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SUMMARY 
 

The cost of composite cable-stayed bridge with 2 edge girders is superior to any other types of cable-stayed bridges. 
So many bridges of this type were constructed in overseas. This paper reports seismic resistance of composite 
cable-stayed bridge. As the model of composite cable-stayed bridges, Owensboro Bridge which was actually 
constructed in the U.S in 2002, was used. To investigate the seismic behavior, 3-dimentional dynamic analysis and 
inspection was carried out using Japanese Specification for Highway-bridges Part V(Seismic Design). As the result of 
the analysis , it was clear that Owensboro Bridge has not the required seismic resistance by Japanese Specification, but 
seismic resistance of this bridge was improved by using isolation bearing, damper and changing bearing layout 
without loosing cost benefit. 
 

INTRODUCTION 
 

Cable-stayed bridge with 2-edge girders has not been constructed in Japan, but the constructions of this type of 
bridge are increasing in U.S. and China. It was reported by the authors that a cable-stayed bridge of this type had the 
same cost efficiency compared to PC rigid frame bridge in Japan. The authors have already studied on the cost 
efficiency and seismic performance of the cable stayed bridge with 2-edge girders1)～5), but in this paper investigates  
seismic performance of the cable stayed bridge with 2-edge girders constructed in U.S. is discussed using Japanese 
Specification for Highway-bridges Part V(Seismic Design). The purpose of this paper discuses the rationality and the 
improvement method of seismic performance by using the result of the above investigations assuming this bridge 
would be constructed in Japan. 
 

OUTLINE OF THE BRIDGE 
 

The Owensboro Bridge over Ohio River in Kentucky State in U.S. are selected as model bridge. This bridge was  
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Figure 1 General View (unit：mm) 

 

 

 

 

 

 

      Figure 2 Cross Section of Main Girder (unit：mm) 

 

completed at 2002.This bridge is composed of three bridges, main 
bridge located in the center is the cable stayed bridge with 2 edge 
girders and two bridges neighboring to the cable stayed bridge are plate 
girder bridges with RC slab. Total bridge length is 1,373m, and the 
length of the cable-stayed bridge is 1,031m. Figure 1 shows the general 
view of this cable-stayed bridge. Figure 2 and Figure 3 show the typical 
structure drawing. Structure of this bridge is outlined below. Span: 
center span length=366m, side span length=152m. Type of the cable 
configuration : fan type. Girder type: 2 edge girders (girder height 
=1.52m). Type of the slab :pre-cast reinforced-concrete slab. Main 
structure is composed of the pre-cast reinforced concrete slab (thickness 
is 240mm) and 2-edge girders as Figure 2 indicates. Two edge girders 
are connected by cross beams placed at intervals 4.6m. RC(reinforced 
concrete) tower is the hollow section and the tower height is 83m, the 
ratio of the tower height to span length is 4.4. This ratio is classified into 
that of the general cable stayed bridge.                     Figure 3 Tower Elevation (Hollow Column) 
 Support conditions of the girders at the tower and piers are following. One of two towers are supported by 
longitudinal fixity and another tower and piers are supported by longitudinal elasticity.   

This bridge was designed by using AASHTO. Erection site in Kentucky State is the region where seismic motion is 
small, so the dominant force acting on the pier and the tower is live load. Seismic motion is not dominant factor.  

Therefore the tower and piers were only checked using the response spectrum defined by TypeⅠSoil in AASHTO. 
TypeⅠSoil is classified into rock ,so the soil condition is good. Two support conditions affecting to the seismic 
performance were investigated. One is the case that elastic bearings were installed at all piers and another is the case 
that the longitudinal movement is fixed at one pier. As the result, this bridge is fixed by using the bracket as shown 
Figure 4 for longitudinal seismic motion. The movement in transverse direction is fixed by the equipment shown 
Figure 5.                                 
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Figure 4 Longitudinal Fixity                                    Figure 5 Sway Bumpers 

 
 

SEISMIC BEHAVIOR OF THE MODEL 
 
Outline 

The seismic behavior of each member of the bridge was investigated by using seismic motions level 2 defined by 
Japanese design specifications of highway bridges, Part V, seismic design. 

 
Modeling 

Assuming that two main girders were composed of the independent beam element respectively, each girder was 
connected by rigid cross beams in analytical model. However, for the simplification of the calculation, the girders of 
the approach bridges were made using single beam element. Actually, this bridge is 7-span continuous bridges 
including the approach bridge, this paper dealt with the bridge as 5-span continuous bridge which was composed of 
3-span continuous cable stayed bridge and neighboring spans, because this calculation is focused on the behavior of 
3-span continuous cable-stayed bridge.  

The models were defined as below. The cables are linear truss elements, the girders and the cross beams are linear 
beam elements, RC towers and RC piers are nonlinear beam element. Nonlinear characteristics of RC members are 
tri-linear type for the skeleton curve and Takeda model for the hysteresis characteristics. The stiffness of the main 
girders includes the slab, because this bridge is designed as the composite bridge. The support condition between the 
foundation and the soil is considered as infinitely large spring, because of the Ground class is ClassⅠ. The elastic 
bearing was modeled by using linear spring. Figure 6 shows analytical model. Standard seismic wave presented in 
“Design Specifications of Highway Bridges, Part V, Seismic Design” was used as input seismic motions.  Seismic 
wave forms of  Kaihoku LG for TypeⅠand JME Kobe NS for TypeⅡ were selected.  Input seismic motion was 
inputted at a time in each support to calculate the longitudinal behavior of the bridge.  

                                                        
Table 1 Period and Effective Mass Ratio 

 
 
 
 
 

Figure 6 Analytical Model



Analysis of eigen value 
First natural period is 3.82 sec, this mode shape is the vertical deflection mode of the girder. Table 1 shows the result 

of the eigen value analysis and the effective mass ratio from first to tenth. From this table it is clear that the effective 
mass of the low order are small compared to the high order. This is the reason why the girder was fixed at the tower. 
For this reason, the superior mode did not appear at low order. As the order become higher, the effective mass increase 
gradually. Figure 7 shows the typical mode shapes. 
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Figure 7 Mode Shapes 

 
Section force of each members 

Time history analysis was carried out and the section force and the displacement were calculated. These responses 
were checked by reference to the allowance described in “Design Specifications of Highway Bridges Part V 
 Seismic Design”. Focusing members are the tower (the cable anchorages, the bottom section of the tower and the 
pier), piers of the neighboring bridges and bearings. Analytical method is Newmark’s β (β=1/4) method and the 
integral interval is 0.002sec. Damping constant was calculated by Rayleigh’s damping focusing on primary vibration 
mode. From Figure 8 to Figure 10 shows the bending moments skeleton calculated at each section in fixed side tower 
P3. Each graph shows the nonlinear characteristics (moment-curvature) through Crack, Yield, and Ultimate point. 
Maximum response of the each section is plotted on this line. From this figure, it is clear that the result of the 
calculation doesn’t satisfy the allowance for the seismic force concentrating at the bottom section C (C-C section in 
fixed side tower) of the pier 3. Especially it is clear that when TypeⅠseismic motion attacked, the bending moment 
exceeds ultimate bending moment. The value of the bending moment at cable anchorage section A (A-A section) and 
the bottom section B of the tower (B-B section) except the bottom of the piers dose not exceed the yield bending 
moment. At the same time, the response of the P4 tower at the movable side dose not exceed the yield bending 
moment at any points. And as the Table 2 indicates, the shearing force excesses the shearing proof at the bottom of the 
tower in a fixed side tower. 
 

 

 

 

 

 

 

 

 

 

   

Figure 8 Moment-Curvature relation  
          at Cable Anchorage Section A in P3 Tower ( ref .Figure3) 

Figure 9 Moment-Curvature relation  
          at Bottom Section B in P3 Tower( ref.Figure3) 



                                                              Table 2 Verification of Shearing Proof 

 

 

 

 

 

 

 

 

 

 

Pier of approach bridges 

Figure 11 and Figure 12 show the response at the bottom of the pier of the approach bridges. The response 
exceeding the yield bending moment does not occur at the pier of approach bridges. Shearing force calculated at each 
pier does not exceed the shearing proof. 
 
 
 
 
 
 
 
 
 
 
 
 
Displacement 

Table 3 shows the displacement of pier and tower. Assuming that the allowable displacement is 250% strain of the 
thickness of rubber bearing, the displacement of the bearing at movable side tower (P4) exceeded the allowable 
displacement.                                       
                                                      Table 3 Maximum Response Displacement 

Summary 
Time history analysis for this model was carried out 

using level 1 seismic motion and level 2 seismic 
motion. As the result, it is concluded that the section 
force are concentrated to fixed side tower P3 and the 
section force exceeds the allowance if the calculation 
of the seismic performance is carried out by “Design 
Specifications of Highway Bridges Part V Seismic 
Design”. And the displacement of the movable side 
tower P4 exceeded the allowable displacement. This 

Figure 10 Moment-Curvature relation 
             at Bottom Section C in P3 Pier (ref.Figure3) 

Figure 11 Moment-Curvature relation  
at Bottom Section in P1 Pier 

Figure 12 Moment-Curvature relation  
at Bottom Section in P2 Pier 



reason is the difference of the size of seismic motion considered between AASHOTO and Japanese Design 
Specifications of Highway Bridges.  

The following becomes clear. When the bridge having the dimensions and bar arrangements designed by the 
relatively small seismic motion as this bridge was checked by Design Specifications of Highway Bridges Part V 
Seismic Design, there are members which does not satisfy the seismic performance. 
 

IMPROVEMENT OF THE SEISMIC PERFORMANCE 
 

Improvement due to reinforcement 
It was clear that after comparisons of the calculation result 

and the proof of members, at fixed side tower the bending 
moment and the shearing force does not satisfy the allowance. 
By modifying the quantity of the reinforcement in the section, 
to satisfy the allowance was investigated. Figure 13 shows C-C 
section at the bottom of the existing tower. The section is 
composed of the lateral hoop tie of 2.84cm2 and the 
intermediate tie bars of 2.00cm2. Intermediate ties is set at 
450mm～750mm intervals. This interval is narrow compared 
with the interval provided for in “Japanese Design 
Specifications of Highway Bridges ”.                             Figure 13 Bottom Section at Tower(secＣ)               
However for the shearing force exceeding the shearing poof, the quantity of tie bars need to increase. Here, assuming 
the commonly used diameter and interval of tie bars in the Japan seismic specification, the intervals of tie bars were 
changed to following.              

The diameter of the tie bar is D25 (area is 5.067cm2), the interval of tie bars is 1m respectively. These size and 
dimension are the value adopted generally in Japan. And for increasing the proof of the bending moment, the diameter 
of the main reinforcement was changed to D41 (area is 13.40 cm2) and the proof of the section was calculated after the 
reinforcement again. This bar arrangement is the maximum quantity of reinforcement if the size of the bottom section 
is not changed. Figure 14 shows the verification after having increased the quantity of the reinforcement. When Type I 
seismic motion attacked, the response exceeding ultimate bending moment decreases within ultimate bending 
moment. But the response did not satisfy the allowance. Despite of the improvement of shearing proof by increasing 
the quantity of tie bars, shearing force at the bottom of fixed side tower exceeded the shearing proof as Table 4 
indicates. Therefore it follows that the size of this section itself is small. 
 

 

                                                        Table 4 Verification of Shearing Proof (after Reinforce) 

                                                          

 

 

 

 

      

 

 

Figure 14 Moment-Curvature relation  
at Bottom Section C in Pier (after Reinforce) 



Improvement due to bearing 
All elastic bearing model 

For distributing the seismic force concentrated at one pier to the other piers, the analysis was carried out by changing 
the support condition at P3 tower from the fixed bearing to the elastic bearing, and at other piers from movable to 
elastic bearing. Analysis was carried out by assuming that the reinforcement is same as original model. Figure 15 
shows the verification of response of bending moment at the bottom of the tower after changing the bearing condition. 
The response exceeding ultimate bending moment at typeⅠseismic motion (Figure 10) decreases to within yield 
bending moment. Because seismic motion was distributed, the bending moment of the approach piers increase and the 
response of the pier exceed the allowance when type I seismic motion attacked, as Figure 16 shows.  

However because the value in excess is small, by increasing the size of the section little more, seismic performance 
would be satisfied the allowance. Figure 17 shows the section of the P1 pier. In this paper, the detail result of the 
calculation is omitted, but we confirmed that the seismic performance will be satisfied allowance by changing the 
main reinforcement #10 (area is 8.19cm2) to D41(area is 11.4cm2) without changing the cross-sectional dimensions of 
the pier. And the shearing force exceeding the shearing proof at the bottom of the P3 tower decreased within the 
shearing proof as Table 5 shows (ref. Table 2). 

As above mentioned, by changing the bearing support condition, the section force at the tower decreases. And it was 
confirmed that the piers in approach spans satisfied the allowance by increasing the diameter of the main 
reinforcement. However, focusing on the bearings, the excessive displacement of the superstructure occurred by using 
the elastic bearings at all supports as Table 6 indicates. 
As the result, the displacement of the bearing at the tower greatly excesses the allowable displacement. The excessive 
displacement like this is not acceptable from the view point of seismic performance. By using the hysteresis dumping 
of the LRB(Lead Rubber Bering) at the bearings, the decreases of the section force and the displacement are expected. 
 

 

 

 

 

 

 

 

 

 

 

 

                                                        Table 5 Verification of Shearing Proof (Elastic Bearing)  

 

 

 

 

 

 

 

Figure 17 Bottom Section at P1 Pier 

Figure 15 Moment-Curvature relation 
at Bottom Section C in P3 Pier (Elastic Bearing) 

Figure 16 Moment-Curvature relation  
at Bottom Section C in P1 Pier (Elastic Bearing) 



isolation bearing model                 Table 6 Verification of Shearing Proof (Elastic Bering) 
The size of the isolation bearings at P1, P2, P5 and P6 
piers are 1000mm×750mm, thickness is 190.5mm, 
and at the P3, P4 towers size is 750mm×750mm and  
same thickness. If the thickness of the bearing at the 
tower is 76mm (this is the thickness decided by the 
displacement of vertical loads), the displacement 
become large, as the result it is impossible that the 
displacement of the bearing satisfies the allowance. 
And the figure of the lead was decided by using the 
general ratio the rubber to the lead,i.e 6%～10%. 
Figure 18 shows the verification result of the bending 
moment at the bottom of the tower when the isolation bearings were used at all supports. 

In comparison with the elastic bearing at all supports, the bending moment at the bottom of the pier decreases 
furthermore(ref. Figure 15).  And the bending moment at the bottom of the P1 pier in the approach bridge was 
decreased due to dumping effect of the isolation bearings. But the bending moment excesses the allowance (ref. 
Figure 19). Table 7 shows the summary of the displacement. In comparison with the elastic bearing, the displacement 
of the bearing decreases on the whole, but the displacement of the bearing at the tower dose not satisfy the allowance. 
For this reason, the size of the isolation bearing and the ratio of the lead to the rubber area were increased in 
comparison with typical ratio of the isolation bearing. The calculation was carried out again by increasing the effect of 
the dumping. Table 8 shows the bearing size after increasing the dumping. This result is shown at Figure 20 and Table 
9. In case of the original bearing size, the result of the calculation dose not satisfy the allowance, but by improving the 
isolation bearing, bending moment at the pier in approach bridge and the displacement of the bearing at the tower 
satisfied the allowance. 
 

 

 

 

 

 

 

 

 

 

 

Elastic bearing and Damper 

The elastic bearing were installed at every support and LED damper shown Figure 21 was installed between the pier 
and the superstructure. This damper is the hysteresis damper with the help of plasticity of the lead and this damper has 
the hysteresis characteristics of bi-linear as shown Figure 22. Secondary stiffness is approximately zero. As the result, 
the characteristics of the hyiteresis become the rectangular and the effect of the dumping is expected. Because the 
displacement for the yield load is small, lateral displacement of the bridge can be controlled. 4 dampers having the 
resistance force 500kN was installed on the each pier and tower respectively. Summation of the resistance force 
becomes 2000kN. Figure 23 shows the result of the calculation focusing on the bending moment at the bottom of the 

Figure 18 Moment-Curvature relation 
at Bottom Section C in P3 Pier (Initial Isolation Bearing) 

Figure 19 Moment-Curvature relation 
at Bottom Section in P1 Pier (Initial Isolation Bearing) 



 
Table 7 Verification of Bearing Displacement (Initial Isolation Bearing)                       Table 8 Bearing Size      

                                                    P1,P2,P5 and P6 Pier 

 

 

 

 

                                                    P3 and P4 Pier 

 

 

 

 

                                         Table 9 Bearing Displacement (Isolation Bearing Last)               

 

 

 

 

 

 

 

 

 

 

 

tower when the damper was installed. Compared with the case that elastic bearings were installed at all supports, the 
bending moments at the bottom of the towers decrease due to the effect of hysteresis dumping as same as the isolation 
bearings.  
When the elastic bearings or isolation bearings were installed at the supports, the bending moments at the bottom of 

the pier exceeded the allowance. But by using the damper, the bending moment satisfied the allowance as Figure 24 
indicates. Table 10 shows the total of displacement. The displacement of the superstructure decreases dramatically 
compare with those of the elastic bearings and the isolation bearing. But the displacement of the bearing at the tower 
slightly exceeds the allowable displacement, it would be possible to satisfy the allowable displacement by increasing 
the size of the bearing. The damper is defferent from the bearing in the point of the size and the structure, so 
restrictions for the install are less than the bearings and expected hysteresis damping can be obtained easily. So we 
concluded that the install of the damper is one of the effective methods for improving seismic performance. 
 

 

 

 

 

 

 

Figure 21 LED Damper                          Figure 22 Hysteresis Characteristic of LED Damper 
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Figure 20 Moment-Curvature relation 
at Bottom Section in P1 Pier (Final Isolation Bearing) 



 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 
 

Composite cable-stayed bridge with 2 edge girders constructed in the region where large seismic motion does not 
affect the structure was checked by “Design Specifications of Highway Bridges, Part V, Seismic Design” . The dead 
load of composite cable stayed bridge that has a concrete slab is heavy compared to the steel deck girder. Therefore, 
when the excessive seismic motion affects the piers and the towers in Japan, it is concerned that the cost effect loses. In 
this paper, four methods for improving the seismic performance was applied to the model of the bridge constructed in 
U.S. And without changing the dimensions of piers and the towers, the improvement of the seismic performance was 
investigated. The result of the analysis is follow. 
 
Calculation result of the original model           Table 10 Verification of Bearing Displacement(Damper) 
1)The seismic force gathers at the bottom of the pier at  
the fixed side tower. So the section force exceeds the 
proof, of displacement of the bearing at movable side 
tower exceeds the allowable displacement. 
2)As the result the original model does not satisfy 
allowance described in “Design Specifications of 
Highway Bridges, Part V ,Seismic Design”. 
 

Improvement due to reinforcement increasing 
1)Without changing the bearing conditions and the   
dimensions of the P3 tower, maximum of the 
reinforcement in section was increased as much as possible. 
2)But due to this improvement, the bending moment and shearing force did not satisfy the allowable values. Therefore 
the cross sectional dimensions of the tower needs to change. 

 
Improvement due to elastic bearing arrangement 
1) Due to the distribution of the seismic force, the section force of the tower in fixed side is decrease drastically. But 
the displacement of the bearing increases and maximum displacement becomes 777mm. The displacement of the 
bearing at the tower exceeds the allowable displacement. Change of the bearing size is desired. 

Figure 23 Moment-Curvature relation 
at Bottom Section C in P3 Pier (Damper) 

Figure 24 Moment-Curvature relation 
at Bottom Section in P1 Pier (Damper) 



2)Section forces of the pier in approach bridges increase and bending moments exceeds the allowable values. Without 
changing the cross-sectional dimensions of the pier, section forces satisfy the allowable values by increasing the 
diameter of the reinforcement. 

 
Improvement due to isolation bearing arrangement 
1) Due to the effect of the hysteresis damping of the isolation bearings, the section forces decrease compared with 
elastic bearings. 
2) Bending moments of the pier in approach bridges decrease too, but the response dose not satisfy the allowable 
values. But if the diameter of the isolation bearings is increased, it will be possible that the response satisfies the 
allowable values. 
3) The displacement of the isolation bearing becomes small compared with those of the elastic bearing, maximum 
displacement is 646mm. But the displacement of the bearing dose not satisfy the allowable displacement at the tower. 
By increasing the area of the lead and upgrading the damping effect, the displacement can decrease furthermore. 
 
Improvement due to damper arrangement 
1) Due to the effect of the hysteresis damping of the damper, section forces decrease compared with the case using 
elastic bearings at all supports. 
2) Bending moments of the piers in the approach bridge decreased too, and satisfied the allowable bending moment. 
3) The displacement of the bearing decreased dramatically compared with the isolation bearings and elastic bearings, 
maximum displacement becomes 272mm. The displacement of the bearings exceeds the allowable displacement. 
This displacement will be satisfied the allowable displacement by increasing the size of the bearing. 

 
In this paper, it is assumed that composite cable stayed bridge with 2 edge girders which is superior to cost 

performance will be constructed in Japan. At the same time, to know the improvement method of the seismic 
performance, actually constructed bridge in U.S. was selected as the model. From the results of nonlinear dynamic 
analysis, dynamic behavior of this type of bridge becomes clear. The isolation bearing and the damper are effective for 
improving the seismic performance of cable stayed bridges. Especially obvious improvement of seismic performance 
is expected by using the damper. 
As the result, it became possible that the composite cable stayed bridge with 2 edge girders designed by using the 

small seismic force in U.S. satisfied the seismic performance in Japan without changing the cross-sectional 
dimensions of the pier and the quantity of the reinforcement. Furthermore, when this type of bridge is designed by 
using the seismic design specifications of Japan, the size of the piers and the tower dose not become drastically big and 
cost performance will not lose. By using the isolation bearing and the damper, the cost efficiency of the composite 
cable stayed bridges increases all the more. 
Dimensions of the bridge in this paper was quoted from public relation magazine「NETWORK SUMMER 1994」

of PB Consultant in U.S.. 
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