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Abstract: During the construction of concrete-filled steel tubular (CFST) arch bridges, hol-
low steel tube arch ribs are typically erected using the cantilever method with cable hoisting.
In this construction stage, the arch ribs exhibit low out-of-plane stiffness and are thus highly
susceptible to wind-induced vibrations, which may lead to cable failure or even collapse
of the structure. Despite these critical risks, research on the aerodynamic performance of
CFST arch ribs with different cross-sectional forms during cantilever construction remains
limited. Most existing studies focus on individual bridge cases rather than generalized
aerodynamic behavior. To obtain generalized aerodynamic parameters and buffeting re-
sponse characteristics applicable to cantilevered CFST arch ribs, this study investigates
two common cross-sectional configurations: four-tube trussed and horizontal dumbbell
trussed sections. Sectional model wind tunnel tests were conducted to determine the aero-
dynamic force coefficients and aerodynamic admittance functions (AAFs) of these arch ribs.
Comparisons with commonly used empirical AAF formulations (e.g., the Sears function)
indicate that these simplified models, or assumptions equating aerodynamic forces with
quasi-steady values, are inaccurate for the studied cross-sections. Considering the influence
of the curved arch axis on buffeting behavior, a buffeting analysis computational program
was developed, incorporating the experimentally derived aerodynamic characteristics. The
program was validated against classical theoretical results and practical measurements
from an actual bridge project. Using this program, a parametric analysis was conducted to
evaluate the effects of equivalent AAF formulations, coherence functions, first-order mode
shapes, and the number of structural modes on the buffeting response. The results show
that the buffeting response of cantilevered hollow steel arch ribs is predominantly governed
by the first-order mode, which can be effectively approximated using a bending-type mode
shape expression.

Keywords: concrete-filled steel tube (CFST); truss arch; cantilever construction; wind
tunnel test; buffeting response

1. Introduction
Concrete-filled steel tubular (CFST) arch bridges have the advantages of high load-

bearing capacity, convenient construction, good spanning capacity, and an attractive ap-
pearance, which have led to their widespread use globally. In the construction of large-span
CFST arch bridges, the cable hoisting method is commonly employed, where hollow arch
rib sections are lifted by a cable hoisting system and then cantilevered into position with
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stay cables. However, during cantilever construction, the hollow arch ribs are solely sup-
ported by lateral cables. Due to their low out-of-plane stiffness and inadequate wind
resistance, the structure is highly susceptible to stability issues, posing significant safety
risks. Field measurements from existing construction projects [1,2] indicate that the can-
tilevered hollow arch ribs experience severe galloping and buffeting under large wind
loads, which can result in large amplitude vibrations and sudden ruptures of both the arch
ribs and lateral cables during the construction stage.

To ensure wind-induced vibration stability during cantilever construction, researchers
have conducted wind tunnel tests on specific bridges to study their aerodynamic charac-
teristics. Zhou [3] conducted wind tunnel tests on both the deck system section model
and the full-bridge aeroelastic model of Yajisha Bridge in China. The results demonstrated
that the bridge deck exhibited good wind stability, a high critical flutter wind speed, and
no vortex-induced vibrations within the tested wind speed range. Hong [4] conducted
wind tunnel tests and buffeting analysis for the Jiantiao Bridge in China, which has a main
span of 245 m. The study found that no buffeting instability occurred across various initial
wind angles of attack in the bridge deck section model tests. Similarly, Luo [5] investigated
buffeting vibrations for a CFST arch bridge with a 344 m span in its final constructed state.
A comparison between buffeting analysis results and the average wind response indicated
that buffeting vibrations had a negligible impact on the bridge behaviors. Lu [6] investi-
gated the aerodynamic disturbance effects of the main arch ribs of the Nanchang Shengmi
Bridge using wind tunnel tests. The study revealed that no flutter or divergent instabilities
occurred, even when wind speeds exceeded 80 m/s at the arch crest. Yan [7] analyzed
the aerostatic stability, time-domain and frequency-domain flutters, and vortex-induced
vibrations of the Chongqing Caiyuanba Yangtze River Bridge. The findings showed that
during the maximum cantilever state, the main arch experienced vortex-induced vibrations
characterized by low onset wind speeds and large amplitudes. However, no divergent
flutter, transverse buckling, or torsional instability was observed under varying wind
angles and wind speeds below 80 m/s. Mannini [8] conducted an in-depth study of the
aeroelastic properties of two flexible, lightweight steel arch structures using wind tunnel
tests in two different facilities, providing valuable insights into controlling flutter instability.
Yu [9] systematically evaluated the static and dynamic wind stabilities of five bridges,
concluding that large-span arch bridges are generally less susceptible to flutter. However,
CFST arch bridges experience significant buffeting effects both during the cantilever con-
struction phase and in the completed bridge state, with buffeting substantially amplifying
arch rib responses in the cantilever phase. In summary, most existing studies on CFST
bridge wind resistance focus on analyzing specific bridge cases. However, there is a lack
of systematic studies on the influence of different cross-sectional parameters, limiting the
general applicability of these findings for bridge design guidance.

The calculation of CFST bridge response under wind loads primarily follows the
guidelines of JTG/T 3360-01-2018 [10] in China. This standard is mainly applicable to
cable-stayed bridges with main spans of up to 800 m and suspension bridges with main
spans of up to 1500 m, while other bridge structures can refer to it for wind resistance
design. For assessing structural stability under static wind conditions, the code introduces a
gust coefficient for horizontal structures, which accounts only for the background response
due to fluctuating wind but does not consider the resonant response related to structural
frequency. For the calculation of the critical wind speed, the specification does not propose
the drag coefficient and lift coefficient for CFST, which need to be measured by a wind tun-
nel test to determine the conditions of vibration. Regarding critical wind speed calculations,
the code does not specify drag and lift coefficients for CFST structures, necessitating wind
tunnel testing to determine vibration conditions. Additionally, structural buffeting response
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analysis must be based on aerodynamic parameters measured in wind tunnel tests. As
discussed earlier, cantilevered hollow steel tube arch ribs exhibit significant vibration and
oscillation issues under wind loads. Therefore, it is essential to measure the aerodynamic
coefficients of different cross-sections through wind tunnel testing and conduct further
vibration and stability analyses accordingly.

In this paper, to accurately determine the buffeting amplitudes of cantilevered CFST
arches under fluctuating wind loads, sectional models were designed with two cross-
sectional configurations: the four-tube truss and the horizontal dumbbell truss. The
wind tunnel tests were conducted on sectional models with varying section widths to
obtain the aerodynamic force coefficients and aerodynamic admittance function (AAF)
of hollow CFST arch ribs. Additionally, a frequency-domain buffeting analysis program
was developed to calculate the buffeting response of cantilevered CFST arch ribs in their
maximum cantilevered state. The influences of various parameters on the peak response
were analyzed in detail, including the equivalent AAF, coherence function, first-order mode
shape, and the number of structural modes.

2. Wind Tunnel Tests
2.1. Design of Section Models

To determine the section types for the arch rib models, a statistical analysis was
performed on CFST arch bridges, both completed and under construction, with spans
exceeding 150 m [11–13]. Among these CFST bridges, approximately 83% featured trussed
sections, including three-tube trussed, four-tube trussed, horizontal dumbbell trussed, six-
tube trussed, and eight-tube trussed sections. Notably, approximately 81% of CFST truss
arches adopted either the four-tube trussed section (Figure 1a) or the horizontal dumbbell
trussed section (Figure 1b). Therefore, these two most commonly used section types are
selected for the arch rib models in the wind tunnel tests.

   
(a)  (b) 

Figure 1. Sections for arch rib models. (a) Four-tube trussed section; (b) horizontal dumbbell trussed
section.

In cantilever construction, arch rib segments are assembled using a cable hoisting
system, with concrete pouring yet to commence. Therefore, to investigate the wind-induced
behaviors of CFST arch ribs during this stage, the sectional models in this study were
designed and tested based on hollow steel tubes. Figure 2 provides a schematic diagram
of the adopted trussed sections. In the figure, d1, d2, and d4 represent the diameters of
the chord, vertical web, and horizontal bracing, respectively, while d3 and d5 denote the
spacing between adjacent vertical webs and horizontal bracing. Previous studies [14] on
truss bridges have shown that the width-to-height ratio (B/H) has a significant impact
on the aerodynamic characteristics of the section. Taking the drag coefficient (CD) of a
rectangular section as an example [15], it has been found that CD varies nonlinearly with
changes in B/H. CD reaches its maximum value of 3.0 when B/H = 0.7, while it decreases
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to 2.0 when B/H = 0.5. Additionally, the ratio of the spacing to the diameter of chords
also significantly affects the aerodynamic characteristics of the truss section [15]. Therefore,
B/H was identified as the key parameter in the wind tunnel test.

 

   

 

(a) 

   

 

(b) 

B

H
d2

d4
d1

d3

d2
d2d2

d1

d1

d1
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d4 d4
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Figure 2. Dimensions of the adopted truss sections. (a) Four-tube trussed section; (b) horizontal
dumbbell trussed section.

To determine the dimensions of arch rib section models for the wind tunnel tests, the
detailed dimensions of the four-tube trussed and horizontal dumbbell trussed sections
used in CFST arch bridges in practical engineering are summarized in Appendix A. Based
on the statistical results, the variation range of B/H is from 0.45 to 0.70. Therefore, the
B/H values studied in this test are set as 0.45, 0.58, and 0.70. Based on the commonly used
values of d1/H, d2/d1, d2/d4, d3/H, d5/d3, and t/d1 from the statistical results, the values
selected for the arch rib section models in this paper are as follows: 0.2, 0.5, 1.0, 1.0, 1.0, and
0.7. Based on Appendix A, the actual sectional heights of four-tube trussed and horizontal
dumbbell trussed ribs range from 3.0 to 5.0 m. Considering engineering practice and wind
tunnel limitations, a scale ratio of about 1:20 to 1:30 was adopted, and the model height
(H) was set to 150 mm. Table 1 lists the specific dimensions of six arch rib section models,
where l denotes the length of the section models. The nomenclatures used to identify the
specimens are given as follows: FTT and HDT refer to the four-tube trussed section and
horizontal dumbbell trussed section, respectively, while I, II, and III denote the specimens
with the width-to-height ratios of 0.45, 0.58, and 0.70, respectively.

Table 1. Dimensions of section models (unit: mm).

Section Models l B H B/H d1 d2 d3 d4 d5 t

FTT-I 900 67.5 150 0.45 30 15 150 15 150 -
FTT-II 900 86.5 150 0.58 30 15 150 15 150 -
FTT-III 900 105.0 150 0.7 30 15 150 15 150 -
HDT-I 900 67.5 150 0.45 30 15 150 - - 21
HDT-II 900 86.5 150 0.58 30 15 150 - - 21
HDT-III 900 105.0 150 0.7 30 15 150 - - 21
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2.2. Manufacturing of Section Models

The arch rib section model was fabricated from acrylic resin and assembled using
chords, cross-links, and webs of different lengths. After assembly, the section models of
FTT and HDM are shown in Figure 3, with the model HDT-III being the heaviest, weighing
2.167 kg. In addition, to address the issue of the low stiffness of the section models, which
caused a longer time for the three-component force to stabilize during tests, six piano
wires with a diameter of 0.2 mm were placed on the top, bottom and leeward sides of the
section model to enhance its stiffness, as shown in Figure 4. The test wind speeds of 6 m/s
and 8 m/s were selected based on Froude scaling principles, corresponding to prototype
wind speeds of approximately 25–45 m/s under typical engineering conditions. The drag
coefficients (CD) of the model FTT-I, with and without the piano wires, at wind speeds of
8 m/s and 15 m/s under different wind attack angles are shown in Figure 5. From the
figure, it is evident that the addition of piano wires has a minimal effect on the aerodynamic
force coefficients and can be ignored.

 
(a) 

(b) 

Figure 3. Section models of arch rib. (a) FTT model; (b) HDT model.

Figure 4. Installation of piano wires.
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Figure 5. Influence of piano wires on drag coefficients.
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Based on the test design wind speeds of 6 m/s and 8 m/s, as well as the dimensions
of the arch rib section models, the calculated Reynolds number (Re) falls within the critical
range for wind tunnel tests, which spans approximately from 300 to 300,000. Previous
studies [14] have shown that when Re is in the critical range, the boundary layer separation
on the cylindrical surface transitions from laminar to turbulent flow and then reattaches
to the cylinder, forming separation bubbles that ultimately lead to turbulent separation.
During this process, the drag coefficient (CD) of the cylinder varies significantly. Therefore,
as shown in Figure 6, the results are heavily influenced by Re, and measures should be
taken to increase Re in order to minimize its impact. To achieve this, based on the study by
Alam et al. [16], four tripwires were added to the section model, as shown in Figure 7. These
tripwires, with a diameter of 1.5 mm, were positioned on the upper and lower chords on the
windward side, with an angle of 40◦ to the horizontal direction. After the addition of the
tripwires, CD values at different wind attack angles were measured, as shown in Figure 6.
The results indicated that the addition of the tripwires significantly reduced the variation in
CD with wind speed, and at a 0◦ wind attack angle, the CD values became nearly identical.
This demonstrates that the method of adding tripwires effectively mitigates the impact
of Re.

0 2 4 6 8 10 12
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0.25

0.50

0.75

1.00

1.25

1.50

 6m/s−tripwire

 8m/s−tripwire

 

 

Wind attack angle (°)

C
D

 

Figure 6. Variations in drag coefficient with tripwire for different wind speeds.

   
(a)  (b) 

Figure 7. Illustration of the tripwires. (a) Layout of tripwires on tubes; (b) layout of tripwires on
section models.

2.3. Test Setup and Measurement

The test was conducted in a direct-current wind tunnel at Kyoto University, Japan,
as shown in Figure 8a. The wind tunnel section has a height of 1.8 m and a width of 1 m,
with an adjustable wind speed range of 0.2~30 m/s. When the flow field is uniform, the
turbulence intensity (Iu) is less than 0.5%. The wind attack angle of the section models was
adjusted using a turntable (Figure 8b). During the test, wind speeds of 6 m/s and 8 m/s
were used, and the wind attack angle varied from −10◦ to +10◦. The turbulent wind field
was generated by a grid made up of rectangular-section columns with a diameter of 40 mm,
spaced 200 mm apart both horizontally and vertically.
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(a)  (b) 

Figure 8. Illustration of the wind tunnel. (a) Wind tunnel at Kyoto University; (b) turntable.

The drag, lift, and lift moment at both ends of the section model were measured using
the LMC-3501 load cell (Nissho Electric Works, Tokyo, Japan), as shown in Figure 9a. The
load cell has measurement ranges of 50 N for drag, 50 N for lift, and 5 N·m for lift moment.
The signal was amplified using an MCD-A signal amplifier (A&D HOLON Holdings Co.,
Ltd., Tokyo, Japan) and converted from analog to digital by the DF-3Z32-2 A/D converter
(A&D HOLON Holdings Co., Ltd., Tokyo, Japan). A pitot tube was used to calibrate the
wind speed in the uniform flow, a grid was employed to generate turbulence, and X-type
hot wires (Golden Mountain Enterprise Co., Ltd., Gaoxiong, China) were used to measure
the instantaneous wind speed in the turbulent flow (Figure 9b). To ensure the validity
of the measured result, several steps were taken: before the tests, the Pitot tube (Golden
Mountain Enterprise Co., Ltd., Gaoxiong, China) was calibrated against a reference velocity
source to ensure accurate pressure-to-velocity conversion; during testing, repeated runs
under identical conditions were performed to assess the repeatability of the measurements.

   
(a)  (b) 

Figure 9. Illustration of instrumentations. (a) Load cell (LMC-3501); (b) X-type hot wires.

2.4. Generation of Turbulent Wind Field

A turbulence-generating grid was employed in the experiment to create a turbulent
wind field. The grid consisted of rectangular-section columns with a cross-sectional di-
ameter of 40 mm, arranged in both horizontal and vertical directions at 200 mm intervals
(as shown in Figure 10). After the grid was installed, a hot-wire anemometer was used
to calibrate the mean wind speed under turbulent conditions. The fan rotational speed
was incrementally increased to 150 rpm, 250 rpm, 350 rpm, 450 rpm, and 550 rpm, with
hot-wire measurements taken at each stage. The anemometer sampled data at a frequency
of 1 kHz for a duration of 30 s. Using the calibration data, the corresponding inflow wind
speed for each set of measurements was determined, allowing the relationship between
fan speed and mean wind speed in turbulent flow to be established. This relationship was
subsequently used to adjust the fan speed in order to achieve the target test wind speed
during the experiment.
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Figure 10. Illustration of instrumentations.

2.5. Measurement Process

The procedure for measuring the force coefficients of the FTT and HDT section models
involves several key steps: installation and calibration of force sensors, wind speed calibra-
tion, model installation, and data collection. During the model installation, the assembled
section model was connected to the end plates, which were then attached to the force
sensors using connectors. The distance between the end plates and the wind tunnel side
walls was ensured to be equal on both sides (d1 = d2, as shown in Figure 11). A spirit level
was used to confirm that the top surface of the section model was horizontally aligned
along both the axial and vertical directions. During data collection, different wind attack
angles (−10◦ to +10◦) and various wind conditions, including no wind, 6 m/s, 8 m/s, and
post-wind stoppage, were considered. The data acquisition frequency was set at 1 kHz,
with a collection duration of 65 s. Measurements were taken only after the force sensor
readings had stabilized. The force coefficients of the section model were then calculated
based on the calibration factors of the force sensors.

Figure 11. Assembled section model in the wind tunnel.

3. Experimental Results
3.1. Aerodynamic Force Coefficient
3.1.1. Aerodynamic Force Coefficients Under Laminar Flow

Figure 12 presents the aerodynamic force coefficients of six section models under
laminar flow, with wind attack angles ranging from −10◦ to +10◦. The coefficients obtained
from the wind tunnel tests include the drag coefficient (CD), lift coefficient (CL), and lift
moment coefficient (CM). As shown in the figure, the aerodynamic forces are primarily
dominated by drag, followed by lift, with lift moment values being relatively small. In
addition, both CD and CM show minimal variations with changes in wind attack angle
across all models, while CL exhibits different variations depending on the section model.
For the FTT sections, CL shows only a slight variation with wind attack angle. In contrast,
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for HDT the sections, CL varies more noticeably: at smaller absolute wind attack angles
(e.g., −3◦ to +5◦ for HDT-I), CL decreases as the angle increases, whereas at larger absolute
wind attack angles (e.g., −10◦ to −3◦ and +5◦ to +10◦ for HDT-I), CL exhibits the opposite
behavior. CL of HDT-I exhibited a counterintuitive reduction when the wind angle increased
from −3◦ to +5◦, which may be attributed to flow interference between upper and lower
chords or unsteady wake behavior. Furthermore, the figure shows that near a wind attack
angle of 0◦, the slopes of the curves for FTT-I and all HDT section models are negative,
indicating that these sections are unstable and may potentially experience galloping.
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Figure 12. Aerodynamic force coefficients under laminar flow. (a) FTT-I (B = 67.5 mm); (b) HDT-I
(B = 67.5 mm); (c) FTT-II (B = 86.5 mm); (d) HDT-II (B = 86.5 mm); (e) FTT-III (B = 105 mm); (f) HDT-III
(B = 105 mm).

The variation in aerodynamic force coefficients with model width under laminar flow
at a 0◦ wind attack angle is presented in aerodynamic force coefficient Figure 13. As shown,
with varying model widths, both FTT and HDT models exhibit only slight changes in CD,
which remains around 1.2, and in CM, which stays close to 0. The lift coefficient (CL) for
HDT models is slightly higher than for FTT models, with average values calculated as 0.1
for HDT models and 0 for FTT models.
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Figure 13. Force coefficients under 0◦ attack angle.



Buildings 2025, 15, 1837 10 of 25

3.1.2. Aerodynamic Force Coefficients Under Turbulent Flow

The aerodynamic force coefficients of six section models in the turbulent wind field,
with wind attack angles ranging from −10◦ to +10◦, are shown in Figure 14. The aerody-
namic forces are primarily dominated by drag, with minimal variation in CD as the wind
attack angle changes. At a 0◦ wind attack angle, CD is at its minimum and slightly increases
with the absolute value of the wind attack angle. CL increases with the wind attack angle,
with the increase becoming more significant as the model width increases. Noticeable
fluctuations in CM were observed under turbulent flow, suggesting possible variations in
aerodynamic center or asymmetric vortex shedding. Additionally, CM remains small and
exhibits little variation with wind attack angle.
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Figure 14. Force coefficients tested under turbulent flow. (a) FTT-I (B = 67.5 mm); (b) HDT-I
(B = 67.5 mm); (c) FTT-II (B = 86.5 mm); (d) HDT-II (B = 86.5 mm); (e) FTT-III (B = 105 mm); (f) HDT-III
(B = 105 mm).

The aerodynamic force coefficients of all section models at a 0◦ attack wind angle in
the turbulent wind field are listed in Table 2. It can be observed that minimal changes with
varying model widths are shown for both FTT and HDT section models, while CL and CM

remain relatively small, close to zero.

Table 2. Force coefficients at a 0◦ attack wind angle in turbulent flow.

Section Models B/mm CD CL CM

FTT-I 67.5 1.11 −0.0405 0.0478
FTT-II 86.5 1.24 −0.110 −0.0203
FTT-III 105.0 1.24 −0.0958 −0.0435
HDT-I 67.5 0.99 0.00714 −0.0359
HDT-II 86.5 1.10 0.0375 −0.0112
HDT-III 105.0 1.07 0.0292 −0.000732
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3.2. Aerodynamic Admittance Function
3.2.1. Power Spectrum Estimation

To obtain the aerodynamic admittance function (AAF), it is necessary to convert the
time series data into power spectral density. In this study, the Welch method is used
to estimate the power spectrum. The specific procedure of the Welch method is shown
as follows: First, divide the signal x(n) into segments, ensuring a 50% overlap between
adjacent segments. Next, apply a non-rectangular window to each segment, perform
an N-point Fourier transform, and then square the modulus of the result, divided by N.
Finally, average the power spectra of all segments to obtain the power spectral estimate
of x(n). Meanwhile, a low-pass filter is used to filter out frequencies above 60 Hz, thereby
eliminating noise interference from the measurement system. As an example, the data
measured from the HDT-I model are used. Figure 15a,b present the fluctuating wind speed
time series and its power spectral density, respectively, while Figure 15c,d exhibit the
fluctuating drag time series and its power spectral density.
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Figure 15. Power spectrum estimations of model HDT-I. (a) Fluctuating wind speed time series;
(b) fluctuating wind speed spectrum; (c) fluctuating drag time series; (d) fluctuating drag spectrum.

Notably, it can be found from Figure 15d that a distinct peak in the fluctuating wind
power spectrum for the HDT-I model appears around a frequency of 40 Hz. To determine
if this peak is caused by vortex shedding, an analysis of the drag time series under laminar
flow for this model is conducted. Figure 16 shows the drag power spectrum obtained from
the drag time series of the HDT-I model under laminar flow. The frequency corresponding
to the peak in Figure 16 is 36 Hz. By applying this frequency to the Strouhal number
formula St = nd1/U, the value of St is calculated to be 0.14. According to the study
by Moriya et al. [17], the relationships between St and the spacing ratio (a − d1)/d1 for
two cylinders in line are shown in Figure 17, where the red points represent the calculations
of the section model in this study. By comparing the data in Figure 17, it is evident that the
frequency corresponding to the peak in Figure 17 is indeed the vortex shedding frequency
of the section model. Therefore, this effect of vortex shedding should be eliminated in the
subsequent calculations of the aerodynamic admittance coefficient.



Buildings 2025, 15, 1837 12 of 25

 

Figure 16. Drag spectrum under laminar flow.
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Figure 17. Relationship between Strouhal number and spacing ratio.

3.2.2. Decay Factor

The fluctuating wind speeds at different points in the wind tunnel were measured
to calculate the cross-power spectrum SD̃(y1, y2, n) and auto-power spectra SD̃(y1, n) and
SD̃(y2, n) of the wind speed. By substituting these results into Equation (1), the coherence
coefficient SD̃(y1, y2, n) can be obtained. The coherence coefficient curve calculated from
the experimental data at x = 0 m is shown in Figure 16. In addition, the coherence coefficient
can also be fitted using a formula, exp(−λn|y1 − y2|/U), that is related to the decay factor
λ. The calculated results match the experimental data best when λ = 14, as shown in
Figure 18.

cohD̃(y1, y2, n) = SD̃(y1, y2, n)/
√

SD̃(y1, n)
√

SD̃(y2, n) (1)

3.2.3. Equivalent Aerodynamic Admittance Function

The equivalent AAF |ϕD(k)|2 for all section models can be obtained by substituting
the calculated aerodynamic power spectrum SD̃all

(n), fluctuating wind power spectrum
Su(n), and decay factor λ into Equation (2). In this equation, n is the frequency; k represents
the converted frequency, and k = nB/U; U is the incoming wind velocity; ρ denotes the air
density; and B, H, and L0 are the width, height, and length of the section model, respectively.

|ϕD(k)|2 =
1

(ρUCD HL0)
2

SD̃all
(n)

Su(n)
{

L0 +
U
λn exp

(
− λnL0

U

)
− U

λn

} (2)

Figure 19 presents the test results of the equivalent AAF for the section model FTT-I.
As shown in the figure, the equivalent AAF exhibits a peak in the high-frequency region,
followed by a sharp decrease as the converted frequency increases. According to the power
spectrum analysis in Section 3.2.1, this peak is induced by vortex shedding. Considering
the significance of the equivalent AAF in the low-frequency range, the fitting process is
primarily focused on the low-frequency region to eliminate the influence of vortex shedding
on the test results, and the comparison between the test and fitted results of the equivalent
AAF is shown in Figure 20.
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Figure 18. Fitting of decay factor (λ = 14). (a) x = 0 m, y1 = 0 m, y2 = 0.025 m; (b) x = 0 m,
y1 = 0 m, y2 = 0.05 m; (c) x = 0 m, y1 = 0 m, y2 = 0.075 m; (d) x = 0 m, y1 = 0 m, y2 = 0.125 m; (e) x = 0
m, y1 = 0 m, y2 = 0.175 m; (f) x = 0 m, y1 = 0 m, y2 = 0.225 m.
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Figure 19. Experimental equivalent AAF of FTT-I.

As observed, the mean values of the equivalent AAFs for both the four-tube trussed
and horizontal dumbbell trussed models remain nearly constant across different frequen-
cies, allowing for a linear approximation in fitting. The fitted equivalent AAF values for
models FTT-I, II, and III are 0.46, 0.35, and 0.41, respectively, while those for HDT-I, II, and
III are 0.27, 0.39, and 0.20, respectively. It can be found that the fitted equivalent AAFs of
the section models varied from 0.20 to 0.46, reflecting the influence of different structural
parameters. Given the relatively small variations in equivalent AAFs among different
models, the maximum value of 0.46 can be adopted as an approximate reference.
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Figure 20. Comparisons between the fitted and test results of equivalent AAF. (a) FTT-I
(B = 67.5 mm); (b) HDT-I (B = 67.5 mm); (c) FTT-II (B = 86.5 mm); (d) HDT-II (B = 86.5 mm);
(e) FTT-III (B = 105 mm); (f) HDT-III (B = 105 mm).

3.2.4. Comparisons of the Measured Equivalent AAFs with Other Commonly Used AAFs

In existing buffeting analyses of CFST arch bridges, due to the lack of measured
equivalent AAF data for the arch ribs, empirical formulas (such as the Sears function
and Davenport function) are commonly used for approximation, or it is assumed that the
sectional aerodynamic forces are equal to the corresponding quasi-steady aerodynamic
forces (i.e., the equivalent AAF is taken as 1.0).

The simplified Sears function, originally derived by Sears for airfoils and later simpli-
fied by Liepmann, and the Davenport function, proposed by Davenport for bridges, are
expressed in Equations (3) and (4), respectively. In these equations, k denotes the converted
frequency, and k = nB/U.

|ϕ(k)|2 =
1

1 + πk
(3)

|ϕ(k)|2 =
1
ck

√
2
(
ck − 1 + e−ck

)
(4)

Figure 21 compares the measured equivalent AAFs with other commonly used AAFs.
As shown, the Sears and Davenport functions decrease as the converted frequency increases.
At lower converted frequencies, these functions yield values higher than the measured
equivalent AAFs, while at higher frequencies, their values fall below the measured results.
Furthermore, the experimentally obtained equivalent AAF (0.46) is considerably lower
than 1.0, demonstrating that the assumption of sectional aerodynamic forces being equal to
quasi-steady aerodynamic forces is not reasonable.
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Figure 21. Comparison of equivalent AAFs.

4. Buffeting Response
4.1. Buffeting Analysis Program

Due to the lack of measured wind field data and structural aerodynamic parameters,
previous studies on the buffeting response of CFST arch bridges have primarily depended
on empirical formulas or simplified analytical methods, which may result in considerable
deviations from actual conditions. To improve accuracy, this study utilizes the experimen-
tally obtained three-component force coefficients and equivalent AAFs from Section 3 to
analyze the buffeting response of cantilevered arch ribs, incorporating the influence of the
curved arch axis.

Given that the spans of existing CFST arch bridges do not exceed 600 m, the maximum
horizontal projection length of cantilevered arch ribs during construction is limited to 300 m.
Moreover, due to the relatively sparse spectral distribution of cantilevered arch structures,
the coupling effects between modes can be disregarded, enabling the buffeting response to
be determined through modal superposition. Consequently, a frequency-domain analysis
approach was adopted to assess the buffeting response of cantilevered arch ribs.

The frequency-domain buffeting analysis is based on the following assumptions:
(1) the fluctuating wind induced by turbulence can be considered a stationary random
process; (2) the quasi-steady assumption is adopted; (3) the coupling effects between struc-
tural modes are neglected, and structural vibrations are considered as the superposition
of individual modal responses; (4) the turbulence-induced fluctuations are assumed to
be much smaller than the mean wind speed, allowing the fluctuating wind load to be
expressed as a linear function of the fluctuating wind velocity; (5) the most unfavorable
wind direction is assumed to be perpendicular to the bridge axis. Additionally, the strip
assumption is commonly used in buffeting analysis, converting the three-dimensional flow
field into a two-dimensional plane flow field. This simplification assumes that the bridge is
sufficiently long and straight, enabling wind loads at any given section to be representative
of those at other sections.

Figure 22 illustrates the procedure for buffeting analysis, which consists of five main
steps as follows:

(1) Determination of natural wind characteristics, including the identification of the wind
speed spectrum and coherence function;

(2) Determination of structural characteristics, involving the evaluation of sectional
aerodynamic force coefficients, AAFs, structural frequencies, and mode shapes;

(3) Calculation of modal force spectrum, including the determination of sectional aerody-
namic forces and joint admittance functions;
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(4) Derivation of buffeting response spectrum, involving the assessment of structural
damping and dynamic amplification factors;

(5) Estimation of peak response, which can be determined using the peak factor method.

 

Figure 22. Procedure of buffeting analysis.

In addition, the proposed buffeting analysis program follows the following assump-
tions: (1) the pulsating wind caused by turbulent flow can be considered as a smooth
random process; (2) quasi-constant assumptions; (3) the coupling effect between struc-
tural modes is neglected and the structural vibration is assumed to be expressed as a
superposition of different modal responses; (4) the turbulent pulsation is assumed to be
much smaller than the mean wind speed, so the pulsating wind load can be expressed
as a linear function of the pulsating wind speed; (5) the most unfavorable wind speed
direction is assumed to be is assumed to be perpendicular to the direction of the bridge
axis. Meanwhile, the strip assumption is employed to transform the three-dimensional
flow field into a two-dimensional plane flow field; i.e., the cantilever CFST arch ribs are
assumed as long enough and flat, and then the wind load can be expressed by the wind
load at any section.

4.2. Verification of the Buffeting Analysis Procedure
4.2.1. Buffeting Analysis of Suspension Cables

To validate the accuracy of the buffeting analysis procedure, a buffeting analysis
example of the suspension cable from Davenport’s paper [18] was selected for comparison.
In this example, the suspension span is 4000 ft (1219.2 m), with a sag of 270 ft (82.3 m) and
a height of 200 ft (61.0 m) above the ground. The wind pressure acting on the upper cable
per unit length is given by 3.3 × 10−5U2, where U is the design average wind speed, taken
as 100 ft/s (30.5 m/s). The surface friction coefficient is 0.01, and the wind speed spectrum
follows the Davenport spectrum. The first-order modal period in the horizontal direction
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of the suspension is 15 s, with a mode shape of sin (πx/l), while the second-order modal
period is 8 s, with a mode shape of sin (2πx/l).

The finite element (FE) model of the suspension cable was established using ABAQUS
to analyze the mode shapes. The obtained mode shapes were then compared with the
theoretical analysis results from Davenport’s paper [18], as shown in Figure 23. The good
agreement between the FE and theoretical results confirms that the FE model can accurately
capture the structural mode shapes. Furthermore, the buffeting displacements of the
suspension cable, as calculated by the buffeting analysis procedure, were 3.93 m for the
first-order mode and 0.97 m for the second-order mode, with a maximum deviation of only
0.8% from the theoretical results.
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Figure 23. Modal shapes of horizontal suspension cable.

4.2.2. Buffeting Analysis of Cantilevered Arch Rib

To further validate the accuracy of the buffeting analysis procedure, the buffeting
response of the Shenzhen Rainbow Bridge during cantilever construction was analyzed
(Figure 24). This bridge is a through-type CFST tied arch bridge, with a main span of 150 m
and a rise-to-span ratio of 1/4.5. The main arch ribs feature a four-tube trussed section,
with dimensions of 3 m in height and 2 m in width. The chord members consist of four
steel tubes with dimensions of ϕ750 mm × 12 mm [19]. The construction method involves
cable hoisting, with the arch ribs prefabricated in seven segments at the factory and then
transported to the site for assembly. During the cantilever assembly phase, the arch ribs
were subjected to a grade 12 typhoon, causing the maximum displacement at the cantilever
end to reach 0.41 m [20,21]. Subsequently, a modal analysis was performed to obtain the
first 5 order frequencies and vibration patterns (Figure 25).

Figure 24. Finite element model of Shenzhen Rainbow Bridge.
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Figure 25. The first 5 modal frequencies and vibration patterns.

Using the joint admittance function formula (Equation (5)), the relationship between
the joint admittance function and frequency for the first five modes is shown in Figure 26a.
The modal force spectrum, obtained from Equation (6), is plotted against frequency in
Figure 26b. By computing the unit mass and wind resistance of the cantilevered arch, the
logarithmic decrement in the aerodynamic damping ratio is determined using Equation (7).
Substituting this value into the dynamic amplification factor formula (Equation (8)) pro-
vides the relationship between the dynamic amplification factor and frequency for different
modes, as shown in Figure 26c. Further, applying the dynamic amplification factor in
Equation (9) yields the modal displacement spectrum as a function of frequency, illustrated
in Figure 26d. Finally, summing the modal displacement spectra according to Equation (10)
results in the structural displacement spectrum, as presented in Figure 26e.

|Jr(n)|2 =
1

N2
r

∫ s

0

∫ s

0

√
K2(s1)K2(s2)coh(s1, s2, n)µr(s1)µr(s2)ds1ds2 (5)

SPr(n) = SP0(n)|Jr(n)|2 (6)

δr =
1
nr

∫ s
0

Ps

Us
µ2(s)ds∫ s

0 m(s)µ2(s)ds
(7)

|χr(n)|2 =

{[
1 − (n/nr)

2
]2

+ (δr/π)2(n/nr)
2
}−1

(8)

Sy(s, n) =
|χr(n)|2

(mω2
r )

2 SPr(n) (9)

Sy(s, n) = ∑ Syr
(n)µ2

r (s) (10)

In the above equations, n represents frequency, s1 and s2 are any two points on the
arch rib; |Jr(n)|2 denotes the joint admittance function; coh(s1, s2, n) denotes the coher-
ence function; µr(s) is the mode shape of the r-th order; Nr is a coefficient, calculated as∫ s

0 µr(s)µr(s)ds; K(s) is the wind speed height correction factor at point s; SPr(n) represents
the modal force spectrum of the r-th order; δr is the logarithmic decrement in the aerody-
namic damping ratio corresponding to the r-th mode; Us is the mean wind speed at point s;
Ps represents the drag force acting on the cantilevered arch at point s under uniform flow; us

is the fluctuating wind speed at point s; |χr(n)|2 denotes the dynamic amplification factor;
nr is the frequency corresponding to the r-th mode; Syr

(n) is the displacement spectrum of
the r-th mode; m is the unit mass along the arch axis; ωr is the angular frequency of the r-th
mode; Sy(s, n) is the displacement spectrum at point s on the arch axis.
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Figure 26. The buffeting analysis results of the cantilevered arch rib. (a) Joint admittance function;
(b) modal force spectrum; (c) dynamic amplification factor; (d) modal displacement spectrum;
(e) displacement spectrum; (f) displacement response.

Figure 26f illustrates the computed buffeting displacement, static displacement, and
peak displacement of the cantilevered arch of Shenzhen Rainbow Bridge under wind load.
The results show that the peak displacement at the cantilever end reaches 0.37 m. Field
measurements indicate that the maximum displacement under wind load was 0.41 m, with
a deviation of 9.8%. This confirms that the proposed buffeting analysis procedure can
effectively capture the wind-induced response of the cantilevered arch rib.

4.3. Influence of Analysis Parameters on Wind-Induced Response in Buffeting Analysis

In the buffeting analysis of CFST arch bridges, the lack of field-measured wind field
data and structural aerodynamic parameters often leads to the use of empirical formulas
or simplified methods. For instance, when the equivalent AAF is unavailable, the Sears
empirical formula is typically used. Similarly, to simplify buffeting response calculations,
the coherence function is often assumed to be independent of frequency, and the joint
admittance function is treated as a frequency-independent function. Therefore, it is essential
to assess the applicability and accuracy of these approximations in buffeting analysis.

4.3.1. Influence of Equivalent AAF

As discussed in Section 3.2.4, the equivalent AAF in the buffeting analysis of CFST
arch bridges is often approximated as a constant value of 1.0 (|ϕ(n)|2 = 1) or calculated
using the Sears function. To evaluate the accuracy of these assumptions, a comparative
analysis was conducted considering three cases: assuming a constant AAF of 1.0, adopting
the Sears function, and using measured AAF data. Figure 27 presents a comparison of
peak responses obtained under these different approaches. The results indicate that the
peak displacements calculated using |ϕ(n)|2 = 1 and the Sears function are 27.1% and
26.1% higher, respectively, than that derived from measured data. This suggests that using
either |ϕ(n)|2 = 1 or the Sears function provides a more conservative estimation of peak
displacement.
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Figure 27. Effect of different equivalent AAFs on the peak displacement.

4.3.2. Influence of Coherence Function

Many researchers have investigated coherence functions based on field measurements,
revealing their exponential distribution characteristics. Davenport [22] formulated a co-
herence function that accounts for frequency, spatial separation, and mean wind speed, as
presented in Equation (11), with the decay coefficient c set to 7. Emil [14] later refined this
model, suggesting c = 10 based on further analysis. Meanwhile, Shiotani [23] proposed a
more simplified expression dependent solely on spatial distance, as shown in Equation (12),
where Ls is assigned a value of 50.

coh(s1, s2, n) = exp
(
− cn∆s

U

)
= exp

(
− cn|s1 − s2|

U

)
(11)

coh(s1, s2, n) = exp
(
−∆s

Ls

)
= exp

(
−|s1 − s2|

Ls

)
(12)

Notable differences exist among the coherence functions proposed by various re-
searchers, along with significant discrepancies in the recommended decay coefficients
for the same function. Therefore, different coherence functions proposed by Davenport,
Emil, and Shiotani are incorporated into the buffeting analysis program to evaluate their
influence on buffeting response results. Figure 28 compares the peak responses derived
from different coherence functions. The results show that the peak responses obtained
using Davenport’s and Emil’s coherence functions are similar, with Emil’s being 5.7% lower
than Davenport’s. In contrast, the peak response calculated with Shiotani’s function is
20.0% higher than that of Davenport. Given that Shiotani’s function is independent of
frequency, it serves as a more conservative approximation.
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Figure 28. Effect of coherence functions on the peak displacement.
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4.3.3. Influence of Shape Function

The Chinese load code for the design of building structures (GB 50009-2012) [24]
provides simplified calculation formulas for the first-order modal shapes of high structures.
These formulas are categorized into bending-type and bending-shear-type approxima-
tions, as shown in Equations (13) and (14). Equation (13) is applicable to high structures
modeled based on bending-type behavior, where H is the total height of the structure and
y represents the coordinate along the height, with the ground level defined as the zero
point. Equation (14) is used for high-rise buildings modeled based on bending-shear-type
behavior, where shear wall behavior is dominant.

u1(y) =
6y2H2 − 4y3H + y4

3H4 (13)

u1(y) = tan
[

π

4

( y
H

)0.7
]

(14)

Taking the Shenzhen Rainbow Bridge as an example, Figure 29a compares the first-
order mode shapes obtained from ABAQUS analysis with those calculated using the
approximate formulas in Equations (13) and (14). The results indicate that the bending-type
formula provides a mode shape that closely aligns with the ABAQUS analysis, whereas
the bending-shear-type formula shows significant deviation. In addition, Figure 29b
compares the peak responses obtained using different modal shapes. It is observed that the
peak response obtained using the ABAQUS-derived modal shape closely aligns with that
from the bending-type formula, with a maximum displacement difference of only 1.2%.
Conversely, the peak response derived from the shear-type approximation formula exhibits
notable discrepancies in both magnitude and distribution compared to the other results.
These findings suggest that the bending-type approximation formula in Equation (13) can
be reliably used to represent the first-order modal shape of cantilevered CFST arch ribs.
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Figure 29. Comparison of mode shapes and peak displacements. (a) Modal shapes; (b) peak
displacement.

4.3.4. Influence of the Number of Modes

It is stated in Chinese code GB 50009-2012 [24] that for wind-induced vibration analysis
of tall cantilevered structures, such as chimneys and towers, the spectral distribution is
generally sparse, with the first-order mode playing a dominant role. As a result, only the
first-order mode is typically considered. Frequency analysis of the cantilevered arch of
the Shenzhen Rainbow Bridge in Figure 25 also shows a sparse spectral distribution. To
evaluate the feasibility of determining the buffeting response of the cantilevered arch ribs
based solely on the first-order mode, the contributions of different modes to the buffeting
response were analyzed.
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Figure 30 compares the buffeting and peak responses obtained by considering the
first 10 modes versus only the first mode. The results show minimal differences, with the
buffeting response differing by only 0.3% and the peak response by just 2.6%. These findings
confirm the dominant influence of the first-order mode, suggesting that considering only
the first-order mode is sufficient for buffeting analysis of cantilevered CFST arch ribs.
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Figure 30. Influence of mode number on the displacement response.

5. Conclusions
In this paper, the wind tunnel tests of arch rib section model with four-tube trussed and

horizontal dumbbell trussed sections were conducted, the aerodynamic force coefficients
and equivalent aerodynamic admittance functions (AAFs) of all section models were
obtained, and the wind-induced responses of the cantilevered CFST arch rib during the
construction phase were analyzed. The main conclusions are drawn as follows:

(1) The aerodynamic forces acting on the section models of cantilevered CFST arch
ribs are primarily governed by drag, with aerodynamic force coefficients showing
minimal variation with changes in model width. Under laminar flow conditions, the
aerodynamic force coefficients for the four-tube trussed section are 1.2 for drag, 0 for
lift, and 0 for lift moment, while those for the horizontal dumbbell trussed section are
1.2, 0.1, and 0, respectively.

(2) By measuring the fluctuating wind speeds at various points in the wind tunnel and
fitting the decay factor, the equivalent AAFs for the arch rib section were determined.
The equivalent AAFs for both four-tube trussed and horizontal dumbbell trussed
sections can be approximated by a horizontal line and conservatively taken as 0.46.

(3) Based on the measured aerodynamic force coefficients and equivalent AAFs, a buf-
feting analysis program for the cantilevered arch rib was developed and validated
through comparisons of the classical theoretical analysis results and field measure-
ments.

(4) The influence of various parameters on the peak response in the buffeting calcula-
tion of cantilevered CFST arch ribs was analyzed, including the equivalent AAFs,
coherence function, first-order mode shape, and the number of structural modes.

In this study, laminar flow was used for simplicity to measure basic aerodynamic
characteristics of the cantilevered CFST arch ribs. However, since real atmospheric wind
is usually turbulent and varies with height, future tests will consider turbulent boundary
layer flow to improve the accuracy and realism of the aerodynamic analysis. In addition,
CFD simulations on specific CFST bridge structures will be conducted to further validate
the buffeting analysis program and gain deeper insights into the aerodynamic behavior of
these structures under varying wind conditions.
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Appendix A. Statistical Data on the Sectional Dimensions of CFST Truss
Arch Bridges Constructed in China

Table A1. Cross-sectional dimensions for four-tube trussed sections (unit: m).

CFST Arches B H B/H d1 d2 d3 d4 d5

Beijing–Hangzhou
Grand Canal Bridge 2.00 3.70 0.541 0.85 0.40 2.50 0.73 -

Sanmenkou Crossing
Sea Bridge 2.40 5.30 0.453 0.80 0.40 4.00 0.40 2.00

Shitanxi Bridge 1.60 3.00 0.533 0.55 0.22 2.70 0.40 1.35
Jialingjiang Bridge 2.00 3.50 0.571 0.76 0.35 3.50 0.35 -
Caihong Bridge 2.00 3.00 0.667 0.75 0.25 2.00 0.40 2.00
Yongjiang Bridge 2.00 4.30 0.465 0.82 0.38 - 0.38 -
Changqing Bridge 1.80 3.40 0.529 0.70 0.25 - 0.30 -
Shenxigou Bridge 2.30 4.05 0.568 0.85 0.34 - 0.34 -
Songao Bridge 2.60 4.80 0.542 0.80 0.40 - 0.60 -
Jiangwan Bridge 2.20 - - 0.70 0.35 - 0.40 -
Lingfeng Bridge 1.83 2.40 0.763 0.70 0.35 1.67 0.35 1.67
Shawan Bridge 1.60 3.00 0.533 0.61 - - - -
Daduhe Bridge 1.70 3.30 0.515 0.70 - - - -
Taiping Lake Bridge 3.00 7.28 0.412 1.28 0.61 8.00 0.81 -
Maocaojie Bridge 3.20 4.00 0.800 1.00 0.55 4.00 0.65 4.00
Rongzhou Bridge - 4.00 - 1.02 0.46 4.00 - -
Yangtze River Bridge 4.14 7.00 0.591 1.22 0.61 6.00 0.71 6.00
Meixihe Bridge 4.40 5.00 0.880 0.92 0.35 5.00 0.35 5.00
Nanlidu Bridge 2.10 4.00 0.525 0.92 0.34 4.00 0.34 4.00
Jingyang River Bridge - 5.00 - 1.02 0.43 5.00 0.43 5.00
Yellow River Grand
Canal Bridge 6.50 7.50 0.867 1.50 - - - -

Note: ‘-’ denotes unavailable data; the definitions of sectional parameters in the table are provided in Section 2.1
and Figure 2.
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Table A2. Cross-sectional dimensions for horizontal dumbbell trussed sections (unit: m).

CFST Arches B H B/H d1 d2 d3 T

Nanpu Bridge 2.55 5.20 0.490 0.85 0.61 - -
Shuidao Grand Canal Bridge 2.50 5.50 0.455 1.00 0.60 5.00 0.70
Yongjiang Grand Canal Bridge - - - 1.02 - 5.00 -
Qiandao Lake 1# Bridge 2.50 5.00 0.500 1.00 0.40 5.00 -
Jiantiao Bridge 1.90 4.40 0.432 0.80 0.40 5.90 -
Changfeng Bridge 2.40 4.50 0.533 1.00 0.50 5.00 0.80
Beipanjiang Bridge 2.50 5.40 0.463 1.00 0.45 5.50 0.80
Shengmi Bridge 3.00 5.00 0.600 0.90 0.30 3.00 -
Longtanhe Bridge 2.40 - - 0.90 0.40 4.00 0.50
Sanshan West Bridge - 3.50 - 0.70 0.35 - -
Wangcun Grand Canal Bridge 2.00 3.8 0.526 0.75 0.30 3.25 0.50
Wujiang Bridge - - - 0.60 - 5.07 -
Panjiahe Bridge 1.40 2.70 0.519 0.60 0.43 - -
Heishipu Bridge 2.50 4.00 0.625 1.00 0.43 6.00 -
Lijiang Bridge 1.75 3.50 0.500 0.71 0.33 - -
Junzhou Bridge 1.80 3.00 0.600 0.75 0.30 2.60 -
Yuanyangjiang Bridge 1.80 3.30 0.545 0.75 0.25 - -
Fuxing Bridge 2.60 4.50 0.578 0.95 0.40 4.00 0.60
Pubugou Bridge 2.00 2.80 0.714 0.76 0.30 2.00 0.65
Qijiadu Yellow River Bridge 1.70 3.50 0.486 0.70 0.33 2.50 0.40
Wushan New Longmen Bridge 2.40 4.50 0.533 1.00 0.50 3.00 0.80
Caoejiang Bridge 2.25 4.00 0.563 0.90 0.40 - 0.50
Tongde Bridge 2.05 3.50 0.586 0.75 0.35 - -
Nanhuan Bridge 1.80 3.50 0.514 0.75 0.40 3.00 0.52
Rainbow Bridge 2.40 5.50 0.436 1.00 0.22 5.00 0.78
Zhongshan Bridge 1.75 3.40 0.515 0.75 0.30 2.25 0.65
Yesanhe Railway Bridge 2.20 3.80 0.579 0.80 0.42 3.25 0.52
Shengzhou Caoejiang Bridge 2.00 3.00 0.667 0.75 0.35 3.50 -
Yonghe Bridge 3.00 8.00 0.375 1.22 0.61 9.20 -
Baoding Bridge - 3.50 - 0.75 0.35 - -
Qingganhe Bridge 2.40 2.40 1.000 1.00 0.40 4.00 0.50

Note: ‘-’ denotes unavailable data; the definitions of sectional parameters in the table are provided in Section 2.1
and Figure 2.
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