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1. Introduction

Despite the massive population growth in the south and southeast along the hurricane coast of
the United States, the transportation infrastructure has not increased its capacity accordingly.
Long-span bridges are usually the backbones of transportation lines along the coastal areas.
When a hurricane is approaching, these long-span bridges sometimes have to be closed in order to
ensure the safety of the bridge as well as the transportation on them due to excessive wind-induced
vibrations, which however greatly reduces the capability of hurricane evacuation through the
bridges.

To date, bridge vibration controls in high wind speeds have not been adequately addressed.
Most previous control work dealt with the bridge buffeting under moderate wind speeds [1], along
with some cases of flutter controls in high wind speeds [2]. While active control devices may
provide satisfactory multi-objective control performance in a full range of wind speeds [3], their
dependence on external energy supply has hindered their applications to the disaster evacuations.
Recently, some aerodynamic controls using flaps were proposed to control flutter instability [4].
However, their applicability to buffeting control has not been reported and established.

Vehicles on bridges act as a sort of Spring–Damper-Subsystems (SDSs) to the bridge [5–7]. The
SDS is used here as a general terminology to differentiate with Tuned Mass Dampers (TMDs).
The former may or may not be pre-tuned, while the latter is pre-tuned to the ‘‘optimal’’ value
(usually the fundamental frequency of the structural system) for efficient vibration control. The
objective of the present study is to investigate the effects of different SDSs (with different
vibration frequencies) on the bridge performance during hurricane evacuations and develop a
truck-type of movable passive SDS. The passive nature makes the control approach more reliable
than the active one, considering the reality that power may not be available during the hurricane
disasters. The temporary/movable SDS can be conveniently driven on the existing bridges when
necessary, and be removed when it is not needed.
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It has been reported that the gust wind speed during hurricanes could be up to 60–80m/s or
more in the United States and other areas [9,10]. Though the duration may be short, the
consequence of such strong winds may be catastrophic for both the safety of the bridge and the
safety of traffic on the bridge.

The flutter instability problem is the most critical wind-related issue for long-span bridges. It
has been known that hurricane-induced strong winds have much higher turbulence intensity than
that of moderate winds. The effects of turbulence on the flutter stability are still controversial
[11,12] and a non-linear aerodynamic analysis by Chen et al. [13] confirmed that turbulence might
destabilize the bridge. Before fully understanding the turbulence effect, raising the flutter
instability limit of the bridge to a conservative level, as proposed in the present study, seems to be
an appropriate way to maintain the safety of the bridge.

For service performance, the main threat to the bridge and vehicles is the excessive acceleration
response in the vertical and lateral directions when the bridge is subjected to strong winds. Lateral
large acceleration may cause the overturning or loss of control of the vehicles [14,15]. The
excessive acceleration in vertical direction may cause the discomfort problems of drivers and
passengers [16]. Therefore, effectively reducing the acceleration response of the bridge may
maximize the transportation capacity and possibly save lives and properties in hurricane-prone
areas.

Irwin [16] suggested the following control guidelines:

* When wind speed Up13m/s, peak vertical acceleration should be no more than 0.05g
(g=gravity acceleration).

* When wind speed U>13m/s, peak vertical acceleration should be no more than 0.1g.

2. Equations of motion of bridge–SDS system

There are a variety of vehicle configurations during evacuations. Typically, a vehicle model is
composed of several rigid bodies connected by a series of springs, damping devices, and pivots [5].
This kind of model can have over 10 degree-of-freedoms [6]. For simplicity, usually models with
fewer degree-of-freedoms have been adopted [5] and a single-degree-of-freedom (SDOF) model
has been proven acceptable when the overall dynamic performance of the bridge other than local
dynamic problems of vehicles is of concern [7]. Therefore, in evaluating the vehicle effects on the
dynamic performance of bridges under wind actions, a SDOF Spring–Damping Subsystem
(SDOF-SDS) model is selected to represent the vehicle, as shown in Fig. 1. This SDS model
consists of a rigid body representing the mass of the whole vehicle; a spring representing the
stiffness supplied by the suspension system and the tires; and a damping pot representing the
damping effect from the damping system of the vehicle and the tires.

For the model shown in Fig. 2, assuming that a bridge has a displacement of rðx; tÞ consisting of
h(x) in vertical direction, p(x) in lateral direction, and aðxÞ in torsion direction, and wind forces
consisting of buffeting force fbðx; tÞ and the aeroelastic self-excited force fsðx; r; ’rÞ: Assuming also
that a total number of n1 modes are included in the analysis and a total number of n2 SDSs are
attached to the bridge at location xs (s ¼ 1 to n2). For each mode, vibrations in three directions h;
p and a are considered. For the case without SDS, the following derivation reduces back to the
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formulation of Ref. [8]. Therefore, the reader is referred to Ref. [8] for the detailed aerodynamic
loading models and mathematical derivations. The equations of motion for the bridge–SDS
system can be derived as

Mg00 þ Cg0 þ Sg ¼ F; ð1Þ

where

g ¼ fx1;yxn1
; g1;ygn2

gT;

M ¼
M1

n1�n1
M2

n1�n2

M3
n2�n1

Iunit
n2�n2

" #
; ð2; 3Þ

C ¼
C1

n1�n1
0

0 C2
n2�n2

" #
; S ¼

S1
n1�n1

0

0 S2
n2�n2

" #
; F ¼ fQb; 0:::0g; ð4–6Þ

and where Z=vector of the generalized co-ordinate of the bridge–SDS system; x=generalized
co-ordinate of the bridge; g=co-ordinate of the vertical motion of SDSs; a superscript ‘‘T’’
represents transpose of vectors and a superscript prime ‘‘ 0 ’’ represents a derivative with respect to
dimensionless time s ¼ Ut=B; U is the wind velocity; t the physical time; B the bridge width; M; C;
and S are the mass, damping, and stiffness matrices, respectively. The M consists of mass
contributions from the bridge and SDS. The C and S consist of contributions from structural,
aerodynamic, and SDS damping and stiffness; n1 is the number of modes; n2 the number of SDSs;
Iunit the unit matrix; F the external force vector from wind buffeting, and Qb the generalized
buffeting force [8]. The components of the matrices are:
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Tij ¼H�
4 Ghihj

þ H�
3 Ghiaj

þ H�
6 Ghipj

þ P�4 Gpipj
þ P�3 Gpiaj

þ P�6 Gpihj
þ A�

3 Gaiaj
þ A�

4 Gaihj
þ A�

6 Gaipj
; ð15Þ

where dij is the Kronecker delta function that is equal to 1 if i ¼ j and equal to 0 if iaj; oi and zi

the circular natural frequency and mechanical damping ratio of ith mode, respectively; ra the air
density; l the bridge length; H�

i ;P
�
i ;A

�
i ð i ¼ 1 	 6Þ=experimentally determined flutter deriva-

tives for the deck cross-section under investigation; and zs
t and os

t=damping ratio and circular
natural frequency of the sth SDS, respectively.The modal integral (Grisj

), the general mass moment
inertia of the bridge (Iij), and the generalized mass moment inertia ratio between the sth SDS and
the ith mode (mi

s) are defined as

Grisj
¼

Z l

0

riðxÞsjðxÞ dx; Iij ¼
Z l

0

mðxÞriðxÞrjðxÞ dx; ð16; 17Þ
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R l

0 Is
t r2

i ðxÞ dx

Iii

; ð18Þ

where ri ¼ hi; pi or ai; sj ¼ hj; pj or aj; Is
t ¼ ms for the vertical and lateral modes or Is

t ¼ ms � d2
s

for torsion mode; and ds the horizontal distance between the sth SDS and the torsion center of the
cross-section (see Fig. 2(b)); and mðxÞ the mass per unit length for vertical and lateral modes; or
mðxÞ the mass moment of inertia per unit length for the torsion mode.

3. Solution of flutter and buffeting response

A carefully designed SDS system can increase the flutter critical wind speed for the combined
bridge–SDS system. The homogenous part of Eq. (1) is expressed in the state-space format as

A ’Yþ BY ¼ f0g ð19Þ

and the complex conjugate pairs of eigenvalues are obtained as

lj;jþ1 ¼ 	zjoj7i
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 	 z2

j

q
oj; j ¼ 1 to ðn1 þ n2Þ; ð20Þ

where lj oj and zj are eigenvalue, modal frequency and damping ratio of the jth mode,
respectively; and i is the unit imaginary number ði ¼

ffiffiffiffiffiffiffi
	1

p
Þ: If the modal damping ratio zj changes

from positive to negative, the corresponding wind speed is identified as the flutter critical wind
speed Ucr:

To evaluate the control performance, the control efficiency of flutter is defined with R1 as

R1 ¼
#Ucr

Ucr

	 1

� �
100%; ð21Þ

where #Ucr and Ucr are flutter critical wind speed with and without SDS control, respectively.
To solve the buffeting response, Eq. (1) can then be Fourier transformed into a new

system as

H%Z ¼ %F; ð22Þ
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where %Z and %F=Fourier transformation of Z and F ; respectively; the impedance matrix H has the
general form of Hij ¼ 	o2Mij þ ioCijðoÞ þ SijðoÞ; where subscripts i; j ¼ 1 to (n1 þ n2) and
i ¼

ffiffiffiffiffiffiffi
	1

p
:

The mean square of displacements in vertical, lateral and torsion directions is related to the
buffeting force spectra SQbi

Qbj
as follows:

#s2
r ðxÞ ¼

X
i

X
j

d2
BriðxÞrjðxÞ

Z
N

0

½H	1�ijSQbi
Qbj

½H	1�Tij do: ð23Þ

The control efficiency of buffeting displacement is defined with R2 as

R2 ¼ 1 	
#sr

sr

� �
100%; ð24Þ

where #sr and sr are the root-mean-square (RMS) of displacement with and without SDS control,
respectively.

It is noted that in this exploratory analysis focusing on bridge performance, the direct dynamic
wind effect on the vehicle is not considered. The main reasons are: first, its effect on bridge is
relatively insignificant; second, wind load coefficients of the proposed truck type of SDS are not
available. The wind on vehicle will be included in the on going research that focuses on vehicle
performance. It is also noted that vehicles are attached to fixed points of the bridge without
considering the dynamic movement of vehicle (consider only the vertical vibration with the
bridge). This is to simulate two cases. First, the vehicle moves slowly during hurricane evacuation
and the dynamic effect is insignificant. Second, the designed movable truck-type SDS is proposed
to be placed (fixed) on the bridge. Dynamic interaction between moving vehicles and bridge is
under study and the results will be reported in the future. Geometric non-linear effect of cables
was considered in the static finite element analysis, which predicts the static deformation of the
bridge.

4. Numerical example: Humen bridge–SDS system

To better demonstrate the applicability of the developed procedure, the Humen suspension
bridge is analyzed. This bridge with a main span of 888m is located in the south of China, where
hurricane (typhoons) are a serious threat. The basic data of the bridge are shown in Table 1. Four
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Table 1

Basic data of Humen suspension bridge

Main span (m) 888 Life force coefficient CL at 0o attack angle 0.02

Bridge width (m) 35.6 Drag force coefficient CD at 0o attack angle 0.84

Height of deck above water (m) 60 Torque coefficient CM at 0o attack angle 0.019

Mass per unit length (103 kg/m) 18.34 @CL=@a (0o attack angle) 0.51

Moment inertia per unit length (103 kg/m) 1743 @CM=@a (0o attack angle) 0.62

Design wind speed (m/s) 57.2 Structural damping ratio 0.005

First symmetric vertical mode (Hz) 0.17 First symmetric torsion mode (Hz) 0.36

First asymmetric vertical mode (Hz) 0.28 First asymmetric torsion (Hz) 0.43
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modes (two symmetric and two asymmetric) are listed in Table 1 [17]. Existent analysis has shown
that the mid-point of the main span has the largest vibration response and the first symmetric
vertical bending mode and the first symmetric torsion mode are the two modes most prone to
couple together. Therefore, these two symmetric modes are the most important modes for
buffeting response (asymmetric modes contribute nearly nothing at the mid-span point) and
flutter instability. For simplicity and for demonstration purpose, only these two symmetric modes
are considered in the evaluation of the SDS control efficiency for bridge flutter instability and
buffeting response. The mass of the SDS, expressed as the percentage of the bridge mass, ranges
from 1.0% to 1.5% in the present study.

Using the complex eigenvalue modal analysis approach introduced earlier, the flutter instability
of the bridge—SDS system was analyzed with varied frequencies of the SDS. It is found in Fig. 3
that when the frequency of the SDS is very low (close to zero), the SDS is actually acting as a
static mass block on the bridge. Since the SDS is placed on one side of the cross-section at the
mid-point of the span, it acts essentially as a static eccentric load when its frequency approaches to
zero. In the case of 1% mass ratio, the flutter critical wind velocity can be improved from about
87m/s (without SDS) to 93m/s (R1 ¼ 7%). Such a result also agrees with the conclusion that an
eccentric mass can increase the flutter stability of the bridge [2]. However, when the SDS
frequency becomes quite high (larger than 0.5Hz), the SDS has no effect on the flutter stability at
all as reflected by the flat horizontal line that corresponds to the case without SDS (Ucr ¼ 87m/s).
The same tendency can also be observed in the cases of larger mass ratios (1.25% and 1.5%).
These results suggest that the vibration of traditional vehicles may have an insignificant effect on
the flutter instability of bridges under wind action since the frequency of the vehicles (normally
over 1.0Hz) is relatively too high to affect the bridge stability. Fig. 3 also indicates that the
optimal SDS frequency is about 0.25Hz. This frequency corresponds to the torsion modal
oscillation frequency (modified from the natural frequency by aerodynamic forces).

Fig. 4 shows the acceleration peak response under different wind speeds in cases with and
without SDS control for the case of 1.25% mass ratio with optimal SDS frequency (0.25Hz,
determined from flutter analysis). As expected, the service criteria (indicated by the horizontal
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dash lines) can be satisfied in a higher wind speed when SDS is used. More specifically, for the
same control criteria, the service wind speed limit is raised from originally 50 m/s (without SDSs)
to 61m/s (with SDSs).

Fig. 5 shows the acceleration reduction ratio versus the different SDS frequencies under a wind
speed of 60m/s. It is found that the maximum reduction ratio can be about 28%, 32%, and 35%
for the SDS mass ratio of 1.0%, 1.25%, and 1.5%, respectively. However, the SDS with high or
low frequency has a small reduction effect on the buffeting (acceleration) response. This means
that, similarly to the flutter instability, typical vehicles may have no significant effect on the
buffeting response of the bridge since the vibration frequency of a typical vehicle is larger than
1.0Hz. Only a well-designed SDS with its frequency tuned to the optimal one will have an efficient
control effect on the vertical accelerations. In this particular example, the SDS should have a
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frequency around 0.2Hz for an optimal buffeting control for wind velocity of 60m/s. In that case,
the SDS with a pre-tuned frequency becomes a kind of TMD.

The numerical results discussed above have shown that a well-designed SDS system can raise
flutter velocity and reduce buffeting vibrations. Movable SDS control devices are thus specifically
designed for extreme situations when a hurricane forecast is made and the control need is identified.
The preliminary design concept of a vehicle-type of control approach is introduced as follows.

To avoid the problem of vehicle instability or lateral overturning, the proposed vehicle-type of
SDS (Fig. 6) has almost the same height as a typical truck. Lever-type design [3], which can
greatly reduce the required vertical clearance of a typical vertical control device, is adopted here.
The mass block uses iron to minimize the required space. Each vehicle-type of SDS has a gross
mass of 10,000 kg. The dimensions of a vehicle-type of SDS can be seen in Fig. 6(a). The SDSs can
be spread along the bridge as shown in Fig. 6(b), which is similar to the case of traditional
multiple tuned mass dampers (MTMDs).

As in the case of designing MTMDs, the optimal frequency bandwidth ratio (Bf ), the ratio of
the central frequency of MTMD series (fav) to the modal frequency of the concerned mode, and
the damping ratio are the three main design variables [1]. Optimal variables can usually be
obtained through numerical searching. There are also some approximate design formulas to help
attain the optimal frequency bandwidth ratio and central frequency of MTMDs [18]. The
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procedure of searching optimal variables is not repeated here and the reader can be referred to
Refs. [1,18].

The number of SDSs is directly related to the control effect and the investment on control
facilities. Using the Humen bridge as example, Table 2 compares the control efficiencies
corresponding to one-lane and two-lane SDS placements and various numbers of SDSs. All of the
optimal design variables with respect to different numbers of SDSs are listed in the table as well.
In the table, Bf ¼ ðfhighest 	 flowestÞ=fav is the bandwidth ratio of the even frequency distribution of
SDSs (fhighest and flowest are the highest and lowest frequencies among all SDSs, respectively), fav is
the average frequency of multiple SDSs and zt is the damping ratio for all of the SDSs. The
control performances are quantified using two variables: the new Usev and the new Ucr: The
former is the new service wind velocity limit under which service criteria shown in Fig. 4 can be
satisfied and the latter is the new critical flutter wind velocity with SDSs. It has been shown in
Table 2 that the control performance basically changes positively with the increase of the numbers
of SDSs and for most cases, significant control effects can be observed.

It is noted that this exploratory research is to investigate an alternative to improve the bridge
performance in extreme events for long-span bridges during hurricanes. Placement of movable
SDS system on bridge during evacuation will certainly block traffic and is not a perfect solution.
However, it is better than otherwise to completely close a bridge in evacuation or see the bridge
being damaged or collapse. In an extreme case, to protect the bridge otherwise from being
damaged or failure, the movable SDSs can also be placed on the bridge when the bridge is
completely closed to traffic. Certainly, some issues as how to fix the movable SDSs on the bridge
under strong wind need to be addressed before actual implementation.

5. Conclusion

To maximize the service capability and maintain the safety of the bridge itself, a movable/
temporary passive control approach has been proposed based on a general formulation of the
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Table 2

Optimal variables of SDS for Humen suspension bridge

Number of SDS (n2) Gen. mass ratio (%) fav=fa Bf zt New Usev
a (m/s) New Ucr

b (m/s)

(a) One lane placement

10 0.8 0.94 0.15 0.06 55 92

16 1.25 0.93 0.16 0.05 61 99

20 1.6 0.93 0.16 0.05 68 110

26 2.1 0.93 0.18 0.04 74 115

(b) Two lanes placement

10 0.8 0.95 0.15 0.06 60 95

16 1.25 0.95 0.15 0.06 67 103

20 1.6 0.95 0.16 0.05 73 112

26 2.1 0.94 0.16 0.05 78 117

aUsev without SDS equals to 50 m/s.
bUcr without SDS equals to 87m/s.
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bridge–SDS system. The effect of vehicles on the dynamic performance of long-span bridges
subjected to wind action is then investigated with the Humen suspension bridge. The following
conclusions can be drawn:

(1) A well-designed movable vehicle-type of control facility can effectively and conveniently
increase the maximum wind velocity limit for bridge service in hurricane evacuations. For the case
of 1.0% mass ratio, it reduces the peak acceleration by around 28% and simultaneously increases
the flutter critical wind speed by about 14%.

(2) Typical vehicles have no significant effects on the bridge flutter stability and peak response
of acceleration. This is due to the fact that vehicle’s vibration frequency is relatively too high
compared with that of the bridge’s fundamental/important modes. However, it should be noted
that the wind effect on the traffic is not considered in the present study. The existence of traffic on
the bridge may significantly modify the aerodynamic characteristics of the bridge section.
Including these factors may change the bridge performance. Work on these issues is being
undertaken by the writers and will be presented in the future.

(3) It is noted that this exploratory research is to investigate an alternative to improve the
bridge performance in extreme events for long-span bridges during hurricanes. Placement of a
movable SDS system on a bridge during evacuation will certainly block traffic and is not a perfect
solution. However, it is better than to completely close the bridge to evacuation. In an extreme
case, to protect the bridge from being damaged or failure, the movable SDSs can also be placed on
the bridge when the bridge is completely closed to traffic. Some issues for practical
implementation certainly need to be further addressed.
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