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ABSTRACT

In this paper, the construction process of a cable-stayed bridge with corrugated steel webs was monitored. More-
over, the end performance of the bridge was verified by load test. Owing to the consideration of the bridge struc-
ture safety, it is necessary to monitor the main girder deflection, stress, construction error and safety state during
construction. Furthermore, to verify whether the bridge can meet the design requirements, the static and dynamic
load tests are carried out after the completion of the bridge. The results of construction monitoring show that the
stress state of the structure during construction is basically consistent with the theoretical calculation and design
requirements, and both meet the design and specification requirements. The final measured stress state of the
structure is within the allowable range of the cable-stayed bridge, and the stress state of the structure is normal
and meets the specification requirements. The results of load tests show that the measured deflection values of the
mid-span section of the main girder are less than the theoretical calculation values. The maximum deflection of
the girder is −20.90 mm, which is less than −22.00 mm of the theoretical value, indicating that the girder has
sufficient structural stiffness. The maximum impact coefficient under dynamic load test is 1.08, which is greater
than 1.05 of theoretical value, indicating that the impact effect of heavy-duty truck on this type of bridge is larger.
This study can provide important reference value for construction and maintenance of similar corrugated steel
web cable-stayed bridges.

KEYWORDS

Cable-stayed bridge; corrugated steel web; construction monitoring; static load test; dynamic load test

1 Introduction

With the development of modern bridge technology, the span capacity of long-span bridges has
developed rapidly. However, in long-span bridges, for continuous girder bridges and continuous rigid
frame bridges with traditional concrete box girders, the structural self-weight accounts for more than 80%
of the total load, and most of the bearing capacity of the structure is consumed on the self-weight, not
used to bear the vehicle load [1]. Facing the problems of self-weight and inconvenience in construction
of traditional concrete box girder bridge, PC (plate composite) structure bridge with corrugated steel web
emerges as the times require. In 1986, the world’s first corrugated steel web PC composite girder bridge-
Cognac Bridge was built in France [2]. In 1993, Japan built the first corrugated steel web simply
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supported box girder bridge-Shinkaibashi Bridge. At the beginning of the 21st century, Omi Otori Bridge, the
world’s first cable-stayed bridge with corrugated steel webs, was built in Japan. The completion of Omi Otori
Bridge indicated that the cable-stayed bridge with corrugated steel web had entered the stage of engineering
practical application [3–6].

PC composite box girder with corrugated steel webs is a composite box girder structure composed of
concrete flange plates of top and bottom plates and corrugated steel webs, and equipped with prestressed
system. Because the corrugated steel web is relatively thin and its stiffness is less than that of the
traditional concrete box girder, some diaphragms will be set in the actual project to prevent the torsion
and deformation of the structure [7–10]. PC composite girder with corrugated steel webs makes full use
of the advantages of high compressive strength of concrete and high shear strength of corrugated steel
webs, which improves the service efficiency of materials. The use of steel web avoids the traditional
prestressed concrete box girder [11–14].

Cable-stayed bridge belongs to high-order statically indeterminate structure, which is characterized by
high coupling between design and construction. The construction method, construction sequence and
material performance of cable-stayed bridge will directly affect the structural internal force distribution
and bridge line type in the completed state [15–18]. Due to the complex stress of corrugated steel web, in
order to ensure the safety of the bridge, it is necessary to conduct detailed analysis and construction
monitoring in each construction stage of cable-stayed bridge. After the completion of cable-stayed bridge,
load test is needed to evaluate the service performance of the bridge. Through the static load, engineers
can measure the stress and deflection of the control section of the bridge span structure under the test
load, and compare it with the theoretical calculation value, so as to check whether the stress and
deflection of the structure control section are consistent with the design requirements and evaluate the
current bearing capacity of the bridge span structure. Through dynamic load test, the overall dynamic
performance of the structure and the dynamic performance under vehicle load are evaluated, so as to
provide original data for bridge maintenance, management, reinforcement, repair or reconstruction in the
future [19–22].

This paper takes the construction monitoring and load test of a cable-stayed bridge with corrugated steel
webs as an example. To ensure the safety of cable-stayed bridge structure in construction and achieve the
internal force state of the completed bridge, the changes of main girder line type, main girder stress and
cable force before and after deck system pavement are monitored. At the same time, to verify whether the
bridge can meet the design requirements, the static and dynamic load test after completion is carried out.
This study can provide important reference value for the construction and design of similar cable-stayed
bridges.

2 Background

The cable-stayed bridge is in the North of Chaoyanggou reservoir of Zhengzhou Dengfeng expressway
reconstruction project and crosses Chaoyanggou reservoir. The structural form of cable-stayed bridge is PC
girder Partial Cable-stayed Bridge with corrugated steel webs, and the structural system is continuous rigid
frame. The elevation after the completion of the whole bridge is shown in Fig. 1. The total length of the cable-
stayed bridge is 472 m, and the layout form of the longitudinal bridge direction is 58 + 118 + 118 +
108 = 472 m. The total width of the bridge deck is 35 m, and the layout of the cross section is 3.0 m
(sidewalk) + 1.5 m (cable area) + 12.5 m (motorway) + 1.0 m (guardrail) + 12.5 m (motorway) + 1.5 m
(cable area) + 3.0 m (sidewalk). The design speed is 80 km/h, and the load specification adopts highway
class I.
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The main girder adopts a single box four chamber inclined web section, the width of the top plate is
35.0 m. The beam height varies linearly from 4.5 to 7.0 m near the top of the pier. The thickness of the
bottom plate of each girder section ranges from 100~28 cm from the cantilever root to the girder 9#,
which varies in a straight line. The thickness of the top plate of the box girder: 150 cm for girder 0 and
30 cm for the rest. The main girder is made of C55 concrete. Pier 1 adopts solid thin-wall pier,
C40 concrete, and its top adopts basin support. The elevation and top view of the cable-stayed bridge are
shown in Figs. 2 and 3. Pier 2 and Pier 3 adopt double thin-walled solid piers. And Pier 2 and Pier 3,
composed of C50 concrete, are consolidated with the main beam and main tower. Besides, C40 concrete
is used for bearing platform and C30 concrete is used for pile foundation. The main tower is arranged
between the carriageway and the sidewalk and is designed as double tower columns. It adopts a
combined reinforced concrete structure. The height above the bridge deck of the main tower is 33 m. The
vertical tower column adopts a longitudinal rectangular section. The width changes linearly from 6.4 to
3.5 m near the root of the main tower, and the transverse width is 1.5 m. The outer auxiliary tower adopts
double leg rectangular section with section size of 1.6 m × 1.0 m, the cross section of the auxiliary tower
is arranged obliquely on the tower top and combined with the vertical tower column. The anchorage of
the stay cable on the tower top adopts the split wire pipe cable saddle structure.

The cross section of cable-stayed bridge is shown in Fig. 4. The stay cables are single row cables with
double cable planes, which are arranged between the carriageway and the sidewalk. There are 52 pairs of
cables in the whole bridge. The length of the cable free area of the main girder near the tower root is
40.0 m, the cable distance on the girder is 4.8 m, and the cable distance on the tower is 1.0 m. The stay

Figure 1: Photo of the bridge

Figure 2: Elevation of the whole bridge (unit: m)
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cable is made of monofilament epoxy coated steel strand. The thickness of corrugated steel web is
12~24 mm. The corrugated steel plate is connected with the concrete top plate with studs. The corrugated
steel plate and the concrete base plate are connected in an embedded way. The longitudinal connection
between corrugated steel web segments adopts lap joint and fillet welding connection. The connection
between corrugated steel plate and concrete diaphragm adopts double PBL key.

The main girder of the bridge is divided into 18 girder sections for construction. Section division of the
main girder is shown in Fig. 5.

3 Construction Monitoring and Load Test

3.1 The Establishment of Finite Element Model
The finite element model of cable-stayed bridge is established by MIDAS/civil finite element analysis

software. To facilitate calculation, based on fully considering the construction sequence and structural stress,
spatial girder element is used for structural discretization in modeling. The calculation model of cable-stayed
bridge is shown in Fig. 6.

Figure 3: Top view of the whole bridge (unit: m)

Figure 4: Cross section of the mid-span (unit: m)

Figure 5: Division of girder sections
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The definition of mechanical properties of different sections of pedestrian cable-stayed bridge in the
finite element model is shown in Table 1. The main girder is defined as C55 concrete with elastic
modulus E = 3.55 × 104 MPa. The main tower is defined as C50 concrete with elastic modulus E = 3.45
× 104 MPa. C40 and C30 concrete are defined for Pier 1 and pile foundation respectively. The cables
adopt single wire epoxy coated steel strand with specification of 37-Φ 15.2 and 43-Φ 15.2 two
specifications with tensile strength of 1670 MPa.

3.2 Construction Process
The bridge crosses the water surface of the reservoir area. The trestle bridge and drilling platform shall

be built first, and steel sheet pile cofferdam shall be inserted after the construction of bearing platform
foundation pile is completed. Finally the substructure such as cap and pier body shall be constructed
successively. The construction of superstructure shall be carried out simultaneously with the main tower
in combination with the specific construction organization design. After the construction of box girder 0#
is completed, the hanging basket system shall be installed and preloaded, and each girder section shall be
suspended poured in turn. After the girder 5# construction is completed, the girder 6# is moved forward
in place, and the first stay cable is installed and tensioned. After that, a stay cable will be installed for
each cantilever girder section. After the construction of girder 18# is completed, all stay cables will be
installed and the first tensioning of all stay cables will be completed. During the construction of main
girder on both sides of the main pier, the construction of cast-in-situ sections on the left and right sides
shall be completed. For the jacking construction of the main span closure section, after the jacking
operation is completed, lock the rigid skeleton of the main span closure section and complete the
subsequent closure work. After the closure work is completed, the second tensioning and bridge deck
pavement construction shall be carried out. The specific construction steps are shown in Fig. 7.

Figure 6: Finite element analysis model

Table 1: Mechanical properties of sections defined in the model

Structural part Material Compressive
strength (MPa)

Tensile
strength (MPa)

Elastic
modulus (MPa)

Main girder C55 concrete 35.50 2.01 3.55 × 104

Main tower (Pier 2, Pier 3) C50 concrete 34.40 1.83 3.45 × 104

Pier 1 C40 concrete 26.80 1.65 3.25 × 104

Pile foundation C30 concrete 13.80 1.39 3.00 × 104

Cable 37/43-ΦS15.2 – 1670.00 2.05 × 103

Figure 7a: Construction of substructure and foundation
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Figure 7b: Construction of main tower and girder 0#

Figure 7c: Installing the hanging basket system and pouring it to the girder 5# in turn

Figure 7d: Moving the hanging basket forward and installing the first cable

Figure 7e: Pouring until the girder 18#, and installing the cables at the same time

Figure 7f: First tensioning and closure of mid-span
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3.3 Construction Monitoring Scheme

3.3.1 Layout of Measuring Points
The construction monitoring includes the linear monitoring of the cantilever section of the main girder,

the stress monitoring of the main girder and the cable force monitoring of the stay cables. In the stress
monitoring of the main girder, four test sections are defined. The distribution positions of the four test
sections are shown in Fig. 8a. They are F1 and F2 on both sides of Pier 2 and F3 and F4 on both sides of
Pier 3. To monitor the cable force of stay cables, 104 cables of the whole bridge are divided into
8 groups. The naming method of each group is shown in Fig. 8b. Taking the group of stay cables
‘P2NW’ as an example, ‘P2’ represents the stay cables on both sides of Pier 2, ‘NW’ represents the
group of stay cables in the northwest direction of Pier 2.

Figure 7g: Second tensioning, bridge deck system construction

Figure 8a: Layout of measuring points and section division of the elevation of cable-stayed bridge

Figure 8b: Groups of stay-cables
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3.3.2 Linear Monitoring of Cantilever Section of Main Girder
To ensure that the linear error of cable-stayed bridge meets the specification requirements after the

completion of each construction stage, total station and level are used to track and monitor the
displacement of corrugated steel web box girder in cantilever construction stage. The girder 0# and girder
1# are cast-in-situ on the Berry girder and girder 2# to girder 18# are cantilevered on the cradle. The
results of line shape monitoring can analyze the line shape changes of each section during the cantilever
casting construction stage and pushing process. Then the height difference of the closure section is
analyzed and compared to prepare the closure construction. Linear monitoring is one of the important
indexes to evaluate whether the bridge meets the requirements of design and specification.

3.3.3 Main Girder Stress Monitoring
Cable-stayed bridge construction process is complicated. Real-time and accurate understanding of the

stress state of corrugated steel web girder during construction can not only warn the stress safety of main
girder, but also check the theoretical parameters, which can provide basis for construction control. It is
impossible to completely agree the physical-mechanical or time parameters used in design calculation
with the corresponding parameters in actual engineering. The actual stress of the structure may not reach
the expected result of design calculation. Therefore, it is necessary to monitor and measure the
construction stress of the main girder control section in the construction stage to provide reference data
for design and construction control, so as to ensure the safety and quality of the bridge. In order to
monitor the stress of the cable-stayed bridge, 12 construction steps are defined, and the specific
information of each construction step is shown in Table 2.

3.3.4 Cable Force Monitoring
Cable tension can directly affect the internal force and alignment of the main girder. Cable tension state

in some cable-stayed bridges is an indicator reflecting the internal force state of the whole bridge. It is one of
the main tasks of construction process monitoring system to determine cable forces during construction and
completion stages with special equipment. Cable force monitoring uses a spectrum analysis method. The
frequency spectrum analysis method uses a highly sensitive sensor attached to the cable to pick up the
vibration signal of the cable excited by ambient vibration. The vibration signal is filtered, amplified and

Table 2: Construction steps defined in girder stress monitoring

Stages Construction

Stage 1 After tensioning of girder 1#

Stage 2 After tensioning of girder 5#

Stage 3 After tensioning of cable C1

Stage 4 After tensioning of girder 10#

Stage 5 After tensioning of cable C6

Stage 6 After tensioning of girder 15#

Stage 7 After tensioning of cable C11

Stage 8 After tensioning of girder 18#

Stage 9 Closing of the mid-span

Stage 10 After tensioning of steel strands

Stage 11 After cables force adjustment

Stage 12 After bridge system construction
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spectrum analyzed. Then the natural frequency of the cable is determined according to the spectrum diagram.
Finally, the cable force is determined according to the relationship between the natural frequency and the
cable force. Considering the influence of cable bending stiffness, calibration before measurement should
be performed and corrected during measurement. There are 8 groups of 104 cables in the cable-stayed
bridge. The serial numbers of each group is shown in Fig. 9. Photos of cable tension monitoring are
shown in Fig. 10.

3.4 Static Load Test

3.4.1 Test Content
Bridge static load test is mainly to determine the actual bearing capacity of bridge structure by measuring

the stress and structural deformation of each control section under static load and their distribution law, so as
to determine whether the actual working state of bridge structure matches the design expectation. It is the
most direct and effective way to check bridge performance (structural strength, rigidity, etc.) and working
state. According to the structural stress characteristics of cable-stayed bridge and the concrete
construction conditions, the test section is determined as the second span mid-section, the third span mid-
section and the fourth span mid-section. The test contents are shown in Table 3. Photos of static load test
are shown in Fig. 11.

Figure 9: Cable serial numbers defined in cable force monitoring

Figure 10: Photos of cable tension monitoring

Table 3: Test contents of static load test

Measuring points Test content

Z1 Deflection and strain of 2nd span

Z2 Deflection and strain of the 3rd span

Z3 Deflection and strain of 4th span
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3.4.2 Arrangement of Test Vehicles and Measuring Points
In the static load test, three test sections are defined. The distribution positions of the three test sections

are shown in Fig. 12a. The three test sections are located in the middle of the second span, the third span and
the fourth span respectively. The cross section of the measuring point arrangement is shown in Fig. 12b. The
strain gauges and deflectometers are arranged at the top plate of the main girder with corrugated steel web.

The internal force influence lines of each cross control section are shown in Fig. 13.

The test vehicle is proposed to be a double rear axle truck with a total weight of 400 kN, with a total of
20 trucks. If the actual loaded vehicle is slightly different from the calculation and analysis. The plane and
elevation dimensions of the test vehicle are shown in Fig. 14. The detailed data of the test vehicle are listed in
Table 4.

Figure 11: Photos of static load test

Figure 12a: Elevation of measuring point layout

Figure 12b: Cross section of measuring point layout
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Figure 13a: Influence line of internal force across Z2 section at 118m

Figure 13b: Influence line of internal force across Z2 section at 188m

Figure 13c: Influence line of internal force across Z3 section at 108m

Figure 14: Plane and elevation dimensions of the test vehicle

Table 4: Data of the test vehicle

A1 A2 A3 D1 D2 D3

Front axle Middle rear axle Rear axle Front wheelbase Rear wheelbase Tread

(kN) (kN) (kN) (cm) (cm) (cm)

80 160 160 400 140 180
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3.4.3 Work Conditions
To simulate the maximum bending moment effect of vehicle load, the longitudinal position of the test

vehicle on the bridge deck is changed to ensure that the load efficiency is within the specified range. The
static load test of cable-stayed bridge is divided into six working conditions. The loading scheme under
the six working conditions is shown in Table 5.

For the bridge safety during the test, the test load during is controlled according to the graded loading.
The vehicles loaded at each level under each work condition are shown in Table 6. During the test, the
reading shall be taken after each load is applied and stabilized for 5 min, and then reading every 5 min.
When the change of the last 5 min reading is less than 25% of the previous 5 min increment, it is
considered to be relatively stable, and the next level of load can be applied. This is done until the
maximum test load is reached. Once all loading levels are completed, uninstall once.

3.5 Dynamic Load Test
Bridge dynamic load test is to learn from a large number of measured data signals. The dynamic

characteristics of the structure and its ability to resist forced vibration and burst load are understood from
the measured data signals. Finally, the dynamic characteristics and response of the bridge structure are
evaluated comprehensively. Dynamic load test can reveal the inherent law of bridge structure vibration to

Table 5: Work conditions of static load test

Work
conditions

Test content

Condition 1 Symmetrical loading on the maximum positive bending moment of the 2nd span (118 m) section

Condition 2 Eccentric loading on the maximum positive bending moment of the 2nd span (118 m) section

Condition 3 Symmetrical loading on the maximum positive bending moment of the 3rd span (188 m) section

Condition 4 Eccentric loading on the maximum positive bending moment of the 3rd span (188 m) section

Condition 5 Symmetrical loading on the maximum positive bending moment of the 4th span (108 m) section

Condition 6 Eccentric loading on the maximum positive bending moment of the 4th span (108 m) section

Table 6: Loading levels under different work conditions

Work conditions Levels Number of trucks Work conditions Levels Number of trucks

Condition 1 Level 1 4 Condition 2 Level 1 4

Level 2 8 Level 2 8

Level 3 12 Level 3 12

Condition 3 Level 1 4 Condition 4 Level 1 4

Level 2 8 Level 2 8

Level 3 12 Level 3 12

Level 4 16 Level 4 16

Level 5 20 Level 5 20

Condition 5 Level 1 4 Condition 6 Level 1 4

Level 2 8 Level 2 8

Level 3 12 Level 3 12
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judge the actual working state of the structure, and at the same time accumulate the original data for the
structural evaluation in service stage [23–25].

Vibration signal acquisition and analysis system is adopted in this dynamic load test, as shown in
Fig. 15. The system consists of excitation part, signal measurement and data acquisition part, signal
analysis and frequency response function analysis and estimation. In order to accurately collect
environmental excitation signals, a low-frequency acceleration sensor with high sensitivity was selected
for this test, and the frequency response range was 0.01~100 Hz.

Nine acceleration sensors are arranged on each side of the bridge, and a total of 18 acceleration sensors
and one dynamic strain are arranged on the left and right sides. The specific layout is shown in Fig. 16.

Because the vibration of actual bridge structure is often complex and random, it is difficult to analyze
and judge the rule of structure vibration directly based on such signal or data. Generally, the measured
vibration waveform needs to be analyzed and processed in order to further analyze the dynamic
performance of the structure, and parameters such as amplitude, damping ratio and vibration mode can be
obtained. Frequency domain analysis is to transform the time domain signal into frequency domain signal
by mathematical principle of Fourier transform. It can reveal the frequency components of the signal and
the transmission characteristics of the vibration system, so as to determine the frequency and frequency
distribution characteristics of the structure. After obtaining these vibration parameters, the dynamic
performance of bridge structure can be comprehensively evaluated according to relevant indexes [26–30].
The natural frequency of the cable-stayed bridge can be measured by a pulsation test.

Figure 15: Vibration test system

Figure 16: The vertical layout diagram of sensor
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4 Construction Monitoring Results

4.1 Monitoring Results of Main Girder Linearity
The test results of linear variation of main girder are shown in Fig. 17. The x-axis represents the beam

number and the vertical axis represents the deflection value of the main beam. The red solid line and blue
solid line in the figure respectively represent the deformation values of the West cantilever section and
the East cantilever section of the bridge tower before and after the cable tensioning. The black dotted line
is the theoretical value calculated by the finite element software. Generally speaking, the curve shows a
ladder upward trend from 5# girder to 17# girder. The maximum value of measured deformation and
theoretical deformation of cantilever girders on both sides of Pier 2 appears in 15# girder, and the
maximum difference is 1.0 cm. The maximum value of measured deformation and theoretical
deformation of cantilever girders on both sides of pier 3 appears in 17# girder section, and the maximum
difference is 1.7 cm.

4.2 Monitoring Results of Main Girder Stress
This project measured the structural stress by monitoring the strain-frequency domain calibration curve.

Then the actual strain of concrete is calculated and the concrete stress is calculated according to the elastic
modulus of concrete. The monitoring results of main girder stress in 12 construction stages are shown in
Fig. 18. From the construction stage, the maximum stress of the main girder occurs in construction stage
11 (after cables force adjustment). The maximum difference between the theoretical stress and the
measured stress of section F1 occurs in construction stage 6 (after tensioning of girder 15#). The
maximum difference between the theoretical stress and the measured stress of section F2 occurs in
construction stage 11 (after cables force adjustment). The maximum difference between the theoretical
stress and the measured stress of section F3 occurs in the construction stage 12 (after bridge system
construction). The maximum difference between the theoretical stress and the measured stress of section
F4 occurs in construction stage 11 (after cables force adjustment). Therefore, the influence of cable force
adjustment on the stress of cable-stayed bridge is obviously greater than that in other construction stages.

Figure 17: Monitoring results of main girder linearity
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4.3 Monitoring Results of Cable Force after Closure
In the actual construction monitoring, the monitoring of stay cable is divided into two parts: (1) After

each pair of stay cables is tensioned, test the cable force of 4 adjacent pairs of stay cables. (2) After the
closure of the mid-span, the cable force of the whole bridge is measured.

Due to the limited space of this paper, only the monitoring results of the second part are introduced. The
comparison between the measured and theoretical cable force of the cable-stayed bridge after the closure is
shown in Fig. 19. As can be seen from the figure, the maximum difference of cable force value of Pier 2 is
488 kN, which is P2SW-C12. The actual cable force of P2SW-C12 is 4954 kN. But it has a theoretical cable
force of 5442 kN, with a difference of 9.8%. The maximum difference of cable force value of pier3 is 478 kN,
which is P3SE-C12. The actual cable force of P3SE-C12 is 5442 kN and the theoretical cable force is
4964 kN, with a difference of 9.6%. In general, the vibration frequency method can basically meet the
accuracy requirements of cable force monitoring. The cable force of the stay cable of the bridge basically
meets the requirements of the design and specifications in the cable hanging and tensioning stage and
after the closure of the bridge.

Figure 18: Monitoring results of main girder stress
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5 Load Test Results

5.1 Static Load Test Results

5.1.1 Deflection Test Results of Main Girder
The test results of main girder deflection under working conditions 1 and 2 are shown in Table 7. From

the perspective of loading level, the measuring point Z1-3 of working condition 1 produces the maximum
deflection at the third level, which is −14.30 mm, lower than −16.00 mm of the theoretical value. Under
condition 2, the maximum deflection of measuring point Z1-2 in the third stage is −16.00 mm, which is
lower than −18.00 mm of the theoretical value. Since the symmetrical loading is adopted in condition
1 and the eccentric loading is adopted in condition 2, the position of the measuring point with the
maximum deflection has changed. Generally speaking, the maximum deflection under the three loading
levels is less than the theoretical value, indicating that the stiffness of the bridge structure meets the
design requirements.

Figure 19: Monitoring results of cable force after closure

Table 7: Deflection test results of main girder (Group Z1)

Work conditions Measure points Level 1 (mm) Level 2 (mm) Level 3 (mm) Theoretical value (mm)

Condition 1 Z1-1 −4.80 −9.70 −13.70 −16.00

Z1-2 −4.50 −8.60 −12.50 −16.00
(Continued)
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It can be seen from Table 8 that, under the load of working condition 1, the check coefficient of each
measuring point on Z1 section is between 0.78 and 0.92. The maximum check coefficient is 0.92. The
minimum check coefficient is 0.78. All are less than 1, indicating that the actual working condition of the
bridge span structure is better than the theoretical condition. Under working condition 1, the maximum
residual ratio at each measuring point of Z1 section is 15.20%, less than 20%, indicating that the
structure is in elastic working condition. Under the load of working condition 2, the check coefficients of
each measuring point of Z1 section range from 0.82 to 0.89. The maximum check coefficient is 0.89. The
minimum check coefficient is 0.82. All are less than 1, indicating that the actual working condition of the
bridge span structure is better than the theoretical condition. Under working condition 2, the maximum
residual ratio at each measuring point of Z1 section is 6.60%, less than 20%, indicating that the structure
is in elastic working condition.

The deflection test results of the main girder of group Z2 are shown in Table 9. Since there are more
loading vehicles under conditions 3 and 4, the bridge is loaded in five loading levels. The deflection of
each measuring point increases with the increase of loading grade, which is in line with the law of bridge

Table 7 (continued)

Work conditions Measure points Level 1 (mm) Level 2 (mm) Level 3 (mm) Theoretical value (mm)

Z1-3 −6.40 −9.60 −14.30 −16.00

Z1-4 −4.00 −8.90 −13.40 −15.00

Z1-5 −6.10 −9.70 −13.80 −15.00

Condition 2 Z1-1 −3.90 −9.80 −15.60 −18.00

Z1-2 −4.80 −10.20 −16.00 −18.00

Z1-3 −3.20 −8.60 −13.60 −16.00

Z1-4 −3.10 −6.90 −10.60 −13.00

Z1-5 −2.90 −7.30 −10.80 −13.00

Table 8: Other test results of main beam (Group Z1)

Work
conditions

Measure
points

Calibration coefficient Residual displacement (mm) Residual ratio (%)

Condition 1 Z1-1 0.86 −0.2 1.46

Z1-2 0.78 −1.9 15.20

Z1-3 0.89 −1.0 6.99

Z1-4 0.89 −0.9 6.72

Z1-5 0.92 −0.8 5.80

Condition 2 Z1-1 0.87 0.0 0.00

Z1-2 0.89 −0.8 5.00

Z1-3 0.85 −0.1 0.74

Z1-4 0.82 −0.7 6.60

Z1-5 0.83 −0.1 0.93
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design. The maximum deflection of measuring point Z2-2 under working condition 3 is −20.70 mm, which is
less than −22.00 mm of the theoretical value. The maximum deflection under working condition 4 appears on
measuring point Z2-1, and the maximum deflection is −20.90 mm, which is less than −25.00 mm of the
theoretical value. The maximum deflection of this group is also less than the theoretical deflection,
indicating that the structural bearing capacity of the third span of cable-stayed bridge meets the design
requirements.

It can be seen from Table 10 that, under load of working condition 3, check coefficient of each measuring
point on Z2 section range from 0.92 to 0.94. The maximum check coefficient is 0.94. The minimum check
coefficient is 0.92. All are less than 1, indicating that the actual working condition of the bridge span structure
is better than the theoretical condition. Under working condition 3, the maximum residual ratio at each
measuring point of Z2 section is 12.87%, less than 20%, indicating that the structure is in elastic working
condition. Under the load of working condition 4, the check coefficient of each measuring point of
Z2 section range from 0.82 to 0.85. The maximum check coefficient is 0.85. The minimum check
coefficient is 0.82. All are less than 1, indicating that the actual working condition of the bridge span
structure is better than the theoretical condition. Under working condition 4, the maximum residual ratio
at each measuring point of Z2 section is 13.06%, less than 20%, indicating that the structure is in elastic
working condition.

Table 9: Deflection test results of main girder (Group Z2)

Work
conditions

Measure
points

Level 1
(mm)

Level 2
(mm)

Level 3
(mm)

Level 4
(mm)

Level 5
(mm)

Theoretical value
(mm)

Condition 3 Z2-1 −1.90 −5.80 −10.30 −15.80 −20.40 −22.00

Z2-2 −2.10 −6.20 −10.60 −16.00 −20.70 −22.00

Z2-3 −2.30 −6.10 −10.40 −15.80 −20.20 −22.00

Z2-4 −2.30 −6.20 −10.40 −15.80 −20.40 −22.00

Z2-5 −2.00 −5.40 −9.20 −15.00 −20.40 −22.00

Condition 4 Z2-1 −1.20 −4.30 −9.20 −16.00 −20.90 −25.00

Z2-2 −1.50 −4.40 −9.20 −15.50 −19.90 −24.00

Z2-3 −1.30 −4.10 −8.60 −14.20 −18.00 −22.00

Z2-4 −1.40 −4.10 −8.00 −13.10 −16.60 −20.00

Z2-5 −1.40 −4.30 −8.00 −13.40 −16.10 −19.00

Table 10: Other test results of main beam (Group Z2)

Work
conditions

Measure
points

Calibration coefficient Residual displacement (mm) Residual ratio (%)

Condition 3 Z2-1 0.93 −2.0 9.80

Z2-2 0.94 −2.4 11.59

Z2-3 0.92 −2.6 12.87

Z2-4 0.93 −2.5 12.25

Z2-5 0.93 −2.3 11.27
(Continued)
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The test results of main girder deflection under working conditions 5 and 6 are shown in Table 11. From
the layout direction of deflection measuring points, under working condition 5, the measured value of main
girder deflection reaches the maximum at Z3-3, which is −14.30 mm, lower than the theoretical value of
−16.00 mm. Under working condition 6, the measured value of main girder deflection reaches the
maximum at Z3-2, which is −16.00 mm. The measured deflection of the midspan section of the main
girder in the test group is less than the theoretical calculation value, indicating that the bearing capacity
of the structure meets the design requirements.

It can be seen from Table 12 that, under the load of working condition 5, the check coefficient of each
measuring point of Z3 section is between 0.75 and 0.80. The maximum check coefficient is 0.80. The
minimum check coefficient is 0.75. All are less than 1, indicating that the actual working condition of the
bridge span structure is better than the theoretical condition. Under working condition 5, the maximum
residual ratio at each measuring point of Z3 section is 13.33%, less than 20%, indicating that the
structure is in elastic working condition. Under the load of working condition 6, the check coefficient of
each measuring point of Z3 section is between 0.67 and 0.85. The maximum check coefficient is 0.85.
The minimum check coefficient is 0.67. All are less than 1, indicating that the actual working condition
of the bridge span structure is better than the theoretical condition. Under working condition 6, the
maximum residual ratio at each measuring point of Z8 section is 16.85%, less than 20%, indicating that
the structure is in elastic working condition.

Table 10 (continued)

Work
conditions

Measure
points

Calibration coefficient Residual displacement (mm) Residual ratio (%)

Condition 4 Z2-1 0.84 −2.4 11.49

Z2-2 0.83 −1.0 5.02

Z2-3 0.82 −1.2 6.67

Z2-4 0.83 −1.1 6.61

Z2-5 0.85 −2.1 13.06

Table 11: Deflection test results of main girder (Group Z3)

Work conditions Measure points Level 1 (mm) Level 2 (mm) Level 3 (mm) Theoretical value (mm)

Condition 5 Z3-1 −4.80 −9.70 −13.70 −16.00

Z3-2 −4.50 −8.60 −12.50 −16.00

Z3-3 −6.40 −9.60 −14.30 −16.00

Z3-4 −4.00 −8.90 −13.40 −15.00

Z3-5 −6.10 −9.70 −13.80 −15.00

Condition 6 Z3-1 −3.90 −9.80 −15.60 −18.00

Z3-2 −4.80 −10.20 −16.00 −18.00

Z3-3 −3.20 −8.60 −13.60 −16.00

Z3-4 −3.10 −6.90 −10.60 −13.00

Z3-5 −2.90 −7.30 −10.80 −13.00
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5.1.2 Strain Test Results of Main Girder
The test results of the transverse strain of the main girder are shown in Fig. 20. The measuring point

strain curve in the figure represents the variation law of the main girder strain under six working
conditions. Figs. 20a and 20b show that the transverse strain of the main girder presents an inverted
trapezoidal distribution law under the load of condition 1 and condition 2. Under working condition 1,
the measured strain values of measuring points Z1-3 and Z1-4 are the largest, which are −11.1, less than
the theoretical values −28.1 and −27.1. It is obvious that the strain of measuring point Z1-3 under
condition 2 is also greater than other measuring points upward of the main girder transverse bridge. In
fact, the measured value is −10.3, which is also less than the theoretical value −30.6. The measured value
of the main girder strain of group Z1 is less than the theoretical value, and the stress at the measuring
point is in tension, which meets the design requirements.

Table 12: Other test results of main beam (Group Z3)

Work
conditions

Measure
points

Calibration coefficient Residual displacement (mm) Residual ratio (%)

Condition 5 Z3-1 0.75 −0.9 8.04

Z3-2 0.79 −1.0 8.47

Z3-3 0.76 −1.6 13.11

Z3-4 0.78 −1.5 12.82

Z3-5 0.80 −1.6 13.33

Condition 6 Z3-1 0.84 −1.2 8.45

Z3-2 0.85 −1.7 11.11

Z3-3 0.67 −1.6 14.95

Z3-4 0.68 −1.5 16.85

Z3-5 0.68 −1.3 14.77

Figure 20a: Strain distribution diagram of each measuring point on Z1 section under working condition 1
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The measuring point strain curve of group Z2 is shown in Figs. 20c and 20d. Compared with group
Z1 and group Z3, group Z2 has 5 loading levels, so the number of curves is also increased. In addition,
under condition 3 and condition 4, the most obvious difference of group Z2 is that the strain values and
theoretical strain values of the five measuring points are positive. At this time, these measuring points on
the main girder are subjected to tensile strain. Under work condition 3, the tensile strain of measuring
point Z2-3 is the largest, which is 15.00, lower than 18.00 of the theoretical value. Under condition 4, the
maximum tensile strain also appears at measuring point Z2-3, and the strain value is 15.40, which is
lower than 21.40 of the theoretical value.

The measuring point strain curves of group Z3 are shown in Figs. 20e and 20f. Similar to group Z1,
group Z3 has three loading levels and all five measuring points are subjected to compressive strain.
However, the curve variation laws of the two groups are obviously different. The measuring point-strain
curves under conditions 5 and 6 show a ‘W’ shape. The maximum strain value of working condition
5 appears at Z3-2 and Z3-4, and the maximum value is −27.00, which is greater than −30.90 and
−32.20 of the theoretical strain values. Under working condition 6, the compressive strain of measuring
point Z3-2 is the largest, and the strain value is −30.00, which is lower than −34.30 of the theoretical value.

Figure 20b: Strain distribution diagram of each measuring point on Z1 section under working condition 2

Figure 20c: Strain distribution diagram of each measuring point on Z2 section under working condition 3
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Figure 20d: Strain distribution diagram of each measuring point on Z2 section under working condition 4

Figure 20e: Strain distribution diagram of each measuring point on Z3 section under working condition 5

Figure 20f: Strain distribution diagram of each measuring point on Z3 section under working condition 6
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5.2 Dynamic Load Test Results

5.2.1 Structural Natural Frequency Results
To obtain the vertical and horizontal vibration modes of the bridge structure, all the sensors are placed

vertically and horizontally. The environmental excitation method is used to collect data. Time-velocity curve
is shown in Fig. 21. Fast Fourier analysis was performed on the collected time- histories signal. The spectrum
is shown in Fig. 22. After obtaining the spectrum of the measured signal, the transfer function method is used
to identify the parameters of the selected frequency peak. Finally, the, 2nd, 3rd, 4th and 5th order natural
frequencies of the structure are 0.781, 1.563, 1.953 and 1.954 Hz.

Theoretical modal diagram of bridge span structure is shown in Fig. 23.

It can be seen from Table 13 that the measured values of the 2nd~5th order natural vibration frequencies
of the bridge structure are larger than the corresponding theoretical calculation values. The ratio of measured
value to theoretical value is between 1.00 and 1.27. The results show that the actual overall stiffness of the
bridge span structure is greater than the theoretical stiffness, and the frequency distribution is consistent with
the theory.

5.2.2 Determination of Damping Ratio
The damping characteristics of bridge structures are generally expressed by logarithmic decay rate da or

damping ratio n. These bridge vibration parameters can be obtained from the bridge vibration attenuation
curve. Fig. 24 shows the bridge vibration attenuation curve measured under the excitation of single
vehicle load during the running test with a speed of 40 km/h. From the figure, the average attenuation
rate da of 85 waveforms:

da ¼ 1

m
ln

Ai

Aiþm

� �
¼ 0:042 (1)

Figure 21: Time-velocity curve of corresponding channel for vertical sensor

Figure 22: Signal spectrum of vertical sensor
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Then the damping ratio:

n ¼ da
2p

¼ 0:0067 (2)

Figure 23a: Second-order mode of main beam

Figure 23b: Third-order mode of main beam
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Figure 23c: Fourth-order mode of main beam

Figure 23d: Fifth-order mode of main beam
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6 Conclusion

(1) In the construction monitoring, the stress of each point of the monitoring section of the cable-stayed
bridge is consistent with the theoretical analysis, and the measured value of the stress of the main
girder control section is consistent with the theoretical value. The actual stress of the main girder is
far less than the allowable compressive stress of the concrete, and in the whole construction process,
all sections are in the full section compression state, and the structural stress state is well. The
structure is in a safe stress state during construction. After the bridge completed, the bridge
alignment is smooth and meets the specification requirements. The variation of cable force is
consistent with the theoretical analysis, and the cable force value is consistent with the
theoretical value. The construction monitoring ensures the construction quality and safety of the
bridge and achieves the expected goal.

(2) The static load test results show that the measured strain at each measuring point of the bridge is
basically linear along the girder height under the test load condition. This shows that the structure
basically conforms to the plane section assumption. The measured deflection of the midspan section
of the main girder is less than the theoretical calculation value, and the difference is no more than
10%, indicating that the bearing capacity of the structure meets the design requirements. The
measured natural vibration frequencies of the bridge are 0.781, 1.563, 1.935 and 1.954 Hz,
respectively, which are larger than the theoretical values of corresponding orders. The ratio of
measured value to theoretical value is between 1.00 and 1.27. The actual stiffness of the bridge
structure is greater than the theoretical stiffness. The measured damping ratio of bridge structure
is 0.0067, and the logarithmic attenuation rate is 0.042. The damping ratio of the bridge is in the
normal range, indicating that the bridge structure has a good ability to dissipate the external
energy input.

Table 13: Comparison between measured and calculated values of natural vibration frequency

Stage Measured
value (Hz)

Theoretical
value (Hz)

Measured value/
Theoretical value

Characteristics of modes

2 0.781 0.778 1.00 Vertical bending of beam

3 1.563 1.315 1.19 Vertical bending of beam

4 1.935 1.529 1.27 Vertical bending of beam

5 1.954 1.715 1.14 Lateral bending of beam

Figure 24: Bridge vibration attenuation curve under vehicle load (40 km/h running test)
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