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kept constant, the moments due to all cases of loading are increased. This can be
explained by the fact that for bridge girder with small number of cables (12) the girder
can be considered as a continuous beam on rigid supports. For the case of large numbers
of cables (24&36), the bridge girder can be considered as a continuous beam on elastic

supports, as stated by Agrawal [7].

Figure 3 shows the maximum bending moment at support 2 (second support from the
left). It is shown that the load combinations (L2& L3) result in greater moment values
than load combinations (L1&L4). As amatter of fact load case 2 gives the maximum
negative moment at support 2. It should be noted that the moment values in Figure 3(a)
for the harp system are much greater than those for the semi-fan system. Also, Figure 3
shows that the moment values are reduced as the number of cables increase, whichis

the opposite trend to that in Figure 2.

Figure 4 shows the maximum deflection at the middle of the central bridge span, (a) for
the Harp system and (b) for the semi-fan system. The deflection at the center of the
main span may be considered as one of the most important criterion, which the bridge
superstructure design depends on.. The maximum deflection value at the center of the
bridge deck occurs due to load case 3.On the other hand, load case 4 gives the least
deflection. Also, it is seen that when the number of cables is reduced while the total
area of cables remains constant, the maximum deflection value is decreased. Deflection
values for load case 3 are almost double the corresponding ones for dead load only. As
the prestressed cables prevent deck_ deformation resulting from dead load, thus it will
have very small deformation. The maximum deflection is 48.8 cm and 43.4 cm, for the
case of 36 cables arrangement, for the harp system and the semi-fan system
respectively as shown in figures 4(a) and 4(b). In general, the deflection difference
between the two systems is about 13% higher for the harp system for all cases of
loading and all cables arrangements. It can be concluded that the capability of the
prestressed cables to prevent deck deformation resulting from dead load is observed to

be more significant in the case of the semi-fan system (compare L1 in both cases).
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The variations of cables tension with the number of cables and different load cases for
both systems are shown in Figure S. It is shown that cables tension decreases rapidly
with the increase in number of cables. The distribution of tension in cables for the 36
cables arrangement is less than that of the 12 cables arrangement by 41% for both
systems. The cables away from the tower are more effective in supporting the loads
whereas the cables near the tower develop less tensile forces than those away from it. It
is seen that there is very small difference in cables tension for both systems. The cables
with small rigidity develop smaller tension since the cables area is kept constant.

Regardless of cables number, the maximum tension in cables occurs from load case 3.

Cables with different locations are inclined at different angles to the bridge deck (the

axial forces are transformed from the horizontal component of the cable reaction). In the

fan system, as the number of cables is increased, the inclinations of the cables angles

also increase which, in tumn decrease the axial force acting on the bridge deck. While, in .

the harp system the trend is the opposite since the inclinations of the cables angles are

constant.  Figure. (6), represents the cumulative axial force created by the cable
reactions . acting on the deck for both systems and for different cables configurations for
load case 3. It is seen that the tension in cables is directly proportional to the distance
from the tower. The harp system develops much more compressive axial force than that
of the semi-fan system. In gencral the cumulative axial forces developed in the bridge

deck for the semi-fan system are less than those for the harp system in the order of 12%.

Conclusions

Based on the previous results and discussions, the following conclusions can be drawn:

1- The own weight of the bridge contributes about 60% of the internal forces of the
bridge elements. '

2- Deck moments, deck deflections, and deck cumulative axial forces increase as the
number of cables increases, even though the total cross sectional area of cables
remains constant.

3- The tension in cables decreases rapidly, with the increase of number of cables.

4- Increasing the number of cables in the harp system increases the cumulative axial
force in the bridge deck, where it reaches its maximum value around the tower.

5- The maximum internal forces were due to load case 3.
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6- The semi-fan system is superior to the harp system regarding the strength.
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Fig.1: Bridge Geometry and loading: (a) harp system, (b) semi-fan system, (¢) loading patterns
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Fig.2: Maximum Deck Moments at Middle of Center Span: (a) harp system, {b) semi-fan system
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Fig.3: Maximum Deck Moments at Tower Location; (a) harp system, (b) semi-fan system
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Abstract

A parametric study for two types . of cable-stayed bridges was carried out. The study
considered the harp and the semi-fan systems. Various parameters were considered:
different load cases and different cable configurations and numbers (12,24&36). The
effect of the previous parameters on the deck moment, deck deflection, deck axial force,
and tension forces in cables was investigated. The numerical results indicated that, the
deck moment, deck deflection, and deck axial force increase as the number of cables
increases. Moreover, the cables tension decreases as the number of cables increases. In

general the semi-fan system gives lesser internal forces values than the harp system.
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Introduction
In the structural domain of bridge systems, the cable-supported bridges are
distinguished by their ability to overcome large spans. Although they have been known
since the seventeenth century, they have been experiencing a revival only since the
1960's because of the advances in high technology for materials, construction
techniques, and the advent of high-speed digital computers. The different types of cable
supported bridges can be characterized by the configuration of the cable system. The
suspension system contains a parabolic main cable and vertical hanger cables
connecting the stiffening girder to the main cable. The Cable-stayed system contains
straight inclined cables connecting the stiffening girder to the tower. In recent years the
span of cable-stayed bridges has reached 2 Km (Akashi — kaikyo, Japan 1998). Their
increasing popularity among bridge engineers can be attributed to their excellent
characteristics such that: (1) The appealing aesthetics, (2) The increased stiffness over
suspension bridges. Cable- stayed bridges can be categorized into four types:(l)‘
radiating or fan, (2) semi-fan, (3) harp, and (4) star. Cable arrangement can be ina
single plane or double plane systems. For complete and comprehensive review of cable
stayed bridges the readeris referred to Gimsing [1]. One of the most important factors
in the analysis of cable-stayed bridges, especially long-span bridges, is geometric
nonlinearity. Geometric nonlinearities arise from the geometry changes that take place
as the bridge deforms under loading, which can be attributed to the following factors:
- The nonlinear axial force-elongation behavior for the inclined cable stays under

deferent tension load levels due to the sag initiated by their own weight (sag effect).
- The combined axial load and bending moment interaction for the girder and towers.
- Large displacement, which is produced by the geometry change of the structure.
A common approach to account for the sagging of inclined cables is to consider an
equivalent straight modulus of elasticity, which was first suggested by Ernst [2].

E

an' g

g =
1+
126°

Where, Ecq = equivalent elastic modulus of inclined cables.
E = tangent modulus of elasticity for the cable

Lo =horizontal projected length of the cable.
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Y = weight per unit volume of the cable.
o = cable tensile stress.
The above equation gives the instantaneous tangential value of the equivalent elastic

modulus that the cable tensile stress reaches.

The behavior of a Bridge girder supported by Cables and roller supports at the towers
simulates the behavior of a continuous beam on elastic supports. Due to the cable
inclination, the girder and towers are subjected to significant axial forces. These axial
forces differ according to the number of cables and their connection points with the
girder and the tower, which result in different cable reactions along the bridge girder.
The analytical analysis is based on a continuous model of the bridge that agrees with the
physical behavior of the long-span. This is similar to that of a large truss structure
where the main state of stress is given by axial forces in the stays and in the girder, )
while the deck bending is of secondary importance. The model presented in this paper
is linear and assumes that the continuous girder is supported on roller supports and one

hinged support and cables are pinned at the pylons (towers).

In this paper a parametric study was carried out, incorporating various parameters. The
effect of the number of cables, loading conditions, and the type of bridge system on the
overall behavior of two types of cable-supported bridges has been investigated.
Structural Description and Loading

The geometry, the notation, and the. loading of the cabled-stayed bridges structural
models considered in this paper are illustrated in figurel. Two types of cable-stayed
bridge were investigated: (a) harp fype, (b) semi-fan type. For all types the bridge
model is symmetric and is composed of three major elements: (1) the deck girder, (2)
two Towers and (3) cables. The bridges have three spans, two equal side spans, Ls=81
m. each, and one main span, Lm=203 m., with a total length, Lt=365 m and a constant
cross-section for all cases. The deck girder for each bridge is modeled as a continuous
beam with a hinged support at the left end where other supports are of a roller type. The
towers have constant cross-section and a height, h=45 m. The distance between towers
is 203 m. The ratio of the central span length, Lc=41 m_ and the main span length, Lm,

cquals 0.2. The ratio of the tower height, h, to the total span length, Lt approximately
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equals 0.12 while the ratio b/ Lm equals 0.4. The number of supporting cables
considered is 12, 24, and 36, respectively, and the total cross-sectional area of the cables
remains constant for all cases (0.32 m?), regardless of the number of cables. The

geometric and material properties used in this paper are shown in the following table:

Geometric A E (Mpa) 3 12 L La L. Total
Properties ) ¥ (KNim™) Length
Deck (Plate Girder) 1.64 21X10 10 78.33 03 | 81| 203 41 365
Towers 0.81 21X10 10 78.33 03 - - - 45
Cables 0.32 21x10"? 78.33 - - - Er

Bridges are subjected to two kinds of loads; i.e. dead loads and live loads. For long-span
cable-stayed bridge, the dead loads always contribute the most to total bridge loads. The
live load is assumed uniformly distributed of load intensity of 40 KN/m. This load is
calculated according to the - recommended loads for bridges, Committee on Loads and
Forces on Bridges 1981 [3]. Figure 1(c), illustrates the four loading patterns chosen for
this investigation: load case 1(L1) is for dead load only (D.L.), load case 2 (L2) is for
D.L+ uniform live load (L.L.) on the entire span, load case 3 (L3), is for D.L.+ L.L. on
the Main span only, and load case 4 (L4), is for D.L.+ L.L. on the outer spans only.
Load cases‘ 3 and 4 are according to the British Department of Transport (BD37/88)
Standard {4].

The cable-stayed bridges have been formed as 2D finite element models. The bridge

girders and towers were modeled as beam elements, where the beam element has three

degrees of freedom at each node. Cables were modeled as 2D truss elements having two

degrees of freedom at each node. The bridge girder was discretized as 732 beam

elements, and each tower was discretized as 36 beam elements. The total number of

beam elements used in the whole structure was 766.

Assumptions and Idealizations

The finite element formulation was made within the limitations of the following

assumptions: -

1. The structure is assumed to remain elastic. Members are initially straight and
piecewise prismatic. The material is assumed to have a linearly elastic behavior and

the modulus of elasticity E in tension and compression is equal.
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2. The initial state for linear analysis model is the equilibrium configuration of the
bridge under the effect of the dead loads and prestress (Cables initial tension).

3. Cables were assumed to be perfectly flexible. Flexural rigidity of cables is very
small when compared to that of girder or to\:ver elements and hence is neglected.
Consequently, connection between cable and girder or tower is a pin joint

4, Cables were assumed to be straight members, that is, the effect of catenary action
due to the self-weight of cables was neglected, Podolny {5] has shown that the
effect of catenary action for moderate sag to span ratio is not large. However,
modifying the modulus of elasticity, Ernst [2], can incorporate this effect.

Numerical Results and Discussion:

A comparative analysis was carried out, using STAAD-III software [6], on different

load conditions and different cable arrangements for the two investigated bridge models.

Results for maximum central span mbmcm, maximum moment at the tower, maximum

bridge deck deflection, distribution of tension in cables, and cumulative compressive

axial force on bridge deck are shown in figures 2,3,4,5&6 respectively.

Figures 2‘(a) and 2(b), show four maximum moment curves at the middie of central
panel for Harp bridge system and semi-Fan bridge system respectively. The first curve
in figure 2 (a) and (b), represent the moment due to permanent dead load only and the
other curves represent the moment due to different combinations of dead and live loads.
As seen from the first curve, the moment due to dead load only L1, constitutes about
60% of the moment due to any load combination except for load 4. Also, it is shown
that the moment due to LI increases gradually with the increase in number of cables.
For load combinations L2, L3, and L4 the curves follow the same pattern, i.e., the
moment increases as the number of cables increase. From figure 2, it is obvious that the
deck moment is almost the same for L2 and L3, where L3 gives higher moment values
than L2 by about 4% for all cables arrangements. The same pattern is observed for L1
and L4. Moreover, the resulting moment for load cases (L2& L3) are far greater than
those for load cases Li& L4 by about 52% for 12 cables, by 60% for 24 cables, and
61% for 36 cables. The semi-fan system gives less moment values by about 5% than the
Harp system for all cables configurations. From the previous discussion it can be

concluded that when the number of cables is increased while the total area of cables is
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