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A EJasic Parameter for Optimum Design of Arch and Suspension Bridges

Un parametre fondamental pour le calcul optimal de ponts suspendus et en arc

Ein Grundparameter für die Optimierung von Bogen- und Hängebrücken

ITIO HIRAI TORAZO YOSHIMURA
Professor Professor

Kumamoto University Kyushu University
Kumamoto, Japan Hakozaki, Fukuoka, Japan

1. Introduction
The purpose of this paper is to propose a basic parameter effective to the

optimum designs of arch and Suspension bridges. Since the dynamic factors e.

g., eigenvalues and eigenvectors and the static factors e.g., influence
lines for deflection and bending moment of an arch or Suspension bridge
are subjected to this parameter only, designated by F we are able to determine

the F value which satisfies the structural optimization of the bridge,
which means that one constraint can be made for the design variables of the

bridge. For the optimum design of an arch or Suspension bridge, its geometry

and the cross sectional areas of the elements such as the arch and the

stiffening girder will be the design variables. These design variables are

usually found by mathematical and numerical search methods. Although these

search methods are applicable to a variety of problems, they require repeating
similar calculation changing the values of the design variables until the Optimum

conditions are satisfied. So, it will save much Computer cost to give the

one constraint for the design variables.
There are many analogous points between a Suspension bridge and an arch

bridge, and they may be said to be essentially of the same type of structure
from the view-point that they have girders stiffened with parabolic members

cable and arch respectively. So, both structures can be analyzed by a

common theory (2).
In general, the cross sections of the elements such as the arch and the

stiffening girder are variable. For these elements, the average values should
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be used as approximate values. The errors due to the approximation seem to be

small judging from numerical examples.

2. Theory

In this paper, the bridges are assumed to satisfy the following conditions:
(i) The stiffening girder is of uniform cross section and simply supported at

both ends.

(ii) The cross section of the arch or cable is constant and its mass is
transferred to the stiffening girder.
(iii) The flexural rigidity of the arch can be transferred approximately to the

stiffening girder.
(iv) The arch or cable configuration is given by a parabolic function.
(v) The arch or cable and stiffening girder are connected with an infinite
number of hangers whose elongations are completely neglected.

When the arch and stiffening
girder shown in Fig. 1 is forcibly
deformed by the amount given by

nnx
W l a sin-

n
(1)

where l : span, the horizontal
thrust Äff of the arch is found

from the compatibility condition:
Fig. 1

hsH

where

l6fEB y
an

¦rr-i2 l nSil n
for n 1,3,5,...

0 for n 2,h,6,...
A
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A

a + 1 + RfX-12 + SQ0(JL)k
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(2)

(3)

(U)

A A : cross sectional area of arch girder From this, we see thata y
the arch resists Symmetrie deformation only and does not resist asymmetric
deformation. In other words, for asymmetric deformation the arch bridge is
reduced to a simple girder.

The amplitude of the simple girder loaded with a periodical uniform load

p sintüt in Fig. 2 is given by

kp
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where

r wir i2 / EI
«gn (-iH V"p-

n-th natural frequency of the

girder and p : mass per unit
length of the girder.
When the arch bridge is forced

to vibrate at the amplitude

represented by Eq. (5), the thrust

UJ
AH AH

AH -f l-AH
Fig. 2

IsH caused in the arch is computed directly from Eqs. (2) and (5), i.e.,

A#
GkfEB y

9 .9 l2 72 L 2, 2 2,,
it pl n n (os -tss

gn

(6)

When the arch is isolated from the girder, retaining its deformation, a uniform

load p must be placed on the arch to let it satisfy the equilibrium condition

of force and moment, and its magnitude is determined from,(3)

_ _§£_ AH _
512g.f2B

y i" 72
M _ " P l 2, 2i Trpi n n \iss

k L 2, 2 27 Pa
rz n (w -u ö

(7)

Fig. 3

Let us superpose the arch and

girder to restore the arch bridge.
The arch bridge constructed in this
way is subjected to a uniform load
with the magnitude

P0 Pa + Pg (8)

Using the condition that the applied
force must be zero for free Vibration,
i.e.,

p + p 0 (9)

we arrive at the following frequency

equation:
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which can be expressible in the following nondimensional form,(l)

F(X)
67-

TT I
512,

1
j?B n n(l-nX2)

1
67-, %Z2~k

1.001U

where

X JZL i-T-f/ EI
3 gl <¦ l ' V P

(12) 0.5

The left hand side, i.e., F —

value is a non-dimensional value

to be determined from the dimensions

of the arch bridge. The

relation between F and X is
shown in Fig. 3. The m-th

natural mode <J> (x) is computed

by substituting the m-th natural

frequency tss obtained

from Eq. (ll), into Eq. (5).
That is,

(11)

m= 1Pi
1.0

F 0.00491
0.01200
0.01620
0.02350

03 20
03960
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Fig. U
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(13)

For the normalized mode $ (x) we have

• (x) - C l b sin (-S22-) (f (-V) { Ibt,m m L mn l ' m pl L mn
n

-1 (ll*)

e first normalized mode $ (a;) is shown in Fig. k for some F-values.m=l BTh

Once the m-th natural frequencies iss and the normalized modes $ (x) have
m m

been found, the dynamic and static responses are easily determined.

The static deflection w at x due to the force P. applied at x. is
s u -)

found from

$ (a:) 4>(x.)
". ¦ l "

2
'?

P0
m u

m

(15)

and the bending moment M is calculated from

M8 - EI
d2w_

(16)
dx
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Note that these responses are subjected to the non-dimensional parameter F

For example, the influence lines for deflection at l/k and 1/2 points are
shown in Figs. (5) and (6).
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The aforementioned equations

can be used for the arch

bridges shown in Fig. 7 by

changing the cross sectional
areas and flexural ridigities
of arches and stiffening girders.

For the System (e) in
Fig. 7, the flexural ridigity
J of the girder is zero and

9
the cross sectional area A

3
of the girder is infinity.
The above equations derived for
arch bridges can be applied to

Suspension bridges. For the

Suspension bridge shown in Fig.

8, the B in Eq. (U) is
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A

B — 2
1 1 (17)

1 + 8(^-)2 + 19-2(-£-)1* + ~y~ sec3^ + -— sec3a2

where A : cross sectional area of the cable.
c
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SUMMARY

This paper proposes a basic parameter effective to the optimum design
of arch and Suspension bridges. The dynamic factors (for example, eigenvalue

problem) and static factors (for example, stress and deformation)
of these bridges are subjected to this parameter only, which means that
one constraint can be made for some design variables. So, numerical
calculation will easily be done on the basis of this parameter. Several
diagrams are shown.

RESUME

Ce memoire propose un parametre fondamental qui est efficace pour le
calcul optimal de ponts suspendus et en arc. Les facteurs dynamiques
(par exemple le probleme des valeurs principales) et les facteurs statiques
(par exemple la contrainte et la deformation) de ces ponts ne dependent que
de ce parametre. Le nombre de variables peut alors etre reduit et les
calculs numeriques effectues facilement. Quelques diagrammes sont presentes.

ZUSAMMENFASSUNG

In dieser Mitteilung wird ein für die Optimierung von Bogen- und
Hängebrücken geeigneter Grundparameter vorgeschlagen, der dynamische Faktoren
(z.B. Eigenwertprobleme) und statische Faktoren (z.B. Spannung und Deformation)

dieser Brücken berücksichtigen kann. Dies bedeutet, dass die Zahl der
Entwurfsvariablen reduziert und die Berechnung vereinfacht werden kann.
Diagramme für die praktische Anwendung werden angegeben.
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1. Introduction
When a long-span Suspension bridge is planned, the selection

of its floor system as well as its suspended structure has great
influence on its safety and economy, and its erection and maintenance.

When a floor system is planned at a long-span Suspension
bridge provided with stiffening truss girders, many kinds of floor
Systems can be proposed as discussed later in this paper. At the
present study, structural features of various floor Systems are
examined and compared with one another on such condition as
fabrication, erection, maintenance, economy, etc..

Through discussions the relationship of planning of the
floor System with construction methods will be evaluated in detail
for a design example of bridge in Japan.

2. Suspended Stiffening Structures and Floor System

In the planning of a long-span
Suspension bridge two type of
suspended stiffening structures are
considered: one is a truss type structure

and another is a box girder type
one. Since the former is more
conventional than the latter in Japan,
a truss type stiffening structure
with a floor system combined with an
open grating floor, as shown in
Fig. 1.

Many kinds of construction methods

for the floor system can be
proposed as discussed later in this
paper. Now, the comparative study was
carried out on a heavy weight floor
system (closed steel grating floor)
with a light weight one (steel plate
deck) in steel amount and cost at

Open Gräting
Floor

Steel Plate
Deck

fcB EH r"T"TuT"3^I

M y

p=

Fig. 1 Cross Section of
Suspension Bridge
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their construction time, at an ülustrated Suspension bridge, which
has a length of 16 30 m consisting of a main span of 870 m and two
side spans of each 380 m, and has a width of 30 m. The result of
this comparision is given in the Table 1, which shows that the
bridge with the light weight floor system has the advantage of the
heavy weight one in steel amount and cost. Since there is an opinion

that the floor system had better be heavier judged from the
aerodynamic stability of a long-span Suspension bridge, the relative

merits for aerodynamic stability between heavy and light
weight floor Systems have to be discussed separately.

Table 1 Comparision for steel construction of
öuper-structure at Suspension bridge

Steel Works

Bridge with Closed
Steel Grating Floor

Bridge with Steel
Plate Deck

Weight
(ton)

Unit
Price

!irjr yen)

Sum of
Money

(ltfyen;
Weight
(ton)

Unit Sum of
Price Money

(IO3 yen)U0syen)
Floor System 11 420 350 3 997 11 930 400 4 772

Stiffening Structure 26 750 400 10 700 26 250 400 10 500

Cable 20 840 600 12 504 18 580 600 11 148

Tower 10 930 400 4 372 10 230 400 4 112

Anchorage 5 660 300 1 698 4 980 300 1 494

Total 75 600 33 271 61 970 32 026

3. Outline of Each Floor System

In planning of a floor system for a long-span Suspension
bridge, its laod-carrying capacity, durability, aerodynamic
stability, deformation adaptability, easy and fast erection, easy
maintenance, overall cost saving and so on, have to be examined.
Several floor Systems including new construction methods which have
been developed by authors, will be discussed as follows:
(1) Floor System with reinforced concrete slab: A conventional

reinforced concrete slab deck is considered to be generally
cheapest one among various floor decks at present day in Japan.
On the other hand, site works of forming and reinforcing at
high elevation of a bridge are not always suitable for safe and
fast erection.
Floor system with closed steel grating Floor'™: This type of
floor, as shown in Fig. 2, was
adopted in Verrazano Narrows

(2)

Joint of Slab

Concret istributing Bars

Small I-Beams

Sma 11

Con

Stringer

Stringer ^-^ Steel Plate

Fig. 2 Detail of Grating Floor System
Fig. 3 Detail of Precast Concrete

Steel Grating Floor
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(UAS), Kanmon Bridge(Japan) and so on.
(3) Floor System with precast concrete steel grating floor:

This floor is ülustrated in Fig. 3, and its slab concrete is
precast at a shop and after it is connected to steel stringer,
concrete is cast between slab and slab, and also between slab
and stringer.

(4) Floor system with prefabricated steel deck plate sandwiching
concrete: This deck proposed by authors31, consists of two
steel plates and concrete sandwiched between them. These
plates are connected with stud bolts, and stud shear connectors
are welded to both of the plates making a steel-concrete
composite deck. Photo. 1 shows shop assembly of this deck before
filling up concrete. Fig. 4

and 5 show jointing methods \ „ i?_^ \ "j^j^nffi jj^»-
of this deck.

* %
1_B 1 „ ¦'- II-z ¦ 1 \

fe
W

^^W mw W 1fj w V
Fig. 4 Jointing of Deck Plates

Photo. 1 Assembly of deck

ma tu

Fig. 5 Jointing of Deck Plate to Beam
ww

(5) Floor system for prefabricated composite girder:
This composite girder, proposed by the authors^ as shown in
Fig. 6, consists of an inverted steel T-beam without an upper
flange and a steel grating floor frame, which is directly
attached at a shop. After the prefabricated floor deck is
connected to main cross beam of stiffening trusses, the slab
concrete is cast at the site.

(6) Floor system with orthotropic steel plate deck: A typical
steel deck panel which is well known is shown in Fig. 7.

Pavement
Small I-Beams.-.'-^i^-^Concrete

Distributing
Bars

Steel Deck
PlatesS

Steel
Plate

Longitudinal
Ribs

Stringer

Fig

Haunch
Plate

Cross Ribs

Stringer
6 Detail of Prefabricated

Composite Girder
Fig. 7 Ditail of Orthotropic

Steel Plate Deck

(7) Hollow steel plate deck: This deck developed by the authors
has such a cross section as shown in Photo. 2, and the welded
steel deck consists of two face plates and core plates which
are installed diagonally as shown Photo. 2. To apply this deck
to a floor system at a Suspension bridge, it is set on main
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cross beams of trusses directly
without stringer.

4. Comparision of Floor Systems
in Terms of Weight and Cost
In order to evaluate which

floor System will be the most suitable

for a long-span Suspension
bridge, the design of each floor
System outlined above was carried Photo. 2 Hollow Steel
out under the same design require- Plate Deck

ments that each floor system has a
span length of 12 m and a width of 11 m, and carries a live load of
20 tons truck specified at the Specification for Design of Highway
Bridges, Japan Road Association, 1974. As the result of the design,
dimension and construction cost of each floor system were obtained,
and then unit weight and unit cost per square meters of a floor
area could be calculated as shown in Table 2. The value of unit
weight and unit cost show that the heaviest reinforced concrete
slab is cheapest in cost while the lightest steel plate deck and
hollow steel plate deck are high-priced. Therefore, it might be
not only very difficult, but also risky to make decision only by
these two conditions, because for a long-span Suspension bridge the
third condition expressed in terms of a kind of function or
Performance of the floor system has to be examined.

5. Function Condition and Decision Matrix
As function conditions, fabrication, erection, construction

time, wind-resistance, paving, maintenance and overall economy may
be considered for long-span Suspension bridges. Each of the function

conditions are defined as follows:
(1) Fabrication condition: the nature of fabrication works to

evaluate easiness or hardness of steel works at a shop and time
requirement for fabrication.

(2) Erection condition: the nature of erection works to evaluate
easiness or hardness of field works and safety for Operation at
the site.

(3) Construction time: the time nature of erection works to evalu¬
ate a construction period.

(4) Wind-resistance: the condition of resistance against wind de¬
pending upon the height of a floor System and some other
requirements

(5) Paving: the nature of paving works depending upon the smooth-
ness floor surface.

(6) Maintenance: the nature of maintenance works to be evaluated
by painting on steel surface of a floor System, etc..

(7) Overall economy: an effect of the weight of a floor System on
an overall construction cost of the whole bridge, because as
seen in Table 1, the weight of the floor system of a Suspension
bridge may have great influence on the overall construction
cost of the bridge.
While the weight and cost of a floor system is deterministic

and certain, these function or performance conditions are uncertain
and not deterministic. Therefore, it will be reasonable to evaluate

a degree of those conditions by "excellent", "good", "ordinary"
and "undesirable", to which marks may be given, respectively, with
4 points, 3 points, 2 points and one point for trial. Furthermore,
a so-called emphasis coefficient k, may be proposed to evaluate
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Table 2 Comparision of Floor Sy stems

SJ r-i
o 0) i j<! cu

E-I o Ol B U VJ
QJ rH 4-1 00 o IU ra

E-E AJ U, US c t_> c rH
>* c u CS •H Ve He

o U OO •V J- O TJ
,—E o c m CJ O CU Ve cu

C -H u •H rH ej O
Ol O EJ m 3 Ue ra o ra cu

E-> 1-1 o ra o TJ O e-H

C/J O Ve •H C (U •H Ue Ph
Ue u o i-r O Ve ra u Ve

o ¦O E-H CO Jj C/J 0) JJ CU

IU Ue OJ r-H ra Ve ra vj rH

Conditions C O 10
O 00

O EU

0) IU
M-l

11) O C
EVE *H

CU ÜJ

CU

CU rH O
Ve ej VE HS O VE O

Od fc. C_> -H He tn Cu O CJ IIe O. cn X o

Unit Weight of Floor 530 460 490 380 470 220 220

System [&) in Ranking 7 4 6 3 5 1 1

Unit Cost of Floor 50 000 60 000 65 000 70 000 65 000 85 000 75 000

System [-sr] in Ranking 1 2 3 5 3 7 6

Fi 4 3 2 1 1 1 2
Fabrication 8 6 4 2 2 2 4ki= 2

Erection F2 1

3

3
9

3

9

2
6

3
9

4
12

4

12kz= 3

Construction
Time

F3 1

3

2

6
3

9

3

9

3

9

4

12
4

12kj= 3
Wind-
Resistance

Fe. 3

6
3

6
3

6
3

6
3

6
3

6
4

8kt 2

Paving F, 3 3 3 2 3 2 2

k5= 2 6 6 6 4 6 4 4

Ft 3 2 3 1 2 2
Maintenance

6 4 6 4 4 4 4k6= 2

Overrall
Economy

F7 1

3
2

6
2

6
3

9
2

6
4

12
4

12k7= 3

Total EF, 16
35

18
43

19
46

16
40

17
42

20
52

22
56Ek, F,

3
EF, / 7

in I3oint 2.29 2.57 2.71 2.29 2.43 2. 36 3.14

Mean

Va'. in 1Banking 6 4 3 6 5 2 1

EkiFi
Eki

in 1'oint 2.06 2.53 2.71 2.35 2.47 3.06 3.29

in IBanking 7 4 3 6 5 2 1

relative importance among the function condition or to emphsize
relatively a specific condition. Here, the value of k is taken
tentatively two or three, because it is very difficult to give
deterministic numbers verified by numerical Statistical data.

As shown in Table 2, each floor system depending on construction
mehtods and each function condition with its emphasis coefficient

will make a decision matrix and its outcome will express
functional nature or performance evaluated by marks. In Table 2,

Fj the i-th function condition with i=l to 7,
ki the i-th emphasis coefficient with i=l to 7.

The decision-making for function or Performance will be made by
either EFj /7 or Ek; Fj /ZK, where

EFj/7 a mean value for k| =1
Ek; Fj /Skj a weight mean value.

The final decision has to be made in the overall result for
weight, cost and function of each floor system, depending on the
importance of these three factors because there is no common objective

function among the factors for the most optimum floor system.
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6. Conclusion
The following decision-making in planning will be concluded

from Table 2 as an example:
(1) The most conventional reinforced concrete floor System is

cheaper in construction cost, but is heavier in weight and
undesirable in Performance or function.

(2) Steel plate deck or hollow steel plate deck is more expensive
in construction cost, but is lighter in weight and more desirable

in Performance or function, especially in erection and
overall economy.

(3) The emphasis coefficient has to be determined more precisely,
objectively by various field conditions at the site of bridge
erection and subjectively by designer's judgement. With well-
selected values of the emphasis coefficient, more weighted
evaluation for the nature of function or Performance could be
made.

(4) When the suitability of a floor system cannot be judged from
deterministic ranking alone based on its comparative designs,
the relative evaluation of the floor system on its Performance
or function which is generally uncertain, will be of great help
to approach to its optimum construction method.
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SUMMARY

The present study is intended to plan properly the floor system which
will be optimum for a long-span Suspension bridge with stiffening truss.
Various construction methods for the floor System are examined in
construction cost and weight by comparative designs, and also in its
Performance or function by a decision matrix.
RESUME

Le but de cette etude est de concevoir de faijon optimale le Systeme de
platelage d'un pont suspendu de longue portee, dont le tablier est une
poutre ä treillis. Plusieurs types de platelage sont considöres, du point
de vue methode de construction, coüt, poids, Performances, utilisation;
une matrice de döcision est proposee.
ZUSAMMENFAS SUNG

Zweck dieses Berichtes ist es, das Deckensystem weitgespannter
Hängebrücken mit Fachwerkaussteifung zu optimalisieren. Verschiedene
Deckensysteme werden vom Standpunkt der Ausführung, der Kosten, des Gewichts
und der Nutzung anhand einer Entscheidungsmatrix überprüft.
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