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I N

Abstract: As an important part of the transportation network, the reliability of bridge structures
is of great significance to people’s personal safety, as well as to the national economy. In order to
evaluate the performance of complex bridge structures, their mechanical behavior and fundamental
characteristics need to be studied. Structural health monitoring (SHM) has been introduced into
bridge engineering, and the structural response assessment, load effects monitoring, and reliability
evaluation have been developed based on the collected SHM information. In this study, a performance
evaluation method for complex bridge structures based on non-destructive field loading tests is
proposed. The cable-stayed bridge in Guangxi with the largest span (Pingnan Xiangsizhou Bridge)
was selected as the research object, and loading on the main girder was transferred to the piers
and tower through the stay cables, whose structural responses are critical in the process of bridge
operation. Therefore, the field loading tests—including deflection and strain testing of the main girder,
as well as cable force tests—were also conducted for Pingnan Xiangsizhou Bridge by using non-
destructive measurement techniques (multifunctional static strain test system, radar interferometric
deformation measurement technology, etc.). Based on the numerically simulated results of a finite
element model for Pingnan Xiangsizhou Bridge, reasonable field loading test conditions and loading
arrangement were determined. Non-destructive field loading test results showed that the quality
of the bridge’s construction is up to standard, due to a good agreement between the calculated and
measured frequencies of the bridge. In addition, the calibration coefficients of displacement and strain
were less than 1, indicating that Pingnan Xiangsizhou Bridge has satisfactory stiffness and strength.

Keywords: cable-stayed bridge; non-destructive field loading test; performance evaluation; structural
health monitoring; finite element method

1. Introduction

With the rapid development of China’s national economy, the demand for transporta-
tion infrastructure is increasing [1,2]. As an important part of transportation networks, the
reliability of bridge structures is of great significance to people’s personal safety, as well as
to the national economy [3-5]. Mechanical properties are complicated for bridge structures
with large spans or complex structural systems throughout their whole life cycle [6]. In
order to evaluate the performance of complex bridge structures, mechanical behavior and
fundamental characteristics need to be studied.

During recent decades, the concept of structural health monitoring (SHM) has been intro-
duced into bridge engineering [7,8]. The rapid development of modern technologies—such as
communication networks, signal processing, and artificial intelligence—has accelerated the
advancement of bridge structural health monitoring [9,10]. Research has been devoted to
structural response assessment, load effects monitoring, and reliability evaluation based
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on the collected SHM information [11,12]. Ni et al. [13] proposed a method for assessing
the in-service condition of bridge decks based on monitored strain data, and a wavelet
decomposition method was applied to extract live load effects from the original SHM
data. Xu et al. [14] took a suspension bridge in Hong Kong as an example, and illustrated
how SHM systems are used to investigate various load effects, as well as in structural
damage evaluation. Carrion et al. [15] established a comprehensive data-based monitor-
ing framework to measure, reproduce, and evaluate the structural behavior during and
after a failure event, and illustrated the applicability of the proposed framework using
a cable-stayed bridge case study. Catbas et al. [16] used SHM data to evaluate the main
components’ reliability and system reliability of a long-span bridge, and incorporated
temperature-induced responses into the analysis. The development of SHM technology has
evolved from monitoring-based evaluation to monitoring-based prediction. Fan et al. [17]
proposed a model for predicting structural extreme stress and reliability indices using
SHM data, and verified the effectiveness and feasibility of the proposed model through
monitored extreme stress data. Xu et al. [18] proposed a comprehensive framework for per-
formance assessment of suspension bridges based on the analytical hierarchy process, and
the analytic hierarchy model was constructed by integrating SHM data. Wan et al. [19] pro-
posed a probabilistic prediction method of structural stress responses based on a Bayesian
modeling approach with the help of SHM data. Patryk Kot et al. [20] summarized the recent
advancements in non-destructive testing techniques—namely, sweep frequency approach,
ground-penetrating radar, infrared techniques, fiber-optic sensors, camera-based methods,
laser scanner techniques, acoustic emission, and ultrasonic techniques—by applying ar-
tificial intelligence. Although the SHM data on these mechanical parameters can update
the prediction results of structural safety status, there are still uncertainties arising from
errors in modelling and measuring [21]. Meanwhile, large-scale application of SHM in
engineering structures would bring significant investments [22].

Considering the disadvantages of SHM systems, and the fact that not all bridges are
equipped with them, field load testing is still an effective way to investigate the structural
behavior of structurally complex bridges, and their performance can be evaluated with
the aid of finite element models [23]. Fang et al. [24] used static field loading tests to
investigate the static behavior of a long-span cable-stayed bridge in Taiwan; the results
showed that the bridge had linear characteristics, and the analytical results were in good
agreement with the test results. V. Romanova et al. [25] discussed experimental and
numerical studies on deformation-induced surface roughening in a commercial-purity
aluminum alloy. Vasarhelyi et al. [26] introduced the micro-computed tomography (CT)
technique in detail. Ren et al. [27,28] conducted ambient vibration tests (AVTs) and finite
element analysis of a cable-stayed bridge, and successfully identified the significant mode
frequency of a long-span cable-stayed bridge below 1.0 Hz. Armendariz et al. [29] proposed
an improved method for determining load rating based on field static load tests and
finite element analysis. Compared with traditional methods, the improved method can
provide more accurate load rating results for all limit states. Harris et al. [30] presented a
performance evaluation method for steel-concrete composite beam bridge superstructures
based on dynamic loading tests, and analyzed lateral load distribution, internal force
redistribution, and dynamic load allowance. Ren et al. [31] carried out an experimental
study on Qingzhou Bridge, and presented the results of static field loading tests and
numerical analyses on deck displacement, tower displacement, and stresses of the bridge
deck. The results showed that the bridge possessed an adequate load-carrying capacity. A
significant number of studies have been devoted to the performance evaluation of complex
bridge structures based on field load tests. Previous studies have made some contributions
to the loading testing of long-span bridges, but there are still some disadvantages. Due to
the complexity of cable-stayed bridges’ structure, most studies only focus on either static
load testing or dynamic load testing. Moreover, the advanced level of instruments and
equipment used in loading tests is not enough, leading to greater labor costs, and possibly
causing large test error.
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This study proposed a field-loading-test-based non-destructive performance evalua-
tion method for long-span stayed-cable bridges, and carried out the experimental study of
mode, displacement, strain, and cable force. The load test scheme and non-load test scheme
were introduced in detail. Then, cable-stayed bridge in Guangxi with the largest span
(Pingnan Xiangsizhou Bridge) was selected as a case study to illustrate the applicability of
the proposed method. This proposed method can simultaneously analyze the static and
dynamic characteristics of the complex long-span cable-stayed bridge, comprehensively
test the key performance indices, and accurately evaluate the safety performance of the
bridge system. The reasonable test method and specific test scheme, as well as advanced,
high-precision testing instruments, were adopted in order to obtain reliable test results.
The findings of this study can provide reference for the non-destructive testing research of
long-span cable-stayed bridges.

2. Non-Destructive Field Loading Test for Pingnan Xiangsizhou Bridge
2.1. Objective of Non-Destructive Field Loading Tests

The purpose of the field loading test was to ascertain the bearing capacity and predict
the future reliability of Pingnan Xiangsizhou Bridge. The specific objectives of the load
test included:

(1) Defining the real load of the bridge under static load conditions;

(2)  Verifying the rationality of the design, and providing reference for similar bridge design;

(3) Verifying the validity of the finite element model, which provides the basis for the
model’s improvement and optimization;

(4) Providing data for bridge monitoring and maintenance.

For cable-stayed bridges, loading on the main girder is transferred to the piers and
tower through the stay cables. Thus, the structural responses of the main girder and the
stay cables are critical in the process of bridge operation. Therefore, the main measurement
tasks of the load test of Pingnan Xiangsizhou Bridge included deflection and strain testing
of the main girder, strain testing of the cable tower, and cable force testing.

2.2. Structural Features of Pingnan Xiangsizhou Bridge

Pingnan Xiangsizhou Bridge spans over the Xun Jiang River in China, and it is the
cable-stayed bridge with the largest span in Guangxi Province. The structure of Pingnan
Xiangsizhou Bridge is shown in Figure 1. The main span is a semi-floating cable-stayed
structure with two towers and two cable planes. The total length of the bridge is 870 m
(i.e.,40m + 170 m + 450 m + 170 m + 40 m). The bridge deck is divided into four two-way
lanes, with a full width of 33.50 m. The design speed is 120 km/h. The main structural
features of the bridge are as follows:

e  The stay cables of the bridge are fan-shaped, with two cable planes in space; 20 pairs
of cables are arranged on both sides of the main tower, with a total of 80 pairs of
cables on the whole bridge. The stay cables are anchored by steel anchor beams on the
towers, and by anchor plates on the beams. All stay cables are tensioned on the tower;

e The bridge tower is diamond shaped. An upper beam is set on the top of the tower
connecting the two tower columns. In order to strengthen the lateral stability of the
cable tower, a middle beam is set. The elevation of the top of the bearing platform is
21.20 m, the elevation of the tower base is 23.20 m, and the elevation of the top of the
tower is 170.50 m. The total height of the cable tower above the tower base is 147.30 m.
The heights of the lower, middle, and upper tower columns are 26.186 m, 51.375 m,
and 69.739 m, respectively;

e  Thebridge deck is paved with asphalt concrete with a thickness of 10 cm. Column-type
crash barriers are set on both sides of the carriageway. Sidewalks and maintenance
railings are set on both sides of the bridge deck.
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Figure 1. The main structural features of Pingnan Xiangsizhou Bridge.

2.3. Non-Destructive Field Loading Test for Pingnan Xiangsizhou Bridge
2.3.1. Non-Destructive Field Loading Test Instrumentations

The instruments for measuring strain, deflection, frequency, and cable force are shown
in Figure 2. A multifunctional static strain test system was used in the bridge strain test.
Each data acquisition module can measure 16 measuring points, and the communication
distance between modules can reach up to 500 m. Eight test systems were used in the
test. The deflection of the main girder was monitored by an electronic total station. Re-
flective lenses were installed at the test points, and the changes in elevation—and thus,
deflection—at these test points were collected during the loading tests. Frequency was
extracted using the wireless bridge modal test and analysis system. A high-communication-
rate mode was used. Cable force was measured via radar interferometric deformation
measurement technology, which extracts the frequency information of the received time
signal via filtering and Fourier transform.

(b)

© S (d)

Figure 2. Non-destructive field loading test instrumentation: (a) strain; (b) deflection; (c) frequency;
(d) cable force.
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2.3.2. Cable Force Test and Principle in Non-Destructive Field Loading Test

According to the vibration theory, the relationship between the tension of the cable
and its natural frequency for long cables hinged at both ends, as shown in Figure 3, can be
written as: -

o> _ 1T | EI qmry4
wm_72+p(l), (1)
where wy,, is the r-th natural frequency (rad/s), T is the tension of the cable (N), / is the
length of the cable (m), p is the density of the cable (kg/m), E is Young’s modulus (Pa), and
I is the moment of inertia (kg~m2).

| l |

% t

Figure 3. Long cables hinged at both ends.

When the bending stiffness of the cable can be ignored, the relationship between the
tension of the cable and its natural frequency becomes:

22T
Wy = o 2)

and then the tension of the cable can be obtained via the following equation:

2 12
_ Wirp!
T - ﬂngrz 7 (3)
Equation (2) can be further rewritten as:
nr |T

Wy = T ;, (4)

Thus, the following Equation (5) can be obtained:

T [T

Whpr — Wpr—1 = T ;/ 5)

that is, the difference between two adjacent natural frequencies is a constant, and is equal
to the first natural frequency. This characteristic is reflected as equally spaced peaks on the
spectrum. According to the Equation (3), as long as any natural frequency of the cable is
measured, the tension of the cable can be calculated.

2.4. Structural Theoretical Calculation for Pingnan Xiangsizhou Bridge
2.4.1. Geometric and Physical Parameters of Pingnan Xiangsizhou Bridge

The main beam adopts a split double-box composite beam section, in which the
bridge deck of the composite beam is composed of C55 concrete (Elasticity modulus:
E. =3.55 x 10* MPa, bulk density: 7 = 26 kN/m?) and the main body of the steel beam
is composed of Q345C steel (Es = 2.06 x 10° MPa, 7 = 78.5 kN/m?). The center height
of the composite beam is 3.50 m, the top plate is provided with 2% cross slope, the bot-
tom plate is horizontal, and the full width of the main beam is 33.50 m. The stay cable
adopts a parallel steel strand cable system. The cable body is composed of multiple un-
bonded high-strength galvanized steel strands with a tensile strength of 1860 MPa, and the
outer layer is equipped with a high-density polyethylene (HDPE) cable sleeve. The cable
tower uses a diamond-type cable tower structure and C50 concrete (E; = 3.45 x 10* MPa,
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v =26kN/ m3). The total height of the cable tower above the tower base is 147.30 m. C30
concrete (Ec = 3.0 x 10* MPa, 7 = 26 kN/m?) is used for the capping beam, transition pier
body, auxiliary pier body, and bearing platform.

2.4.2. Establishment of a Finite Element Model for Pingnan Xiangsizhou Bridge

The finite element model of Pingnan Xiangsizhou Bridge could be established by
using the general spatial finite element analysis software MIDAS/Civil, with the functions
of linear analysis and nonlinear analysis [32]. Based on the “single-beam model”, the
structural internal force of the bridge structure under the control load could be extracted,
and the static load test condition was also designed. Based on the “plate element model”,
the calculated deflection, strain, and cable force of the test section of the bridge structure
under the test load were extracted for comparison with the measured results. The finite
element models are shown in Figure 4. In the finite element model, ordinary reinforcement
and steel strands are not considered in sections, which may cause the stiffness of the finite
element model to be less than that of the actual bridge. However, this stiffness difference
would be considered in the performance evaluation, and should not affect the accuracy
of the bridge safety performance evaluation results. The single-beam model consists of
1064 nodes and 875 elements, of which the truss element is used for the stay cable, while
the beam element is used for other components. The plate element model consists of
19,129 nodes and 20,946 elements, of which the steel-concrete composite girder uses the
plate element, the stay cable uses the truss element, and other components use the beam
element. The bottom of the pier has rigid nodes, which constrain all of the degrees of
freedom. An elastic connection is adopted between the main beam and the bridge pier,
and the corresponding stiffness and constraints are set according to the parameters and
specifications of the beam in the design drawing. The following assumptions are adopted
in modeling:

e  Concrete and steel are ideal elastic materials, and the elastic moduli of the concrete and
steel of the new bridge are constant, being essentially consistent with the design values;

The section deformation of the beam element conforms to the plane section assumption;

Deformation coordination between the bridge’s concrete deck and the main beam’s

steel plate, and there is no relative slip between the deck and the main beam.

According to the Chinese standard “General specifications for design of highway
bridges and culverts” (JTG D60-2015), lane load (Highway Class I) and vehicle load should
be considered in the test control load. When calculating the load distribution for 1~6 lanes,
the lane transverse reduction coefficients are 1.20, 1.00, 0.78, 0.67, 0.60, and 0.55, respec-
tively. Since the maximum span of the bridge is 450 m, which is greater than 150 m, the
longitudinal reduction coefficient is 0.96. The impact coefficient of the local load of vehicle
load is 0.3; the impact coefficient (u) is calculated according to the following equation:

u =005 f<15Hz
u = 0.1767In f —0.0157, 1.5Hz < f < 14Hz , (6)
p o= 045 f>14Hz

where f is the structural fundamental frequency (Hz).

2.5. Field Loading Test Conditions and Loading Arrangement

Pingnan Xiangsizhou Bridge is a longitudinal symmetrical structure. Therefore, spans
1-3 shown in Figure 5a were selected for further analysis. Measurement data from a total
of five sections of the main girder—numbered from position A to position E, as shown in
Figure 5a—were selected for strain and deflection analysis. A total of 10 loading cases were
designed, including centric loading and eccentric loading, where vehicles are deviated
to the left side of the bridge in eccentric loading cases. The layout of a standard cross-
section of the main beam is shown in Figure 5b. The detailed loading test setup and sensor
instrumentation layout of all loading cases are shown in Figure 6 and Table 1, respectively.
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In Figure 5a, “||” represents the position of the moment control section, while “¥” represents
the position of the vertical deflection control section of the main girder.

According to the Chinese standard “Load test methods for highway bridges” (JTG/T
J21-01-2015), the load efficiency of the static load test should be 0.85~1.05 for completion
acceptance load tests; otherwise, it should be between 0.95 and 1.05. The load efficiency
(174) of the static load test can be calculated according to Equation (7):

Ss

" s v

where S is the calculated value of the most unfavorable effect generated by the control load,
S5(1 + p) is the calculated effect value of the control load, and Sg is the calculated effect value
of the test load.

Cross section

(a)

Cross section
(b)

Figure 4. Finite element models of Pingnan Xiangsizhou Bridge: (a) single-beam model and (b) plate
element model.
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Figure 5. Strain measuring point arrangement of Pingnan Xiangsizhou Bridge: (a) layout elevation
and (b) layout of a standard cross-section of the main beam (unit: cm).

Figure 6. The on-site loading test conditions in this study.
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Table 1. Field loading test arrangement and load efficiency in this study.

Case No. Loading Test Arrangement S@+p) Ss g
1 Symmetrical loadmg of the maximum positive 22,0440 20,725.7 0.903
moment (section A) of No. 1 span
2 Eccentric loading c?f the maximum negative 213928 193056 0902
moment (section A) of No. 1 span
3 Eccentric loading (.)f the maximum positive 38,815.6 35,583.7 0.917
moment (section B) of No. 2 span
4 Symmetrical loadlng of the maximum positive 387827 35,533.5 0916
moment (section B) of No. 2 span
Symmetrical loading of the maximum
5 negative bending moment (section C) —31,122.2 —27,352.1 0.879
of the main girder at No. 3 pier
Eccentric loading of the maximum negative
6 bending moment (section C) of the main —31,122.0 —27,395.3 0.880
girder at No. 3 pier
- Symmetrical loading at L/4 (section D) 28,2592 29.494.4 1.044
of No. 3 span
8 Eccentric loading at L/4 (section D) 28,260.9 293244 1.038
of No. 3 span
9 Symmetrical loadlng of the maximum positive 10,6775 40,0408 0.984
moment (section E) of No. 3 span
10 Eccentric loading Qf the maximum negative 10,6775 40,040.8 0.984
moment (section E) of No. 3 span
In the table above, the bending moment unit is kN-m, and the lower edge of the
section is positive in tension and negative in compression. The displacement unit is mm,
which is positive upward and negative downward. The unit of cable force increment is kN,
which increases to be positive and decreases to be negative. The stress unit is MPa, and the
tensile stress is positive while the compressive stress is negative. In Table 1, S(1 + y) is the
calculated effect value of the control load, Sg is the calculated effect value of the test load,
and 74 is the load efficiency.
A total of 24 three-axle trucks were used in the field loading test, and the technical
parameters of the used vehicles are shown in Table 2.
Table 2. Technical parameters of vehicles in the field loading test.
Vehicle Wheelbase 1 Wheelbase 2 Mass of Front Axle Mass of Rear Axle  Total Weight of Vehicle
No. (m) (m) (kN) (kN) (kN)
1#~24# 3.80 1.35 70 300 370

3. Experimental Results and Analysis
3.1. Vibration Mode and Frequency Analysis for the Field Loading Test of Pingnan Xiangsizhou Bridge

The dynamic characteristics of Pingnan Xiangsizhou Bridge were investigated accord-
ing to the ambient vibration tests method introduced above. According to the finite element
calculation results, the first four vertical bending vibration modes and the first transverse
bending vibration mode of the main bridge of Pingnan Xiangsizhou Bridge are shown
in Figure 7, and the experimental results are compared with the three-dimensional finite
element analysis results, as shown in Table 3.
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(b)

(d)

Figure 7. Vibration modes of Pingnan Xiangsizhou Bridge: (a) 1st vertical bending; (b) 1st transverse

bending; (c) 2nd vertical bending; (d) 3rd vertical bending; (e) 4th vertical bending.

Table 3. The first six experimental and analytical frequencies of Pingnan Xiangsizhou Bridge.

Vibration Frequency (Hz)

Mode No. Vibration Mode Numerical Experimental Error (%)
1 1st vertical bending 0.303 0.313 3.30
2 1st transverse bending 0.384 0.469 22.14
3 2nd vertical bending 0.392 0.41 4.59
4 3rd vertical bending 0.581 0.625 7.57
5 4th vertical bending 0.683 0.85 24.45

As can be seen from Table 3, the experimental results of vibration frequencies of
Pingnan Xiangsizhou Bridge in the first four vibration modes vary from 0.313 Hz to
0.85 Hz, and the numerical results of frequencies vary from 0.303 Hz to 0.683 Hz for
the finite element model, showing good consistency. The vibration frequency difference
between the first vertical bending vibration mode and the second vertical bending mode is



Appl. Sci. 2022,12, 2367

11 of 17

less than 0.01 Hz. In addition, it can be seen that the experimental vibration frequencies are
slightly larger than the analytical numerical results of the finite element model, which may
have been caused by systematic errors. Meanwhile, during the entire non-destructive field
loading test for Pingnan Xiangsizhou Bridge, the vibration mode shape of vertical bending
is easier to identify than the vibration mode shape of transverse bending.

3.2. Displacement Analysis for the Field Loading Test of Pingnan Xiangsizhou Bridge

The calibration coefficient () is an important index to evaluate the bearing capacity
and working state of a bridge. If 7 is greater than 1, the structural design strength is
considered to be insufficient and unsafe. The calibration coefficient (1) for the field loading
test of Pingnan Xiangsizhou Bridge was calculated using Equation (8):

n= VC/VD/ (8)

where V¢ is the tested result and Vp is the designed value.

In order to compare the experimentally measured displacement results and the theo-
retically calculated displacement values, the six loading cases listed in Table 1 were selected,
and the displacement of the main girder for Pingnan Xiangsizhou Bridge under the six
loading cases was also analyzed. The comparison results of the displacement values and
calibration coefficients are shown in Table 4.

Table 4. Comparison between measured and calculated displacement values and calibration coefficients.

Left Right

Case No. Measured Calculated Calibration Measured Calculated Calibration
(mm) (mm) Coefficient (mm) (mm) Coefficient

1 4.5 6.73 0.67 4.28 6.73 0.64

2 4.18 7.24 0.58 291 5.03 0.58

3 80.5 116.79 0.69 54.6 91.13 0.60

4 68.22 103.18 0.66 67.92 103.18 0.66

9 287.13 328.25 0.87 270.68 328.25 0.82

10 340.23 379.06 0.90 250.63 277.94 0.90

As shown in Table 4, according to Case No. 1, the calculated displacement on the left
side of the bridge section at the maximum positive moment of the first span for Pingnan
Xiangsizhou Bridge under symmetrical load was 6.73 mm, and the corresponding measured
displacement was 4.5 mm. On the other hand, the calculated displacement on the right side
of the bridge section for Pingnan Xiangsizhou Bridge was 6.73 mm, and the corresponding
measured displacement was 4.28 mm. It can be seen from Table 4 that the experimentally
measured displacement values on both sides of the bridge section were less than the
theoretically calculated displacement values; this is because ordinary reinforcement and
steel strand were not considered in the finite element model established for the bridge
loading test, leading to the projected stiffness in the finite element model being less than that
of the actual bridge; therefore, the experimentally measured displacement and strain values
were smaller than the theoretically calculated values. At the same time, the corresponding
calibration coefficients of both sides for Case No. 1 were 0.67 and 0.64, which are less
than 1. For Case No. 2, the experimentally calculated displacement on the left side of the
bridge section at the maximum negative moment of the first span for Pingnan Xiangsizhou
Bridge under eccentric load was 7.24 mm, and the corresponding theoretically measured
displacement was 4.18 mm. Meanwhile, it can be seen that the theoretically calculated
displacement on the right side of the bridge section for Pingnan Xiangsizhou Bridge was
5.03 mm, and the corresponding experimentally measured displacement was 2.91 mm. The
corresponding calibration coefficients of both sides for Case No. 2 were 0.58, which are also
less than 1. The above displacement analysis results show that the first span of Pingnan
Xiangsizhou Bridge has greater stiffness than its designed value.
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Similarly, the experimentally measured deflection values of the second span and the
third span of Pingnan Xiangsizhou Bridge were less than the theoretically calculated values,
and the corresponding calibration coefficients were less than 1, indicating that the second
span and the third span of Pingnan Xiangsizhou Bridge have greater stiffness than their
designed values. The above displacement analysis for the field loading test of Pingnan
Xiangsizhou Bridge shows that the actual bridge structure has higher stiffness and safety
than the designed model.

3.3. Strain Analysis for the Field Loading Test of Pingnan Xiangsizhou Bridge

Figures 8-12 show the experimentally measured values and theoretically calculated
values of strain of the main girder for Pingnan Xiangsizhou Bridge at different sections (as
shown in Figure 5b), considering various field loading cases (as listed in Table 1). Among
them, strain measuring points 1-6 are distributed at the bottom of the bottom plate of the
main girder, while strain measuring points 7-15 are distributed at the bottom of the top
plate of the main girder, for Pingnan Xiangsizhou Bridge.
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Figure 8. Measured and calculated strain values of the main girder at section A, considering loading
cases 1 and 2: (a) 1-6 at the bottom of the bottom plate; (b) 7-15 at the bottom of the top plate.
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Figure 9. Measured and calculated strain values of the main girder at section B, considering loading
cases 3 and 4: (a) 1-6 at the bottom of the bottom plate; (b) 7-15 at the bottom of the top plate.
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Figure 10. Measured and calculated strain values of the main girder at section C, considering loading
cases 5 and 6: (a) 1-6 at the bottom of the bottom plate; (b) 7-15 at the bottom of the top plate.
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Figure 11. Measured and calculated strain values of the main girder at section D, considering loading
cases 7 and 8: (a) 1-6 at the bottom of the bottom plate; (b) 7-15 at the bottom of the top plate.
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Figure 12. Measured and calculated strain values of the main girder at section E, considering loading
cases 9 and 10: (a) 1-6 at the bottom of the bottom plate; (b) 7-15 at the bottom of the top plate.
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It can be seen from Figure 8a,b that the measured strain values of the bottom plate
section, which has maximum positive moment in all first-span cross-sections, are less
than the calculated strain values under symmetrical loading and eccentric loading, and
the corresponding calibration coefficient is between 0.5 and 0.86. Similarly, the measured
strain values of the top plate are less than the corresponding calculated values, and the
corresponding calibration coefficient is between 0.57 and 0.91. The results show that the
strength of the first span of Pingnan Xiangsizhou Bridge meets the design requirement,
and that the design is proved reasonable.

From Figure 9a,b, under the action of symmetrical loading, it can be seen that the
calibration coefficient of the top plate strain for Pingnan Xiangsizhou Bridge is between 0.52
and 0.75 at the maximum positive moment section of the second span, and the calibration
coefficient of the bottom plate strain is between 0.33 and 0.78. Under the action of eccentric
loading, the calibration coefficient of the bottom plate strain for Pingnan Xiangsizhou
bridge is between 0.52 and 0.81, and the calibration coefficient of the bottom plate strain
is between 0.55 and 0.85. The strain values of the girder at the second span are less than
the designed values. The results show that the strength of the second span for Pingnan
Xiangsizhou Bridge meets the design requirement.

Similarly, according to the strain analysis in Figures 10-12, the measured strain values
of the maximum negative moment section, the L/4 section, and the maximum positive mo-
ment section at the third span for Pingnan Xiangsizhou Bridge are less than the calculated
strain values. Moreover, the calibration coefficients are less than 1, which indicates that the
strength of the third span meets the design requirement. Therefore, the whole bridge has
adequate resistance to external loadings, and the design is reasonable.

3.4. Cable Tension Increment Test Analysis for the Field Loading Test of Pingnan Xiangsizhou Bridge

There are 160 stay cables on Pingnan Xiangsizhou Bridge. The cable force test was
carried out for the stay cables of the whole Pingnan Xiangsizhou Bridge. The test stay
cables were numbered separately according to the upstream, downstream, and north-south
ends. The outer stay cables of the tower are represented by “A + No.”, and the inner stay
cables are represented by “B + No.”. The basic parameters of stay cables A8—A10 and
B8-B10 after the completion of Pingnan Xiangsizhou Bridge are shown in Table 5.

Table 5. Basic parameters of stay cables after the completion of Pingnan Xiangsizhou Bridge.

Cable No Number Anchor Total Length Cable Elevation Cable Density
) per Bundle Spacing (m) (m) ©) (kg/m®)
A8 55 116.180 118.191 40.659 71.0
A9 55 126.236 128.225 38.424 71.0
A10 55 136.460 138.418 36.549 71.0
B8 43 116.312 118.256 39.821 56.3
B9 55 126.404 128.392 37.470 71.0
B10 55 136.661 138.623 35.568 71.0

As shown in Figure 5a, in the process of the static load test, the cables with large cable
force increments were tested using a wireless cable force tester. Under the loading cases
No. 2 and No. 4, the cable force increment of six outer stay cables numbered A8-A10
at the upstream and downstream of pier cable tower #3 (north tower) were measured.
Under the loading cases No. 7 and No. §, the cable force increment of six inner stay cables
numbered B8-B10 at the upstream and downstream of pier cable tower #3 (north tower)
were measured. For the cable tension force test of Pingnan Xiangsizhou Bridge, firstly, the
deformation radar was used to measure the initial frequency of the stay cables when the
bridge was unloaded. Then, the frequency of the stay cables was measured once for every
loading case. The measured frequency of the stay cables was converted into stay cable
tension force by the frequency method, as described in Section 2.3.2, and then the cable force
increment could be obtained. The measured and calculated cable tension increment values
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of the inner and outer stay cables, considering various loading cases, are shown in Figure 13,
where “Calculated-Upstream” is the theoretically calculated cable tension increment value
of stay cables at the upstream, “Measured-Upstream” is the experimentally measured cable
tension increment value of stay cables at the upstream, “Calculated-Downstream” is the
theoretically calculated cable tension increment value of stay cables at the downstream, and
“Measured-Downstream” is the experimentally measured cable tension increment value of
stay cables at the downstream.
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Figure 13. Measured and calculated cable tension increment values of inner and outer stay cables,
considering various loading cases: (a) loading case No. 2; (b) loading case No. 4; (c) loading case
No. 7; (d) loading case No. 8.

From Figure 13, it can be seen that under four loading cases (i.e., cases 2, 4, 7, and 8),
the size relationships between the calculated values and the test results of cable tension in-
crement at the corresponding upstream and downstream were the same. Taking case No. 2
as an example, the calculated and measured cable force increments of A8 at the upstream
were 292.1 kN and 223.5 kN, respectively, while the corresponding calculated and mea-
sured cable force increments at the downstream were 477.2 kN and 344.1 kN, respectively.
Overall, the measured cable tension increment values were less than the corresponding
calculated values. These comparison results show that the measured displacement values
of stay cables for Pingnan Xiangsizhou Bridge are smaller than the designed values, and
the stiffness of the stay cables is competent.
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4. Conclusions

Based on the numerically simulated results of Pingnan Xiangsizhou Bridge, reasonable
loading mode and loading conditions were determined. On this basis, the experimental
study of mode, displacement, strain, and cable force of the cable-stayed bridge was carried
out. Our conclusions are as follows:

(1) The theoretically calculated results of bridge frequency are in good agreement with
the experimentally measured results, indicating that the quality of Pingnan Xiangsizhou
Bridge’s construction is up to standard. Additionally, in the whole field loading test process,
the vertical bending mode was easier to identify than the transverse bending mode;

(2) The experimentally measured deflection values were less than the theoretically
calculated values for all tested sections, and the corresponding calibration coefficients were
less than 1, indicating that Pingnan Xiangsizhou Bridge has higher stiffness and safety
than designed;

(3) The experimentally measured strain values were less than the theoretically cal-
culated strain for all tested sections, and the calibration coefficients were also less than 1.
Therefore, the whole bridge has adequate resistance to external loadings, and the design is
reasonable;

(4) Under the same load state, the change in measured cable force was smaller than the
designed value, proving that the actual stiffness of the stay cables is better than designed.
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