs
with fwo successive main spans
S000 m gach and twao 2000 m long
&iida apans. The loundation dapih
would be 300 m. Picture 4T,

41 A propasal oy & huge sirspension bridpe across the Gibraitar

Sfraif, fwo successie S000 m long apans and o side spans bath

2000 v fang.
PACTIAAR K, OSTEMFELD

I. THE 20 LONGEST-SPAN SUSPENSION BRIDGES WORLDWIDE
{oompleded or under construclicn P905)

Wo. Bridge
Akashi-Kaikyo
Greal Bell Easl
Humbear

Hangyin

Taing Ma*"
Varrazano-Narroes
Golden Gale

Higa Kusien
Maskinan

10 Minaml Bisan-asio®*
11 Failh Suttan Mehmed
12 Bospoiis

13 George Washingbon
14 Kurushima3

15  Kuneshbima-2

16  Ponle 25 de Abril
17 Forlh Road

18 FKita Bisan-seio®®
18 Bawamn

20 Shimolsul-saio®*

** highreayirailway Dridga

o - B h e L RS -

Span

1291 m
1624 mi
1410 m
1385 m
13T m
1298 m
1280 m
1210 m
1158 m
1100 m
1080 m
1074 m
1067 m
1030 m
1020 m
1083 m
1006 m
880 m
HEE m
40 m

Locabion

K ehe-Marulo, Japan
Halsskov-Sproga, Denmark
Hull, Britain

Jigngeu Proy,, China
Teing i, Hong Kang
Haw York, HY, USA

San Francison, CA, USA
Weda, Swadan

Mackinaw City, M, LS
Kojima-Gakaide, Japan
latanbul, Turkey
|stangul, Turkey

Maw York, NY, USA
Dngmichi-lmahari, Japan
Omamichi-lmabar, Japan
Lisbon, Porugal
Edinburgh, Britain
Eajima-Sakaide, Japan
Bristol, Britakn
Kaojima-Sakaida, Japan

THE LONGEST-5PAN SUSPENSION BRIDGE IN FINLAND

1 Kirjalansalmi

20 m

Parainen

Wiaar
1938
19497
160y
19§
1987
1964
1937
1887
1957
1988
1968
18973
1811
19949
18549
18665
1864
158
1865
1058




Tensile Strength in N/zm?

3.2 Cable

3.2.1 Materials

3.2.11 Change in tension strength of bridge wire

« Brooklyn Bridge (1882)
o, =1100 V , for ¢=4.2 mm diameter
mm

Galvanized wire

« Manhattan Bridge (1909)
a, = 1470 ﬂy , Upgraded
mm

+ George Washington Bridge (1932)

o, =1520 N/,
Fritm
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Year

Fig. Historical Change in Tensile Strength of Bridge Wire
(by M. Ohashi)



3.2.12 Wire for wire ropes

« Spiral Rope
Made of round galvanized wires having a diameter
of approximately ¢=35 mm (4 to 6 mm)

_ N
o, =1500 to 1600 Amﬁ

« Locked Coil Ropes
Are composed of round wires
T-shaped (Semi-locked trapezoidal) and
Z-shaped (fully locked) wires



3.2.13 Galvanized Wire for “PWS" and Ultra Long Lay Cable

e "PWS"
Stay cables were also fabricated
from parallel wire strands of 5 mm diameter

galvanized wire in Japan

« "PWC”
Parallel wire cable made of prestressing wire

« Ultra Long Lay Cables
Are fabricated using 7 mm diameter

galvanized wire



3.2.14 Prestressing Steels

Post-tensioning tendons made of wire
7-wire strand or bar

3.2.15 Future of Cable Materials

- N N
o, =1100 /ﬂmz to 1600 Aml more than
50 years

o, = 1800 ﬁ] , for main cable of the
mm
Akashi Strait Bridgeg¢=7 mm



3.2.2 Types of Stay Cables

The requirements for the structural cables are :

1. High load bearing capacity

2. High and stable Young's modulus

3. Compact cross section

4. High fatigue resistance

5. Ease in corrosion protection

6. Ease in handling and installation, and

7. Low cost



32 21 Wire Ropes

J

L
i
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1
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(a) Spiral Rope (b) Locked Coil Rope

Fig. Wire Ropes



3.2.22 Parallel Wire Strand

the Rokko

Fig. Model of the Parallel Wire Strand used
Bridge in Kobe. Japan (217 nos S5mm wires) £ 196

Yo



§1 WOS SEVEM -WRE STRmMTS

Fig. Parallel Strand Cables made of Seven Wire Strands



3.2.23 Parallel Wire Cables and Parallel Strand Cables

(a) A Parallel Wire Cable  (b) A Parallel Strand Cable

"PWC”"

A parallel wire bundle of prestressing wire is incorporated as
a tension member in a polyethylene pipe filled with cement
grout as corrosion protection.

"PSC”
The parallel strand cables are either shop-fabricated or site-

fabricated.
A cost saving is claimed by the site-fabrication of stay

cables with individual strands pushed through a pre-installed
polyethylene pipe, steel pipe or FRP pipe.



3.2.24 Ultra Long Lay Cables

Developing strand in the early 1980's

polyethylens
Jacket

Ea
b
=i
oy
=
o
=l
A
L]
-
=

High=density
palyethylens
jasket

arrosion

protection

compound

Galvanized
HWire

wire

(b) SPWC

(a) New PWS

Fig. Ultra Long Lay Cable



3.2.3 Cable Anchorage and Connection

. IR

N £ -. /
4 \-’A\

LI!‘

Cable Connection at Edge Cable
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Bild 29: 4-Schraubenklemms
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3.2.31 Anchoring of the Single Strand

The anchoring of the single strands is influenced by the
following features :

1. The force in the strand is concentrated on a small cross-
sectional area due to the high stress.

2. Welding, bolting or riveting used to connect other parts of
steel structures can not be used to connect steel wires to
other structural parts.

SECTION I-1

Fig. Strand Shoe for Anchﬁring Strands Erected by
the Air Spinning Method



Fig. Open Sockets used on the Inclined Hangers
of the Severn Bridge



3.2.32 End Fittings of Cables

f Epoxy amp nd

+Fing Du
«Sieel Bal

Cover

Fig. HIAmM Socket







3.3
331

3.3.2

4.1
4.2

Analysis Methods of Cables

Analytic Method

® Catenary Cable
SaticAnalysis
Dynamic analysis

® Parabolic Cable
SaticAnalysis
Dynamic analysis

® Elastic Catenary Method

Finite Element Method

Analysis M ethod of Suspension Bridges

Analytic M ethod
Finite Element M ethod



