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ABSTRACT

This study developed an optimal structural system for the hybrid cable-stayed bridge expected to have a durable lifetime
of 200 years and of which major structural members are made of ultra high performance concrete (UHPC) with 200
MPa-class compressive strength. This innovative cable-stayed bridge system makes it possible to reduce each of the
construction and maintenance costs by 20% compared to the conventional concrete cable-stayed bridge by improving
significantly the weight and durability of the bridge. Therefore, detail design is carried out considering a real 800 m

cable-stayed bridge and the optimal structure of the hybrid cable-stayed bridge is proposed and verified.

Keywords: Hybrid Cable-Stayed Bridge; Ultra High Performance Concrete (UHPC); Optimal Structural System;

Durability

1. Introduction

Recently, the construction market of long-span bridges in
Korea has been boosted owing to the change in the land
development paradigm. However, the Korean techno-
logical level related to long-span bridges remains still
immature resulting in a strong reliance on advanced
countries’ core technologies for the construction of long-
span bridges. Therefore, need is to implement R&D de-
dicated to long-span bridges to prevent further outflow of
the national wealth and reduce the national budget ex-
penditure.

In the case of cable-stayed bridge as one of the repre-
sentative types of long-span bridges, concrete cable-
stayed bridges are known to be economically efficient for
main spans running between 200 m and 400 m but can
also be economically competitive in various aspects for
spans longer than 400 m according to the selective ex-
ploitation of the materials. The construction of an eco-
nomically efficient long-span bridge is primordially re-
lying on the reduction of the weight. To that goal, con-
siderable solutions can be reducing the weight of con-
crete itself or achieving lightweight structure by the re-
duction of the size through the use of concrete with
higher strength. To date, efforts have been ceaselessly
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exerted to develop lightweight concrete to reduce the
weight of concrete itself and applications on structural
members are being under consideration. Besides, for the
solution using concrete with higher strength, the Korea
Institute of Construction Technology has secured original
technology related to ultra high performance concrete
(UHPC) with 200 MPa-class compressive strength and
durable lifetime of 200 years [1-3]. However, the appli-
cation of the developed UHPC to hybrid cable-stayed
bridge is subordinated to the overcoming of the generally
recognized limitations of concrete cable-stayed bridges,
which have been rarely applied in Korea, together with
the establishment of practical technologies of UHPC. To
complicate this situation, the absence of cable-stayed
bridge erected using UHPC wherever in the world neces-
sitates the development of sectional shapes and structural
systems fitted to UHPC for the application of this new
material to the complex cable-stayed bridge structure and
the establishment of component technologies and inte-
grated technology enabling to secure structural safety and
economic efficiency.

As a cable-stayed bridge having its main structural
members made of UHPC with compressive strength of
200 MPa and durable lifetime of 200 years, the hybrid
cable-stayed bridge system to be developed in this study
is an innovative cable-stayed bridge system providing
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reduction of each the construction and maintenance costs
by 20% compared to the conventional concrete cable-
stayed bridge by improving significantly the weight and
durability of the bridge. Therefore, detail design is car-
ried out considering a real 800 m cable-stayed bridge to
derive the optimal structural system of the hybrid cable-
stayed bridge. Thereafter, the so-derived optimal system
is checked for each construction stage and its stability is
verified so as to develop the technology for UHPC cable-
stayed bridge.

2. Derivation of the Optimal Structural
System for the Hybrid Cable-Stayed
Bridge

This study developed the optimal structural system for
the reduced-cost and long-life hybrid cable-stayed bridge
with main span 800 m using UHPC in order to construct
original and economically efficient long-span bridges
relying on our domestic technology.

The structural parameters influencing the performance
of a cable-stayed bridge are more diversified than those
of a common girder bridge. The performance, aesthetics
and economic efficiency of the entire structural system
depends on the structural system determined by each of
these parameters. Even if there are no unique structural
parameters, the values of the optimal structural parame-
ters tend to vary sensitively according to the materials of
the stiffening girder affecting directly the ratio of the
permanent loads to the live loads.

In order to derive the optimal structural system fitted
to the UHPC hybrid cable-stayed bridge, parametric
analysis is conducted for the major parameters including
the cable spacing, the side span length ratio and height of
the pylons. The optimal structural system is finally de-
rived by assessing the structural and economic efficien-
cies.

2.1. Parametric Evaluation for the Cable
Spacing

The spacing of the main cables has critical influence not
only on the structural efficiency during construction and
in the completed system but also on the appearance of
the bridge. In this evaluation, the main cables are realis-
tically arranged at spacing of 7.0 m, 10.5 m and 14.0 m
(Figures 1 to 3). Structural analysis is performed for the
whole system considering each spacing to compare the
stresses developed in the girder with regard to the loads
governing the design that are the permanent loads, the
live loads and the replacement and breakage of cables
and determine the appropriate spacing of the cables.
Since this evaluation focuses on the effects of the exter-
nal forces, the prestressing tendons inside the cross-sec-
tion of the hybrid cable-stayed bridge are not included in
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Figure 1. Cable spacing of 7.0 m.
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Figure 2. Cable spacing of 10.5 m.
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Figure 3. Cable spacing of 14.0 m.

the models as being corresponding to internal forces.

The amount of cables used in each spacing is pre-
sented in Figure 4, where the X axis represents the cable
spacing. In Figure 4, the values of percentage were cal-
culated relatively on the basis of the amount of the cable
at cable spacing 10.5 m. It is known that the total weight
of the cables in a cable-stayed bridge does not vary with
shorter spacing. In this evaluation, the change is seen to
be less than 2%. However, this observation holds only
for the amount of cables but does not consider the in-
crease of the number of anchors with the shortening of
the cable spacing, which affects the economic efficiency
of the bridge.

Tables 1 and 2 arrange the stresses developed in the
upper girder under the application of the load combina-
tions involving the permanent and live loads as principal
loads, and the replacement and breakage of cable. The
compressive stresses occur at the pylon whereas the ten-
sile stresses occur at the center of the main span. Under
the combination of the principal loads, the stress devel-
oped in the upper girder experiences insignificant change
according to the variation of the cable spacing but ap-
pears to increase with longer cable spacing under the
cable replacement and breakage combinations. The com-
pressive stress at the whole remains below the allowable
stress while the tensile stress in the top chord exceeds the
allowable stress in all cases indicating the need for
strengthening by prestress.

Figure 5 plots the amounts of tendons to be arranged
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Table 1. Compressive stress by allowable stress combination (pylon).

Utilization ratio

Stress Compressive stress (overdesign factor incl.) 3) Allowable
[MPa] 1) Top chord 2) Bottom chord comp. stress Top chord 1)/3) Bottom chord 2)/3)
7.0 m —46.01 —55.22 —108.0 0.426 0.511
Principal loads 10.5m —40.72 —54.76 -108.0 0.377 0.507
14.0 m —43.13 —71.83 —108.0 0.399 0.665
7.0 m —28.58 —30.62 -108.0 0.265 0.284
Cable replacement 10.5m -23.91 -30.76 -108.0 0.221 0.285
14.0 m —25.16 —44.75 —-108.0 0.233 0414
7.0 m —25.99 —28.19 —108.0 0.241 0.261
Cable breakage 10.5m —22.39 —27.69 —108.0 0.207 0.256
14.0 m —40.61 —61.40 —108.0 0.376 0.569
Table 2. Tensile stress by allowable stress combination (center of main span).
Stress Tensile stress (overdesign factor incl.) 3) Allowable tensile PS reinforcement stress
[MPa] 1) Top chord 2) Bottom chord stress Top chord 1)-3) Bottom chord
7.0 m 10.66 24.76 7.6 3.06 24.76
Principal loads 10.5m 11.96 26.51 7.6 4.36 26.51
14.0 m 15.49 28.33 7.6 7.89 28.33
7.0 m 8.16 33.98 7.6 0.56 33.98
Cable replacement 10.5m 11.26 42.65 7.6 3.66 42.65
14.0 m 15.64 50.10 7.6 8.04 50.10
7.0 m 5.74 35.56 7.6 0.00 35.56
Cable breakage 10.5m 8.29 47.33 7.6 0.69 4733
14.0 m 13.01 61.52 7.6 541 61.52
5000 3000
< 101.73% 100.00% 99.36% 136.08%
é 4000 — * —e ’g 2500 -
;;g 3000 ;2/ 2000 0 100.00%,
g 2000 :; 1500 70'27,A’
% 1000 g 1000
o . . < 500
7.0 m 10.5m 14.0 m 0
7.0m 10.5m 14.0 m

Figure 4. Amount of cables per cable spacing.

in the cross-section exceeding the allowable tensile stress
per cable spacing of the hybrid cable-stayed bridge.
These amounts are computed assuming that the tendons
installed at mid-span will resist axially by being arranged
at the centroid of the cross-section. For the cable spacing
of 14.0 m, the prestress stress to be introduced in the up-
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Figure 5. Amount of tendons required per cable spacing.

per girder reaches a high value of 53.52 MPa, which
represents a surplus in steel wires of 36% compared to
the 10.5 m cable spacing. Following, the additional ar-
rangement of steel wires all along the stiffening girder to
prepare for extreme events will cause not only the in-
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crease of the construction cost but also the extension of
the construction period.

Figure 6 compares the construction cost according to
the cable spacing for the amount of tendons shown in
Figure 5 as the sum of construction costs of the upper
girder, steel wires, cables (including the anchorages) and
pylons. The results indicate that the cable spacing of 10.5
m is the most cost efficient but with a benefit below 1%.

2.2. Check of Side Span Length Ratio

Determining the length of the main span is the most im-
portant process in the design of the cable-stayed bridge.
However, the structural behavior of the whole system
varies according to the length of the side spans even if
the length of the main span has been decided. This side
span length ratio is also influencing significantly the
economic efficiency. In this study, the side span length
ratio is determined by examining the stresses developed
in the girder and the negative reactions occurring in the
piers by performing analysis of the whole system sub-
jected to the permanent loads and live loads as the loads
governing the design for the cases where the length of
the main span is fixed to 800 m and the side span length
ratio is 0.4 (320 m), 0.425 (340 m) and 0.5 (400 m).

Figure 7 plots the amount of cable per side span
length ratio. It can be seen that the amount of cable in-
creases with larger side span length ratio due to the re-
sulting increase of the length of the whole system. In
addition, the amount of cable increases also when the
side span length ration decreases because of the increase
of the prestress force of the anchor cables needed to con-
trol the displacement of the pylons.

The side span length ratio of the cable-stayed bridge
has direct effect on the negative reactions occurring at
the anchor piers. Even if the small negative stresses do
not provoke particular problem in the case of large side
span length ratio, counter weight or tie down should be
considered in such case. From the examination results,
the occurrence of negative reactions at side span length
ratio smaller than 0.45 necessitates the consideration of
countermeasures (Figure 8).

Tables 3 and 4 arrange the stresses developed in the
upper girder under the application of the load combina-
tions involving the principal loads that are the permanent
and live loads. It can be observed that the stresses devel-
oped in the upper girder subjected to the principal load
combination increase with larger side span length ratio
and, consequently increase the use of tendons.

Figure 9 plots the amount of tendons necessary per
side span length ratio and shows that the required amount
of tendons increases with larger side span length ratio.

Table 5 lists the construction cost computed per side
span length ratio for the amount of tendons of Figure 9.
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Figure 6. Construction cost per cable spacing.
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Figure 8. Negative reactions developed per side span length
ratio (kN).

Here, the construction cost is the sum of the construction
costs of the upper girder, steel wires, cables and pylons.
It can be seen that the most economically efficient case
corresponds to the side span length ratio of 0.425.

2.3. Check with Respect to Pylon’s Height

The span-to-rise ratio as the ratio of the ratio of the py-
lon’s height to the length of the main span is an impor-
tant factor affecting not only the structural efficiency but
also the aesthetical appearance of the bridge. In this
check, the appropriate span-to-rise ratio is determined by
examining the stresses developed in the girder and the
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Table 3. Compressive stress by allowable stress combination (pylon).

Compressive stress

Utilization Ratio

Stress 3) Allowable comp.
[MPa] 1) Top chord 2) Bottom chord stress Top chord 1)/3) Bottom chord 2)/3)
0.400 —40.59 —54.90 —108.0 0.376 0.508
Principal loads 0.425 —40.72 —54.76 —-108.0 0.377 0.507
0.500 —40.13 —54.55 —108.0 0.372 0.505

Table 4. Tensile stress by allowable stress combination (center of main span).

Tensile stress

PS reinforcement stress

Stress 3) Allowable tensile
[MPa] 1) Top chord 2) Bottom chord stress Top chord 1)-3) Bottom chord
0.400 11.90 25.34 7.6 4.30 25.34
Principal loads 0.425 11.96 26.51 7.6 4.36 26.51
0.500 13.87 29.00 7.6 6.27 29.00
Table 5. Quantities of materials and construction costs per 6000
side span length ratio.
2000 108.09%
1 —_— . 0
Quantities of materials (tonf) Construéc tion costs 5 96.16% L C—
Member (x10° KRW) £ 4000 = ¢
0.400 0.425 0.500 0.400 0.425 0.500 —lé
8 3000
Cable 3393 3979 4065 42157 40585 41460 S
£ 2000
Girder 37802 38990 41537 31376 32361 34476 2
<
Pylon 53082 53082 53082 31637 31637 31637 1000
Steel wire 630 664 753 6195 6537 7414 0 1 L
Total ) ) 111366 111120 114.987 b ks i
(2315) (2.248) (2.151)
Figure 10. Amount of cables per span-to-rise ratio (ton).
1250 , . . .
the pylon’s height but the efficiency of the cables in-
113.41%
1000 160-00% " creases and reduces the amount of cables.
g 94.77% Even if the structural efficiency of the cables appears
S 750 to be outstanding for higher pylons in the cable-stayed
b bridge, the quantities of materials required for the pylons
B 500 increases resulting in longer construction period. More-
=] . .
é’ over, higher slenderness ratio of the pylon means also
420 vulnerability to buckling and increase of the moment
§ ) ) ) ) magnification factor at the bottom of the pylon, which
1:0.400 1:0.425 1:0.450 1:0.475 1:0.500 ﬁnally results in the increase of the cross-section of the

Figure 9. Amount of tendons per side span length ratio.

sectional forces occurring at the bottom of the pylons by
performing analysis of the whole system subjected to the
permanent loads and live loads as the loads governing the
design for the cases where the length of the main span is
fixed to 800 m and varying the height of the pylon.
Figure 10 plots the amount of cables required per
span-to-rise ratio. The length of the cables increases with
smaller span-to-rise ratio due to the resulting increase of

Copyright © 2013 SciRes.

pylon. From Figure 11, the buckling safety factor falls
down to 1.09 for the span-to-rise ratio of 1:4.5 and indi-
cates that the overall cross-section of the pylon should be
increased.

Tables 6 and 7 arrange the stresses developed in the
upper girder under the application of the load combina-
tions involving the principal loads that are the permanent
and live loads. The stresses in the upper girder subjected
to the principal load combination do not exhibit signifi-
cant difference according to the span-to-rise ratio. Figure
12 plots the amount of tendons necessary per span-to-rise

ENG



H.S.KIM ET AL. 725
Table 6. Compressive stress by allowable stress combination (pylon).
Compressive stress Utilization Ratio
[S]\t/[r;zs] 3) Allowable comp. stress
1) Top chord 1) Top chord Top chord 1)/3) Bottom chord 2)/3)
1:4.5 —38.07 —52.21 —-108.0 0.353 0.483
Principal loads 1:4.9 —40.72 —54.76 -108.0 0.377 0.507
1:5.5 —47.26 —57.91 —-108.0 0.438 0.536

Table 7. Tensile stress by allowable stress combination (center of main span).

Stress Tensile stress 3) Allowable tensile PS reinforcement stress
[MPa] 1) Top chord 1) Top chord stress Top chord 1)-3) Bottom chord
1:4.5 11.87 26.13 7.6 4.27 26.13
Principal loads 1:4.9 11.96 26.51 7.6 4.36 26.51
1:5.5 12.33 26.46 7.6 4.73 26.46
Table 8. Quantities of materials and construction costs per
= span-to-rise ratio.
% 2 1-87
& Quantities of materials Construction costs
515 35 Member (tonf) (x10° KRW)
Q
“; 1.09 1:4.5 1:4.9 1:5.5 1:4.5 1:4.9 1:5.5
< 1 Cable 3826 3979 4301 39027 40585 43869
g’ Girder 38,990 38,990 38990 32,361 32361 32361
é 0.5 Pylon 59,630 53,082 51562 35,540 31637 30731
M
0 . | Steel wire 650 664 662 6396 6537 6515
1:45 1:4.9 1:5.5 Total - - - 113,324 111,120 113,476

Figure 11. Check of buckling of pylon according to span-to-
rise ratio.
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Figure 12. Amount of tendons per span-to-rise ratio.

ratio and shows that the span-to-rise ratio of 1:4.5 re-
quires the smallest amount of tendons.

Table 8 lists the construction cost computed per span-
to-rise ratio for the amount of tendons of Figure 12. Here,
the construction cost is the sum of the construction costs
of the upper girder, steel wires, cables and pylons. It can
be seen that the most economically efficient case corre-
sponds to the span-to-rise ratio of 1:4.9.

Copyright © 2013 SciRes.

2.4. Derivation of Optimal Structural System:
Super Bridge 800

Based on these parametric analysis results, a cable spac-
ing of 10.5 m is selected for Super Bridge 800, the hybrid
cable-stayed bridge using UHPC girder (Figure 13). The
superstructure is an edge girder with depth of 1.735 m
and tapered cross beams with height varying from 1.735
m to 3.0 m (Figure 14). One cross-beam with sag of 3.5
m is disposed in each segment. The cables disposed at
spacing of 10.5 m are planned to be tensioned after the
installation of 3 segments. One segment weighs approxi-
mately 1100 kN.

3. Structural Check of Super Bridge 800
3.1. Check Per Construction Stage

The objective of the construction stage analysis is to ver-
ify the constructability of the structure and to verify if
safety is secured during the erection. Considering the
criteria related to the safety of the structure, the appro-
priateness of the management of the construction equip-
ment and erection sequence as well as the eventual utili-
zation of construction facilities like construction bent and
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Figure 13. Super Bridge 800.
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Figure 14. Standard cross-section.

the selection of the position at which they will be used
are determined and verified by means of the construction
stage analysis.

During the erection, the cable-stayed bridge system is
featured by the nonlinearities of the cables, stiffening
girder and pylons which turn to behave nearly linearly in
the completed structure. Therefore, the ranges of the
member forces to occur under the load combinations in
the completed system are selected at first and considered
during the construction stage analysis to verify the ten-
sion of the cables at completion. The final tensioning of
the cables is obtained through repetitive calculations to
put the member forces within the allowable ranges by
varying the tension of the cables during the erection.

The analysis was performed by dividing the construc-
tion into 280 successive steps. The analysis of the com-
pleted system was conducted considering all the member
forces at completion and 10,000 days after completion. It
was assumed that, when a construction stage was in-
volving several processes, these processes were imple-
mented concurrently.

Figure 15 represents the sectional forces in the girder
during the closure of the central span at step 126. Figure
16 shows the sectional forces in the girder during the
application of the secondary permanent loads at step 126.

When the length of the cantilever is the longest,
known as the most dangerous case during the erection
just before the closure of the side spans, safety check
during the erection is performed considering all the loads
provoking unbalanced moments in the girder. Table 9
arranges the check results relative to the allowable
stresses under the application of these unbalanced loads
during the erection.

3.2. Check for Cable Replacement and Breakage

The cable replacement is normally checked under the
condition that one design lane at proximity of the rele-

Copyright © 2013 SciRes.

(b)

Figure 15. Section forces at step 126 (at closure of central
span). (a) Axial forces; (b) Moments.

(b)

Figure 16. Section forces at step 126 (at application of sec-
ondary permanent loads). (a) Axial forces; (b) Moments.

vant cable is controlled but all the lanes are loaded con-
sidering the vehicle for replacement. The tension of the
cables is obtained first with respect to the load combina-
tions. Thereafter, this tension is applied inversely to the
structural system to simulate the removed cable [4,5].
The final tension is finally computed by adding the ten-
sion of the cable corresponding to the load combination
and the additional tension caused by the replacement.
Table 10 lists the stresses developed during the replace-
ment of cable.

For the cable breakage analysis, the relevant cables are
selected at proximity of the sections of the stiffening
girder and at several points considered to be vulnerable.
The vulnerable sections are positioned at 4 locations that
are the cables closest to the pylons, the cables at mid-
span and 3/4 span and the central span. Since the time
needed for cable breakage is in direct correlation with the
impact, the check assumes that sudden cable breakage
during a period of 0.01 sec to provide conservative re-
sults. The damping of the structure is assumed to be 0.02
[6]. Table 11 lists the dynamic analysis results according
to the positions of the vulnerable sections.

3.3. Wind Stability Check

The structural safety of the structure is verified during
the erection and at completion considering the dynamic
wind load effect by means of buffeting analysis for Super
Bridge 800. Structural safety is checked by proposing the
installation of wind stabilizing cables during the con-
struction stage known to be the most vulnerable to dy-
namic wind loading.
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Table 9. Check of allowable stresses during the application of unbalanced loads.

Stress (MPa) Allow. stress (MPa) Stress check
Load case
Max. Min. Tension Comp. Tension Comp. Remark
Top chord 4.782 -21.23 7.6 —108.0 62.9% 19.7% O.K
Case 1
Bottom chord —2.754 —37.60 0.0 —108.0 - 34.8% O.K
Load Top chord 0.074 -21.13 7.6 —108.0 0.97% 11.2% O.K
combination g om chord -1.552 ~40.32 0.0 ~108.0 - 37.3% 0K
Table 10. Check of allowable stress during cable replacement.
Stress (MPa) Allow. stress (MPa) Stress check
Load
Max. Min. Tension Comp. Tension Comp. Remark
Service load Top chord —2.031 —48.63 4.0 —108.0 - 45.0% 0K
combination g omchord  3.871 -86.73 4.0 ~108.0 96.8% 80.3% 0.K
Table 11. Dynamic analysis results at cable breakage.
Position Cable no. Static displacement (mm) Max. dynamic displacement (mm) Dynamic response factor
Near pylon C12038 4.968 8.130 1.637
1/2 spot C12056 178.303 295.140 1.655
3/4 spot C12065 257.770 394.170 1.529
Central span C12074 208.160 318.814 1.532

The static three-force components and flutter coeffi-
cients determined through 2-dimensional wind tunnel test
are applied to evaluate the dynamic wind load effect. It is
verified that the stiffening girder and pylons of the com-
pleted system secure structural stability and serviceabil-
ity to dynamic wind load. The results of the dynamic
wind load check for the main span before closure reveal
that the stiffening girder and pylons secure the structural
stability for the vertical vibrations as a system where the
side spans are closed, and do not need particular vibra-
tion control measures. For the structural system before
closure of the side spans, it appears that vibration control
should be applied for the stiffening girder since the girder
in cantilever state during the construction is vulnerable to
vertical vibrations caused by the dynamic wind loading.
Therefore, wind stabilizing cables are proposed.

Here, the wind cables shall be initially prestressed
during the installation to prevent any loss of the tension.
The proposed installation of the wind cables plans to
cross the cables at 60.5 m with reference to the pylon and
dispose the vertical wind cables on the side spans and
main span at 12.5 m and 186.5 m with reference to the
pylon. The check for this proposal verified that the stiff-
ening girder and pylons secured the structural stability
through this solution.

Copyright © 2013 SciRes.

4. Conclusion

This study developed an optimal structural system for the
hybrid cable-stayed bridge having its main structural
members made of UHPC with compressive strength of
200 MPa and durable lifetime of 200 years. The optimal
structural system was derived by conducting analyses
related to the cable spacing, side span length ratio and
pylon’s height, and the derived structural system was
verified to secure stability through structural checks. In
addition, calculations showed that Super Bridge 800 de-
veloped in this study involved amounts of 57,949 tonf
and 985 tonf of UHPC and steel wires, respectively. The
computation of the costs based on these material quanti-
ties and unit prices of 2010 revealed that the construction
cost reduced by about 23.3% compared to Incheon
Bridge, a cable-stayed bridge of identical size completed
in 2009 in Korea and that Super Bridge 800 secures sig-
nificant cost competitiveness.
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