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AERODYNAMIC AND AEROELASTIC
PERFORMANCE OF ANIRREGULAR BRIDGE
TOWER: A CASE STUDY
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Abstract

In this paper, the aerodynamic and aeroelastic performance of
the bridge tower of the Hong Kong-Zhuhai-Macao Bridge were
investigated experimentally. The aerodynamic forces of the bridge
tower were evaluated by using five-segment wind tunnel test models.
The wind-induced dynamic response of the bridge tower in the along-
wind, cross-wind, and torsional directions were tested by using an
aeroelastic test model. From the wind tunnel tests, the drag, lift, and
torsional force coefficients under different wind attack angles were
observed and analysed. The aeroelastic phenomenon (i.e. galloping,
vortex shedding) of the irregular bridge tower was evaluated. The
most unfavourable case of wind-induced vibrations was analysed and
checked. This study provides a way to evaluate aerodynamic and
aeroelastic performance of an irregular bridge tower, and advances

our understanding of the performance of the bridge tower.
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1. Introduction

With the development of economy and society, long-span
bridges and high-rise buildings have been widely built [1],
[2]. To evaluate the aerodynamic and aeroelastic perfor-
mances of the bridges and buildings, a wind tunnel test
is accepted as an effective way. Static measurements,
i.e. high-frequency base balance (HFBB) test technique
and synchronous multi-pressure sensing system (SMPSS)
test, are usually carried out to evaluate wind loads of
structures [3]. The HFBB technique is accepted as an
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economical and expeditious alternative to the more in-
volved SMPSS. It was developed by Tschanz [4] and is now
widely used for wind load studies [5]-[7]. The technique
involves the base force measurements of a nearly rigid scale
model, which models only the external geometry of the
structure. Based on the observed base force, using time
or frequency domain analysis, the response of structures
can be predicted [8]. Another effective way to evaluate
the aeroelastic performance of structures is an aeroelastic
test technique [9], [10]. From the HFBB and aeroelastic
test, the wind effect on structures could be evaluated and
utilized for designing engineering structures.

However, many structures were built with non-
prismatic and irregular geometries not only for artistic
appearance but for reasonable loading-bearing considera-
tions. The shape of the bridges and buildings may make
them more sensitive to wind excitation than those with a
regular shape. Wind effect on these irregular structures
should be well concerned. Cluni et al. [3] investigated
wind action on regular and irregular tall buildings in a
boundary wind tunnel. Both the HFBB and SMPSS wind
tunnel tests were performed to compare the aerodynamic
characteristics of the regular building with the irregular
one. Chan et al. [11] investigated integrated wind load
analysis and stiffness optimization of irregular tall build-
ings with three-dimensional modes by using the HFBB
test technique. Vaz et al. [12] improved the aerodynamic
performance of irregular bridge deck sections with different
configurations (i.e. “H” and “A” shapes) and under differ-
ent wind attack angles by using wind tunnel test models.
Many other studies have also focussed on the aerodynamic
performance of structures with different geometrics using
HFBB or SMPSS wind tunnel test techniques [13], [14].
Meaningful results have been obtained, which can be
utilized for design of irregular structures.

However, the wind effect on structures is complicated
and is different with different configurations. Also, the
wind effect on structures in the cross-wind direction has
not been fully understood. For example, in the cross-
wind direction, the response of structures may be affected
by turbulence, wake-excitation, and fluid-structure in-
teraction [10], [15]-[17], which make oscillations in this
direction complicated. In this direction, structures mainly
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Figure 1. The bridge tower of the Qingzhou Channel Bridge: (a) Simulated diagram and (b) Dimensions of the tower

(units: cm).

suffer aeroelastic phenomena of buffeting, vortex-induced
vibration (VIV), and galloping. Buffeting of structures is
characterized random oscillation which is due to wind tur-
bulence [18]. Unsteady flow over bluff bodies may generate
a regular pattern of vortices which is called a vortex street.
The vortices interact with the bluff bodies and provide
the source of the effect called VIV [19]. Galloping is
characterized large oscillations and depends on the motion
of structures. VIV and galloping are relative large oscilla-
tions, which may lead to fatiguing or collapse of structures,
and they have to be taken into account when evaluating
the performance of structures under the action of wind.

The present study aims to carry out wind tunnel tests
to evaluate the aerodynamic and aeroelastic performance
of a bridge tower with irregular “Chinese knot” shape.
The study has been carried out during the bridge tower’s
design stage to provide assistance in that process. The
HFBB wind tunnel test with five-segment test models and
aeroelastic wind tunnel test were carried out to evaluate
the wind load and response of the bridge tower. The test
results were obtained and analysed. This study gives a
way to evaluate the wind load and response of an irregular
bridge tower (i.e. the aerodynamic force was evaluated by
five-segment models), and advances the understanding of
wind effects on the bridge tower.

2. Wind Tunnel Test Models
2.1 Description of the Prototype

The Qingzhou Channel Bridge is across-sea cable-stayed
bridge and an important part of the HongKong-Zhuhai-
Macao Bridge. It is located at the tropical monsoon
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climate region of the South Asia, which is frequently
affected by the disastrous weather and strong wind. The
overall length of the bridge is 1,150 m and the span arrange-
ment is (1104236 +458+236+110)m. The height of
bridge tower is around 163 m. The tower is mainly made
of concrete and a box-shaped section is utilized. The
appearance of the tower is designed as “Chinese knot”.

2.2 Aerodynamic Force Test Model

The aerodynamic force measurement of the bridge tower
was carried out in the TJ-2 section of the wind tunnel
at Tongji University. A rigid model with a scale ratio of
1:20 of the prototype (Fig. 1) of the tower was utilized.
The dimension of the wind tunnel is 15m (length) x 3.0m
(width) x 2.5m (height). The maximum wind speed is
68 m/s and the minimum is 2m/s. The test was performed
in smooth wind flow. It should be noted that the 1:20
test model of the bridge tower is relatively large to the
dimension of the wind tunnel. To solve this problem, the
test model is divided into five segments (Figs. 1 and 2), and
each segment was tested under the same conditions. The
drag, lift, and torsional force coefficients of the segments,
under different wind attack angles (0°, 2°, 5°, 10°, 15°,
30°, 45°, 60°, 75°, 80°, 85°, 90°), were observed using an
HFBB test technique.

2.3 Aeroelastic Test Model

It is complicated to perform the aeroelastic test of the
bridge tower. The model of the tower should be well
made and some physical parameters (i.e. Froude num-
ber, Strouhal number, damping ratio, density ratio, etc.)



Figure 2. The wind tunnel test models divided into five segments.

Table 1

Parameters of the Test Model of the Bridge Tower
Parameter Units | Ratio Remark
Dimensions m 1:80 Scale ratio
Velocity m/s 1:v/80 | Froude number
Frequency Hz V/80 : 1| Strouhal number
Time S 1: /80 | Strouhal number
Unit mass kg/m | 1:80? -
Unit mass moment of inertia | kgm?/m| 1:80* -
Bending stiffness EI 1:1795 -
Torsional stiffness GJ, 1:80° -
Axial stiffness EA 1:803 -
Damping ratio ¢ 1 Constant

should be strictly met. A scale ratio of 1:80 test model was
selected to simulate the aeroelastic characteristics of the
bridge tower. Correspondingly, other ratios are obtained
and listed in Table 1.

The aeroelastic test was carried out in the TJ-2 section
of the wind tunnel at Tongji University. The wind profile
is simulated from the on-site measured parameters and it
is directly given as U, /Ujp = (Z/10)%9%, The turbulence
ranged from 20% to 7% along the height of the test model
(Fig. 3). The test under smooth flow was also carried
out. The fundamental frequency of the prototype, the test
model of the bridge tower, and the damping ratios are listed
in Table 2. Table 2 shows the maximum error between
the prototype and the test model to be 4.4%. It suggests
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that the dynamic characteristics of the bridge tower was
well simulated. Then, the aeroelastic phenomena including
buffeting, VIV, and galloping under different wind attack
angles (0°-90° with an interval of 5° and different wind
velocities (0-7.5m/s) were observed (Fig. 4).

3. Aerodynamic Force of the Bridge Tower

The definitions for the aerodynamic force of the bridge
tower are shown in Fig. 5. Correspondingly, the drag, lift
and lift-moment force coefficients are defined as follows:

_ Fy % _ M,
©1/2pV2H’ -~ 1/2pV2H’ - 1/2pV2H?
(1)

CH CV CM



where C'y, Cy and C)y; denote drag, lift, and lift-moment
force coefficients in the wind coordinate axis (Fig. 5); Fy,
Fy and M, are drag, lift, and lift-moment forces in the
wind coordinate axis (Fig. 5); p is the air density, which
is equal to 1.225kg/m?; H is the projection width of each
segment model. V' is the wind velocity.

>
250 . . 250 . | Wind
—&— Turbulence ©— Target
o— Simulated Figure 5. Definitions of aerodynamic force coefficients:
200 200 | drag, lift and torsional force coefficients.
g 150 2 150t
z < Based on Fig. 4, the relationships of drag and lift forces
& 5 in different coordinate systems are presented as follows:
2 100 f 2 100 |
Fp = Fy cos(0) + Fy sin(0) (2)
50 50
Fr, = —Fp sin(0) + Fy cos(0) (3)
0 — 0 —
5 10 15 20 4 5 6 7 , )
Turbulence (%) Wind speeds (m/s) where Fp and Fp are drag and lift forces in the body
1 . . . . .
’ P coordinate axis, respectively. 6 is the wind attack angle.
From the force measurement (Section 2.2), the drag
Figure 3. Simulated wind profile. force, lift force, and torsional force coefficients of the bridge

Table 2
Dynamic Characteristics of the Prototype and the Test Model of the Bridge Tower

First-order Mode Frequency Frequency Frequency Error | Damping

(Prototype) | (Model Required) | (Model Simulated) | (%) | Ratio (%)

(Hz) (Hz) (Hz)

Along the bridge 0.2049 1.8325 1.7577 4.40 0.84
direction
Cross the bridge direction 0.5091 4.5536 4.6873 2.82 1.40
Torsional direction 0.8589 7.6823 7.6168 1.59 1.20

(b)

Figure 4. The aeroelastic wind tunnel test models: (a) The test model in smooth flow and (b) The test model in turbulent flow.
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Figure 6. Aerodynamic force coefficients: (a) Drag force coefficients; (b) Lift force coefficients; and (¢) Lift-moment force

coefficients.

tower under different wind attack angles are obtained
(Fig. 6). It should be noted that segments 3 and 5 are
separated, and only segments 1, 2, and 4 exist torsional
forces (herein, only the torsional forces of segments 1 and
4 are presented).

In Fig. 6, the magnitudes of the force coefficients are
different, but the trends are in close agreement with each
other. This suggests that the method for the force mea-
surement of the bridge tower is reasonable. The maximum
drag and lift coeflicients occur on segment 4, at the wind
attack angles of 35° and 65°, respectively. For the tor-
sional force coeflicient, the coefficients of segment 4 under
different wind attack angles are positive and peaks occur
at the wind attack angles of 35° and 65°. The values of
the torsional coeflicients of segment 1 change from positive
to negative at the wind attack angle of 40°. Besides, the
maximum lift force coeflicients are much larger than the
maximum drag or torsional force coefficients. The results
are very complicated and may be affected by many fac-
tors, i.e. the height and geometries of the test models,
the different turbulence intensities along the height of the
models, the end effect, etc. To give a detailed explanation,
wind force characteristics along the height of each model
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should be acquired. Unfortunately, in this case study,
only the base forces of the models were measured. The
measured results advance the understanding of wind loads
of irregular structures, which can be utilized to evaluate
wind-induced responses of structures and are concerned by
engineers.

4. Aeroelastic Response of the Bridge Tower

4.1 The Design Wind Speed

It should be noted that the wind speed in the construction
stage of the Qingzhou Bridge is 39.1 m/s, which is obtained
from meteorological observation (average time slot: 10 min,
return period: 30 years, height: 10m). Then, the design
wind speed of the bridge tower in the construction stage is
determined based on the Wind-Resistant Design Specifica-
tion for Highway Bridges [20]

Vg = (2/210)"%% - Vig = (167 x 0.65/10)%-%%% . 39.1

= 49.4m/s (4)



Table 3

The Maximum Response of the Bridge Tower in the Turbulent Flow Condition

Conditions |Tip Amplitudes of the Tower Amplitudes at the 65% Height of the Tower
Along-bridge | Cross-bridge | Torsional | Along-bridge | Cross-bridge Torsional
Direction Direction |Direction| Direction Direction Direction
Maximum 30.95 cm 6.88 cm 0.203° 14.35cm 3.40 cm 0.050°
amplitude
Wind attack 85° 50° 90° 85° 50° 90°
angle
Table 4
The Maximum Response of the Bridge Tower in the Smooth Flow Condition
Conditions | Tip Amplitudes of the Tower Amplitudes at the 65% Height of the Tower
Along-bridge | Cross-bridge | Torsional | Along-bridge | Cross-bridge Torsional
Direction Direction |Direction| Direction Direction Direction
Maximum 23.82cm 6.88 cm 0.219° 10.42 cm 3.33 cm 0.055°
amplitude
Wind attack 70° 50° 50° 70° 50° 50°
angle

where Vj is design wind speed of the bridge tower, z is the
65% height of the bridge tower, 2190 =10m, V19 =39.1m/s.

Correspondingly, the galloping wind speed of the
bridge tower is determined below:

Veg > 1.2V =59.3m/s

where V., is the critical galloping wind speed of the bridge
tower.

4.2 The Most Unfavorable Case of the Response of
the Bridge Tower

From the aeroelastic measurement (Section 2.3), at the de-
sign wind speed of 49.4m/s, the most unfavorable cases in
turbulent and smooth flow conditions are listed in Tables 3
and 4, respectively.

From Tables 3 and 4, the maximum case is largely
affected by the turbulence intensity in the along-bridge
direction, and larger turbulence intensity tends to result
in larger response. In the cross-bridge and torsional direc-
tions, the effect of turbulence intensity on the magnitudes
of responses is slight, but the corresponding wind attack
angles are largely affected. Furthermore, the responses of
the bridge tower in the along-bridge direction are larger
than those in the cross-bridge direction. This may be
ascribed to different stiffness and dynamic characteristics
(i.e. damping ratio, frequency) in different directions. Be-
sides, the responses are larger at the tip end of the bridge
tower than that at the 0.65H of the tower. It should be
clarified that the design wind speed is determined from
0.65 H of the bridge tower. Therefore, the results at 0.65 H
are also observed.
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The responses of the bridge tower under different wind
attack angles and wind speeds of each unfavorable case,
which is determined in Tables 3 and 4, are presented in
Figs. 7-9.

In Figs. 7-9, the response of the bridge tower increases
significantly with wind velocity in the along the bridge
direction, and turbulence tends to increase the response
largely (the maximum difference between the turbulent
and smooth cases is 30%). However, in the torsional
direction, turbulence tends to decrease the response, but
the magnitudes are small (the maximum difference between
the turbulent and smooth cases is below 14%). Tt is
interesting that opposite trends are observed in the cross
the bridge direction: at the tip end of the bridge tower,
turbulence tends to decrease the response of the tower
while it tends to increase the response of the tower at the
height of 0.65H. This may be ascribed to the end effect
of the bridge tower and may also be affected by different
turbulence intensities along the height of the bridge tower.
Figures 7-9 also show that the most unfavourable case is
that in the along the bridge direction, and it is largely
affected by wind velocity and turbulent intensity.

4.3 Vortex-induced Vibration of the Bridge Tower

Slender structures mainly suffer from aeroelastic phenom-
ena of buffeting, VIV, flutter, and galloping. Buffeting
is characterized random oscillation which is due to wind
turbulence [18]. Flutter and galloping are characterized
large oscillations and depend on the motion of structures.
Although the response of VIV is not as dangerous as flutter
or galloping, it can influence the fruition and the fatigue
life of a bridge deck [21]-[23]. Therefore, the galloping
and VIV should be well considered for the design of the



Maximum response (cm)

Figure 8.

Maximum response (cm)

Along the bridge direction (H)

Along the bridge direction (0.65 H)

50 T T T T T T T T ) 25 T T T T T T
o >
45 ' —e— Turbulence flow 1 Turbulence flow
4L —¢ Smooth flow | _ | —¢— Smooth flow
g
]
35+ | =
2
30 | g
g
25 E =
=2
20 | 1 £
<
15 ¢ b =
10 1
5 1 1 1 ! ! 1 ! 1 0 1 L 1 1 1 1 1 L
20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65
Wind speed (m/s) Wind speed (m/s)
Figure 7. The responses of the bridge tower in the along the bridge direction under different flow conditions.
Torsional direction (H) Torsional direction (0.65 H)
0.30 T T T T T T T T 0.10 T T T T T T T T
—=6— Turbulence flow —=6— Turbulence flow
—6— Smooth flow —&— Smooth flow
0.25 + 1 0.08 1
PO N =
W 5
A N & o
0,202;_9__6___,9__—9———9——6—9~e_42 S 9% —9—e—o o5 4 2 0.06
&
=
0.15 E § 0.04 1
£
&
=
0.10 + 1 0.02 1
0.05 1 1 1 L 1 1 1 1 0'00 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60 65 20 25 30 35 40 45 50 55 60 65
Wind speed (m/s) Wind speed (m/s)
The responses of the bridge tower in the torsional direction under different flow conditions.
8.0 Cross the bridge direction (H) 5 Cross the bridge direction (0.65 H)

Maximum response (cm)

Figure 9.

4.5

—o— Turbulence flow
—&— Smooth flow

20

25 30 35 40 45 50 55 60
Wind speed (m/s)

65

—eo— Turbulence flow
—&— Smooth flow

Maximum response (cm)

1 .0 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60

Wind speed (m/s)

65

The responses of the bridge tower in the cross the bridge direction under different flow conditions.

662



Table 5

The VIV of the Bridge Tower under Different Flow Conditions and Wind Attack Angles

Flow Field Wind Attack | Critical Wind Speed | VIV Amplitudes | Direction
Angle (°) (m/s) )
Turbulence flow 0 45 0.2969 Torsional
5 45 0.3564 Torsional
10 45 0.3110 Torsional
20 45 0.1626 Torsional
Smooth flow 0 50 0.1920 Torsional
) 50 0.1924 Torsional
15 50 0.1886 Torsional

slender bridge tower. From the aeroelastic test (Section
2.3) and Figs. 7-9, galloping did not occur at the maxi-
mum test wind speed of 65 m/s under different wind attack
angles. This suggests that the bridge tower is not prone to
gallop even at relatively high wind speeds. The VIVs of
the bridge tower under different flow conditions and wind
attack angles are given in Table 5.

In Table 5, the critical wind speeds under turbulent and
smooth flow conditions are 45 m /s and 50 m/s, respectively,
which are in close agreement with the design wind speed
49.4m/s. The VIVs of the bridge tower are prone to occur
at turbulent flow condition and the magnitudes are larger
than that under smooth flow condition.

5. Conclusion

In this study, the aerodynamic and aeroelastic performance
of an irregular bridge tower was investigated through wind
tunnel test models. The main conclusions are listed below:

(1) The most unfavourable force coefficient is the lift force
coefficient, which occurs at a wind attack angle around
65°.

(2) Turbulence has a great effect on the response of the
bridge tower, and it may increase the response signifi-
cantly. It may also decrease the response of the bridge
tower.

(3) The most unfavourable response occurs in the along
the bridge direction, and the maximum is 30.95 cm.

(4) The galloping of the bridge tower does not occur even
at a high wind speed of 65 m/s.;he critical VIV wind
speeds under different flow conditions are close to the
design wind speed of 49.4 m/s, and turbulent intensity
tends to enlarge the VIVs of the bridge tower.
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