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Abstract. The emergence of asymmetric cable-stayed bridges with different 

shape of main tower poses a number of challenges for analysis of construction 

cable force. In this paper, based on an asymmetric fish-shuttle-shaped single 

tower cable-stayed bridge in China, finite element software Midas Civil was 

adopted to build the model of the bridge. The unstressed state method was used 

to optimize the construction cable forces of the bridge, and its reasonable con-

struction state was determined. Results indicated that the cable forces under con-

struction calculated completed bridge internal force state ranged from 2620.5 to 

6913.1kN, which was slightly reduced overall compared with that under target 

completed bridge internal force state, assuring the steady and safety of cables 

during construction. Maximum difference of 6.00% between the cable forces un-

der target completed bridge internal force state and construction calculated com-

pleted bridge internal force state. The average error of the cable forces of the 

whole bridge was 1.41%, among which the average error of 0.99% of the main-

span cable forces and 1.83% of the side-span cable forces. That is to say, through 

an effective tensioning could ensure that the error of construction completed 

bridge cable forces of the bridge with a span of nearly 400 m was small. In addi-

tion, the use of unstressed state method to optimize the cable-stayed bridge con-

struction force could better meet the construction requirements. The maximum 

stresses of main tower, side-span concrete girders and main-span steel box girders 

at each construction stage were 23.0, 6.6, and 120.5 MPa, respectively, which 

was significantly lower than the design strength of corresponding concrete and 

steel, showing the safety of structural stress state of cable-stayed bridge. The 

maximum displacements of main tower, side-span concrete girders and main-

span steel box girders at each construction stage were 156.5, 20.8, and 1206.4 

mm, respectively, which could be ignored compared with the structural dimen-

sion and layout, indicating a reasonable structural construction deformation of 

cable-stayed bridge. The research results can provide reference value for the de-

sign and optimization of similar projects. 
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1 Introduction

With the rapid development of the global economy, large-scale urbanization is unfold-
ing worldwide, and people's demands for bridge span, cost-effectiveness, and aesthetics
are also increasing. The cable-stayed bridges are characterized in its high overall stiff-
ness, strong wind resistance, large spanning capacity, diverse structural forms, and aes-
thetic appeal, which have become one of the fastest-developing and most competitive
bridges in the world today [1-2]. Cable-stayed bridges are a higher-order statically in-
determinate structural system composed of three basic components, including inclined
stay cables, towers, and stiffening girders [3]. Since the completion of the first modern
cable-stayed bridge, the Stromsund Bridge, in 1956 [4], cable-stayed bridges have been
rapidly developing around the world. To date, cable-stayed bridges have achieved his-
toric advancements in long spans, ultra-long spans, and composite structural systems
[5], such as the Yavuz Sultan Selim Bridge (Turkey, 1408 m), the Russky Island Bridge
(Russia, 1104 m), and the Sutong Yangtze River Bridge (China, 1088 m). At the same
time, the rapid development of modern construction technology and architectural aes-
thetics has led to the emergence of various cable-stayed bridges with beautiful appear-
ances and diverse forms around the world, which can be classified in multiple ways
based on different factors [6]. For example, based on the number of towers, cable-
stayed bridges can be classified into single-tower, double-tower, and multi-tower cable-
stayed bridges; according to the shape of the towers, they can be divided into vertical
tower, inclined tower, and irregularly shaped tower, etc. The towers of asymmetric sin-
gle tower cable-stayed bridges can be flexibly positioned on the side with favorable
geological conditions, which not only reduces construction difficulty but also lowers
construction costs [7]. In addition, irregularly shaped tower cable-stayed bridges, due
to their unique appearance and strong adaptability to the terrain and environment, often
become iconic landmarks in cities and are more popular. Especially, the fish-shuttle-
shaped main towers not only have a streamlined appearance, but also can be integrated
with the natural environment, which in turn enhances the visual impact and artistic
value of the bridge. This design concept has been increasingly emphasized in modern
cities, and can enhance the cultural and tourism attractiveness of the city. Therefore,
asymmetric fish-shuttle-shaped single tower cable-stayed bridges have greater engi-
neering application value.

However, the structural response of asymmetric irregular single tower cable-stayed
bridges may be significantly different from that of conventional bridges when respond-
ing to complex loads. Especially, when the main tower is in the shape of a fish shuttle,
and there is a significant inhomogeneity in the stiffness of the cable-stayed bridge struc-
ture, which leads to a more complex force situation in the tower when subjected to
loads. Therefore, the optimization of construction cable forces is particularly crucial
when designing the cable-stayed bridge. The structural system and the tensions of ca-
ble-stayed bridges change continuously throughout the construction process. At the
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same time, the nonlinear behavior of the structure can cause deviations of the final
completed bridge cable forces and the cable profile differing from the intended design
requirements. Therefore, it is crucial to determine how to ensure construction cable
forces and predict the following cable forces during construction, making sure the final
completed cable forces meet the requirements [8]. In recent years, researchers have
proposed various optimization methods for cable forces during construction based on
theoretical research and engineering practice, including reverse construction method
[9], forward installation iterative method [10], reverse construction-forward installation
iterative method [11], and the unstressed state method [12-13], etc. The methods above
have advantages in clear mechanical conceptions and optimization targets, which have
demonstrated their applicability on different types of cable-stayed bridges. The optimi-
zation questions of cable forces of asymmetric irregularly shaped tower cable-stayed
bridges have become a hot topic, which appeal numerous researchers to carry out a
large number of related studies. Yu [14] adopted forward installation iterative method
to optimize the cable forces during construction of an asymmetric ‘1’-shaped single
tower cable-stayed bridge. Results indicated that the errors of 4 group of cables all ar-
rived 0% after five iterations, suggesting that the application of forward installation
iterative method was remarkable. Liu [15] optimized the cable forces during construc-
tion of an asymmetric pagoda-shaped single tower cable-stayed bridge by using reverse
construction-forward installation iterative method. Results suggested that the optimized
cable forces during construction can meet the structural forces and geometric shape
requirements during the construction process. Wang et.al. [16] and Xiao [17] optimized
the cable forces during construction of an asymmetric double-column-sail-shaped and
‘H’-shaped single tower cable-stayed bridge by adopting unstressed state method and
reverse construction-forward installation iterative method, respectively. Both obtained
reasonable cable forces during construction. To summarize, people's demand for bridge
spans, economy, aesthetics and other needs and the booming development of modern
construction technology have promoted the creation of asymmetrical irregular single
tower cable-stayed bridges. Since it is a new type of bridge structure, the related re-
search is very necessary and lacking, and the research on the optimization method of
its construction ropes force is especially critical. Currently, scholars have studied cable-
stayed bridges with different main tower morphologies and proposed applicable con-
struction cable-stay optimization methods for specific engineering contexts. However,
for the asymmetric fish-shuttle-shaped single tower cable-stayed bridges, its overall arc
shape brings a lot of challenges in the analysis, and the related research on the optimi-
zation of the construction ropes force is relatively rare. The lack of relevant data and
finite element modeling cannot provide an effective guide to the design, which has yet
to be systematically investigated.

In view of this, based on a asymmetric fish-shuttle-shaped single tower cable-stayed
bridge in China, finite element software Midas was adopted to build the model of it.
Aiming at acquiring reasonable completed bridge cable forces, unstressed state method
was put to use to optimize the cable force during construction and determined the rea-
sonable construction state. The research results can provide reference for the design and
optimization of similar projects.
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2 Overview of Project

The bridge studied was a cable-stayed bridge in China with a single tower, double cable
planes, and a tower-girder-pier consolidation system, which has a length of 386 m, and
a four span continuous structure with a span arrangement of 256 m+50 m+40 m+40 m.
The main tower was gate shaped horizontally, with a horizontal spacing of 36.5 m and
a total tower height of 111 m. The numbering rule of the cables were as follows: the
main-span cables numbered from right to left, with M1 on the far right and M19 on the
far left; the side-span cables numbered from left to right, with S1 on the far left and S19
on the far right. The end support at the main span of the main girder was pm17, and the
supports were numbered pm18, pm19, pm20, and pm21 from left to right. The layout
of the bridge is shown in Fig. 1.

Fig. 1. Layout of the bridge

The main bridge was an asymmetrical single tower hybrid girder cable-stayed
bridge, and the main girder adopted a hybrid girder structure with steel box girders on
the main span and concrete box girders on the side span. The steel-cement bonding
surface was set on the main-span side, 12 m from the centerline of the main tower. The
fish-shuttle-shaped concrete tower was adopted in main tower, with hexagonal columns
and an arch-shaped steel crossbeam at the top. The specific design parameters of mate-
rials are depicted in Table 1.

Table 1. Parameters of the main materials

Component Material Elastic modulus
(GPa) Unit weight (kN·m-3)

Steel box girder Q345qc 206.0 78.5
Concrete box girder C55 35.5 25.0

Main tower C60 36.0 25.0
Arched steel cross-

beam Q345qc 206.0 78.5

Stay cable 1860 steel strand 195.0 78.5
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The part of the main tower above the bridge deck was constructed by the bracket
method and climbing mold method, in which the tower columns were constructed by
climbing molds and the longitudinal tie girders between the tower columns, lower tower
columns and girders were all constructed by brackets. Side-span concrete was con-
structed by bracket method, and the main-span steel girders were constructed by float-
ing lift construction method. The main-span steel girders were divided into 19 construc-
tion sections from the main tower to the end support, corresponding to the cable num-
bers M1-M19. The cable were synchronized with the main-span steel box girder seg-
ments, and the side-span cables were installed accordingly. The cables were tensioned
in the main tower and anchored in the main girders. The construction phases of the
cable-stayed bridge were divided according to the actual construction sequence, and the
construction phases are shown in Table 2.

Table 2. Division of construction phases

Construction phases Contents of construction
CS1 Construction of main tower
CS2 Construction of side-span concrete box girder
CS3 Construction of Section 1 and tensioning of cables M1 and S1
CS4 Construction of Section 2 and tensioning of cables M2 and S2
CS5 Construction of Section 3 and tensioning of cables M3 and S3
CS6 Construction of Section 4 and tensioning of cables M4 and S4
CS7 Construction of Section 5 and tensioning of cables M5 and S5
CS8 Construction of Section 6 and tensioning of cables M6 and S6
CS9 Construction of Section 7 and tensioning of cables M7 and S7
CS10 Construction of Section 8 and tensioning of cables M8 and S8
CS11 Construction of Section 9 and tensioning of cables M9 and S9
CS12 Construction of Section 10 and tensioning of cables M10 and S10
CS13 Construction of Section 11 and tensioning of cables M11 and S11
CS14 Construction of Section 12 and tensioning of cables M12 and S12
CS15 Construction of Section 13 and tensioning of cables M13 and S13
CS16 Construction of Section 14 and tensioning of cables M14 and S14
CS17 Construction of Section 15 and tensioning of cables M15 and S15
CS18 Construction of Section 16 and tensioning of cables M16 and S16
CS19 Construction of Section 17 and tensioning of cables M17 and S17
CS20 Construction of Section 18 and tensioning of cables M18 and S18
CS21 Construction of Section 19 and tensioning of cables M19 and S19
CS22 Removal of brackets
CS23 Phase II paving of bridge deck
CS24 Simulation of 10-year shrinkage and creep of completed bridge
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3 Finite Element Modeling

The finite element software Midas Civil was used to establish the spatial rod system
model of the cable-stayed bridge, see Fig. 2. The whole bridge was divided into 509
nodes and 494 units, and the coordinate positions of the main girder and main tower
units were established according to the actual design elevation. X-axis and Y-axis were
parallel to the longitudinal section and cross-section of the main girder, respectively,
and Z-axis was perpendicular to the plane of XY-axis. The main girder, the main tower
and the bearing platform were simulated using girder units, where the main girders was
simulated by the crane during the construction phase. For linear analysis, the cables was
simulated by equivalent truss units, and for geometrically nonlinear analysis, the cables
was simulated by elastic suspension units. The tower girder consolidation section of the
main girders was rigidly connected to the main tower through multiple points to simu-
late tower-girder consolidation. The steel box girders and concrete box girders were
simulated by sharing nodes between the steel and concrete box girders to simulate a
steel-hybrid section. The nodes at the transition pier supports were constrained for
translational displacements UY and UZ and corner displacements RX and RZ, and the
nodes at the bottom of the main tower were constrained with solid ends. According to
the coordinates of the anchorage points of the cable, rigid units were created to connect
the diagonal cable to the main girder and the main tower.

Fig. 2. Finite element model of the cable-stayed bridge

The minimum bending energy method was adopted to obtain the preliminary tension
forces of the cable-stayed bridge. Aiming at minimizing the vertical displacement and
bending moment of main girders, the influence matrix method was used to optimize the
cable forces to obtain the initial tension cable force of the cable-stayed bridge. Finally,
the cable forces were corrected by considering the sag effect, and its reasonable com-
pleted bridge tensioning force was determined. The optimization principle of the un-
stressed state method [18] is to disintegrate the structure in a linear state. As long as the
length and unstressed curvature of each unit do not change, the restored structure will
have the same internal force and line shape as the original structure regardless of the
structural reorganization in any order, thus establishing a link between the construction
phase of the cable-stayed bridge and the completed bridge phase. For the cable-stayed
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bridge system constructed in phases, unstressed state method is more applicable for
optimization of construction cable force and has high computational efficiency. There-
fore, the unstressed state method was adopted to optimize the construction cable force
of the cable-stayed bridge in this paper. Firstly, the unstressed length under the reason-
able completed bridge state was substituted into the Midas model, and the forward in-
stallation calculation was carried out in accordance with the construction steps. Then,
the value of the completed bridge cable forces was replaced with the target cable forces
after the construction stage of CS24 to correct the unstressed length, and the calculation
was carried out in sequence for seven iterations. Eventually, the final construction ten-
sioning forces were obtained, which were shown in Table 3.

Table 3. Final construction tensioning forces

Number of cables Construction ten-
sioning forces (kN) Number of cables Construction ten-

sioning forces (kN)
S19 5758.9 M1 3750.4
S18 5541.5 M2 3469.6
S17 5183.7 M3 3060.5
S16 5136.5 M4 2696.7
S15 4908.9 M5 2474.7
S14 4851.0 M6 2121.1
S13 4722.3 M7 2466.1
S12 4515.8 M8 2220.9
S11 4376.4 M9 2502.1
S10 3987.5 M10 2625.1
S9 3728.6 M11 2694.6
S8 3525.6 M12 2865.5
S7 4353.6 M13 2853.2
S6 4547.3 M14 3792.8
S5 4529.3 M15 4420.9
S4 4601.6 M16 4167.1
S3 4805.0 M17 4097.6
S2 4904.3 M18 3937.8
S1 5036.9 M19 3712.4

4 Analysis of Optimization Result

4.1 Cable Force

The obtained reasonable bridge tension forces and construction tension forces are sub-
stituted into the model of Midas to obtain the corresponding cable forces under target
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completed bridge internal force state and construction calculated completed bridge in-
ternal force state, as shown in Fig. 3. It can be seen form the Fig. that the cable force
under target completed bridge internal force state and construction calculated com-
pleted bridge state range from 2787.7 to 7026.0 kN and from 2620.5 to 6913.1 kN,
respectively. Results indicate that the cable force under construction calculated internal
force state is slightly lower than the target internal force state, which ensures the stabil-
ity and safety of the cables during the construction process. The minimum and maxi-
mum cable force are M3 and S19 respectively, and there is no large sudden change in
the adjacent cable force, and the overall cable force of the cable is uniformly distributed.
The maximum difference between the cable force under target completed bridge inter-
nal force state and the construction calculated completed bridge internal force state is
6.00%. The average error of the cable force of entire bridge is 1.41%, and the average
error of the cable force of main-span side and side span side are 0.99% and 1.83%,
respectively. That is, through an effective tensioning can ensure that the error of com-
pleted bridge cable force under construction of the cable-stayed bridge with a span of
nearly 400 m is small, and the use of unstressed state method to optimize the construc-
tion cable force of cable-stayed bridge can better meet the construction requirements.

M19 M18 M17 M16 M15 M14 M13 M12 M11 M10 M9 M8 M7 M6 M5 M4 M3 M2 M1 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 S14 S15 S16 S17 S18 S19
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Fig. 3. Comparison of cable forces under the target completed bridge internal force state and
the construction calculated completed bridge internal force state

4.2 Stress

The maximum stresses of the main tower at various construction phase can be seen in
Fig. 4. As can be seen from the Fig., the maximum stress of the main tower increases
as the construction process advances, while it decreases slightly during the construction
phase of CS24, after taking into account the shrinkage and creep effects of concrete.
Throughout the construction process, the maximum stress of the main tower ranges
from 4.6 to 23.0 MPa, and peaks at 23.0 MPa during the construction phase of CS23,
suggesting that it significantly lower than the design strength of concrete, and the stress
state of main tower of cable-stayed bridge is safe enough.

The maximum stresses of side-span concrete girders at different construction phase
are shown in Fig. 5. Overall, the maximum stress in the side-span concrete girders in-
creases as the construction process progresses, whereas the maximum stress in the side-
span concrete girders begins to decrease during the CS23 construction phase. In partic-
ular, the maximum stress in the side-span concrete girders is significantly reduced dur-
ing the construction phase of CS24, taking into account the shrinkage and creep effects
of the concrete. Throughout the construction process, the maximum stress of the side-
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span concrete girders ranges from 0 to 6.6 MPa, and peaks at 6.6 MPa during the con-
struction phase of CS22. The peak stress is obviously lower than the design strength of
concrete, showing the stress state of side-span concrete girders of cable-stayed bridge
is safe.
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Fig. 4. Maximum stresses of main tower at various construction phase
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Fig. 5. Maximum stresses of side-span concrete girder at different construction phase

The maximum stresses of main-span steel box girders at each construction phase are
depicted in Fig. 6. Results indicate that overall, with the advancement of construction
process, the maximum stress of the main-span steel box girders increases, whereas it
begins to decrease significantly during the CS23 construction phase. Throughout the
construction process, the maximum stress of the main-span steel box girder ranges from
0 to 120.5 MPa, and peaks at 120.5 MPa during the construction phase of CS22, which
is significantly lower than the design strength of steel, showing the safe stress state of
main-span steel box girders of cable-stayed bridge.
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Fig. 6. Maximum stress of main-span steel box girder at each construction phase

4.3 Displacement

The maximum longitudinal displacements of the main tower at each construction phase
are shown in Fig. 7. Overall, with the progressing of construction process, the maximum
longitudinal displacement of the main tower increases. During the CS23 construction
phase, namely after the Phase II paving of bridge deck, the maximum longitudinal dis-
placement significantly reduces. Throughout the construction process, the maximum
longitudinal displacement of the main tower ranges from 5.6 to 156.5 mm, and peaks
during the construction phase of CS20, which can be ignored compared with the 111 m
main tower, suggesting a reasonable deformation of main tower of cable-stayed bridge.
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Fig. 7. Maximum longitudinal displacements of main tower at each construction phase
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The maximum vertical displacements of the side-span concrete girders at different
construction phase are depicted in Fig. 8. As can be seen from the Fig., the maximum
vertical displacement of the side-span concrete girders remains relatively stable during
the construction until the construction stage of CS22, i.e., after the removal of the brac-
ing, the maximum vertical displacement is significantly reduced. Throughout the con-
struction process, the maximum vertical displacement of the side-span concrete girders
ranges from 0 to 20.8 mm, and peaks during the construction phase of CS22, which can
be ignored compared with the 50 m span, indicating a reasonable deformation of side-
span concrete girders of cable-stayed bridge.
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Fig. 8. Maximum vertical displacements of side-span concrete girders at different construction
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The maximum vertical displacements of the main-span steel box girders at various
construction phase are depicted in Fig. 9. Overall, as the construction process pro-
gresses, the maximum vertical displacement of the main-span steel box girders in-
creases at first and then decreases. In construction phases CS21 and CS23, i.e., after the
construction of the final section of steel box beam and Phase II paving of bridge deck,
the maximum vertical displacement of main-span steel box girders decreases signifi-
cantly. During the entire construction progress, the maximum vertical displacement of
main-span steel box girders ranges from 0 to 1206.4 mm, and peaks at construction
phase CS20. However, compared with 256 m span, the maximum displacement can be
ignored, indicating a reasonable displacement of main-span steel box girders of cable-
stayed bridge.

5 Conclusions

Based on an asymmetric cable-stayed bridge with fish-shuttle-shaped single tower in
China, finite element software Midas Civil was adopted to build the model. The un-
stressed state method was used to optimize the construction cable forces of the cable-
stayed bridge, and its reasonable construction state was determined. The main conclu-
sions are as follows:

(1) The cable force under construction calculated completed bridge internal force
state ranges from 2620.5 to 6913.1kN, which is slightly declined overall compared with
that under target completed bridge internal force state, assuring the steady and safety of
cables during construction. Maximum difference of 6.00% between the cable forces
under target completed bridge internal force state and under construction calculated
completed bridge internal force state. The average error of the cable forces of the whole
bridge is 1.41%, including the average error of 0.99% of the main-span cable forces
and 1.83% of the side-span cable forces. That is to say, through a single effective ten-
sioning can ensure that the error of construction completed bridge cable force of cable
stayed bridge with the span of nearly 400 m is relatively small, greatly improving its
construction efficiency, so as to save time and labor costs. It is feasible and efficient to
use the unstressed state method to optimize the construction cable force of asymmetric
fish-shuttle-shaped single tower cable-stayed bridges, and future designers can give pri-
ority to this method when optimizing the construction cable-stay force of similar arc-
shaped main tower cable-stayed bridges.

(2) The maximum stresses of main tower, side-span concrete girders and main-span
steel box girders at each construction stage are 23.0, 6.6, and 120.5 MPa, respectively,
which is significantly lower than the corresponding design strength of concrete and
steel, showing a safe structural stress state of cable-stayed bridge. By comparing the
maximum stresses in each structural part of a cable-stayed bridge at different construc-
tion phases, engineers can better predict and optimize the mechanical response of the
structure at the design stage, ensure the safety of the construction process, and improve
the economic efficiency.

(3) The maximum displacements of main tower, side-span concrete girders and
main-span steel box girders at each construction stage are 156.5, 20.8, and 1206.4 mm,
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respectively, which can be ignored compared with the structural dimension and layout,
indicating a reasonable structural construction deformation of cable-stayed bridge.
Comparing the maximum displacements of each structural part of a cable-stayed bridge
at different construction phases can help engineers better predict and optimize the de-
formation response of the structure at the design stage, which can ensure the safety of
the construction process, improving the economic efficiency. In addition, these data
provide valuable lessons for optimizing the construction process of similar cable-stayed
bridges in the future.

(4) The asymmetric fish-shuttle-shaped single tower cable-stayed bridge studied in
this paper has a special overall curved shape which is not commonly seen, bring enor-
mous difficulties worthwhile studying to the analysis of construction cable forces. The
research results can provide relevant data and finite element model support for the op-
timization of the construction cable force of cable-stayed bridge with arc-shaped main
tower. More researches on optimization of construction cable-stayed bridges with
curved shapes (e.g., octopus-shaped and crab-shaped, etc.) can be carried out subse-
quently.
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