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Improvement of dynamic responses of a pedestrian bridge
by utilizing decorative wind chimes
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Abstract. A novel approach is presented to improve dynamic responses of a pedestrian bridge by utilizing decorative wind chimes.
Through wind tunnel tests, it was verified that wind chimes can provide stabilization effects against flutter instability, especially at positive
or negative wind angles of attack. At zero degrees of angle of attack, the wind chimes can change the flutter pattern from rapid divergence to
gradual divergence. The decorative wind chimes can also provide damping effects to suppress the lateral sway motion of the bridge caused
by pedestrian footfalls and wind forces. For this purpose, the swing frequency of the wind chimes should be about the same as the structural
frequency, which can be achieved by adjusting the swing length of the wind chimes. The mass and the swing damping level are other two
important and mutually interactive parameters in addition to the swing length. In general, 3% to 5% swing damping is necessary to achieve
favorite results. In the study case, the equivalent damping level of the entire system can be increased from originally assumed 1% up to 5%

by using optimized wind chimes.
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1. Introduction

Compared to long-span highway bridges, modern
pedestrian bridges present different challenges in design. As
the aesthetic satisfaction of cultural values is an important
factor in pedestrian bridge design, the structures of
pedestrian bridges tend to be more slender and sleek to
allow them to blend into or enhance the environment
(Ingblfsson 2012). However, an unintended consequence is
that these slender bridges are often very susceptible to
dynamic loads, especially to wind loads and pedestrian-
induced loads (Nakamura 2003, Pirner and Fischer 1998,
Pirner 1994, Ing6lfsson et al. 2011, Huang et al. 2005, Zall
etal. 2017).

The newly proposed pedestrian bridge over a valley of
Kulen Mountain is a unique structure designed for leisure

and recreation walking, using a steel ribbon hanging system.

The total 88 m long bridge consists of a 64 m main span
and a 24 m side span. Two pre-stressed steel ribbons carry a
2.7 m wide concrete deck over the valley, as shown in
Fig. 1.

After a preliminary study, the main design issues were
identified, including 1) potential wind-induced aerodynamic
instability, and 2) potential lateral motion induced by
footfalls, which might cause pedestrian panics.

The bridge is located in a typhoon prone area in South
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China. Based on statistical analysis on the local wind
climate as well as topographic study at the bridge site, the
flutter design wind speed was determined to be 50 m/s.

For the intended recreation use of the bridge, although
the pedestrian-induced vertical motion is permitted to have
a little higher amplitude than common comfort criterion
(BS5400 1978, Ma et al. 2018), the pedestrian-induced
lateral motion, similar to that of the London Millennium B
ridge before retrofit (Low et al. 2001), has to be
controlled. Therefore, a measure needs to be developed to a
void the potential dynamic issues.
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Fig. 2 Hlustration of wind chimes

To improve the aerodynamic stability and suppress the
pedestrian-induced bridge motions, conventional
approaches are applying shape modifications on the bridge
deck and using supplementary damper devices (Ito 1987,
Moutinho 2011, Newland 2003, Jiménez-Alonso and Saez
2018). During the solution development for the excessive
lateral motions of the London Millennium Bridge, three
kinds of solutions were proposed, stiffening the structure,
limiting the number of pedestrians on the bridge, and using
supplementary dampers. Although the last one was finally
adopted by the bridge designers, these three kinds of
solutions represent the available approaches now in dealing
with bridge lateral motions. As an alternative approach of
limiting the number of pedestrians on the bridge, mitigation
through walkway shaping was proposed (Venuti and Bruno
2013). It is also reported that tuned liquid dampers were
used to suppress human-induced lateral motions (Yoneda
2014). However, these approaches were not accepted by the
design team due to other design constraints.

The decorative wind chimes on both sides of the bridge
deck provided a possible solution to solve the problem. The
wind chimes were architecturally designed to represent the
local cultural heritage, as shown in Fig. 2, and based on the
original design, these wind chimes should be removed after
receiving windstorm warning.

From structural dynamic point of view, the wind chimes
can be considered as sub-structures whose swing may exert
counteracting forces to absorb the bridge’s lateral motion.
From aerodynamic point of view, the wind chimes will
affect the flow separation in strong winds and alter the
bridge’s aerodynamic performance. These potential benefits
were investigated in the study.

The results of the study demonstrate a successful
example in pedestrian bridge design by using decorative
elements for engineering purpose. Details of the study are
given below.

2. Effects of wind chimes on aerodynamic stability of
the bridge

To validate the effects of wind chimes on bridge’s
aerodynamic stability, wind tunnel tests were conducted by
using 1:10 scale sectional models for two configurations.
The first configuration was the basic bridge deck without
wind chimes, and the second configuration was the bridge
deck with the wind chimes in place, as shown in Fig. 3.

While the conventional similarity principles for
sectional models can be applied to the first configuration, an
extra similarity requirement, the Froude number similarity,
has to be satisfied for the second configuration. This is to
correctly simulate the swing of the wind chimes. For
simplicity, the scale factors that meet the Froude number
similarity (Simiu and Scanlan 1996) were used for both
configurations of the sectional models, as given in Table 1.

A structural dynamic analysis was performed to
determine the dynamic properties of the bridge, from which
the first vertical bending frequency and the first torsional
frequency were found to be 0.787 Hz and 0.923 Hz,
respectively, and the frequency ratio was 1.17. Based on the
scale factors shown in Table 1, the required frequencies of
the sectional model were 2.49 Hz and 2.92 Hz for vertical
and torsional vibrations, respectively.

(b) Configuration 2

(a) Configuration 1
Fig. 3 Wind tunnel test configurations

Table 1 Scale factors for model design
Scale factor

Quantity (model : full scale)
Length AL=1:10
Wind velocity Av= 1410 =1:3.16
Frequency Ao= 1:1/410 = 1:0.316

Time M= 1010 = 1:3.16

Mass/Length Am=1:10% = 1:100

Mass moment/Length = 1:10* =1:10000
Acceleration An=1:1

Fig. 4 Spring suspension system of the sectional model
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(b) At zero wind spee o
Fig. 5 Wind tunnel model

Eight custom-built springs, four on each side, were used to
provide the required vertical frequency. The torsional
frequency was achieved by adjusting the spacing between
the springs, as shown in Fig. 4.

The assumed structural damping ratio of 0.5% was
obtained by using a damper rod immersed in a viscous
liquid cartridge. To ensure the rigidity of the deck, a s
tay-cable system was designed and installed on the dec
k section that provided sufficient stiffness for bending
and twisting but had negligible aerodynamic influences.
Fig. 5 shows the study model of Configuration 2.

In general, three types of wind-induced bridge responses
need to be considered in bridge design (Xie et al. 2006).

* Flutter - a self-excited aerodynamic instability. For the

given bridge deck section (Configuration 1 of Fig. 3), if

flutter occurs, it will involve coupled torsional and
bending motions. Since flutter can grow to very large
amplitude of oscillation and cause structural failure, it is
important to ensure that the onset wind velocity of
flutter instability is sufficiently high. In the study case,

the flutter design speed is about 60% higher than the 50-

year return period wind speed based on the local design

standard.

« Vortex-induced oscillation (VI0) - an oscillation with

self-limited amplitude. The vortex-induced oscillation

originates from the alternate and regular shedding of
vortices from upper and lower edges of the bridge deck.

If the frequency of the vortex shedding is close to one of

the structural frequencies, resonant motion may occur.

The vortex-induced oscillation can be a problem if the

amplitude is excessive.

« Buffeting - an unsteady response caused by unsteady

wind

loading due to wind turbulence. The buffeting response

is often the major contributor to design wind loads for

structural system.

It is evident that if only buffeting responses are
considered, the structural design loads for Configuration 2
are higher than Configuration 1 due to increased drag force
by wind chimes. However, the structural analysis revealed
that since the given structural system had sufficient capacity
to undertake the increased wind loads, the main challenges
in wind-resistant design of the bridge were about the flutter
instability and vortex-induced oscillation. The details of
buffeting analysis will therefore not be further discussed in
this paper.

To examine the aerodynamic stability against flutter and
VIO, the wind tunnel tests were first conducted in smooth
flow. In smooth flow, the onset wind velocities of flutter
and VIO can be clearly identified. The turbulent flow,
which can provide more realistic indication of bridge
response in natural winds, was tested for further validation
of aerodynamic instability. Based on the results of
topographic study, the turbulence intensities in strong winds
at the bridge deck level were estimated to be 16% in
longitudinal direction and 8.5% in vertical direction. The
turbulence flow was simulated in wind tunnel by using
specially designed upwind spires.

During the tests, the wind speed was gradually increased
in small steps and the motions in both vertical and torsional
directions were measured by using laser displacement
transducers. The wind speed increased until the flutter
instability was observed.

Fig. 6 compares the measured motions of the bridge
model in two configurations for the wind angles of attack of

0°, +3° and -3°, respectively, where &, = standard deviation

of vertical motion; &y = standard deviation of torsional
motion; D=deck depth (D=160 mm at full scale). A non-
dimensional reduced wind velocity U/fB was used to
present the results, where U was the mean wind velocity at
the deck level; f was the structural bending frequency for
reference; and B was the deck width (=2700 mm at full
scale).

It is evident that the wind chimes did stabilize the bridge
against flutter instability, especially in the case of positive
or negative wind angles of attack. At the zero angle of
attack, although the onset velocities for both configurations
were similar, the divergence of flutter became much
softened with the wind chimes in place, which was
creditable for structural safety. Fig. 6 also indicates that for
both configurations, vortex-induced oscillations were not
observed during testing. Therefore, vortex-induced
oscillations were not considered to be a problem for the
bridge.

Fig. 7 illustrates the response of Configuration 2 in
turbulent flow. At reduced wind velocity of about 25, the
increase of torsional response with increase of wind speed
was noticeably accelerated, which is in good agreement
with the results from smooth flow tests. Since the
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Fig. 6 Wind-induced bridge motion in smooth flow
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(b) Torsional motion

Fig. 7 Wind-induced bridge motion in turbulent flow

Fig.8 Coordinate system

corresponding onset flutter speed (U=25fB=25X0.787 X
2.7=53 m/s) exceeded the flutter design speed of 50 m/s in
all tested angles of attack, the bridge was considered
aerodynamically stable.

For the study bridge, the originally designed wind
chimes met the requirements for wind loads and
aerodynamic stability. However, in the general application
of wind chimes, the wind chimes should be optimized to
provide sufficient aerodynamic stabilization while
minimizing the increase in drag force. Since the effects of
wind chimes are mainly to disrupt flow separations and
wake formation, the length of the wind chimes does not
need to be very long. The length that satisfies the effective

damper requirements, as discussed in the next section
would normally be sufficient for aerodynamic improvement.

3. Effects of wind chimes on suppression of lateral
motion

To investigate the potential of wind chimes in reducing
lateral motions, the coordinate system shown in Fig. 8 was
used.

In principle, the wind chimes have potential to suppress
bridge deck motion by exerting counteracting forces on
bridge deck, similar to tuned mass dampers. However, the
parameters of the wind chimes need to be optimized in
order to realize this potential benefit. For the study bridge,
the objective is to suppress the lateral motion in the
fundamental sway mode.

The kinetic and potential energy of the bridge in the
fundamental sway mode can be expressed by

17 1
T, = EJ.mB(s)CD;)'(st =3 M, X"
’ @)
1 .2
V, = —kx
2

where Tg=kinetic energy; S=bridge span length; mg=deck
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mass per length; ®g=mode shape of the bridge deck;
x=generalized deflection; Ms=generalized mass;
Ve=potential energy; k=generalized stiffness given by
k= wiMy; where @y is the natural frequency of the
bridge without wind chimes.

The kinetic and potential energy of each wind chime in
swing can be calculated by

To = I%{(@BX + cos((l)cos’)sd)c@')2 + (sin(tbcﬂ)scbcé)z}%ds

z%mcd)éXZJr%m (Loc (y)a) im0 oX(L6)) )

L
= J'(l— cos(@ce))% gsds ~ Z(Démchez
0

where %= mode shape of the wind chimes; .= mass of
each chime; L= length of each chime, shown in Fig. 8.

The summation of Eq. (2) for all wind chimes gives the
total energy of the wind chimes.

Based on the principle of Lagrange equation, the
equations of motion of the bridge-chimes system can be
written as

M X+ Mcyli('+%MCy2Lé+ M, wix=F
@)

%MCL29+%MC;/2LX+%MC9L0=O

where M, = m_ X @2 =generalized mass of total wind
chimes; y, = L @2/92; 1, = L ©;9./2%; and F=the
generalized force on the bridge. For the fundamental sway
mode, we can assume ¥; & ¥7; & 1. By normalizing Eq. (3)
by the generalized mass and introducing damping terms in
the equations, the equations of motion can be rewritten by

(1+p) X+ 2§BwBX+a)§x+%yLé = f,
(4)
. . 3.
0+2c.0+a0i0+—%=0
2L

where u = M-/ Mz=mass ratio between the wind chimes
and the bridge; w. =./3g/2L=natural frequency of the
wind chimes; and fz = F/M;.

The transfer functions for bridge motion and for chime’s
swing can thus be determined by

Moo =2

r 4
. 111
 o)f 5|02 }
(o}

where

otttk
+4[wﬂj A [ (hu)[ jj;ﬂ%‘ {1, iz[irﬂ l

A = w;z [ we=frequency ratio.

E=wf

In comparison, the transfer function of the bridge
without wind chimes is given by

[HO (i) =

1
22 2
y Hlm J vaci(2) } ©
wB wB
For performance evaluation, the acceleration is normally
taken as the indicator which is dominated by its resonance

component in case of severe bridge motions. Therefore, the
acceleration can be estimated by the following expression.

2 _
t=[ o

The relationship between the acceleration and the
structural damping shown in Eq. (7) can be used to estimate
the effects of the wind chimes in suppression of motions,

where SfB is the pedestrian load spectrum. We define the

*H (Ia))| S, (a))da)~ ¥ E-S, (@) @)

equivalent damping ratio of the bridge-chime system as
follows

[o'|Hi0) s, (@)do
ja)“ H, (@) S, (0)do

Ce ®)

=

The numerator of the right side of Eq. 8 represents the
acceleration variance of the bridge with no wind chimes and
the denominator gives the acceleration variance of the
bridge with wind chimes.

It is apparent that the objective is to maximize the
equivalent damping by optimizing the wind chime designs.

In use of pedestrian load spectrum (Bassoli et al. 2018)
for the integration of Eq. (8), it can be assumed that the
frequency of lateral excitations is half of the vertical one.

It should be noted that Eq. (8) can also be used to assess
the equivalent damping for lateral wind excitations. Since
the lateral wind load spectrum has a much wide band
compared to the transfer functions (Simiu and Scanlan
1996), the wind load spectrum S, (a)) in the integration of
Eg. 8 can be replaced by S, (w ) As such, the integration
of Eq. (8) is simplified to mvolve the integration of transfer
functions only.

The mechanic properties of the wind chimes can be
described by three parameters: length of each chime L, the
mass of each chime mc, and the swing damping of the
chime ¢c. To perform parameter analysis to optimize the
wind chimes for bridge motion reductions, the frequency
ratio A was used to present the parameter L since the nature
frequency of the swing is solely determined by the length.
The mass of the chime is presented by mass ratio z.

Fig. 9 shows the equivalent damping ratio of the entire
system (bridge structure plus chimes) as a function of
frequency ratio. It shows that to use the wind chimes for
bridge motion reductions, the swing frequency of the chime
should be about the same as the bridge frequency, so that
the optimal length of the chime is given by
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L= ©
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Fig. 10 shows the equivalent damping ratio as a function
of mass ratio. It indicates that although the equivalent
damping increases with the increase of the mass ratio, the
efficiency largely depends on the swing damping. For
example, if the swing damping is very small, say only 0.5%,
increase of mass ratio from 1% to 6% only results in an
increase of the equivalent damping ratio from 1.4% to
1.5%. However, if the swing damping is 5%, the increase of
mass ratio from 1% to 6% will result in an increase of the
equivalent damping ratio from 2.7% to 4.4%.
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Fig. 11 further indicates the importance of swing
damping in the design of wind chimes. The optimal value of
the swing damping depends on the mass ratio. For small
mass ratio of 0.5%, the optimal swing damping is about 3%
and the maximum equivalent damping can reach to 2.2%. If
the mass ratio is 5%, the maximum reachable equivalent
damping can be 4.9% at the swing damping ratio of 10%.

Based the above analysis, the optimization procedure of
wind chimes for bridge motion reduction can be
summarized as follows:

- Step 1: Select the length of the wind chimes by using

Eqg. (9);

« Step 2: Choose slightly heavier wind chimes if other

design requirements permit; and

« Step 3: Add damping to the wind chime swing, such as

by increasing the stickiness at the hanging point.

Step 2 and Step 3 require several iterations to reach the
optimal values.

In practical applications, the effectiveness of wind
chimes as supplementary damping devices is mainly limited
by the achievable level of swing damping, while the mass
ratio can be readily adjusted. For conventional suspension
system, the swing damping ratio is about 2% to 3%, so the
achievable equivalent damping ratio is up to 3.5%, shown
in Fig. 11. For higher damping ratios, a more sophisticated
suspension system is required, which can result in a cost
increase.

To improve the dynamic responses of the pedestrian
bridge, little conflicts were found in the optimization of
wind chimes between the objective of aerodynamic stability
and the objective of equivalent damping. For aerodynamic
stability, one of the key parameters of the wind chimes is
the spacing between the wind chimes because it affects the
fluid separation and the wake formation. For equivalent
damping effect, one of the key parameters of the wind
chimes is the length to achieve a required frequency. The
weights of wind chimes are beneficial for both aerodynamic
stability and equivalent damping effects.

The wind chimes were made of stainless steel pipes with
a diameter of 60 mm for each. In original design, the length
of chimes was up to 5m and the mass ratio up to 7%. After
optimization with project costs in mind, the length of the
chimes was adjusted to 0.6 m with 0.3 m spacing between
the chimes and the mass ratio was set at 2%, resulting in an
equivalent damping ratio of 3%. Although the equivalent
damping ratio can reach 5%, it is found that 3% is sufficient
to meet the design objectives with a benefit of low cost.

4. Conclusions

« It is feasible to improve the dynamic responses by
utilizing decorative wind chimes on the pedestrian
bridge.

 Based on wind tunnel studies, the wind chimes can
provide stabilization effects against flutter instability.
This is particularly evident for the cases with positive or
negative angles of attack. At zero angle of attack, the
wind chimes change the flutter pattern from rapid
divergence to gradual divergence.
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 The drawback of using wind chimes is the increase of
drag forces. It is therefore necessary to conduct a case-
by-case study in practical applications to determine the
optimal size of the wind chimes that can provide
sufficient effects on aerodynamic stabilization while
maintaining the drag force within an acceptable range.

» Wind chimes can also be optimized to suppress lateral
motion induced by pedestrian footfalls or lateral wind
forces.

» To use the wind chimes for motion reductions, the
swing frequency of the wind chimes should be about the
same as the structural frequency, which can be achieved
by adjusting the swing length of the wind chimes.

» The chime mass and the swing damping level are two
mutually interactive parameters in optimization. In
general, 3% to 5% swing damping is necessary to
achieve favorite results.

« For the study case, the equivalent damping level of the
entire system (bridge and chimes) can be increased from
originally assumed 1% up to 5% by using optimized
wind chimes.

« Although the study shown in the paper is case-specific,
the novel idea of using decorative elements to improve
dynamic responses can be a useful reference for
pedestrian bridge designs.
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