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Research paper

Construction monitoring and control
of cable-stayed bridges without backstays

Xilong Zheng1

Abstract: The cable-stayed bridge without backstays is an important branch of the cable-stayed bridge
family. It tilts the bridge tower to one side and removes the backstay, using its own weight to balance the
cable tension. It has the characteristics of novel structure and beautiful appearance and is highly favoured in
urban construction both at home and abroad. In this paper, based on the construction of the main bridge
of Jinzhou Bridge, a spatial model was established using finite element analysis software to simulate and
analyse the construction process, with a focus on researching the construction control. Jinzhou Bridge has
a novel structure and complex technology. The inclination angle of the bridge tower is the largest among
its counterparts, and the difficulty of construction control is relatively high. This paper uses the adaptive
control theory to control the construction of the main bridge of Jinzhou Bridge. During the construction
process and the bridge state, the structure of Jinzhou Bridge is subject to reasonable stress and the bridge
body is safe and reliable. The line shape of the main beam is basically smooth, further demonstrating the
correctness of the construction control theory data.
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1. Introduction

Cable-stayed bridges are a type of bridge in which the bridge deck system is under
compression and the supporting system is under tension. The bridge deck system is composed
of a stiffening beam, while the supporting system is made up of steel cables [1]. Its main
feature is the use of diagonal cables as elastic supports for the beam span, reducing the bending
moment of the cross-section of the beam span, reducing the weight of the main beam, and
enhancing the bridge’s crossing capacity [2–4].

Since the 1990s, with the development of cable-stayed bridge construction technology
worldwide, China’s cable-stayed bridges have encountered new development opportunities.
Many large-span cable-stayed bridges with spans exceeding 500 m have been successively
built, including the representative bridges of Shanghai Nanpu Bridge and Yangpu Bridge [5].
These construction projects have cultivated numerous talents in bridge design and construction
and accumulated a wealth of valuable construction experience and technology. Later, a group
of cable-stayed bridges with world-leading levels and spans of up to one kilometer were
built. Through decades of hard work and independent innovation, China’s cable-stayed bridge
construction level is advancing towards the world’s top level [6–8].

Cable-stayed bridges without backstays have a strong visual impact, which is enough to
attract people’s attention. Once constructed, they become iconic structures representing the
city and are favoured by designers and local governments [9–11]. However, this bridge type is
not widely constructed worldwide, and the analysis shows several reasons for this. Firstly, the
cable-stayed bridge without backstays has a complex stress state and requires consideration
of multiple factors, which limits the extent of related design work. Secondly, due to the
unique structural form of this bridge type, the construction difficulties are greater compared to
conventional cable-stayed bridges with the same span [12].

Due to the inclined position of the bridge towers of cable-stayed bridges without backstays,
the construction methods used differ slightly from those of conventional cable-stayed bridges.
The commonly used construction method is tower-beam synchronous construction, in which
the construction of the tower and beam overlap and the cable hanging and tensioning work
can be carried out at the same time [13]. By adopting this method, construction support
facilities for inclined bridge towers can be eliminated, construction area can be reduced, and
the construction period and cost can be shortened. This method has been validated in the
construction of several cable-stayed bridges [14, 15].

Compared with conventional cable-stayed bridges, cable-stayed bridges without backstays
have greater construction difficulty and requiremore complex technology. Therefore, controlling
the construction process is more essential and challenging, as more parameters need to be
controlled and analyzed. This article relies on the main bridge construction of the Jinzhou
Bridge, which has a novel structure, complex technology, and the highest tower inclination
angle among similar bridges. It introduces the basic situation and control effect of the main
bridge construction control of the Jinzhou Bridge.
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2. Engineering background

The main bridge of Jinzhou Bridge in Dalian, Liaoning Province, is a single-tower,
single-cable-surface cable-stayed bridge with a fixed system of piers, towers, and beams. The
maximum longitudinal slope of the bridge deck is 1.38%, and the main span is on a convex
vertical curve with a radius of 14,000 m. The cable tower adopts drilled pile foundation
and a single-column inclined steel-reinforced concrete tower with a variable rectangular
cross-section. The height of the cable tower is 124.2 m.

The main beam adopts a steel-concrete composite box girder with a concrete bridge deck
on its top. The beam has a height of 3.0 m at the centerline and a full width of 30.5 m. The
bridge deck has a 2% bidirectional cross slope. The inclined tension cables use finished
parallel steel wires with a PE protective cover. The elevation of the Jinzhou Bridge main bridge
is shown in Fig. 1.

Fig. 1. Elevation drawing of the main bridge of Jinzhou bridge

1. Cable tower
The cable tower adopts a single-column concrete inclined tower with a horizontal inclination

angle of 55°and a rearward inclination angle of 35°. The rearward inclination angle of the tower
is the largest among similar types of bridges. The total height of the cable tower is 124.2 m.

2. Main beam
The main beam of this bridge is divided into concrete box girder and steel-concrete

composite box girder. The concrete box girder is the main beam at the junction of pier, tower,
and beam, with a length of 10.0 m and a central beam height of 3.0 m, as shown in Fig. 2. The
steel-concrete composite box girder has a central beam height of 3 m. The top slab of the box

Fig. 2. Cross-sectional diagram of the main bridge of Jinzhou Bridge (1) (mm)
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girder is made of C50 polypropylene fiber concrete, while the bottom slab and web plates are
made of steel. The steel-concrete composite beam has a top width of 30.5 m, a bottom width
of 10.0 m, and the cross-section is shown in Fig. 3 and Fig. 4.

The steel box girder is equipped with transverse partitions and longitudinal stiffeners. The
bottom plate of the steel box girder is 24 thick, the wing plate is 20 thick, the inner web
plate is 30 thick, and the transverse partition is 20 thick.

Fig. 3. Cross-sectional diagram of the main bridge of Jinzhou Bridge (2) (mm)

Fig. 4. Cross-sectional diagram of the main bridge of Jinzhou Bridge (3) (mm)

3. Cable tower
The cables are arranged in a harp shape, with a horizontal spacing of 1.6 m between cable

anchoring points on the beam. The standard cable spacing for diagonal cables on the main
beam is 12.0 m, and the first pair of cables extend to 22.0 m at the tower intersection. There
are three types of cables, with 6 of each type, for a total of 18 cables. The longest cable is
196.055 m, and the shortest is 44.732 m. Fixed-end anchorages are used at the cable towers,
and tensioning-end anchorages are used within the main beam.

3. Simulation calculation of the construction process

3.1. Construction methods and steps

The construction of the main bridge of Jinzhou Bridge is a complex system engineering.
According to different construction sites and methods, it is mainly divided into pier cap
construction, bridge tower construction, main beam construction, and cable tensioning.
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The construction of the bridge tower is divided from bottom to top into three main sections:
section C with a double-chamber box-shaped tower pier section, section B with a rectangular
solid section tower pier beam rigid connection transition, and section A with a large inclination
H-shaped cable section based on the section changes and structural characteristics of the
cable tower structure. Sections C and B adopt the segmental turnover formwork construction
method with a scaffolding support system, while Section A adopts the climbing formwork
construction method. Regardless of the changes in the appearance of the tower column,
the pouring segments are all horizontally divided. The segment division of the cable tower
construction is shown in Fig. 5.

Fig. 5. Diagram of segmented construction for cable-stayed towers (mm)

The main beam of the entire bridge is divided into 22 construction segments, as shown
in Fig. 6. They are respectively the cast-in-place concrete segment S1, the steel-concrete
composite segment S2, the steel spliced segments S3 and S22, and the steel-concrete hybrid
standard segments S4 to S21.

Fig. 6. Diagram of main girder construction segment division

3.2. Major calculation parameters

The structural parameters taken in finite element analysis are mainly based on the
construction drawings provided by the design party and the regulations of relevant national
standards. During the construction process of a bridge, these parameters may undergo changes,
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and their values need to conform to the actual conditions, which are adjusted continuously
with the help of on-site testing data.

The pylon of the cable-stayed tower, as well as the main concrete girder of the main bridge,
adopts C50 concrete with an elastic modulus of 3.45 × 104 MPa. The axial compressive
design strength is 22.4 MPa, and the axial tensile design strength is 1.83 MPa. The linear
expansion coefficient is 10−5. The steel plates of the steel box girder are made of Q345qE
steel grade, and all properties meet the requirements of GB/T714-2000. The high-strength
bolts used for connections comply with GB1228-2006. The steel strands of the stay cables are
coated with epoxy, with a tensile strength ( fpk) of 1860 MPa and an elastic modulus (E) of
(1.9 ± 0.1) × 105 MPa. The elastic modulus of prestressed steel reinforcement in the concrete
box girder is 1.95 × 105 MPa.

3.3. Structural analysis model establishment

(1) Discretization of the structure
The modeling and analysis of the main bridge of Jinzhou Bridge are performed using

the Midas/Civil finite element analysis software. A spatial truss system model is established.
According to the calculation method of finite element analysis, before building the model, the
structure needs to be discretized. The division of the entire bridge units is shown in Fig. 7.

Fig. 7. Finite element discretization diagram of the structure

When simulating the main beam, the stiffness (torsional stiffness, lateral bending stiffness,
and vertical bending stiffness) and mass of the main beam are all concentrated on the central
axis of the main beam. The constraints on the main beam at the pier are modeled using general
supports that constrain the horizontal lateral displacement Dy, vertical displacement Dz, and
rotation around the z-axis Rz, based on the actual types of supports set.

(2) Construction stage setup
With the help of Midas/Civil’s construction process simulation function, a total of 41

construction stages have been established in conjunction with the construction steps, as shown
in Table 1.
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Table 1. Construction stage division table

Construc-
tion
stages

Construction activities

Construc-
tion

duration
(day)

Construc-
tion

phases
Construction scope

Construc-
tion

duration
(day)

1 Tower pier construction 180 22
Construction of the main
beam of the C7 section of
the cable-stayed bridge

10

2
Construction of the

cast-in-place segment of
the main beam

50 23 First tensioning of the
cable-stay in the C7 section 1

3
Construction of the main
tower of the C2 section of
the cable-stayed bridge

10 24
Construction of the main
beam of the C9 section of
the cable-stayed bridge

10

4
Construction of the main
tower of the C1 section of
the cable-stayed bridge

10 25
Construction of the main
beam of the C8 section of
the cable-stayed bridge

10

5 First tensioning of the
cable-stay in the C1 section 1 26 First tensioning of the

cable-stay in the C8 section 1

6

The construction of the
main tower for the C3

section of the cable-stay is
underway

10 27

The construction of the
main beam for the C9

section of the cable-stay is
underway

10

7

The construction of the
main beam for the C2

section of the cable-stay is
underway

10 28 First tensioning of the
cable-stay in the C9 section 1

8 First tensioning of the
cable-stay in the C2 section 1 29

The remaining sections of
the main beam are
currently under
construction

10

9

The construction of the
main tower for the C4

section of the cable-stay is
underway

10 30
The dismantling of the
support structure is in

progress
1

10

The construction of the
main beam for the C3

section of the cable-stay is
currently underway

10 31 The second tensioning of
the C9 cable-stay 1

11 The first tensioning of the
C3 cable-stay. 1 32 The second tensioning of

the C8 cable-stay. 1
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Table 1. [cont.]

Construc-
tion
stages

Construction activities

Construc-
tion

duration
(day)

Construc-
tion

phases
Construction scope

Construc-
tion

duration
(day)

12

The main tower
construction for the C5
cable-stay section is
currently underway

10 33 The second tensioning of
the C7 cable-stay 1

13

The main beam
construction for the C4
cable-stay section is in

progress

10 34 The second tensioning of
the C6 cable-stay. 1

14 The first tensioning of the
C4 cable-stay 1 35 The second tensioning of

the C5 cable-stay 1

15
The construction of the
main tower for the C6
cable-stay section

10 36 The second tensioning of
the C4 cable-stay 1

16
The construction of the
main tower for the C5
cable-stay section

10 37 The second tensioning of
the C3 cable-stay 1

17 The first tensioning of the
C5 cable-stay 1 38 The second tensioning of

the C2 cable-stay 1

18
The construction of the
main tower for the C7
cable-stay section

10 39 The second tensioning of
the C1 cable-stay 1

19
The construction of the
main tower for the C6
cable-stay section

10 40 Bridge deck paving and
other construction works 30

20 The first tensioning of the
C6 cable-stay 1 41 Ten years of bridge

operation 3650

21
The construction of the
main tower for the C8
cable-stay section

10

From the above table, it can be seen that during construction stages 3 to 28, there is mainly
a repetitive construction process, with each cycle consisting of three construction activities
(taking the second cycle as an example): pouring of the corresponding main tower segment for
cable-stayed span C3, construction of the corresponding main beam segment for cable-stayed
span C2, and tensioning of cable-stayed span C2.



CONSTRUCTION MONITORING AND CONTROL OF CABLE-STAYED BRIDGES . . . 657

4. Control and monitoring during the construction process

4.1. Monitoring of structural stress and structural temperature field

The main stress monitoring of Jinzhou Bridge focuses on measuring the stress changes of
several control sections of the main beam and bridge towers before and after certain working
conditions. Based on the continuous monitoring of stress, the loading condition of the main
beam can be determined to ensure compliance with safety requirements and to maintain a safe
construction environment. This observation is conducted at each construction stage.

The stress monitoring sections for the main beam and bridge towers are selected at the
construction and installation stages, as well as during the completion stage when extreme stress
values occur. A total of nine sections are selected, including the main beam sections at the tower-
beam junction, the steel-box beamand concrete junction, the front sections of assembly segments
S7, S12, and S18 of the main beam. The tower sections include the upper and lower sections
at the tower-beam junction, the section near the C1 cable anchor point, and the section near
the C4 cable anchor point. The specific arrangement of monitoring sections is shown in Fig. 8.

Fig. 8. Layout diagram for stress and temperature monitoring sections (cm)

In the stress measurement of the main bridge of Jinzhou Bridge, strain sensors are embedded
in the monitoring sections to indirectly measure the stress values based on the section strains.
To ensure more accurate measurement results, surface-mounted FRP-encased fiber optic grating
strain sensors are chosen for strain monitoring of the steel structure. For the strain monitoring
of the prestressed reinforced concrete structure at the junction of the beam and tower, highly
durable end-bulge CFRP-encased fiber optic grating strain sensors are used.

There are 10 strain sensors and 4 temperature sensors arranged at various control sections
of the concrete beam segments. The strain sensors are fixed on the longitudinal main rein-
forcement, while the temperature sensors are tied to the main reinforcement with fine wire.
The testing wires are led outside the box and properly labeled and protected. The layout of
the sensors is shown in Fig. 9.

Fig. 9. Layout diagram of sensors within section 1 and section 2
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The control section at the steel-concrete junction is equipped with 12 strain sensors and
4 temperature sensors. The strain and temperature sensors are fixed on the top and bottom
plates of the steel box beam respectively. The testing wires are led out of the box and properly
labeled and protected. The layout of the sensors is shown in Fig. 10.

Fig. 10. Layout diagram of sensors within section 3 and section 5

Each control section of the steel box girder segment is equipped with 8 strain sensors and
8 temperature sensors. The strain and temperature sensors are fixed on the top and bottom
plates of the steel box girder respectively. The testing wires are led out of the box and properly
labeled and protected. The layout of the sensors is shown in Fig. 11.

Fig. 11. Layout diagram of sensors within section 4

Each control section of the bridge tower is equipped with 4 strain sensors and 2 temperature
sensors. The 2 temperature sensors are positioned at the diagonal corners of the bridge tower
section. The layout of the sensors is shown in Fig. 12 and Fig. 13.

Fig. 12. Layout diagram of sensors within section 6 Fig. 13. Layout diagram of sensors within
section 7, 8, 9
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The on-site sensor arrangement and testing situation are shown in Fig. 14 and Fig. 15.

Fig. 14. Strain sensor installation diagram Fig. 15. On-site strain testing diagram

4.2. Structural alignment monitoring

4.2.1. Monitoring of main tower displacement and main tower foundation settlement

The measurement of main tower displacement includes the measurement of displacement
values in both longitudinal and transverse directions. The Leica TCA2003 total station is
primarily used for measurements. By using the coordinate method, the displacement values
of the tower are calculated based on the difference between two measurements of pre-set
measurement points located at the top and middle of the tower. Continuous measurements
are carried out for 24 hours under typical weather and natural conditions, and additional
measurements are taken after each completion of cable tensioning.

4.2.2. Monitoring of main girder elevation and alignment deviation

During the monitoring, the elevation of the main girder measurement points is obtained
by referencing the benchmark points on the tower column using Leica’s NA2 precision level.
There are 5 measurement points arranged for each girder section, including: 1 point at the
centerline of the main girder, 2 points symmetrically arranged at the center of the bridge deck
wet joints on the two flanges of the steel box girder, and 2 points symmetrically arranged on the
edges of the bridge deck on both sides. The specific arrangement of the measurement points is
shown in Fig. 16.

Fig. 16. Layout plan for main girder elevation and alignment deviation measurement
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The measurement of the main girder alignment deviation mainly takes place during each
girder section installation or after the tensioning of the stay cables. It involves measuring the
alignment deviation of the front 5 girder sections and making adjustments to the cable forces,
as well as measuring partial or full bridge alignment before and after the closure and pouring
of the bridge deck. The measurement method involves using the Leica TCA2003 total station.
The total station is used to measure its planar coordinates, which are then compared with the
design values to determine the actual deviation value. The measurement positioning points
and measurement drawings for the main girder on-site are shown in Fig. 17 and Fig. 18.

Fig. 17. Positioning points for main girder elevation
measurement

Fig. 18. On-site elevation measurement diagram

4.3. Cable force monitoring

The main bridge of Jinzhou Bridge adopts the frequency method for cable force measure-
ment, which utilizes the corresponding relationship between cable force and the vibration
frequency of the cable. By measuring the vibration frequency of the cable and using string
theory calculations, the tension of the cable can be determined. During on-site measurements,
specially designed straps are used to vertically attach accelerometers to the cables. Artificial
excitation is applied, and the cable force dynamometer is used for recording and spectral
analysis.

5. Construction control effectiveness of the main bridge
of Jinzhou bridge

5.1. Key construction phase control effectiveness

Construction control is implemented throughout the entire construction process. In order
to achieve construction control over the main bridge of Jinzhou Bridge, the measured data
of the key sections of the main tower and main beam are tracked and analyzed under various
critical conditions.
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(1) The stress of the bridge tower
The comparison between the measured values and theoretical values of the stress on the

left and right sides of section 7–7 of the tower during some key construction stages is shown in
Fig. 19 and Fig. 20.

Fig. 19. Comparison chart between measured and
theoretical stress values on the left side of the

bridge tower during the construction phase

Fig. 20. Comparison chart between measured and
theoretical stress values on the right side of the

bridge tower during the construction phase

From the above chart, it can be inferred that in each construction phase, the measured
stress values of the left and right sides of the bridge tower have small differences compared to
the theoretical values. The trends are similar, and the stress levels of the sections are within the
allowable range. This indicates that the structural load is safe and reasonable.

(2) Main beam
1. Stress of the main beam
Considering the monitoring section 1–1, located on the cast-in-place concrete main beam,

the comparison between the measured stress values and theoretical values of the upper and
lower edges at various construction stages is depicted in Fig. 21 and Fig. 21.

Fig. 21. Comparison of measured and theoretical
stress values of the upper edge of the main beam

during construction stages

Fig. 22. Comparison chart between measured and
theoretical stress values on the right side of the

bridge tower during the construction phase
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Based on the above chart, it can be observed that the measured and theoretical stress
values of the upper and lower edges of the main beam during each construction stage exhibit
small discrepancies and follow similar trends. The stresses across the sections are within the
allowable range, indicating the structural integrity and safety of the load distribution.

2. Displacement of the main beam
Taking the node at the C6 cable-stayed position as a representative, the uplift displacement

of the main beam during the construction process is shown in Fig. 23.

Fig. 23. The comparison between the measured uplift displacement values and theoretical values of the
main beam in each construction phase

Based on the data shown in the graph, it can be observed that the measured uplift
displacements of the main beam are consistently lower than the theoretical calculated values.
This is because during the model establishment, it is not possible to simulate all the detailed
structures inside the steel box girder, resulting in a decrease in the stiffness of the main beam
and consequently reducing the measured displacements.

(3) Cable force testing
The tension force variation of cable C6 during the construction process is shown in Fig. 24

and Fig. 25.

Fig. 24. The comparison between measured and
theoretical values of the tension force on the south

side of cable C6 in each construction stage

Fig. 25. The comparison between measured and
theoretical values of the tension force on the north

side of cable C6 in each construction stage
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Based on the analysis of the above figure, it can be observed that the measured values
and theoretical values of the tension force on cable C6 in each construction stage are almost
identical, showing similar trends. The tension forces on the north and south sides of the cable
differ only slightly, indicating a well-balanced force distribution and a favorable stress state of
the inclined cable.

5.2. Effect of bridge state control

5.2.1. Elevation of the main beam
During the bridge erection, in order to compare with the design elevation, the measurement

position of the main beam is the center of the asphalt layer on the bridge deck corresponding
to the control elevation of each stage in the construction phase. The comparison between the
as-erected curve and the design curve is shown in Fig. 26. The results indicate that the measured
values of the bridge deck profile of Jinzhou Bridge’s main span are in good agreement with the
design elevation, with a relatively small relative error within ±20 (excluding the pre-camber
value). The maximum error is 16, and the main beam profile is smooth.

Fig. 26. Comparison graph of measured and designed values of bridge deck elevation in the completed
bridge state

5.2.2. Cable tension
According to Table 2, the difference between the measured cable tension and the design

tension, as well as the theoretical calculated tension, is very small in the bridge’s completed
state, with a relative error of less than ±3%. The difference in cable tension between the north
and south sides of the bridge at the same position is very small, with a relative error of less
than ±1.5%. The distribution of cable tension is reasonably balanced.

Table 2. Table of measured differences in cable tension between the north and south sides in the completed
bridge state

Cable number C1 C2 C3 C4 C5 C6 C7 C8 C9
The difference in cable tension between

the north and south sides (kN)
−10.0 −60.2 −38.8 −17.7 −25.9 70.9 17.3 −20.1 −26.1

Design cable tension (kN) 6926 6572 6150 5810 5504 4922 4564 3724 3059
The difference in cable tension divided

by the design cable tension (%)
−0.14 −0.92 −0.63 −0.30 −0.47 1.44 0.38 −0.54 −.85



664 X. ZHENG

5.2.3. Structural stress
According to the measurement results from the sensors, the stress variations of the main

girder and bridge piers were calculated. The stress distribution results for the critical sections
of the main girder and bridge piers in the completed bridge state are shown in Figs. 27–30.

Fig. 27. Comparison graph of upper surface stresses
of the main girder in the completed bridge state

Fig. 28. Comparison graph of lower surface stresses
of the main girder in the completed bridge state

Fig. 29. Comparison graph of left side stresses of
bridge towers in the completed bridge state

Fig. 30. Comparison graph of right side stresses
of bridge towers in the completed bridge state

Based on the data in the above graph, it can be observed that the measured stresses of the
main beam and the stress testing section of the bridge tower are in good agreement with the
theoretical values. The numerical difference is minimal, indicating that the structural load state
is safe and reliable. The theoretical analysis is accurate, and the control effect is satisfactory.

6. Conclusions
This article compares the measured values and theoretical values of structural internal

forces and deformations in both the construction and completed states of the Jinzhou Bridge.
It concludes that the main bridge of Jinzhou Bridge is structurally well-loaded and the
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bridge structure is safe and reliable. The main beam’s alignment is generally smooth, further
confirming the accuracy of the construction control theory data.

– Construction state
Under various working conditions, the measured stress on the upper and lower flanges
of the key section of the main beam matches well with the theoretical values. The
load-bearing condition of the main beam structure is good and complies with the design
requirements, ensuring its safety and reliability.
Regarding cable forces, the error in cable forces under different working conditions
is controlled within ±2%, meeting the maximum allowable cable force deviation
requirement in the design. The tensioning of the cables is reasonable, indicating proper
cable force distribution.

– Under the completed state of the bridge
Under the completed state of the bridge, the measured cable forces of the inclined cables
show a small difference compared to the designed and theoretically calculated values,
with a deviation of less than ±3%. The difference in cable forces between the north
and south sides of the bridge at the same position is also small, with a relative error
of less than ±1.5%. This indicates a reasonable distribution of cable forces and proper
tensioning of the inclined cables.
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