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Abstract: In order to study the flutter of long-span pedestrian suspension bridge and its aerodynamic
control, a 420m-span pedestrian suspension bridge is used as an engineering example, the wind-
induced vibration of seven particular aerodynamic sections is studied by wind tunnel tests, and
the soft flutter phenomenon of two kinds of aerodynamic sections is identified. The results show
that the wind fairing and the wind-retaining plate measures are not necessarily effective measures
to improve the wind-induced stability of long-span pedestrian suspension bridge, as these two
measures may reduce the flutter stability: the wind fairing section in the positive angle of attack is
prone to torsion-based soft flutter phenomenon, in which the vertical vibration spectrum contains
multiple vibration frequencies, so the conventional formulation of the linearized self-excited forces is
no longer satisfied; the wind-retaining plate section in the negative angle of attack is prone to soft
flutter dominated by vertical vibration, and the beat vibration phenomenon is found in the torsional
vibration time history of the wind-retaining section. Slotting in the center of the girder section can
significantly change the flow state of the section, which is an effective measure to improve the flutter
stability of the pedestrian suspension bridge.

Keywords: aerodynamic measure; long-span pedestrian suspension bridge; soft flutter identification;

wind tunnel test

1. Introduction

In recent years, China has built many long-span pedestrian suspension bridges, most
of which are located in scenic areas and span deep canyons [1-4]. Long-span pedestrian
suspension bridges with low stiffness girder are prone to dynamic stability problems,
and the factors causing dynamic instability are mainly pedestrians and wind loads. The
most famous case of dynamic instability caused by pedestrians is the Millennium Bridge in
London in 2000 [5,6]. Cases of human-induced instability have occurred in many pedestrian
bridges and have attracted the full attention of bridge design engineers [7-9].

On the other hand, many long-span pedestrian suspension bridges across deep
canyons are susceptible to canyon wind effects and become wind-sensitive structures,
so it is especially important to study the wind-induced vibration and instability of the
pedestrian suspension bridges, and their aerodynamic control. Bridge wind-induced vi-
bration mainly includes two types of self-limiting vibration (buffeting and vortex-induced
vibration), and self-excited divergence vibration (flutter and galloping). The wind-induced
instability of bridges is caused by the action of wind, which can be divided into aerostatic
instability and aerodynamic instability, where the bridge aerodynamic instability mainly in-
cludes flutter and galloping. Many efforts have been made to investigate the wind-induced
vibration and instability of the pedestrian suspension bridges by wind tunnel tests and
numerical simulations, and some research results have been obtained. In the early years,
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some experts and scholars studied the aeroelastic characteristics and wind-induced vibra-
tions of the stressed ribbon pedestrian bridge [10,11]. Stoyanoff [12] proposed a general
quasi-steady approach for evaluation of 3D galloping stability and buffeting response, and
the galloping stability analysis was verified on the 1235 Pedestrian Bridge, Iowa. Through
the case studies of a long-span suspension bridge and a light suspension footbridge, Sal-
vatori and Spinelli [13] observed that structural nonlinearities deemphasize the presence
of a critical flutter wind velocity, as they limit the oscillation amplitudes. By the flutter
investigation and the proper orthogonal decomposition (POD) analysis, Taylor et al. [14,15]
highlighted the strong influence of the pedestrian barriers on the overall aerodynamic char-
acteristics and aeroelastic stability of the bridge. Rizzo et al. [16] analyzed three different
experimental data sets measured in three different wind tunnel laboratories, and found
that experimental error propagation, associated with variability in the aerodynamic loads
of bridge decks, has considerable impact on the critical flutter speed of pedestrian suspen-
sion bridges. Lebedev et al. [17] investigated the aerodynamic characteristics of the fiber
reinforcement plastic (FRP) pedestrian suspension bridge and found that perforation of the
sides of lower beams and railings can be considered a very effective way of suppression
vortex induced vibrations. Salenko et al. [18] further studied the strength, flexural rigidity,
and aerodynamic stability of the FRP pedestrian suspension bridge. It was verified by wind
tunnel tests that utilizing decorative wind chimes can provide stabilization effects against
flutter instability [19]. Qi et al. [20] proposed a new-style cable net structure consisting of
a wind-resistance main cable, wind-resistance secondary cable, and pulleys to improve
the wind-resistance stability of pedestrian suspension bridge. Using computational fluid
dynamics (CFD) and wind tunnel tests, Tadeu et al. [21] analyzed the aerodynamic per-
formance of a long-span suspension bridge, the 516 Arouca bridge with a span length of
516.5 m, in a hilly location in Portugal.

However, there are still the following issues which need to be considered.

(1) Compared with vehicular suspension bridge, pedestrian suspension bridge has
smaller structural mass and lower stiffness, which is easier to cause wind-induced vibration.
Moreover, most of the girders of long-span pedestrian suspension bridges are typical bluff
body structures. The flutter characteristics of such girder structures need to be studied in
detail, which may differ greatly from that of vehicle bridges.

(2) Most of the existing wind resistance studies of pedestrian bridges are case studies,
and the research conclusions are often limited to specific bridges, which is difficult to be
fully extended to other pedestrian bridges, so a general pedestrian suspension bridge case
study is needed.

(3) Much research has found that a slot at the center of a girder can improve the
aerodynamic stability [22-25]. Tang et al. [26] found that the existence of central slot can
improve the critical flutter wind velocity at lower angles of attack, however, the existence
of central slot further decreases the flutter performance at larger angles of attack. It is found
that a reasonable type of wind fairings could improve the flutter performance and suppress
the vortex-induced vibration of long-span bridges [27,28]. It is necessary to further study
whether the measures such as wind fairing and central slot are necessarily effective for the
pedestrian suspension bridge girder section. The suitable aerodynamic measures for the
pedestrian suspension bridge girder need to be clarified and the wind-induced instability
problems of different measures need to be analyzed.

In this study, seven particular aerodynamic design sections are proposed based on the
structural characteristics of the girder of a 420m-span pedestrian suspension bridge in China.
A combination of wind tunnel tests and numerical simulations is used to study the flutter
response, to investigate the flutter characteristics, and to analyze the suitable aerodynamic
measures for the pedestrian suspension bridge girder. The present study can also provide
reference for the wind resistance design of long-span pedestrian suspension bridges.
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2. Descriptions of the Tianmeng Bridge

Tianmeng Bridge is located at Tianmeng Tourism in Fei County, Linyi City, Shandong
Province, China, and was completed and put into use in 2016, which is one of the world’s
largest spans of pedestrian suspension bridge. The photo of the bridge is shown in Figure 1.

|

Figure 1. Tianmeng Bridge in Shandong province, China.

The bridge span arrangement is (38 + 420 + 47.5) meters, concrete tower height is 39 m,
two main cables center distance is 3.5 m, a total of 139 pairs of boom, boom spacing 3 m.
The bridge is across the deep canyon, and the maximum height of the bridge from the
valley floor is 143 m (see Figure 2a).

In order to improve the structural stability of the girder, two wind-resistant cables are
set up on both sides of the girder. The average horizontal inclination of the wind-resistant
cable is 45°, and each wind-resistant cable is composed of 7 galvanized steel ropes with
nominal diameter of 56 mm. The spacing of wind-resistant hanger is 6 m, and a total of
57 wind-resistant hangers are arranged (see Figure 2b).

Compared with the girder of vehicular suspension bridge, the girder of pedestrian
suspension bridge is smaller in size, smaller in width span ratio, and lighter in weight. The
girder width is 4 m, and the width-to-span ratio of the girder section is 1:105. The girder is
a typical bluff body with thin plate-truss, and the standard cross section of the girder is
shown in Figure 2c. The girder structure consists of lower crossbeams, upper longitudinal
beams, and cross braces. The crossbeams are made of Q345D 28b I-beams. Two overhaul
rails made of 20b I-beams are added at the bottom of the girder. Four longitudinal beams
are set above the crossbeams, and the longitudinal beams are made of Q345D 20b I-beams.
3000 mm x 800 mm concrete slabs are mounted on the steel longitudinal beams. The railing
columns are made of 1.75 m square steel tubes. The porosity of the railing meshwork is
about 70%.



Buildings 2022, 12, 1173 40f17

£y 3X140=420 415 I
Lt:Aqu‘”I”"'||||||""|||||||||IIIIIllllnnnm.g._.ﬂ:....................._.ﬂ._.g._..ummllllllII||||||||||"|||"| s o
o H!lll“““'""" et L1 ]

_ Wind-resistant hanger Wind-resistant cable

(a)

e, 56x6=336
(b)

Figure 2. Configurations of the Tianmeng Bridge: (a) Elevation (m); (b) Deck level plan (m); (c) Girder
cross section (mm).

3. Bridge Dynamic Characteristics and Wind Tunnel Tests
3.1. Main Structural Parameters and Finite Element Analysis (FEA) Model

The main structural parameters of the bridge are shown in Table 1. The densities of
the cable members (include main cable, hanger, wind-resistant cable, and wind-resistant
hanger) have been modified to account for the additional mass of the PE pipes. Steel
Poisson’s ratio is taken as 0.31, concrete Poisson’s ratio is taken as 0.20.
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Table 1. Main structural parameters of the bridge.

Structural Density Area hf;zsl:;fls Vertical Bending Lateral Bending Torsion MOI
Components (kg/m?) (m?) (N/m?) MOI (m?) MOI (m?) (m*)
longitudinal beam 7850 3.96 x 1073 2.06 x 101 2.50 x 1073 1.69 x 107° 1.47 x 1077
horizontal beam 7850 6.10 x 1073 2.06 x 10! 7.48 x 107° 3.79 x 107° 3.15 x 1077

X-shape brace 7850 228 x 1073 2.06 x 1011 2.09 x 107° 2.09 x 107° 1.08 x 1077
pylon 2550 6.0~3.0 3.45 x 1010 45~1.0 2.0~0.56 4.73~1.26
main cable 8007 216 x 1072 2.00 x 101 - - -
wind-resistant cable 6903 1.38 x 1072 1.10 x 101 - - -

The general FEA software ANSYS Student 17.2 is used to model the bridge structure,
and the overall coordinate system of the finite element model takes the longitudinal bridge
direction as the X axis, the lateral bridge direction as the Z axis and the vertical bridge
direction as the Y axis.

Cable structure has an obvious sag effect, which will affect the dynamic characteristics
of the bridge structure. In order to consider the cable sag effect, some scholars use refined
modeling strategies [29,30], and some use simplified schematization consistent with the
Ernst’s modulus [31,32]. In the present study, the Ernst equivalent modulus is used to
account for the sag effect of cables. The main cable, hanger, wind-resistant cable, and
wind-resistant hanger are simulated by 3D link element; the longitudinal beam, crossbeam,
tower and other beam structures are discretized as 3D beam element; the accessory mass
such as railing, concrete slab and cable clamp are simulated by nodal mass element.

The restraint conditions of the FEA model are: the bottom of the tower and the cable
anchor are fixed restraints; and the main cable and the tower are coupled restraints at the
top of the tower; the longitudinal displacement and torsional displacement at the end of
the girder are free, and the vertical displacement is constrained. According to the structural
mechanical properties of the bridge, the finite element model is established. The FEA model
of the bridge is shown in Figure 3.

Figure 3. FEA model of the bridge.

3.2. Bridge Dynamic Characteristics

The equivalent mass and the equivalent mass moment of inertia (MOI) of the girder
considering the full bridge vibration effects should be used in the mass system of the wind
tunnel section model [33]. The equivalent mass and the equivalent mass MOI of the girder
can be expressed as:

i_ M 5

Moy = Ig(pd(x)dx ¢y
]131(’16{1 = Mq)(%x(x)dx ()
ng

where mgq, Jineq are the equivalent mass and the equivalent mass MOI of the girder per unit
length in the modal sense, respectively; the superscript d represents the axis direction x, y
and z; M is the generalized modal mass of each order of eigenmode; ¢;(x) is the d-direction
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modal displacement of each order of eigenmode, and the subscript d represents the axis
direction x, y and z, @y, (x) is the torsion modal displacement of each order of eigenmode;
Lg is the full length of the girder.

The Block Lanczos method is used for the modal analysis of the bridge, where the
dynamic characteristics of some key modes are shown in Table 2.

Table 2. Dynamic characteristics of some key modes of the bridge.

. . Torsional
Mode No. Mode Shape MOd? Of* Frequency f (Hz) Vertical Equivalent Equivalent Mass
Vibration Mass (t/m) 2
MOI (t * m*/m)

1 A-L-1 0.235 2735 620.6
2 S-L-1 0.237 2168 367.1
3 A-V-1 0.258 1.907 14360
5 S-V-1 0.335 2.135 27020
11 A-T-1 0.502 70.36 5.581

* A = anti-symmetrical; S = symmetrical; L = lateral; T = torsional; V = vertical.

The equivalent mass and equivalent mass MOI are inversely proportional to the modal
displacement of the structural vibration mode. Among all modes, the minimum vertical
equivalent mass (i.e., the maximum vertical vector amplitude of structural vibration mode)
should be selected as the vertical bending design mode, and the equivalent mass MOI is
also selected in this way. Basically, only the equivalent mass and the equivalent mass MOI
corresponding to the first-order vertical bending mode and the first-order torsion mode of
the girder are concerned. A pair of symmetrical or anti-symmetrical vertical bending and
torsion modes with lower frequencies is usually selected. In this study, the equivalent mass
of the first-order anti-symmetrical vertical bending mode (A-V-1) and the equivalent mass
MOI of the first-order anti-symmetrical torsion mode (A-T-1) are used for the wind tunnel
model design. The relevant values have been bolded in Table 2.

3.3. Aerodynamic Measures and Wind Tunnel Tests

Wind tunnel tests of the girder model are carried out in the CA-1 wind tunnel labora-
tory of Chang’an University, China. The CA-1 wind tunnel is a return-flow wind tunnel
with a test section length of 15 m, height of 3 m, and width of 2.5 m, and the maximum test
wind velocity can reach 53 m/s.

3.3.1. Aerodynamic Measures and Girder Model Geometric Design

In order to study the wind-induced vibration response of different aerodynamic
sections, seven types of aerodynamic sections are proposed: one basic section, four single
measure sections, and two combined measures sections. The specific conditions of the
seven measures are shown in Table 3.
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Table 3. General information of seven aerodynamic measures for the girder.

Selfltéon Girder Configurations Cross-Section Sketch Characteristic Description
1 basic section | H 1 ID | without aerodynamic design

2 small wind fairing

lﬂ> | 0.18 m wide and 0.35 m high

3 big wind fairing ﬂ l& 0.55 m wide and 0.35 m high

4 central slot HL ~ lﬂ central slotting width 0.80 m
N 1

5 wind-retaining plate } W 1 the height is 0.50 m
| |

-
small wind fairing + central | [ |
6 ~ ‘ o : measure 2 + measure 4
slot { \

7 big wind fairing + central slot

| L
‘ ‘—‘L h{}{ @L_J measure 3 + measure 4

In order to reduce the Reynolds number effects, the test model geometric size should
be large enough. On the contrary, the model size should be as small as possible in order
to reduce the blockage effects. Considering the wind tunnel test blockage and Reynolds
number effects, the model is designed with a geometric scaling ratio of 1:14, a total height of
0.170 m, a full width of 0.286 m, and a full length of 0.866 m. The wind velocity ratio is 1:3,
therefore, the Reynolds number of the real bridge is only 42 times of the model Reynolds
number, which is only one order of magnitude difference. The actual blockage rate of the
test model plus the support system is about 4.5%, which minimizes the blockage effects
of the test section. Furthermore, two elliptical thin flat plates are fixed at both ends of the
model to ensure the two-dimensional flow characteristics.

3.3.2. Flutter Wind Tunnel Test Design

The dynamic characteristics of the first-order anti-symmetrical vertical bending and
torsion mode are selected as the design values of the model. The measured mass errors of
the model are less than 1%; the measured frequency errors of the model are less than 2%;
the measured damping ratios of the model are close to 0.5%. The parameters of the flutter
wind tunnel test model are shown in Table 4.

Table 4. Design and measured parameters of flutter wind tunnel test model.

Mass Mass MOI Vertical Bending Torsion Vertical Torsional
(kg) (kg * m?) Frequency (Hz) Frequency (Hz) Damping Ratio Damping Ratio
Design value 8.426 0.126 1.204 2.343 0.5% 0.5%
Measured value 8.485 0.127 1.222 2.312 0.48% 0.47%

Error +0.7% +0.9% +1.5% —1.3% —4% —6%
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The flutter tests are conducted in a uniform wind field with measured turbulence
intensity <0.5% at room temperature (approximately 25 °C), with a wind velocity range
of 2m/s to 20 m/s, and a wind attack angle of —5°, —3°, 0°, +3°, and +5°. The flutter
measurement model is suspended by 8 springs from the steel frame in the wind tunnel, as
can be seen in the Figure 4. The basic section model flutter test is shown in Figure 5.

Spring
/]
Spring
2 D flow end plate
™%
Test model 2D flow end plate
Spring v e
S
| Accelcrometer
Accelerometer Spring
Spring
B

Figure 4. Sketch of the model vibration measurement system.

Figure 5. The basic section model in the CA-1 wind tunnel.

4. Flutter Response and Its Aerodynamic Measures
4.1. Critical Flutter Wind Velocities of Seven Aerodynamic Sections
The flutter response of seven kinds of aerodynamic sections is investigated through

wind tunnel tests, and the results of critical flutter wind velocity of various sections are
shown in Table 5.
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Table 5. Critical flutter wind velocities for various aerodynamic measures (m/s).
Section Girder —5° Angle of —3° Angle of 0° Angle of +3° Angle of +5° Angle of
No. Configurations Attack Attack Attack Attack Attack
1 basic section >60 >60 >60 >60 >60
2 small wind fairing >60 >60 >60 >60 >60
3 big wind fairing >60 >60 >60 42.6 39.6
4 central slot >60 >60 >60 >60 >60
5 wind-retaining plate 26.1 29.1 >60 >60 >60
6 small wind fairing + ~60 260 60 560 ~60
central slot
7 big wind fairing + >60 >60 >60 >60 >60

central slot

Except for Section 3 (big wind fairing) and Section 5 (wind-retaining plate), the critical
flutter wind velocities of the other sections are greater than the flutter checking wind
velocity of 56.7 m/s. The flutter stability of the big wind fairing section and the wind-
retaining plate section is relatively low, the relevant critical flutter wind velocities have
been bolded in Table 5. The critical flutter wind velocities of the big wind fairing section
at +3° and +5° angles of attack are 42.6 m/s and 39.6 m/s, respectively; the critical flutter
wind velocities of the wind-retaining plate section at —3° and —5° angles of attack are
29.1 m/s and 26.1 m/s, respectively.

It also should be noted that the wind-retaining plate can be seen as to seal the bottom
of the railing meshwork. When severe cold winter comes, railing meshwork covered snow
and ice may form a flow barrier like real wind-retaining plate, and at this time one needs to
pay attention to the timely removal of snow and ice to ensure wind-resistant stability.

4.2. Analysis of Soft Flutter Characteristics

The “soft flutter” phenomenon is found to be obvious in the wind tunnel tests of the
big wind fairing section and the wind-retaining plate section.

In this section, the sampling frequency for all flutter tests is set to 1000 Hz. The soft
flutter response is analyzed by time history analysis and Fourier spectrum analysis.

4.2.1. The Difference between Soft flutter and Hard flutter

Most long-span bridges suffer from “hard flutter”. However, not all of bridge flutter is
as linear theory predicts as the amplitude shows exponential growth and instantaneous
damage, i.e., “hard flutter”, some of bridge flutter is stabilized to a finite amplitude due
to the nonlinear effects of self-excited forces, i.e., a nonlinear “soft flutter” phenomenon.
The soft flutter phenomenon has no obvious critical flutter wind velocity, and the flutter
divergence has been in a slow development process. The theory of Scanlan linear self-
excited forces cannot explain the phenomenon of soft flutter, which generally needs a
nonlinear theory of flutter self-excited forces to explain.

It is difficult to summarize which type of bridge section will have soft flutter. The
soft flutter phenomenon is highly likely to occur in bluff body II-shaped and H-shaped
girder sections [34-37], and some studies have shown that the soft flutter phenomenon also
occurs in the box girder sections [38] and even in thin flat sections [39].

The classical Scanlan linear self-excited forces theory, for which the expressions are
listed in Equations (3) and (4) below [40,41], treats bridge flutter as a linear aerodynamic
instability phenomenon.

1 h Bi h
Lee = 5pU*B | KH] (K) I + KH;(K)U“ + K2H3 (K)o + K°Hj (K) 3)
Mee = 2pU2B? KA*(K)E +1<A*(1<)Bl‘ + K2A5(K)a + K2 A (K h 4
se — zp 1 u 2 u 3 &+ 4( )B ( )
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In Equations (3) and (4), only valid for simple harmonic motion of the girder deck, the
self-excited lift force Ls, and the self-excited torsion moment Mg, are measured as quantities
per unit deck length on a section model. p is the air density, U the mean wind velocity
perpendicular to the bridge model’s axis, B is the deck width; the quantities & and « are the
instantaneous vertical motion and torsional angle of the deck section; the over-dot symbol
denotes derivation with respect to time t; the quantities H;(K) and A} (K) (withi=1,...,
4) are the flutter derivatives that depend on reduced frequency K = wB/U, with w = 2nf
being the angular frequency of the deck vibration (rad/s) and f the frequency in Hz.

4.2.2. Soft Flutter of the Big Wind Fairing Section

From the wind tunnel test results, it is shown that the flutter stability of the positive
angles of attack of big wind fairing section is not satisfied. Compared with +3° angle of
attack, +5° angle of attack has lower flutter stability and larger stable amplitude at the
same wind velocity. The flutter velocity of +5° angle of attack is 39.6 m/s, and the wind
velocity range of the stable amplitude is 39.6 m/s to 46.2 m/s. The flutter velocity of +3°
angle of attack is 42.6 m/s, and the wind velocity range of the stable amplitude is 42.6 m/s
to49.5m/s.

At the beginning, the torsional amplitude of the big wind fairing section is approxi-
mately linearly decreasing, and gradually grows to a stable amplitude (GTS), then the stable
amplitude no longer decreases. As the wind velocity increases, the torsional amplitude
increases slowly and gradually decrease to a stable amplitude (DTS), and then the stable
amplitude no longer increases. As the wind velocity continues to increase, the torsional
amplitude approximately linearly grows to divergence amplitude (GTD), and there is no
obvious flutter threshold, showing the phenomenon of soft flutter (see Figure 6).

20

GTS DTS GTD
15 r'—'U=39.0m/S*—‘*>U—44.7m/s<——>U=53 Jdm/s=

HW (il il (
|

é_} v”
U Ui Ll m\ wn L

_20 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60

Time (s)

a(1) (°)

Figure 6. Soft flutter phenomenon of the big wind fairing section, +5° angle of attack.

For further study of the soft flutter of the big wind fairing section, the RMS of the
torsional and the vertical displacements at +5° angle of attack are plotted in Figure 7. The
vertical and torsional displacements are nondimensionalized. The vertical displacement is
divided by the girder width, and the torsional displacement is converted to the radian unit
system. From Figure 7, it can be seen that the soft flutter of the big wind fairing section is
dominated by the torsional vibration, and the vertical vibration displacement is relatively
small. The soft flutter exhibits a vibration pattern with coupled bending and torsional
degrees of freedom.
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Figure 7. Nondimensionalized RMS displacements of the big wind fairing section, +5° angle of attack.

Figure 8 shows the time histories of the torsional and the vertical displacements at
wind velocity U = 44.7 m/s and their Fourier spectrum analysis. It can be found that
the soft flutter amplitude of the section is dominated by the torsional vibration, and the
stable vertical amplitude is only about 2 cm. In the Fourier analysis, there is only one
torsional vibration frequency, which is the model torsional frequency, however, the vertical
vibration spectrum contains multiple vibration frequencies, and these vertical vibration
frequencies approximately present a multiplicative relationship. Each flutter derivative of
Scanlan linear self-excited forces is a function of a single frequency rather than multiple
frequencies, so the presence of multiple frequency components in Figure 8d makes the
Scanlan equations [40,41] no longer valid, and the self-excited forces may be modified by

the higher order frequency terms.
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Figure 8. Time histories and frequency spectra of the torsional and the vertical vibration of the big wind
fairing section, +5° angle of attack, U = 44.7 m/s: (a) Torsional displacement time history; (b) Vertical
displacement time history; (c) Torsional displacement spectrum; (d) Vertical displacement spectrum.

4.2.3. Soft Flutter of the Wind-Retaining Plate Section

From the wind tunnel test results, the flutter stability of the negative angles of attack
of the wind-retaining plate section is relatively low and cannot satisfy the wind-resistant
safety. The starting flutter velocity of the wind-retaining plate section at —5° angle of attack
(26.1 m/s) is lower than that of —3° angle of attack (29.1 m/s), and the stable amplitude of
—5° angle of attack is larger than that of —3° angle of attack at the same wind velocity. The
wind velocity range of the stable amplitude is 26.1 m/s to 31.8 m/s at —5° angle of attack,
29.1m/s to 52.2 m/s at —3° angle of attack.

No obvious GTS and DTS phenomena are found during the soft flutter, and GTD
phenomenon appears when the wind velocity reaches a certain value. There is also a wind
velocity range of the stable amplitude between the starting flutter and the divergence. The
soft flutter phenomenon of the wind-retaining plate section at —5° angle of attack is shown

in Figure 9.
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For further analysis of the soft flutter of the wind-retaining plate section, the nondi-
mensionalized RMS of the torsional and the vertical displacements at +5° angle of attack
are plotted in Figure 10. From Figure 10, it can be seen that the soft flutter of the wind-
retaining plate section is dominated by the vertical vibration, and the torsional vibration
displacement is relatively small. The wind-retaining plate section has lower bending and
torsional coupling than the big wind fairing section during soft flutter.
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Figure 10. Nondimensionalized RMS displacements of the wind-retaining plate section, —5° angle
of attack.

Figure 11 shows the time histories of the torsional and the vertical displacements
at wind velocity U = 29.1 m/s and their Fourier spectrum analysis. From Figure 11, it
can be seen that the torsional displacement is small during the soft flutter, and its stable
amplitude is around 1.5°. Fourier spectrum analysis shows that the frequencies of the
torsional and the vertical vibration are single, both are the model vibration frequencies, and
no multiplicative frequency components are found in the amplitude spectra of the torsional
and the vertical vibrations.
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Figure 11. Cont.
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Figure 11. Time histories and frequency spectra of the vibration of the wind-retaining plate section,
—5° angle of attack, U = 29.1 m/s: (a) Vertical displacement time history; (b) Torsional displacement
time history; (c) Vertical displacement spectrum; (d) Torsional displacement spectrum.

It is worth noting that the time history of the torsional vibration of the wind-retaining
plate section exhibits obvious beat vibration phenomenon, as shown in Figure 12. At
lower wind velocities, the amplitude of the beat vibration decays with time, and as the
wind velocity increases, the beat vibration amplitude gradually increases and stabilizes
at a certain amplitude. The torsional vibration signal is involved in frequencies close
to the model torsional frequency, and the similar frequencies are generated by airflow
separation or vortex shedding, which is the cause of the beat vibration phenomenon of the
wind-retaining plate section.
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Figure 12. Beat vibration phenomenon of the wind-retaining plate section, —3° angle of attack.

4.3. Discussion of Effective Measures for Flutter Suppression

Through a series of wind tunnel tests, it is found that for the typical bluff body with
thin plate-truss structure, the wind fairing measure and the wind-retaining plate measure
may not be effective measures to improve the flutter stability. The wind fairing measure
will decrease the flutter stability of the positive wind angle of attack, which is prone to soft
flutter dominated by the torsional vibration at lower wind velocity. When considering the
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use of wind fairing measure, it is necessary to be cautious about the size. Improperly sized
wind fairing may cause low wind velocity soft flutter. The wind-retaining plate measure
will decrease the flutter stability of the negative wind angle of attack, which is prone to
soft flutter dominated by the vertical vibration at lower wind velocity. When the snow on
the railing meshwork turns into ice, which significantly affects the ventilation rate of the
railing, snow and ice removal work needs to be carried out in time.

Slotting in the center of the girder section can significantly change the flow state of the
section, which is an effective measure to improve the flutter stability. Considering the rigidity
of the girder and pedestrian comfort, the width of the central slot should not be too large, and
it is recommended not to exceed one third of the width of the sidewalk. The combination of
the wind fairing and the central slot measures can improve the flutter stability.

5. Conclusions

In the present study, the flutter instability of seven particular aerodynamic measures of
the girder section of a 420m-span pedestrian suspension bridge is studied by wind tunnel
tests. The time-frequency characteristics of soft flutter of long-span pedestrian suspension
bridge are obtained by time history and frequency spectrum analysis. The main conclusions
are as follows:

(1)  Wind tunnel tests research shows that for typical bluff body girder with thin plate
truss structure, the wind fairing and the wind-retaining plate may be detrimental
to flutter stability of long-span pedestrian suspension bridge, the wind fairing will
reduce the flutter stability of positive angles of attack and the wind-retaining plate
will reduce the flutter stability of negative angles of attack. Central slotting in the
girder can significantly change the circumfluence of the section and reduce the airflow
vibration energy, which is an effective measure to improve the flutter stability of such
girder sections.

(2) The larger the positive wind angle of attack, the worse the flutter stability of the big
wind fairing section. The soft flutter phenomenon of the big wind fairing section
is dominated by the torsional vibration with a single frequency, and the vertical
vibration is a secondary component. Its vertical vibration spectrum contains multiple
frequencies, and these frequencies approximate a multiplicative relationship.

(3) The larger the negative wind angle of attack, the worse the flutter stability of the
wind-retaining plate section. The soft flutter amplitude of the wind-retaining plate is
dominated by the vertical vibration of a single frequency, and the frequency multipli-
cation phenomenon is not found in the vertical vibration and the torsional vibration
time histories; the torsional vibration time history of the wind-retaining plate section
shows obvious beat vibration phenomenon.

(4) The wind fairing measure increase the width of the girder, which may form alter-
nate vortices on the wake side of the girder section, thus stimulating the soft flutter
phenomenon dominated by torsional vibration. The wind-retaining plate measure
increase the solid height of the girder, which may form alternate vortices on the upper
or lower surfaces of the girder section, thus causing the soft flutter phenomenon dom-
inated by vertical vibration. The traditional Scanlan linear self-excited force theory
cannot explain these soft flutter phenomena, so it is necessary to develop nonlinear
self-excited force theory.

(5) This study is a case study of a long-span pedestrian suspension bridge (bridge main
span is 420 m, the girder width is 4m, and the width-to-span ratio of the girder section
is 1:105), mainly to study the flutter instability of seven particular aerodynamic
sections. The findings are only for this type of specific bridge and can provide
reference for wind resistance design of long-span pedestrian suspension bridges. For
vehicular traffic cable-supported and suspension bridges, a series of case studies is
necessary to attain the relevant results.
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