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Challenge for Longer Suspension Spans
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Tadaki KAWADA Kunikatsu NOMURA

This paper reports first the outline of the Akashi Kaikyo Bridge, which is a huge suspension bridge
having the center span of 1,990 m and will establish the world record of structural Spans when
completed.

Next, the troubles with the Severn Bridge having dominated the world with the combination of light
streamlined box girders and diagonal hangers, and the significance of mass in suspension bridges,are
discussed. Further the important change of tendency in the first and the Second Bosporus Bridge
constructed as the reflection are pointed out.  Finally, this report explores what the maximum span
of a suspension bridge can be 2,000 m, 3,000 m or longer.
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1. EL®IC 1. INTRODUCTION

BWAEHARTIE, BRRRBTH 2HATERKEOEHRT Construction of a huge suspension span “The Aka-
EPRE > T b, HUERT990 m, AIEEREI960 md H shi Kaikyo Bridge”, has recently begun in Japan. The
T, TRTIUEZ LicttR—e 225, main span of this bridge is 1,990m,with two suspended

side spans of 960m. This bridge will establish the

world record of structural spans when completed.

FTTIBEHIN TS IDE LTI, HRERD XN So far the Bridges opening to traffic now, the
CERHBLDIZAX) AD AN N—FETL 410 m, 5 2 fiiH’ Humber Bridge of the UK. claims the record for
TRAVABRREDT = ZH/ «F 70 X298 m & #i < structural spans with a span of 1410m. Next comes
DTH 5, the Verazano Narrows Bridge of the U.S.A., spanning

1298m.

PR HRIRREE T, BWiiiEfAT Lo - An interesting feature of the Akashi is the revival of
WO REAADLEDP DL NIZ, O TOERI e b 5 the orthodox combination of stiffening trusses and
2 LSRNV I — DA DEPERAIN T W 5, vertical hangers, instead of the combination of light

streamlined box girder and diagonal hangers.

19664F IS T % Aot x— U RE LISk, B Wikt Since its first appearance in 1966 with the Severn
ROV T = DA ARDE L W) A X)) RO KR Bridge, the English technology of light streamlined
AN, 19884RIC5ERE L7t R D N N—1ET D box girder and diagonal hangers has dominated the
BHIN, % EEEL2ESH -2, world, culminating in the Humber Bridge with its

record span of 1410m in 1988.
L LZedt s, XN—=UIBIZBIT 25810 7 —DIRHE) Widely reported oscillation of diagonal hangers, as
R, WERDOFEIG% £ D —HORBENIREZ b1, well ds the early deterioration and fatigue of the

I BT RHARBM AR )| BT R A L&
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Severn Bridge, put an end to the use of light box
girder and diagonal hanger construction.

Compared to the First Bosporus Bridge, the 22 year
younger the Second Bosporus Bridge drastically
added more than 509 dead weight and abolished
diagonal hangers, though it adopted principally the
same streamlined box girder.

This report first attempts to outline the Akashi
Kaikyo Bridge and the troubles with the Severn
Bridge, and secondly proposes what we call “the
additional mass-method” as a remedy for such type of
problems.

Finally, this report explores what the maximum
span of a suspension bridge can be : 2 000m, 3 000m or
longer?

2. CONSTRUCTION OF THE AKASHI
KAIKYO BRIDGE
(1) General

The Akashi Kaikyo Bridge, as shown in Fig.1, is one
of the bridges in the group of Honshu-Shikoku Bridge
complex connecting the Main Island (Honshu) to the
Shikoku Island of Japan and will be constructed
between Kobe City and the Awaji Island in the Akashi
Strait. Shown in Fig.2 is the general view of the
Akashi Kaikyo Bridge. It is a suspension bridge stif-
fened with trusses of three-spans, two-hinged. Its total

length is 3 910 m, and its center span is 1990 m.
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Fig-2 Akashi Kaikyo Bridge

Table-1 Design Conditions Table-2 Designing Summary of Super Structure
- 3-Span Two Hinged Item Center Span Side Span
s Suspension Bridge Maximum
Thickness 38mm 38mm
Cable Span 960419904960 m Section  |of Plate
Stiffening lit
Road Lanes, Design Speed 6Lanes, 100 kn/h Truss Quality HT80 HT80
- R Vertical +7.73~—=5.65 m| +4.39~—3.56 m
Longitudinal |Side Span 3% Straight Slope Deflection
Grade Center Span 1.5% Parabola Horizontal 32.0 m 9.7 m
ope —
Cross Fall 2% Straight Slope Composition $5.22mm X 127Ply X 290Strand X 2
Floor Slab Type Steel Plale Deck Section Area 7 882 om/One Cable
Thickness of Asphalt 75mm Main Diameter 1 120mm
Cable ]
Suspended Structure 28.70 t/m-Br Horizontal Tension
Dead Icaple 1447 53 764 t/One Cable
Load BT T E— Due to Dead Load
Total 42 .87 n
Live Load |Uniform Load 4.06 t/m-Br Maximum Tension 64 490 t/One Cable
Principal Wind Velocity 46 m/sec Size 14.8~10.0 m(Length)X6.6 m(Width)
Suspended Main Thickness of Plate of Tower
Standard Wind[Structure 28 TiseE o |shaft(Quality) 40~48nn(SM58)
’ Velocity for [Cable
Hing Desi ny 6z Horizontal Displacement at +1.97~—1.81 m
Load ¢ Tower 66.7 the Top of Tower (Center Span Side) (Side Span Side)
Suspended
Wind Structure 5.45 t/m-Br
Cabl
Lord able 1.9 @
Tower 6.64
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HAA B I3 E ) 4 km T, HILER TORARIKGEIZ110 m
DR TH N, BRI /v F4.5m/s) TH %,

S A b 2 290000, 7 —7/L60 000 t, #50 000
tTAFF200000tTH 2, FEHLA2 7 ) —FKR) 2 —
213491 250 000 m*TH %

C DOBEEHEEII19884E 5 A ICHM Tl EF I N7,
THEMEE, WIFEETEL TS,

(2) LEpEE

RSO FEHTLEFE-1 LE-2ITRLTW D,
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B L D IBREEOBRERE Lz, 72, WEEE?R
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BEEE R ESE S L) FEINTN D,

WRMGORRIZOWTIE, b T RAREFENTEF KRS
nr, ATMEENCAT 2 RAEEIZT8 m/sTH 555,

The Akashi Strait is about 4 km wide with a
maximum water depth of 110 m at the central portion.
Its maximum tidal current velocity is 9 knots (4.5 m/
s). 90 000 tons of steel for stiffening trusses, 60 000
tons for cable, and 50 000 tons for towers contribute to
a total of 200 000 tons in steel components. In addition,
1250 000 cubic meters of concrete will be used for the
substructure.

Work on the site for this bridge construction project
was started in May 1988. The construction period is
scheduled for ten years.

(2)

Principal specifications for the superstructure are

Superstructure

shown in Table 1 and Table 2. The ratio beween side
span and center span is 1 : 2 because of the following
reasons:

@D Overall cost including superstructure and sub-

structure is estimated the lowest.

® Construction work disturbs the least of the

navigation underneath.

® Recent development of material and technology

convinced as the feasibility of such spans.

So far main cable wires for conventional suspension
bridges have a breaking strength of 160 kg/mm? and
a safety factor of 2.5, but new wires with a breaking
strength of 180 kg /mm? are available. Also, the
tension due to the live load was small, only 8% of the
total tensile strength, so the safety factor of 2.2 is
adopted. Because of this, the allowable stress of the
cables increased from conventional 64kg/mm? to 82
kg/mm?.

By using the newly developed wires, it becomes
possible to change the number of the main cables from
double to single and the height of the main tower is
also lowered approximately 30 m compared to the
previously proposed design.

The main tower has a height of about 300 m above
sea level and is expected to swing considerably during
erection and after completion due to wind. Therefore,
wind tunnel tests were conducted for a number of
models, and the section of tower column was deter-
mined based on the results of these tests. Special
dampers will be attached to the tower shafts in order
to improve their aerodynamic stability during and
after their erection.

As to the stiffening system both truss and box

girder sections were studied previously. The critical
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2L DRFAERDKER L 7 254 7Tl EMHENES.5
m, EEEHAMmTRARELZHET LI EHLEr L
o712, =, Ky 7RI A4 TDETIZ60 m/SFEE TRIE
T5, A2 ET 22 LI ) REREZHLET 2K
v I RZATHARETH DD, 254 7ITHTH
BEOES 2 )RR L o7, THRZEE, BFME
T L OB » SWERSRI b, 7254
TDFHIRY 7254750 HENLT B &) KiFwad
‘/oiz,

(3) TERHEIE

FIEIBEIIR- 3 IRE NS L) %, R8O m, & 365
MOMBORE T —V »Thb, TD L) LERAIRID
N3 L TCORTYE, BRSLUHE I L TELTY
5720 CTHb, HEOHEr —Y v 256, LHOTHT
BUEL, B, R, IRLAMIC2y 7)) —F2T&
LT %, EE» S22 S N5 EKREAE J113125 000
tTH 5,

Tyh—Vby DFAL =T NH 5120 000 tDF|5E
heRT5, W, WERGDNEITEIY 1AL 4ATI
K-41RT LIS, Toh—vy VORI KIEICRL
S72H DI 5T 5, WEHRTEICRES NS 2D,
ZDREH L LHOEDIL T T2 HLEHRIND,

3. REEMHEE EEMN

(1) BAN=UBICAIEMEREEDAESEAH
19664F1C 4 ¥ 1) AT L% Bz N— VB4 o
2%C, MROBRBOERIIILT A VA TH-72, £
TI31M0FICREL 28 22 BOERDOBGN % £ L
T, BBEREELHALF SR a0 7)) — FERRZ A
L72IERICTHEL L D L > Tz,

LNV RBTIE ) LZACKRIRO MG E Hom» b
HE L, X-5I12RT & 5 LHAEOHNT L RD N —
ZERA L2, FSESHTIIROTNE 2 4 — X2 LTHE
MEREL L, ftoNv—de—7Dex7) v 2%FH
AL TREMFO = AN X —IlFZ 2 EH 5 & & b ITHEER
ELTOMEZ M EIR L) LW IHTRTH -7,

wind velocity for the self-excited oscillation is speci-
fied 78 m/s at the constrution site.

The results of the wind tunnel tests showed that
truss will be satisfactry with a cross section of 35.5 m
wide and 14.0 m high, while the box girder we tested
became aerodynamically critical at a wind velocity of
60 m/s.

Of course there were different kind of box sections
which meet the critical wind velocity requirements,
but they were all proved to be hevier and less econom-
ical compared to the truss section under our present
design code.

It was finally concluded that truss section is more
economical and stable than box one in this case.

(3)

The foundation of the main tower is a circular open

Substructure

caisson with diameter of 80 m and height of 70 m as
shown in Fig.3. This foundation is selected because of
its workability at sea and high resistance against tidal
current and scouring. A circular steel caisson is prefa-
bricated in a factory, towed, moored, sunk and filled
with concrete. Maximum vertical force transferred
from the main tower to the foundation is 125000 tons.

Anchorage is subjected to a tensile force of 120000
tons from the main cable. Due to topographic and
geological conditions, the shape of the anchorages are
different between 1A and 4A as indicated in Fig.4.
Since the bridge is constructed near the coastal line,
the work started with the land reclamation by filling

the site in advance.

. LONG-SPAN SUSPENSION BRIDGE AND
ADDITIONAL MASS METHOD
Technological Innovathon in the Severn Bridge

and Its Weak Point

(1

Long span suspension bridge was a typical Amer-
ican technology untill the Severn Bridge was erected
in the UK. in 1966. The accident of the Tacoma
Narrows Bridge in 1940 taught them the fear of
aerodynamic wind, they employed heavy stiffening
trusses and reinforced concrete slabs since then.
UK.
adopted light streamlined box girder and diagonal

Denying American technology, engineers
hangers instead. The streamlined box reduces its
resistance by smoothing the flow, and diagonal hun-
gers can make use of rope hysterisis which follows to

increase both the energetic damping capacity and the
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rigidity of the system as a whole.

These two innovations astonished the bridge engi-
neers of the world, and with their economical
predominace, they changed completely the tendency
of the suspension bridge in the world.

The Severn Bridge, however, was not flawless. On
the contrary it had fatal defect in itself. First the
severe oscillation and damages of the diagonal hun-
gers were reported. Then it became clear that the
entire structure was fatigued and lots of repair work
was urgently required. Various causes were controver-
sially imputed for the early senility of the bridge, but
to our eyes, the truth is very simple : it was built too
light. The engineers who designed the Severn Bridge
forgot the important role of mass or dead load in
suspension bridge.

Our reserch and study clarified the significance of
mass in suspension bridge and we proposed what we
call “the Additional Mass Method”%®,

(2) Changes of Tendency in the First and the
Second Bosporus Bridge

The Second Bosporus Bridge was completed in
1988. As is well known, the First and the Second
Bosporus Bridges are both suspension spans stiffened
with similar streamlined box girders. They are close
to each other in the same strait spanning almost the
same clearance.

While the First Bosporus Bridge was technically a
copy of the Severn Bridge, the newly born the Second
was built changing in tow major systems.

Fig.6 shows general views of the two bridges ; the
First Bosporus has diagonal hangers, but in the Sec-
ond Bosporus they are revised to vertical hangers.

The next major change was the dead weight or
mass of the suspened structure. We can not tell aynth-
ing from Fig.6, but the weight of the Second Bosporus
Bridge was drastically increased. Table 3 shows the
principal specifications for the Severn type suspension
bridges, and Fig.7 shows the unit steel weight of these
box girders. By examining Table 3 and Fig.7, you will
find that the weight of the Namhae Bridge, Severn
Bridge, First Bosporus Bridge and Humber Bridge,
are all proportional to the bridge spans. But the
Japanese Ohshima Bridge and the Second Bosporus
Bridge are different from the others. The fact is that
these two bridges were constructed after the problems

of the Severn Bridge were disclosed. Consequently
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Table-3 Summary of Severn Type Suspension Bridge

() : Weight of Box Girder

Namhae Severn First Bosporus secongosporus Humber Ohshima
Cable and Hanger 0.820 2.76 3.70 6.89 4.96 2.56
Eeag Suspended Structure (g?g) (;gg) (gg%) (}ggé) (L8) I(?g%
54 5 : . . .
Asphalt 0.994 2.10 2.33 2.69 1.67 3.43
Total (t/m/Br) 5.0 12.31 14.54 22.61 14.29 17.24
9Load Lanes | 4Road Lanes | 6Road Lanes | 8Road Lanes | 4Road Lanes | 4Road Lanes
Lanes 2Side Walks | 2Side Walks | 2Side Walks | 2Side Walks | 2Side Walks | 2Side Walks
Soan 1314+404+131 | 305+988+305 | (231) +1074 (210) +1090 280+1410+530{(140) +560
pan(m) =666 =1598 +(255) +(210)]  =2220 +(140)
Distance of Cables(m) 11.0 22.9 28.0 33.8 22.0 22.5
Width of Stiffening Girder(m) 12.0 31.9 33.4 39.4 28.5 29.5
Girder Height(m) 1.65 3.1 3.0 3.0 4.5 2.2

29 LB NEmARE L b DTH 72 &) il
NBBWRTHE L TALBERD—DHN-8 TH 5. X
DUHTDRELHIDIIE LRI RIAEDT =7
VBB BB E (570kg/m?) TH V), Z UK L TH
2 RAKT 2D % D, (670kg/m?=1.18D;) & L 7,
eIy —7NVEREE 2 KRR T AGITH—L TIT-
2o HR7 BRI A3NH7 R 77 ANASTRANT S
5,

HRZ2ENTLLRD LD 12X S,

D BONVH—BHRENVT—ICEET LI EICL
>T, FEMEDT—DMIETIEZ DRI FHERICE
FTa(birbHIIFE—X PO KELLS),

@ FHEEELIRRARSZABD,P» L, HBLRARS
ZKED,(=1.18D) FTHEMEEL I LITL T,
v — b HEEANEE L2 LTk SRED
KT, ZIFEES NS,
CHDEIIE2RART ZBTIE, N A—BROK
Fick->TETT 2RI 2MENMIC L - THibIL
LEZHN5,

513, MBEAENTICR Y R 2 Rl %R, 7
LziFa vz ) — ETHINY 2B RN R HEE
IS DIRFIC LB O BRI L DD EHEZ T 5,

various measures how to correct them were discussed
and they were desinged to conquer the failure dis-
closed by the Severn Bridge. The previous diagonal
hangers and lightweight box girders were shifted to
orthodox vertical hangers and to heavy box girders.

In order to check whether these changes are appro-
priate or not, calculations were made, and their
results are shown in Fig.8.

Load D, (570kg/m?) means the dead load of the
First Bosporus Bridge including cables. Load D, (670
kg/m?=1.18XD,) is the dead load of the Second
Bosporus, also including cables. The calculations were
made for the span length of the Second Bosporus
Bridge. The calculations were NASTRAN.

The results are summarized as follows:

@D By changing the diagonal hangers to vertical
hangers, the rigidity decreases (deflection and
bending moment increase) if the same dead load
is applied.

® The decrease of rigidity of the bridge due to
alteration of hangers from diagonal to vertical is
almost recovered by increasing the dead load
from D, to D,(=1.18X D).

As stated above, the decreased rigidity due to alter-
ation of the hanger shape is believed to be compensat-
ed by adding the weight of steel in the Second Bospor-
us Bridge.

In a long suspension bridge, weight is a major factor
for rigidity. Instead of steel we can use other cheaper
material, say concrete, to add mass on it. We propose
our “Additional Mass Method” as a most advanta-

geous one both structurally and economically.
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4. CHALLENGE FOR LONGER SPAN BRIDGE

(1) Span Length and Material of Cable

Successive holders of the world’s record span length
are listed in Table 4. In this table it can be seen that
records for suspension bridges predominate over other
types of bridge construction.

This is quite a reasonable result from the point of
view modern “strength of material”. Materials such as
steel could be made best use of it by tension, avoiding
compression and bending. Thus the suspension bridge
is the most suitable sort of structure for long spans.
From the Wheeling Bridge built in 1849, some 150
years age, the span of suspension bridge is extending
up to 1990 m of the Akashi Kaikyo Bridge now under
construction in Japan.

Many reasons can be attributed to the background
of this remarkable progress of suspension bridges in
rather a short period of time.

@ Development of cable materials.

@ Progress. of structural analysis and develop-

ment of computers.

® Theoretical and experimental progress against
natural forces such as wind, earthquake and tidal
current.

@ Development of machines both for fabrication
and construction, and also enhancement of quality
control.

Suspension bridge is a structural system which
support its dead and live loads mainly by its main
cables.

Thus its span length is greatly governed by the
material characteristics of the main cables. After the
Brooklyn Bridge, main cables are usually made of
parallel wires of 5 mm diameter for long-span suspen-
sion bridges. Strength and safety factor of these
parallel wires are different depending on the countries
and era as shown in Table 5.

(2) Span Length and Load

Now let us examine the span length of a suspension
bridge using wires with an allowable stress of 82
kg/mm? This is the same type of wires that are
employed for the Akashi Kaikyo Bridge.

The relation between maximum tension 7 and
allowable stress o, of main cable can be expressed in

the equations (1) and (2).



JIHEE#R  Vol.10 / JAN.1991

=7 VO HEE(/m)
) RS ERFERTE (wy) & IERTE (w,) D
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[ XRE (m)
fio—=7NY7 (m)
A =7 )V TERE (m?)
XD, X2 kD
7(“’6;;"5) £ +16(§) |
F—=TNY TR0, FEBT 0. %82000t/m2E 3
13, REBKRRD L) 127 5,

% (we+ws) {X1.077=82 000X A
R EEETIULE
882 000X A
10X (we+ws) X1.077
STy —7NVHEAERZ7.85t/mE UL, wld
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7 054
] < T g s e i s s e (6)
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NT Wb, ¥ 7 %1/8, [/12LBWCRBICHEL, £
NENORERERULT 22 L2 L V-9 25N 5,

X-912BWT, w/wAED L EDHEITZTr —7 V2 H
BENARKZ ) DMEXMETH), ¥ —7 VW 7Tk
> TEFDEIZER 5755 [/10DEAITIZT 054 mE 7 B,
F72, FHEPNIIFEbw/ w x5 REHTREZ X &
BRL TR, 728 2E, 7 A /10 THRFE LAY 2 D3
AT, B2 400 mFE TO MBREIARETH 5 =
EEBHRLTWD, #ICE 21E, XM2 400 mo 1itE % 5
H3 523, WELEZ 2DAL LT s nwa
2% %, RICKRE5 000 mDBa 2 fFlic & 5 &, fifEIkIE
#0487, F—7NOBRMARI L) ERw 3, B
T DFERTE L IGHE O AT ERE w, D2 5L L
EMREETHI LI D,

: Dead weight of cable(t/m)
: Total load(t/m) of live load (W,)
dead load (W;) of suspended structure

and

. Length of span(m)
f . Sag of cable(m)
A:

From equations (1) and (2),

(We+ We) 12 2
T 1+16(§)

Cross sectional area of cable(m?)

<6-.

=\Va

If cable sag f=1//10 and allowable stress o, is

82 000 t/m? then equation (3) can be rewritten as

follows :

10/ 8 (W4 W) IXT1.077=82 000X A «--rereeeeerees (4)
By transforming equation (4),

< 8X82000XA (5)

10X (We+ We) X1.077

where, if the unit weight of cable is 7.85 t/m?, then W,
becomes equal to 7.85XAX . Here a is the coeffi-
cient of the surplus weight of cable for hangers and
cable bands etc. and, if « is assumed 1.1, then equation

(5) can be finally expressed by the following formula:

7054

1< WWJ .......................................... (6)

Cable sag of suspension bridge is generally between
[/ 8 to [/12. So equation (6) will be slightly changed if
we assume the specific sags of 7/ 8 and //12. The
results are calculated and plotted respectively in Fig.
9.

It is clear that W,/ W.=0 corresponds to the free-
hung cable : cable supports alone with nothing more.
Of course the critical span varies depending upon the
cable sag, but Fig.9 shows it is 7 054 m if it has the sag
of 1/10.

Similarly the hatched area shows where the suspen
sion bridge could be designed for the load ratio
W,/ W,. For instance, if the sag ratio is //10 and load
ratio is 2, then the suspension bridge can be designed
up to the maxmum span of 2 400 m. It can be said, on
the contrary, that the load ratio must be maintained
less than 2.0 for planning a suspension bridge with the
span length of 2 400 m.

If a span of 5000 m is required then the load ratio
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Table-4 Succesive Holders of World’s Record
Span Length
Bridge Nation Type Length(m) [ Year Built
Alcantara Spain Stone Arch 29.5 98
Trajan’s Hungary Timber Arch 52 104
(On Stone Piers)
Trezzo Italy Stone Arch 72 1371
Wettingen Germany Timber Arch 119 1758
Union England Chain Suspension 137 1820
Menai Strait England Chain Suspension 177 1826
Fribourg Grand Pont Switzerland | Suspension 265 1834
Wheeling America Suspension 308 1849
Leuiston America Suspension 318 1851
Cincinnati America Suspension 322 1867
Clifton America Suspension 387 1869
Brooklyn America Suspension 486 1883
Firth of Forth England Truss 519 1889
Quebec Canada Truss 549 1917
Ambassador America Suspension 564 1929
George Washington America Suspension 1 067 1931
Golden Gate America Suspension 1280 1937
Verrazano-Narrows America Suspension 1299 1965
Humber England Suspension 1 410 1981
Akashi Kaikyo Japan Suspension 1990 (?)

8 000
7 000
6 000

E

— 5000

=

o0

S 4000

|

C

3 3000

)

2 000

1000

1 L L ! L L

7.0
Ws,/Wc

6.0

Fig-9 Relation between Span Length(l)and W /W,

(3) ZXEMEEI—7LHE
FRIEDPERET 218> Ty — 7MW & DORRE
LA BNE, MIEEIOSAE, EHERE S IRET S
CLICENRDBIENTE D,

RS OWTE % X-1000 & 5 (ICHE L, JEATEBE I
BAEDFEHTZ N MIRD TR GHEET 52 L I2T 5, X
1L R EHTEOBIMRE, X-1213H1E & BA6H
HEORBMRZRLIDDTH B, :

Table-5 Wire Strength and Safety Factor
Diameter | Tensile | Allowable| ~ Safety Factor
Bridge Date znfm;mre atgr/en:n%t)h (Sk:sr/emsms’) America|England|Japan
Brooklyn 1883 | 4.75 112 33 3.3
Williamsberg 1903 | 4.88 141 =
Manhattan 1909 | 4.95 148 51 2.9
Bear Mountain 1924 | 4.95 151 S
Delaware 1924 | 4.98 151 55 2.7
George Washington 1931 | 4.98 155 58 ”
. Fran%igck?and Bay| 1936 | — 4 o !
Golden Gate 1937 | 4.95 " n "
Bronx-Whitestones 1939 | — n " n
Tacoma Narrows 1949 | 4.98 " " "
Delaware Memorial 1951 | — n n "
Mackinac 1957 | — " n "
Walt Whitman 1957 |- — 158 " Z
Verrazano Narrows | 1964 4.98 | 158 | 61 | 2.6
Forth Rord 1964 | 4.98 155 62 2.5
Severn 1966 | 4.98 155 70 2.2
Ponte 25 de Abril 1966 | 5.00 156 s
Newport 1969 | 5.13 155 61 2.5
Bosporus 1973 | 5.00 160 Al 2.3
Kanmon 1973 | 5.04 n 56 2.9
Humber 1981 | — " 70 2.3
Innoshima 1983 | 5.17 " 56 2.9
Ohnaruto 1985 [ 5.37 " 64 2.5
Akashi Kaikyo (7)) 5.22 | 180 82 2.2

becomes about 0.4. This means the unit weight W, of
cable has to be greater by 2.5 times than the total unit
load W, which is the sum of both live load and dead
load of the suspended structure.

3)

As the span length of a suspension bridge becomes

Span Length and Cable Section

longer, so the sectional area of the cable becomes
larger. And once the dead and live loads of the
suspended structure are given, the area of cable can be
easily determined.

Now let’s assume the section of the suspended
structure as shown in Fig.10, then we can estimate the
dead load from the previous data of similar box girder

type suspension bridges. Fig.11 shows the relation
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Table-6 Span Length and Cable Section

Sug Ratio 1/10
Span | Weight of Weight of Cable 'Cable Tension [ Section Area [Cable Number| Weight Ratio
Suspended Structure of Cable (Diameter)
L(m) Ws(t/m/Br.) Wc(t/m/Br.) T(t/Br.) A(m/Br.) ( /Br) Ws/Wc
1,000 19.6 3.2 30 695 0.87 2(0.54) 6.1
2,000 23.2 9.2 87 237 1.06 2(0.91) 2.5
3,000 26.8 19.8 188 206 2.30 4(0.94) 1.4
4,000 30.5 39.9 379 104 4.62 8(0.95) 0.8
5,000 34.1 83.0 788 229 9.61 14(1.08) 0.4
6,000 37.7 214.6 2 037 950 24.85 38(1.01) 0.2
7,000 41.3 5 853.7 50 841 100 620.01 962(1.00) 0.0
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X-11, K-12& 9, BEEEEHOMEw,, FKATEHZ 5
nad,

war = (0.113/+200) kg/m?

M 35 38 o 8 3 we, % 100 kg / m?, & F7 E w, & 200
kg/m? ERET UL, MEEEEOSEME LIGMEDAFN
FEwIAMERZ32mE LTRORTEZ 615,

ws =32 X (Wyy + Wap +w1)
=32x{(0.113 7+200) +100+200}
={32X(0.113 /4+200) X10-3-+9.6} t/m/Br.

CHwERAWT, EXERILIZRO6)L Dy —7 VA
BT 2RKD, Iy —7NVWEEA, ¥ —7NWVENT I
R4), RQ)EWVRDBZ EWTED, -6, X-1313%
TERII0DHAITDOCTEH LIHERERL TV 5,
(X-1312i3Y 7 F 551712, 1/ 8 LB L72), K-137 HhifE
2R, XMPERILT HICONTY —7NVEEIR
BWICHERT 5 2 L 25b» b, FRICKH4 000 mafg» &,
ZOWMEIIF L, PATRT —7TNVDEE, v =7
BeHEIVRSTILE2RIBNPRELS L VB L %
%o WEDFITIL, FEiEEEET KGN $1.06mAHHEFRHK
THb, 2ZTRTr—7NR% ¢ 1mAitke L, KXW
LICHEM I NIy — 7 VIR TOME AL 2 KD T A
720 12720, ¥ —T7NDEEELEIUE LTEHELTW
b, BTEMAERIZE-6ITRLTWDS, AHEERZRS L,
X4 000 mTIF BT 8 A, § b bmFEN AT 44
DT —TNHBREE Db, FIIT4ERDT —7 N2 HH
LERBIZZWoT, BRLZTFUEZL 62 WEL
29 B8, RATRE L 1B b7\, K5 000 mDBA IS,
FUITTRDY —TNDREE L b, 7 — TN EE 1.2
meTHUTHM S AL % 50, &7 —7NDRNHES
BIBEOEER Tr L VLW & L% b9, XM6 000 m
TERAMT —=7NPI8ARE L), LIFRATRELEZ 5
N, BROMEE BTO LR ETORBZME K, 4
000 mfEE L Bbh b,

between girder height and center span of such suspen-
sion bridges, and Fig.12 shows the relation between
girder height and unit weight of steel.

From Figs.11 and 12, the weight of steel W, of the
suspended structure is approximately given by the

following formula:

War = (0.1137+200) kg/m?

If the pavement W,, of the suspended structure is
assumed 100 kg/m? and the live load W; 200 kg/m?,
the total weight W; of dead load and live load of the
suspended structure is given by the formula shown
below (the effective width of the bridge is 32 m).

We=32X Wy, + Wae + W1)
=32x{(0.1137+200) +100+200}
={32x(0.113/+200) X10-3+9.6}t/m/Br.

With this Wi, the cable’s dead weight W, can be
caluculated for various spans from equation (6). Cross
sectional area (A) of the cable and cable tension (7°)
can be obtained from equations (4) and (2). Table 6 and
Fig.13 give the results of the caculations when the sag
is /10. (Cases of sag f =1/12 and /10 are also shown
in Fig.13)

Fig.13 shows clearly the weight of cable increases
sharply as the span becomes longer. Particularly, the
rate of increase in weight is significant when the span
exceeds 4 000 m.

In the case of parallel wire cables, too large a
diameter is not preferable as the secondary stress
increases and become a problem. Among the past
examples, a diameter of 1.06 m adopted for the
Minami-Bisan-Séto Bridge in Japan was the largest in
the world. Thus the cable diameter is assumed to be
about 1 m, and the approximate number of cables
were estimated from the cross sectional area of cables
calculated for respective spans. We adapted 189 for
void ratio of cables.

Results of the calculation are shown in Table 6.
This indicates as for spanning 4 000 m eight cables are
required in total, which means four on both sides.
Since there is no example of using four cables at one
side in the past, there may be some difficulties that
have to be solved. This seems to be possible. When the
span becomes 5000 m seven cables are required on

each side. If the cable diameter is increased to 1.2 m,
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Table-7 Span Length and Cable Section

number of cables may be reduced to five. But there
will be considerable difficulties in averaging the ten-
sion of each cable and in the structural details. If the
span is 6 000 m, 18 cables are needed at each side. This
seems to be impossible. Thus, the limit of span length
using present material and technology seems to be
about 4 000 m.

(4)

Research and develpment for the new material of

New Materials for Main Cable

high tensile and light weight are quite remarkable
recently. Glass, carbon, and aramid fibers are all
widely used today to build aircraft, leisure goods,
automobiles, etc.. Even in the bridge construction
these materials are used for the prestressing tendon.

Ropes made of carbon or aramid fiber are light, of
high tensile strengths, and weather resistant. They are
new and promising materials for bridge building tech-
nology. In the future, there will be a high possibility of
using these new ropes as main cables for ultralong-
span suspension bridges. If such new cables with these
new materials might be applied for the main cables of
suspension bridges, how would they affect the relation
between span length and the cross section of cables?
Calculations were made using aramid fiber ropes with
unit weight of 1.44 t/m?®, allowable stress of 30 000 t/
m?, and sag ratio of //10 for a suspension bridge. The
relation between span length and load ratio is shown
in Fig.14, and the relation between span length and
cross section of cables in Table 7.

From these results, the critical span length of the
cable alone is about 15500 m, which is more than
twice of that using parallel wire cables. Also, tensile

force of cables and cable weight are comparatively

small.
(Aramid Fiber)
Span Length | Weight of Weigth of Cable Section Area 10,000F \ ‘\
Suspended | Cable tensian ofGable 9000k 0\ Y Unit Weight : p =1.44t/m
Structure g \ ‘\ Allowable Stress : ¢.=30.000t/m
; E 8
(m) Ws(t/m/Br.) | We(t/m/Br.) | T (t/Br) A (m/Br.) o N — Sf=1/12
= 7,000
1 000 19.6 1.4 28 233 0.94 2 5o
7 sow
2 000 23.2 3.4 71 839 2.39 s *
& 4,000t
3 000 26.8 6.5 134 513 4.48 3,000}
2,000
4 000 30.5 10.6 221 242 7.37
1,000
5 000 34.1 16.3 838 915 11.30 0 10 20 80 40 50 60 7.0 80 80 100 M0 120
Ws/We
6 000 37.7 23.8 497 329 16.58
Fig-14 Relation between Span L and W,/W,
10 000 52.2 95.3 1984 920 66.16 ) o
(Cable Material:Aramid Fiber)
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On the other hand, the new material cables require
larger cross sectional areas until the span length
reaches approximately 4 000 m. If the new materials
could be used for the main cables, the span length of
suspension bridges would increase greatly. Thus we
await the future development of adequate cables with
these new materials.

It is still a dream even today to construct an ultra-
long-span suspension bridge using these new matrials.
In the days, however, when the iron bridge was first
bulit some 200 years ago, who could imagine such a
long suspension bridge w1th a center span of 2 000 m?
Today, technological innovation is accelerated, and
new materials are devéioped rapidly one after
another. Our dream for the ultralong-span bridge

having a span length of 10 km may come true some
day in the future.
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