Steel and Composite Structures, Vol. 34, No. 5 (2020) 699-713
DOI: https://doi.org/10.12989/scs.2020.34.5.699

699

Aerodynamic performance evaluation of different cable-stayed bridges with

composite decks

Rui Zhou?, Yaojun Ge?, Yongxin Yang™, Yanliang Du® and Lihai Zhang?®

YInstitute of Urban Smart Transportation & Safety Maintenance, Shenzhen University, Shenzhen, 518060, China
ZState Key Lab for Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China
®Department of Infrastructure Engineering, University of Melbourne, VIC 3010, Australia

(Received September 17, 2018, Revised January 31, 2020, Accepted February 2, 2020)

Abstract. The aerodynamic performance of long-span cable-stayed bridges is much dependent on its geometrical
configuration and countermeasure strategies. In present study, the aerodynamic performance of three composite cable-stayed
bridges with different tower configurations and passive aerodynamic countermeasure strategies is systematically investigated by
conducting a series of wind tunnel tests in conjunction with theoretical analysis. The structural characteristics of three composite
bridges were firstly introduced, and then their stationary aerodynamic performance and wind-vibration performance (i.e., flutter
performance, VIV performance and buffeting responses) were analyzed, respectively. The results show that the bridge with three
symmetric towers (i.e., Bridge 1) has the lowest natural frequencies among the three bridges, while the bridge with two
symmetric towers (i.e., Bridge Il) has the highest natural frequencies. Furthermore, the Bridge Il has better stationary
aerodynamic performance compared to two other bridges due to its relatively large drag force and lift moment coefficients, and
the improvement in stationary aerodynamic performance resulting from the application of different countermeasures is limited.
In contrast, it demonstrates that the application of both downward vertical central stabilizers (UDVCS) and horizontal guide
plates (HGP) could potentially significantly improve the flutter and vortex-induced vibration (VIV) performance of the bridge
with two asymmetric towers (i.e., Bridge III), while the combination of vertical interquartile stabilizers (VIS) and airflow-

depressing boards (ADB) has the capacity of improving the VIV performance of Bridge I1.
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1. Introduction

Cable-stayed bridges, have become increasing popular
over the last fifty years because of their structural
efficiency, economy and aesthetics, especial for medium
and long-span of bridges (Daito et al. 2002). As a widely
used deck configuration in long-span cable-stayed bridges
around the world, a composite steel-concrete deck is
composed of two structural edge girders, which is attached
by transverse steel floor beams resulting in the advantages
of small cross-section, light weight, low cost, and
convenient construction (Collings 2013, Pedro et al. 2012).
Typical examples include the two-tower Qingzhou Min
River Bridge in Fuzhou (China) with a main span of 605m
(Song et al. 2002), the three-tower cable-stayed Erqi
Yangtze River Bridge in Wuhan (China) with two main
spans of 616 m (Ge and Yang 2011), and the single-tower
Manavgat Cable-Stayed Bridge (Turkey) with two main
spans of 101 m (Atmaca et al. 2012, 2014). Furthermore,
the design of multi-span and asymmetric composite cable-
stayed bridges with composite girders are expected to be
adopted for the bridges with a span ranging from 1000 m to
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1200 m for the next coming years (Jorquera-Lucerga et al.
2016, Wang and Wu 2010, Chen et al. 2015, Fabbrocino et
al. 2017). In practice, the design of long-span cable-stayed
bridges is governed by the wind-induced dynamic
responses. As the aerodynamic performance of the
composite girder in form of a bluff body is obvious inferior
to the streamlined box girder, one of the major problems in
designing a cable-stayed bridge with composite girder is to
overcome aerodynamic challenges due to the unfavourable
shape of the deck, and therefore some aerodynamic
amendments are required, such as fairings on both sides to
give some streamlining, baffles between the main beams to
divide the open void below the deck and limiting the
torsional wind effects (Zhou et al. 2015). Major long-span
cable-stayed bridges with composite girders around the
world are listed in Table 1.

Aerodynamic performance evaluation of long-span
cable-stayed bridges including stationary aerodynamic
instability, flutter instability, vortex-induced vibration
(VIV) and buffeting are usually conducted in wind tunnel
tests (Scanlan and Jones 1990, Sakai et al. 1993 and Zhou
et al. 2018). Stationary aerodynamic instability of bridges
becomes significant when the deformed shape of the
structure produces an increase in the value of the
displacement-dependent wind loads imposed on the bridge
structure. One of the major concern in bridge design is
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Table 1 Typical examples of long-span cable-stayed bridges with composite girders

Bridge Name Country Main span Year B/D _fe Problems Countermeasures
(m) Built ET
Alex-Fraser Canada 465 1986 16 - Flutter Horizontal splitter
Co Chien Vietnam 300 2011 6.87 2.28 VIV Guide plates with 60°
2 Ganjiang River ~ China 400 2014 9.73 2,01 VIV Horizontal splitter+
vertical plates
Nanpu China 423 1990 12.3 1.45 Flutter vertical plates
Yangpu China 602 1993 10.5 1.94 Flutter vertical plates
Qinzhou Min China 605 1998 9.6 2.58 Flutter Horizontal splitter+
River vertical plates

flutter instability which causes dynamic instability, even
structural catastrophe at a high wind velocity. In addition,
VIV which exhibits limit cycle oscillations usually at low
wind speed, affects the driving comfort and may reduce the
service life of steel girders, and the buffeting response
analysis becomes increasingly important with the increase
of bridge span. Both buffeting displacement and internal
forces responses gradually become larger with the increase
of the wind speed, and could cause the fatigue damage and
discomfort problems (Yeh et al. 2002, Koohi et al. 2014,
Zhang et al. 2016). If the aerodynamic performance of a
long-span cable-stayed bridge fails to meet the wind-
resistance design requirement, it becomes necessary to
improve the aerodynamic performance of bridges through
application of effective aerodynamic countermeasures.
Many types of passive aerodynamic countermeasures, such
as stabilizers, flaps, fairings, spoilers, etc. have been
implemented to improve the aerodynamic performance of
bridges and the effectiveness of these countermeasures have
also been experimentally investigated (Kubo et al. 2001,
Fujino 2002, Zhou et al. 2019). For instance, to improve
flutter performance, the overhanging deck and edge plates
used in the Alex Fraser Bridge (Canada) (Irwin 1984), the
apron boards and guide plates installed at the edge of the
main girder in the Qingzhou Min River Bridge (China)
(Song et al. 2002) and so on. Based on the results of wind
tunnel tests, Murakamia (2002) compared the influence of
central guard fences and rectangular members inside the
main girders on flutter and VIV performance of a composite
girder. Dong (2012) investigated the influence of inclined
guide vanes on the flutter and VIV performance a cable-
stayed bridge with a composite girder, while Zhou (2015)
found that the combination of vertical stabilizers and
airflow-depressing boards could effectively improve the
aerodynamic performance of composite girder bridges. The
focus of the above mentioned studies is mainly on the
cable-stayed bridge with a composite girder and
symmetrical same tower configurations. However, the
influence of different tower types for cable-stayed bridges
on aerodynamic performance are prominent (Shehata and
Abdel 2014, Yang and Ge 2015), and the aerodynamic
performance with different tower types and the
effectiveness of countermeasures have not been fully
understood so far. Therefore, it is important to further
investigate the aerodynamic performance of composite

cable-stayed bridges with different tower types subjected to
wind excitation.

The purpose of this study is to investigate the overall
aerodynamic performance of three composite cable-stayed
bridges with different tower configurations to identify the
available aerodynamic countermeasure strategies. Firstly,
the structural characteristics and Finite Element models of
three typical cable-stayed bridges are presented and
discussed. The stationary aerodynamic performance of
these three bridges are then evaluated by conducting force-
measured tests in wind tunnel and theoretical analysis.
Finally, the flutter performance, VIV performance and
buffeting responses of these bridges with countermeasures
are quantified and compared through a series of wind tunnel
tests and theoretical analysis, respectively. The present
study has potential to result in guidelines for the design of
long-span cable-stayed bridges with composite girders and
the development of effective aerodynamic countermeasures.

2. Structural characteristics of three composite
cable-stayed bridges

2.1 Structural characteristics of bridges

Three typical long-span cable-stayed bridges with
composite girders of two I-shaped steel side beams and a
concrete deck plate were selected in this study, in which
two of these three bridges have two towers, and the other
one has three towers. The structural layouts of these bridges
and the cross-sections of composite girders are shown in
Fig. 1, respectively. Bridge | (Fig. 1(a)) has the symmetrical
structure with two main spans (616 m long each), three
towers (209 m high each), and a composite main girder
(32.3 m wide and 3.5 m deep). Bridge Il (Fig. 1(b)) has a
main span of 400 m, two inverted 124.5 m high Y-shaped
pylons with 48 pairs of cables, and a composite main girder
(29.2 m wide and 3.0 m deep). Bridge Il (Fig. 1(c)) has
asymmetrical structure with three spans (260 m, 388 m and
136 m long, respectively) and a composite girder (31.8 m
wide and 3.25 m deep).

2.2 Aerodynamic countermeasures

When the wind-resistance of bridges meet not the


https://cn.bing.com/dict/search?q=Vietnam&FORM=BDVSP6&mkt=zh-cn

Aerodynamic performance evaluation of different cable-stayed bridges with composite decks 701

(140 1445 1445 (140
(a) Structural layout and the composite girder of the Bridge | with three symmetric towers
- 36 -
s 114 400 114 s

4 i gRarS == S

29.20 '
l}.l&'.l.ll,- 50 . 8.9 i 879 - 350 ..Lu,.l.ml
L. | T e A B
o = B - e . A

2
0.9 1256 N 12.56 nso
(b) Structural layout and the composite girder of the Bridge Il with two symmetric towers
972

‘Imlmlml - I

08B 14.80
(c) Structural layout and the composite girder of the Bridge Il with two asymmetric towers

14.80 .88,

Fig. 1 Structural layouts of the three cable-stayed bridges with composite girders (unit, m)

requirement of design, many types of passive aerodynamic countermeasures are not required to mitigate its wind-
countermeasures could be adopted, as shown in Fig. 2. induced vibrations (Yang and Ge 2015). However, as the
Since the design of Bridge | with three towers leads to an peak VIV responses of the Bridge Il could be much larger
excellent aerodynamic performance, aerodynamic than the allowable values of vertical VIV amplitude (i.e.,
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(a) VIS+ADB of the Bridge I1

(b) Sectional models of the Bridge Il ‘

Fig. 3 Schematic diagram of the Bridge Il with two countermeasures
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(a) UDVCS+HGP of the Bridge Il11

0.111 m) and torsional VIV amplitude 0.216° (JTG/T D60-
01-2004). A series of VIV tests about the combination of
two aerodynamic countermeasures were conducted by
varying the height of the vertical interquartile stabilizers
(VIS) from 0.5 to 2.0 m and the angle of airflow-depressing
boards (ADB) from 5° to 20°. The results show that the
combination of a VIS height of 1.50 m and an ADB angle
of 15° could effectively mitigate the risk of VIV responses.
As for Bridge 111, both the critical flutter wind velocity and
peak VIV responses are much larger than the allowable
values of vertical VIV amplitude (i.e., 0.143 m) and
torsional VIV amplitude 0.289° (JTG/T D60-01-2004), the
combination of two countermeasures (the upward and
downward vertical central stabilizers (UDVCS) with the
height of 2.78 m, and horizontal guide plates (HGP) with
the height of 1.50 m) were used to simultaneously improve
the flutter performance and mitigate the VIV responses. The
schematic diagrams of the aerodynamic countermeasures
for Bridge Il and Bridge Il with two towers are shown in
Figs. 3 and 4, respectively.

. 4
(b) Sectional models of the Bridge 111

Fig. 4 Schematic diagram of the Bridge 111 with two countermeasures

2.3 Dynamic characteristics

Using commercial software package ANSYS, spatial
three-dimensional (3D) finite element (FE) models of three
cable-stayed bridges were established with consideration of
structural nonlinearity, in which the main girder and main
towers were modeled using 3D beam elements (BEAM4),
while the main cables were modeled using 3D linear elastic
truss elements (LINK10). Fig. 5 presents the triple-girder
models of these bridges with composite girders (Zhu et al.
2000), in which the nonlinearity of the cables was taken
into account using an equivalent tangent equation, the
natural frequencies and mode shapes of these three bridges
were calculated by using the subspace method (as shown in
Table 2). It is found that the first natural frequencies of
Bridge Il are the largest among the three bridges, while the
frequencies of Bridge | are lowest, regardless of the lateral,
and vertical and torsional modes. Besides, the
antisymmetrical modes are prior to the corresponding
symmetrical modes for Bridge | with three towers, which is


https://www.sciencedirect.com/science/article/pii/S0141029699000772

Aerodynamic performance evaluation of different cable-stayed bridges with composite decks 703

OL X LACKIEwT IinumET
e, L0 280 Hx L0165 14

e -3 ek

* ==

REQ™ 14a08L

o = 33p-g3] It antisymmetris
vertical mode

| A A

uwamewr {4 285 Hr

First sy useung

T Gty 542 11

Sy

e 33 TIFeL
G m =

FRIQS A3 it mymimetnic
Do = 260 vaertieal muasde
First antisynunweline
torsional meade

£=0.434 Hz b, 50279 He

Fuwt symmetnc
lateral mode

| Faat -,'.nu:u:m’
LCertacal mode

fcU 497 H

Fust symmetnc

g Fulxl antisyvimmetsc
tormonal mode

vertical mode

(c) Bridge 111

LnH‘H

Fust symmetn
lateral mode

4 LR
torsional ausle

et

vertical mode

(b) Bridge 1l

Fig. 5 3D FE models and fundamental modal shapes of Bridge I, 1| & 111

Table 2 Natural Mode Shapes and Frequencies of Bridge I, 11 & 111

Frequency (Hz)
Mode shape - - -
Bridge | Bridge Il Bridge I11

First symmetric vertical 0.285 0.320 0.279
First antisymmetric vertical 0.165 0.415 0.500
First symmetric lateral 0.311 0.442 0.434
First antisymmetric lateral 0.280 1.170 0.600
First symmetric torsional 0.549 0.713 0.497
First antisymmetric torsional 0.542 0.873 0.736

opposite to both the Bridge Il and Bridge Il with two
towers.

3. Stationary aerodynamic performance of three
cable-stayed bridges

3.1 force-measured tests
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(a) Schematic diagrams of tests

(b) Sectional models

Fig. 7 Force-measured tests of Bridge I, 11 & 111

Aerodynamic force coefficients play an important role
in controlling the stationary aerodynamic performance of
bridges. Three components of aerodynamic forces per unit
length acting on the composite girder are the drag force
(Fp), lift force (F;) and pitching moment (M,) (Fig. 6),
given by

F Mz
HU°B c :épUZBZ 1

F
Cp= nggH’CL:

Fp=Fycosa+Fysina, F;=-Fysino+Fycoso (2)

where Cp,C and Cy are coefficients of drag force, lift
force, and pitching moment in the wind axes, respectively;
Fu, Fv and My are the drag force, lift force and pitching
moment in the body axes, respectively; p is the air density;
U is the wind velocity; and +a is the positive effective
wind attack angle. B and H is the width and height of the
composite girder, respectively.

As shown in Fig. 7, the sectional models of three
composite girders with the same geometrical scale ratio of
1:60 were tested in the TJ-2 Boundary Layer Wind Tunnel
at Tongji University, respectively. A wind velocity of 10 m/s
was used throughout the force-measured tests with 25 wind
attack angles ranging from -12° to +12° with an increment
of 1°. Three static aerodynamic coefficients including the
Cp, Cand Cy; of three bridges are compared and then these
coefficients for two bridges (e.g., Bridge 11 and 111) with or
without aerodynamic countermeasures are also described.

It can be seen that the values of both €, and Cy for
Bridge Il are the largest among the three bridges under the
negative angles, whereas the values of C, and C; for
Bridge | are the largest with the wind angle is greater than 9
degree. In total, the values of Cp,C, and Cy for Bridge Ill
are the smallest among the three bridges in Fig. 8. On the
other hand, the values of C, and C;, for Bridge Il after
installing VIS and ADB under the positive angles are
significantly larger than those without countermeasures,
while the values of Cp, and C; for Bridge Il after
installing UDVCS and HGP under the negative angles are
obviously larger than those without countermeasures. In
addition, the values of Cy for Bridge Il and Ill with
countermeasures are smaller than those without
countermeasures.

3.2 Stationary aerodynamic performance

A numerical calculation based on the optimum iteration
method (Zhang et al. 2013) is used to investigate the
stationary aerodynamic performance of three cable-stayed
bridges with consideration of the aerodynamic force
nonlinearity and the geometric nonlinearity. In this study,
the torsional divergence critical wind velocities (Uy) of
Bridge 1l and Il with countermeasures under three wind
attack angles are determined based on the above results of
stationary aerodynamic forces. As shown in Table 3, the
values of Uy of three bridges are much larger than the
corresponding allowable wind velocities Uy, (JTG/T D60-
01-2004) under three wind attack angles, and therefore
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Fig. 8 Comparison of the static aerodynamic coefficients of Bridge I, 11 & 111

fulfil the requirement of stationary aerodynamic
performance. Furthermore, the Uy of Bridge | with three
towers (>100 m/s) are much smaller than both the Bridge I1
(>260 m/s) and Bridge Il (220 m/s) with two towers. Most
importantly, the Uy of Bridge Il increases from 220 m/s to
250 m/s after the installation of countermeasures. In
summary, the stationary aerodynamic performance of
Bridge Il is the best among the three bridges, while the
performance of Bridge | is the worst. The implementation
of the countermeasures can slightly improve the stationary
aerodynamic performance of Bridge Il and I11.

To further explore the stationary aerodynamic
performance, the structural displacements (e.g., vertical,
horizontal and torsional displacement) at midpoint (1/2L) of
bridge decks of three bridges (and Bridge 1l & Il with
countermeasures) were determined under an unfavourable
wind attack angle (i.e., +3°). As described in Fig. 9, the
absolute values of vertical, horizontal and torsional
displacements of the three bridges gradually increase with
the increase of wind velocity, and the growth rates of all the
three displacements of Bridge | are the fastest among the
three bridges. Specifically, there is a rapid increase in the
torsional displacement of the Bridge | before the Uy =100
m/s, and all the three displacements of the Bridge 111 change
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Fig. 9 Displacement responses of Bridge I, Il & 111

Table 3 Torsional divergence critical wind velocities (Uy)

for the bridges

Three original bridges with

Two bridges with

different structural systems countermeasures
Brildge Briltljge Brlildlge Br\I/Si%ﬁ I Br'\f\jl?ti I
VIS+ADB UDVCS+HGP
-3°  >100 >260 >250 >260 >250
0° >100 >260 >250 >260 >250
+3°  >100 >260 220 >260 250
Usp 439 37.9 76.1 37.9 76.1

abruptly at the Uy =250 m/s. In addition, it is observed that
the vertical displacement of Bridge Il is always negative
with a relatively small growth rate. On the other hand, the
implementation of countermeasures has slight impact on the
horizontal displacement of Bridge Il, whereas the vertical
displacement of Bridge Il become smaller after the
installation of countermeasures. It is interesting that the
torsional displacements of Bridge Il with countermeasures
are always negative, which is contrary to those without
countermeasures. The three displacements of the Bridge Il
become significantly smaller after the installation of
countermeasures, especially for the vertical displacement.
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(a) Experiment set-up

(b) Sectional models

Fig. 10 Schematic diagrams of flutter tests for Bridge I, 11 & 111

Table 4 Structural properties of the prototype and sectional models for Bridge I, 11 & 111

Bridge | Bridge Il Bridge 111
Properties Sectional - -
Prototype Sectional Sectional
model Prototype model Prototype model
Width (B)/m 32.3 0.538 29.2 0.487 31.8 0.530
Depth (D) /m 35 0.058 3.0 0.050 3.25 0.054
Length (D) /m 104 1.740 104 1.740 104 1.740
Mass (M)/ kg/m 47227 13.12 38801 10.778 49768 13.824
Inertia I/ 4572630 0.353 2864466 0.221 4444740 0.343
kg-m“/m
Vertical
frequency (f,)/ 0.165 1.65 0.358 4.081 0.279 3.348
Hz
Torsional
frequency (f) / 0.542 5.42 0.722 8.228 0.497 5.952
Hz
Wind velocity 1 6 5.26 1 5
ratio
Vertical 0.7 0.7 0.97 1.02 1.02
damping (&)
Torsional 06 0.6 0.73 0.93 0.93
damping (&)

4. Wind-induced vibrations of three cable-stayed
bridges

4.1 Flutter performance

As shown in Fig. 10, the flutter tests on two-
dimensional rigid sectional models of the three composite
girders were conducted in a 3 m (width)x2.5 m (height) test
section of the TJ-2 wind tunnel in Tongji University, China.
All the geometric scales of the three sectional models are
1:60, and the major structural parameters including
geometric dimensions, mass characteristics, fundamental
frequencies and structural damping of the prototype bridge
and their scaled sectional models are listed in Table 4. It
should be mentioned that the aerodynamic countermeasures
on these bridges were adopted to make the structural

dynamic characteristics consistent in all testing cases.

The purpose of the flutter tests was to investigate the
influence of different tower systems on the critical flutter
wind velocity (U,) of cable-stayed bridges, and the U of
the three bridges under three wind attack angles (i.e., +3°,
0° and -3°) are presented in Table 5. Regardless of wind
attack angle, the U, of Bridge Il is the largest among the
three bridges, and the U, of Bridge Il smallest. The U of
both Bridge | and Bridge Il are larger than their
corresponding allowable wind velocity, whereas the U, of
Bridge Il under the angle of +3° (i.e., 50 m/s) is smaller
than the allowable wind velocity (i.e., 59 m/s). This
indicates that it is necessary to improve the flutter
performance of the Bridge IlIl by implementing
aerodynamic countermeasures. Besides, it shows that a



708 Rui Zhou, Yaojun Ge, Yongxin Yang, Yanliang Du and Lihai Zhang

Table 5 Critical flutter wind velocities (U,) of Bridge I, 1l & 111

Three bridges without countermeasures

Two bridges with countermeasures

a Bridge | ; Bridge 111 Bridge 1l with Bridge 111 with
Bridge Il VIS+ADB UDVCS+HGP
-3° 86.5 100.5 735 114.0 75.0
0° 74.0 90.2 55.0 93.0 67.5
+3° 59.8 70.0 50.0 78.0 73.0
Uqp 53.7 47.0 59.0 47.0 59.0

Flutter derivative A; compariosn of three bridges under o=+3°
0.20 . . T . r r r r r

—=a— bridge | —e— bridge || —— bridge Il
0.159] v bridge Il with VIS+ADB 1
—— bridge Il with UDVCS+HGP

0.10 4

-0.25 T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 55
Reduced wind velocity U/f B

(a) Flutter derivatives A,” comparison

Vertical damping ratios compariosn of three bridges under a=+3°
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(c) Vertical damping ratios comparison
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Torsional damping ratios compariosn of three bridges under a=+3°
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(d) Torsional damping ratios comparison

Fig. 11 Flutter derivatives, damping ratios for Bridge I, Il & 11

wind attack angle of +3° results in the smallest U, and
therefore is the most unfavorable wind attack angle for
cable-stayed bridges with composite girders. In additional,
the installation of VIS and ADB can significantly increase
the U, of Bridge Il (e.g., the U, of Bridge Il under the wind
attack angle of +3° can increase from 70 m/s to 78 m/s).
The results indicate that the combination of VIS and ADB
could significantly enhance aerodynamic performance of
Bridge 11 with two asymmetrical towers. Further, it is noted
that the use of UDVCS and HGP could increase the U, of
Bridge 111 from 50 m/s to 73 m/s with a growth rate of 46%,
and therefore enhances the flutter performance of the bridge
with two asymmetrical towers.

The flutter derivatives and total structural damping of
the three bridges with countermeasures were identified by
using the improved least squares method (Scalan and
Tomko 1971), and two crucial flutter derivatives (i.e., A;~
and H3") under the unfavorable angle of +3° are presented
in Fig. 11. The value of A, firstly decreases and then
generally increases with the increase of wind speed, where
the reduced wind velocity corresponding to the smallest A,~
are about 3.0 and 4.0 for the Bridge Il without and with
countermeasures, respectively. The value of Hs gradually
increases with the increase of wind speed, and the
installation of countermeasures results in a higher value of
Hs . Furthermore, the vertical damping ratio &, presents an
upward with the increase of wind speed, and the value of
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Table 6 Critical flutter wind velocities (U,) for Bridge I, Il & 11

Three bridge structural systems

Bridge | Bridge Il Bridge 111
Torsional-vertical frequency ratio 3.285 2.017 1.778
Vad der Put 50.2 31.0 29.7
Selberg 55.1 384 35.9
Tongji University 535 30.9 30.2
Experimental results 59.8 70.0 50.0
Uap 53.7 47.0 59.0

Vertical maximum VIV responses comparison of three bridges
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T 016 —a—bridge | —e— bridge || —a— bridge Il
> 707 | —v—bridge Il with VIS+ADB ]

—— bridge Il with UDVCS+HGP i

S 0.14-
£
8 0.121
g
2010
=]

00 05 10 40 45

15 20 25 30 35
Reduced wind velocity U/f B
(a) Vertical displacements comparison

Torsional maimum VIV responses comparison of three bridges

1.0 T T T T T T T
09 —a—bridge | —e— bridge || —a— bridge Il ]
I=he —v— bridge |l with VIS+ADB

% 0.8 —&— bridge Il with UDVCS+HGP b
207
&

5 0.6
EOA-
EO.CS B
< 0.2

S0.14
=z
0.0 1

T T T T T
00 03 06 09 12 15 18 21 24
Reduced wind velocity U/fB

(b) Torsional displacements comparison

Fig. 12 VIV responses comparison of Bridge I, 11 & 111

&, significantly become smaller after the installation of
countermeasures. Moreover, the torsional damping ratio ¢,
initially increases with the increase of wind speed, reach to
its peak value at the reduced wind velocity of about 2.0, and
then shifts from the positive to negative territory on the
flutter onset. The reduced wind velocities are the critical
flutter wind velocities when the values of é; are zero, and
the &, of Bridge Il without and with countermeasures are
the smallest and largest among these cases, respectively.
Thus, the torsional damping ratio is the most important
aerodynamic damping component of heaving-torsional
coupled flutter.

In addition, the critical flutter wind velocities of the
three cable-stayed bridges having different torsional-
vertical frequency ratios can be predicted using the
empirical formulas with two dimensional flutter analysis,
such as Vader Put function (Van der Put 1976), Selberg
equation (Selberg 1963) and Tongji University

(U, =2.5x% /MX£XB><ft) (JTG/T D60-01-2004). The

prediction results are shown in Table 5. It can be seen that
the predict values of U, for these bridges are much smaller
than the allowable wind velocities. The U, of these bridges
increases with the increase of the torsional-vertical
frequency ratio, and U, of Bridge | is the largest among the
three bridges. By comparing the predicted results with the

experimental measurements (Table 6), it shows that the
empirical formulas with two dimensional flutter analysis of
bridges could not accurately predict the U, of these three
bridges

4.2 VIV performance

The VIV tests involving three sectional models of these
three bridges were also conducted in the TJ-2 Boundary
Layer Wind Tunnel at Tongji University. The geometric
scale ratios used in VIV tests are the same as that used in
flutter tests. According to the JTG/T D60-01-2004, the
allowable amplitude limitation of the heaving with
0.04/f;, and torsional VIV of these prototype bridges with
4.56/(Bf,) are defined. Table 7 shows the detailed VIV
responses (i.e. Lock-in wind velocity, the maximum
amplitudes, allowable amplitudes and control effects of the
measures) in vertical and torsional DOF of three bridges
without and with counter measures under three wind attack
angles of -3°, 0° and +3°.The maximum VIV responses
normalized to the height of composite girder are described
in Fig. 12.

Table 6 also shows that both the maximum vertical and
torsional VIV responses of Bridge | are smaller than the
allowable amplitudes, and thus the VIV performance of
Bridge | meet the design requirements. After installing
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Types of bridges Direction  « Lock-in wind velocity Maxi_mum AI_IowabIe Control
(m/s) amplitude amplitudes [26] effects
-3° 7.7~12.6 0.159m No
Vertical 0° 7.0~9.1 0.110 m 0.243m No
. +3° 7.0~9.1 0.114 m No
Bridge |
-3° 20.8~28.0 0.207° No
Torsional  0° 12.9~24.4 0.198° 0.261° No
+3° 16.5~24.4 0.133° No
-3° 14.00~20.30 0.058 m No
Vertical ~ 0° 15.05~21.35 0.088 m 0.111m No
_ +3° 17.50~26.60 0.335m Yes
Bridge Il
-3° 21.35~31.50 0.073° No
Torsional  0° 23.45~27.30 0.147° 0.216° No
+3° 22.40~31.50 0.468° Yes
-3° 11.63~17.42 0.221m Yes
Vertical 0° 12.92~19.06 0.306 m 0.143m Yes
_ +3° 22.61~25.19 0.434m Yes
Bridge 111
-3° 15.83~24.41 0.237° No
Torsional  0° 19.06~22.61 0.154° 0.289° No
+3° 14.54~22.61 0.724° Yes
-3° 15.05~20.65 0.093 m -60.3%
Vertical ~ 0° 14.00~17.50 0.072m 0.143m 18.2%
Bridge 11 with VIS and +3° 14.00~17.15 0.042m 87.5%
ADB -3° 22.75~31.50 0.125° 71.2%
Torsional  0° 18.55~31.50 0.094° 0.289° 36.1%
+3° 22.40~31.50 0.075° 84.0%
-3° 10.14~14.90 0.132m 40.3%
Vertical 0° 6.34~7.24 0.022 m 0.143m 92.8%
Bridge 11l with UDVCS +3° 6.34~8.88 0.017m 96.1%
and HGP -3° 13.31~22.19 0.219° 7.6%
Torsional  0° 12.68~18.07 0.239° 0.289° -55.2%
+3° 13.95~16.80 0.041° 94.3%

countermeasures, the maximum vertical VIV response of
Bridge 1l decreases from 0.335 m to 0.093 m, while the
maximum torsional VIV response of Bridge Il decreases
from 0.468° to 0.125°. In addition, the results show that the
combination of VIS and ADB can effectively bring the VIV
response of Bridge Il below the allowable amplitude. For
Bridge 111, under the unfavorable wind attack angle of +3°,
the installation of countermeasures can decrease the
maximum vertical VIV response from 0.434 m to 0.132 m,
and the torsional VIV response from 0.724° to 0.239°.
Further, it demonstrates that the countermeasures can
effectively reduce vertical amplitude of Bridge Il and
torsional amplitude of Bridge I11.

4.3 Buffeting responses

Based on the quasi-steady assumption (Scalan and
Tomko 1971), the turbulence energy distribution of the
wind with respect to frequency can be formulated using the
power spectrums. Thus, the frequency domain buffeting
analysis can use the Kaimal spectrum and Panofsky
spectrum described in Eq. (3) as the input horizontal and
vertical spectrum, respectively

nSyu(n) — 200f  nSy(n) — of 3
wi o (q+sop” w1+’ )
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Table 8 Maximum buffeting displacements at the 1/2L of Bridge I, 1l & 111

. . . Around Around Around
. aerodynamic Horizontal Vertical Lateral - .
Bridges : . . . horizontal  vertical angle lateral angle
admittance displacement(m) displacement(m) displacement(m) angle (%) ©) ©)
Bridae | 1 0.006 1.303 0.11 0.32661 0.02865 0.34953
ridge .
g Sears function 0.003 0.774 0.072 0.12606 0.01719 0.17763
Bridae II 1 0.0007 0.2316 0.0356 0.083658 0.000997 0.021717
ridge .
g Sears function 0.0003 0.0840 0.0216 0.021545 0.000131 0.008939
Bridae 11 1 0.0091 0.4351 0.3532 0.21774 0.13752 0.2292
ridge .
g Sears function 0.0064 0.2936 0.1607 0.09741 0.06303 0.14325
Bridge 11 with 1 0.0005 0.1930 0.0942 0.111162 0.002149  0.018221
VIS and ADB  Sears function 0.0028 0.0688 0.0571 0.028478 0.000348  0.007506
Bridge 111 with 1 0.1090 0.3970 0.0348 0.570135 0.027676  0.373596
UDVCS and Sears functi
HGP unction 0.0906 0.2200 0.0219 0.233211 0.01146 0.245244
Table 9 Maximum buffeting internal forces at the 1/2L of Bridge I, 11 & 111
. aerodynamic  Axial force Vertical shear Horizontal shear Torsional - Horizontal bending Vertical bending
Bridges admittance (N) force (N) force(N) moment moment moment
(N. m) (N. m) (N. m)
Bridae | 1 8.90E+06 1.05E+06 4.74E+05 2.49E+05 1.74E+07 7.81E+07
ridge .
g Sears function 4 49E+06 6.81E+05 1.59E+05 7.95E+04 6.60E+06 5.19E+07
Bridae I 1 8.59E+06 3.63E+05 3.41E+05 8.06E+06 7.99E+07 1.50E+07
ridge .
g Sears function 8 49E+06 1.77E+05 1.03E+05 1.93E+06 7.63E+07 7.38E+06
Bridae II| 1 1.29E+07 8.21E+05 6.04E+06 2.48E+07 8.95E+08 1.57E+07
ridge .
g Sears function  1.01E+07 5.49E+05 2.75E+06 1.13E+07 4.08E+08 1.02E+07
Bridge 11 with 1 8.64E+06  3.15E+05 7.52E+05 4.99E+06 2.11E+08 1.26E+07
VISand ADB  Sears function  7.73E+06  1.46E+05 5.12E+05 2.66E+06 1.97E+08 6.14E+06
Bridge 111 with 1 1.63E+07  3.51E+05 3.12E+06 2.10E+07 1. 62E+08 9.25E+07
UDVCS and Sears function
HGP earsfunction 1 11E+07  1.65E+05 1.74E+06 1.45E+07 1. 00 E+08 8.98E+07

The relationship among three turbulence intensities at
the surface height of the composite girders are assumed to
be I,:1,:1,=1:0.88 : 0.5, where thel , I and | is the

perpendicular to bridge span, along-bridge span and vertical
turbulence intensity, respectively. In order to compare the
three-dimensional buffeting responses of the three bridges,
the aerodynamic admittances of buffeting forces on
composite girders are modelled by Sears’ function of
potential flow theory (Sears 1941) and 1 as the lower and
upper limit (neglect the unsteady characteristic and the
span-wise correlation of the bridge deck). The maximum
buffeting displacement responses and internal forces in six
directions at the midpoint (1/2L) of the three bridges under
the wind attack angle of 0° are shown in Tables 8 and 9,
respectively. All the wind speed of buffeting responses are
32 m/s according to the design reference wind speed
(JTG/T D60-01-2004). Table 8 shows that the vertical
displacement (0.774 m~1.303 m) and torsional
displacement (0.126°~0.327°) of Bridge | and the lateral
displacement of Bridge Ill (0.16 m~0.35 m) are the largest

among the three bridges, respectively. In addition, for
Bridge I, the installation of the countermeasures can reduce
the buffeting vertical displacement of the bridge but
increase other displacements to some extent. For Bridge I11,
the implementation of countermeasures can decrease the
lateral displacement of the bridge but increase the torsional
displacements. The results from Table 8 show that the axial
force and torsional moment of Bridge Il are the largest
among the three bridges, and the installation of
countermeasures has slight impact on the internal forces of
the bridges. In summary, the countermeasures cannot
significantly improve the buffeting responses of Bridge Il
and I11.

5. Conclusions

In this study, a series of wind tunnel tests in conjunction
with theoretical analysis were conducted to investigate the
overall aerodynamic performance of three composite cable-
stayed bridges with different tower configurations and
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effectiveness of different countermeasures. The followings
are the major conclusions

. The Bridge | with three symmetric towers has the
smallest natural frequencies among the three bridges since
its anti-symmetrical modes are prior to the corresponding
symmetrical modes. The natural frequencies of the Bridge
Il with two symmetric towers are larger than that of the
Bridge 111 with two asymmetric towers.

. The Bridge 1l has the highest torsional divergence
critical wind velocities among the three bridges due to its
relatively large C, and Cy . The aerodynamic
countermeasures has the capability of increasing the values
of Uy of both Bridge Il and 1l through the increasing the
three aerodynamic force coefficients of the two bridges.

. The application of both VIS+ADB could improve
the VIV performance of Bridge 11, while the combination of
UDVCS+HGP can significantly improve the flutter and
VIV performance of Bridge I11. Although the Bridge I has a
relatively better overall wind-resistance performance, more
attention should be paid to its buffeting displacement
responses.

This study mainly focuses on investigating the effects of
tower configuration of the cable-stayed bridges on the
aerodynamic performance of the bridges. However, the
configuration of other structural systems (i.e., cable), which
also play an important role in controlling the aerodynamic
performance of the bridges, should be further understood.
Besides, further research work is still required to understand
the influence of other passive countermeasures on the
aerodynamic performance of long-span cable-stayed
bridges.
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