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Abstract

In this paper, a three dimensional analysis is performed to investigate the static instability of

long-span cable-stayed bridges due to wind loading. Cables made of carbon fiber composite cable

(CFCC) are studied. Nonlinearity due to displacement-dependent wind loading is considered. A 1400-

meter cable-stayed bridge model is used to investigate the static behavior of bridges with both steel and

CCFC cable. The static instability of the bridges, both after completion as well as under construction,

is considered. This study concludes that the static stability of CFCC long-span cable-stayed bridges

simulates that of steel cable-stayed bridges. It is also shown that the instability phenomenon occurs

when the wind attack angle acting on the girder exceeds 5 degrees.
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1. Introduction

Remarkable increases in the span length of cable-
stayed bridges have been achieved over the past few
years. For example, the Sutong Bridge, with a span of 1088
meters, is currently under construction in China. To pre-
vent degradation of the cables in these bridges from fa-
tigue and corrosion, use of carbon fiber composite cable
(CFCC) has been considered [1-3]. The behavior of long-
span cable-stayed bridges using CFCC is addressed in
this paper.

Kao [4] examined the ultimate strength of long-span
cable-stayed bridges with CFCC. He compared the be-
havior of both steel cable (SC) and CFCC using a 3 di-
mensional elasto-plastic large displacement analysis. It
was shown that the ultimate strength of the bridge using
CFCC was greater than the bridge using SC because
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CFCC retained axial stiffness until the collapse load of
the girder was reached. In addition, the compressive stress
in cross-sections of both the girder and the tower does not
increase under design load intensity because the weight
of CFCC is significantly below that of steel.

To ensure safety, however, against out-of-plane static
instability in the design of long-span cable-stayed bri-
dges is an important issues, because the flutter onset wind
velocity of long-span cable-stayed bridges is larger than
static instability one [5], and also the width of the girder
is controlled by this instability problem.

In this paper, a 3-D geometrically nonlinear finite el-
ement model [4] of a 1400-meter cable-stayed bridge is
used to analyze the static instabilities of the bridge. Wind
loadings, both during and after completion of construc-
tion, are considered. Comparison of the behavior of this
long-span cable-stayed bridge using both CFCC and SC
is presented. Displacement-dependent [6] wind loading
acting on the girder, cables, and towers is employed. Here,
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aerodynamic coefficients are expressed as a function of
the wind attack angle. Thus, when the girder displaces
under three components of wind load, (i.e. lift force, drag
force, and aerodynamic moment), the wind load actually
varies because of the rotation of the girder and the varia-
tion of the horizontal projection of the girder.

2. Bridge Model

Figure 1 provides the details of the 1400 meter self-
anchored cable-stayed bridge used in this study [6—8].
The deck accommodates 4 lanes of traffic. A side-view
of the bridge and a front-view of the tower are given. The
side span length is nearly half of the center span length
and, in the side span, three intermediate piers are insta-
lled at a distance of 100 meters in order to increase in-
plane flexural rigidity of the bridge. The height of the to-
wer from the deck level is one fifth of the center span
length. Cables, spaced at 20 meters, suspend the girder.
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The cross-sectional shape of the girder is shown in
Figure 1(b). The width (Bu) and the depth of the girder is
assumed to be 30 meters and 4.6 meters respectively. A
12 mm thickness is assumed for both the deck and lower
flange. The longitudinally arranged ribs (which are ex-
pected to bear the axial force) have an assumed thickness
of 20 mm. Five inner ribs (of thickness 15 mm) are em-
ployed. The flexural rigidity of the girder near this tower
is increased. This is accomplished by using the thicker
plate shown in Figure 1 (b). The distance (Xu) of the abo-
ve reinforcement, in the direction of the bridge axis, is
140 meters. The thickness of plate of the tower is 30 mm
and equivalent thickness and the thickness of the longitu-
dinally arranged ribs is 10 mm.

Preliminary design cross-sectional properties are list-
ed in Table 1.

The design conditions used for the analysis of cable-
stayed bridge of this paper (using SC) are provided in re-
ference 7. The yield point of the steel plate is 4.511 x 10°
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Figure 1. 1400-meter cable-stayed bridge model.

Table 1. Cross sectional properties (Unit: m, m” or m*)

Cross-sectional
Member

In-plane moment of

Out-of-plane moment St. Venante torsion

area inertia of area of inertia of area constant*
Girder 1 (Basic) 1.647 5.759 131.575 11.145
Girder 2 (Reinforced) 2.299 7.182 240.355 14.489
Tower (per one column) 1.760 30.667 40.320 39.273

*neglecting longitudinal ribs.
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kN/m” and Yong’s modulus is 2.07 x 10* kN/m’. The yi-
eld stress, breaking stress, modulus and allowable stress
of both SC and CFCC are shown in Table 2.

Dead load per unit length (Wp) is calculated as

Wp = (1.44,) x v, +70.0 (1)

Where, A, is the cross-sectional area of the girder
which bears axial force. The coefficient of 1.4 is to take into
account the load from diaphragms and cross frames, etc. s
is the weight density of steel (= 77 KN/m®) and the value
70.0 (KN/m) is the superimposed dead load, such as the
pavement, handrail and attachment, etc. The initial tension
in cables under dead load is determined based on the condi-
tion that the bending moment in the tower is zero and that in
the girder nearly zero. They are so determined that their
vertical components correspond to reactions of a continu-
ous beam. The beam is supported at points where the cables
are anchored to the girder and is subjected to dead load. In
this analysis, the condition for closure of the girder is taken
into account when determining initial tension in the cables.
Maximum tension of the cables caused by live load is as-
sumed to be 25% of initial tension under dead load. Figure
2 shows the crosssectional area and sag of the cables.

3. Analysis under Displacement-dependent
Wind Load

A 3D geometrical nonlinear analysis is employed

[6—8]. For this model, a 4-node isoparametric cable ele-
ment is used [9]. With this element, the wind load acting
on the cable is taken into account. The change of the ten-
sion in cables as well as its change in direction is consid-
ered. The following three components of wind load are
applied to the girder (see Figure 3).

D(a) =0.5pU>4,C, ()
L(o) =0.5pU’BC, (1) 2
M(@)=0.5pU’B’C,,(at)

where, D, L and M are the drag force, lift force and ae-
rodynamic moment, respectively, p is the air density
[10]. A, and B are the horizontal projection and total
width of the girder, respectively. Cp, Cp and Cy, are ae-
rodynamic coefficients and a is the wind attack angle.

/
y; AN

N

a
E Wind direction

Figure 3. Wind load acting on the girder.

Table 2. Material properties of steel cable and carbon fiber composite cable (Unit: kN/m?)

Type Yield stress Breaking stress Young’s modulus Allowable stress
Steel cable 1.1564 x 10° 1.568 x 10° 1.96 x 10° 6.0 x 10°
CFCC [1] 2.450 x 10° 2.450 x 10° 1.65 x 10 8.17 x 10°
~ 0.03 14
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Figure 2. Area and sag of cables (1/4 bridge and one cable pane).
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U, is the wind velocity at the height of z, and is given by

—)'U, (3)

Where, U is the wind velocity at the height of 10 me-
ters.

Figure 4 shows the wind loading of the cable. In the
figure, the wind load (D.) per unit length is expressed as

D¢ =NiDc; +N;Dcy + N3Des + NyDey “4)

where, Ni (i = 1~4) are the shape function of the cable
and D; (i = 1~4) are the drag force at the height of node
i, and are given by

D, =0.5pUC,, (5)

Where, Cp,, is the drag coefficient which is acting on
the cable element, ¢ is the diameter of cable.

Figure 5 shows aerodynamic coefficients depending
on the wind attack angle [11]. These values, which were
obtained from wind tunnel testing, are for a long-span ca-

TYPE-I

Cp,CL,Cum

ble-stayed bridge. We cite this data because the dimen-
sions of the streamlined cross sections used to obtain them
are very similar to Figure (1b). Table 3 shows the dimen-
sion of each streamlined cross section. The dimensions of
type I are nearly same the bridge model shown in Figure
1.

In this analysis, the drag coefficient of the tower and
the cable are assumed to be 1.2 and 0.7 respectively.

4. Results and Discussion

Figure 6 shows the rotational angle of the bridge both

Angle of Attack(Deg)

Angle of Attack(Deg)

Angle of Attack(Deg)

Figure 5. Aerodynamic coefficients.
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Table 3. Prototype dimensions of streamlined cross section in wind tunnel test

Cross section Width (Bu) (m)  Depth at center of the cross section (m) Depth at end of the cross section (m)
TYPE-I 30 4.6 2.3
TYPE-II 36 4.0 2.0
TYPE-IIL 34 4.6 2.3
TYPE-IV 40 4.2 2.1
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Figure 6. Torsion angle of the girder at center point of the span.

after completion as well as before closure of the girder.
The cantilevered erection method has been employed.
The rotational angle is measured at the center of the span.
In the figure, the horizontal axis begins with a wind ve-
locity of 40 m/s (i.e. wind velocities less than 40 m/s
show no variation). From Figure 6, it is shown that the
structure remains stable up to a rotational angle of 5 de-
grees. Note however that a slight difference of this angle
is obtained depending on the cable material and the aero-
dynamic coefficients. When the wind velocity increases
to about 62 m/s, the behavior of the rotational angle of the
bridge after completion becomes unstable. A wind velo-
city of about 50 m/s produces instability in the bridge un-
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der construction.

Of significant importance is the jumping phenome-
non that occurs when the wind attack angle approaches 5
degrees on the completed bridge. This phenomenon is ob-
served regardless of the aerodynamic coefficients and ma-
terial of the cable. The reason for this jump is related to
the drag coefficient, Cp. Note that Cp, increases rapidly at
a 5 degree of wind attack angle as shown in Figure 5. A
complete understanding of this phenomenon is very im-
portant, because unstable onset wind velocity is only
about 62 m/s.

Figure 7 gives the horizontal displacement, at the cen-
ter of the span, as a function of wind velocity. The results
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Figure 7. Horizontal displacement at center of the span.
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of the bridge after completion and the bridge before clo-
sure of the girder are provided in Figure 7(a) and Figure
7(b) respectively. From these diagrams, it is seen that the
response of horizontal displacement in the CFCC bridges
is approximately 10% lower than that of the girder in the
SC bridges. Thus, only modest differences in stability are
influenced by the material of the cables.

Figure 8 shows the vertical deflection at the center of
the girder in both brides both after completion and under
construction. When the wind velocity reaches approxi-
mately 62 m/s, an instability phenomenon occurred in the
completed bridge. Comparing with the behavior of tor-
sional angle and horizontal displacement, nearly same be-
havior of vertical deflection is obtained.

From above results, a map tracking the girder cross-
section under wind load can be made. Figure 9 shows this
tracking map of the girder cross-section, at the center of
the span, when CFCC is used. In this figure, the horizon-
tal axis is the horizontal displacement and vertical axis is
the vertical displacement. The three joined points are the

Deflection(m)

40 45 50 55 60 65 70 75
Wind Velocity(m/s)

(a) After completion

left anchor point, center of the cross-section, and right
anchor point. Each triplet shown is an increment of wind
velocity of 2 m/s. From this figure, it is clearly shown
that the jumping phenomenon occurs in the completed
bridge at 64 m/s wind velocity. In the bridge under con-
struction, a wind velocity of 54 m/sec is the onset of a
more rapid displacement, but not a clearly defined jump-
ing phenomenon.

In previous studies [8], they used smoothed aerody-
namic coefficients to investigate the behavior of the same
bridge model under wind load. Though the unstable be-
havior was obtained at the wind velocity of around 80
m/s, jumping phenomenon did not occur. This indicates
that acrodynamic coefficients of the girder are very im-
portant in static instability analysis of long-span cable-
stayed bridges.

5. Concluding Remarks

Using a 1400-meter cable-stayed bridge, the effect of

Deflection(m)
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Wind Velocity(m/s)
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Figure 8. Vertical deflection at center of the span.
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Figure 9. Track of the girder cross-section at center of the span (Used Type-I acrodynamic coefficients).
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the material of the cable on out-of-plane instability under
displacement-dependent wind load is investigated by us-
ing 3-D geometrical nonlinear analysis. The main results
obtained from this study are summarized as follows.

(1)Instabilities of a completed bridge and a bridge
under construction occur at the wind velocities
of approximately 60 m/s and 50 m/s, respec-
tively. They are smaller than flutter onset wind
velocity.

(2)For the bridges both after completion and before
connection of the girder, responses of the bridge
using CFCC become smaller compared with
those of the bridge using steel cable. In the case
of this model with a span 1400-meters, around
10% reduction of the responses are obtained.

(3)In the bridge after completion, a jumping phe-
nomenon occurs when angle of attack reaches 5
deg. This phenomenon does not occur in the
bridge before connection of the girder, although
the same aerodynamic coefficients are used.
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