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Buffeting response of a double-sided catwalk designed for Maputo Bridge was investigated considering wind load nonlinearity,
geometric nonlinearity, and self-excited forces. Buffeting analysis was conducted in time domain using an APDL-developed
program in ANSYS, and the results were compared with the buffeting response under the traditional linear method. The wind field
was simulated using the spectra representation method. Aerostatic coefficients were obtained from section model wind tunnel test.
Parameter study has been carried out to investigate the effects of cross bridge interval and the gantry rope diameter on buffeting
response. Referring to the ISO 2631-1(1997) standard and the annoyance rate model, the comfort of catwalk due to wind-induced
vibration was evaluated. The results indicate that traditional linear calculation methods will underestimate the buffeting response
of the catwalk, and enlarging the gantry rope size as well as decreasing the cross bridge interval would increase the comfort level.
Moreover, the effect of gantry rope diameter was obvious than that of cross bridge interval. Annoyance rate model can evaluate the
comfort level quantitatively compared to the ISO standard.

1. Introduction

Catwalk structures are temporary walkways used in the
erection of main cables in suspension bridges, consisting of a
few ropes, steel cross beams, wooden steps, and porous wire
meshes at the bottom and both sides [1]. When the catwalk is
not fixed on the main cables, the catwalk system is more
vulnerable to the wind-induced vibration. Experts designed
a catwalk for the Akashi Kaikyo Bridge, including traction
system, erection method, static deformation, static wind
stability, lateral passage setting, and vibration control
measures [2-4]. A catwalk model with a reduction ratio of 1/
14 and 1/4 was used to study the influence of the Reynolds
number and windshield rate on the aerostatic coefficients
through wind tunnel tests. At the same time, the effect of the
number of cross bridge on dynamic response was studied
through buffeting analysis [5]. To ensure the safety of the
main cable in cross wind during construction, some studies
focus on the influence of catwalk design parameters on the
galloping of main cables [6, 7].

Due to turbulence in natural wind, the catwalk will
vibrate randomly. If the wind speed is high enough, the
vibration causes adverse effects for those who work on the
site. The psychology of construction workers will be af-
fected by catwalk vibration, including electromyogram
(EMG), organ dysfunction, and phenomenon of subjective
perception declination. Meanwhile, their irritability and
error rate would increase, resulting in fatigue easily,
thereby reducing the efficiency of construction and af-
fecting the quality of main cable erection. Therefore, it is
necessary to evaluate the comfort level of catwalk due to
wind induced vibration. Researchers put their focus on the
aerostatic stability and buffeting response of catwalks. The
influence of yaw angle and turbulent wind were considered
to analyze the stability of catwalk by using the nonlinear
finite element method [8]. The mechanism of unique
coupling between vertical and lateral vibrations of catwalk
was discussed in the buffeting analysis [9]. The influence of
cross bridge interval was evaluated only for catwalk’s
buffeting response.
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In terms of comfort evaluation, a lot of researches have
been done based on the vibration of vehicles, high-rise
buildings, offshore platforms, etc. [10-12]. However, few
researches about the comfort evaluation of temporary
structures, like catwalk, have been reported. Comfort
evaluation for those structures always focuses on the level of
human subjective feelings to the vibration based on tradi-
tional methods. However, the level of subjective feelings is
influenced by many factors, including the psychological and
physiological ones. So the traditional methods can hardly
evaluate the comfort level quantitatively. Therefore, the
introduction of annoyance rate model is an appropriate
supplement. An appropriate annoyance rate model will
improve the accuracy of the research.

Taking the double-sided catwalk of a highway sus-
pension bridge as an example, section model wind tunnel
test was conducted to get aerostatic coefficients of the
catwalk section, as shown in Figure 1. In the following
section, the fluctuating wind field was simulated by the
spectral representation method. With these parameters,
nonlinearity of wind load was considered in buffeting re-
sponse analysis, as well as geometric nonlinearity of catwalk
in Section 3. Based on the buffeting response, this study
evaluates its comfort due to wind-induced vibration
according to the ISO 2631-1-1997 standard and annoyance
rate model in Section 4. Results show both enlarging the
gantry rope size and decreasing the cross bridge interval
would boost the comfort level. But change of the cross
bridge interval plays a less significant role. What is more,
annoyance rate model can evaluate the comfort level
quantitatively compared to the ISO standard.

2. Wind Tunnel Test

The catwalk is designed for Maputo highway suspension
bridge, which belongs to the “Maputo Bridge and Link
Roads Project.” It will become the longest suspension bridge
in Africa, in the bay of Maputo, with a main span of 680 m
and sag ratio of 1/10. The span configuration is 260 m
(Maputo side) + 680 m (midspan) + 491 m (north span) for
the main cable. The catwalk rope is parallel to the main cable
with a separation distance of 1.5m. There are 11 cross
bridges distributed every 120 m along the span, with 1 in
each side span and 5 in midspan. Gantries are distributed
every 40 m or 50 m along the span. The left side and right
side of the catwalk have a distance of 42 m. Each side of the
catwalk is 4.2m in width. The catwalk rope is size of ¢ 54
type and gantry rope is the size of ¢ 60. Detailed design of the
catwalk section is shown in Figure 2.

An industrial wind tunnel (XNJD-1) was used at
Southwest Jiaotong University for the investigation of the
static wind loading, lift, drag, and moment. The test section
was equipped with a rig and force balance system for the
static wind loading testing of the bridge section. To inves-
tigate the aerodynamic performance of catwalk at large angle
of attack, as Figure 3 shows, a 1:10 scale model is tested in
the XNJD-1 wind tunnel under smooth flow to get the
tricomponent static aerodynamic coefficients, with the angle
of attack varying from —20° to 20" every degree each, and
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FIGURE 1: Double-sided catwalk schematic diagram.

three wind speeds were set (10 m/s, 15m/s, and 20 m/s).
Details about the test section in XNJD-1 wind tunnel can be
found in [13]. The section model of catwalk is 2.1 m long,
0.84 m wide, and 0.29 m high, of which is made up of steel,
meshwork, and wood. Drag force, lift force, and pitching
moment force coefficients are derived from equations
(1)-(3) and shown in Figure 4. The testing results from
different wind speeds are identical, thus indicating that the
influence of Reynolds number could be neglected.

_ FD ()

Cp(a) = 7(1/2)pV2HL’ (1)
a F; (a)

Cr (o) = (1/2)pV*BL’ @
. M, (a)

Cpy(a) = —(1/2)pVZBZL, (3)

where Cp(«), Cr(«), and Cy(a) are the drag force, lift force,
and pitching moment force coefficients, respectively, Fp, Fy,
and M, are the measured drag force, lift force, and pitching
moment, respectively, « is the angle of attack, p is the air
density, V'is the wind velocity, and H, B, and L are the height,
width, and length of the catwalk model, respectively.

3. Time Domain Buffeting Analysis for
the Catwalk

3.1. Finite Element Model. Catwalk is the typical cable-truss
structure, which is stabilized by the initial tension in the
ropes. With the loads acting on the catwalk, the deformation
including the rigid body displacement and strain develops,
thus changing the structure stiffness. So the influence of
large deformation and prestress should be considered in the
finite element model. Ansys 15.0 is software adopted here to
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FIGURE 2: Detailed design of the catwalk section. (a) Elevation view and vertical view. (b) Lateral view.

F1GURE 3: Catwalk section model of Maputo Bridge tested in wind
tunnel.
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FIGURE 4: Aerostatic coefficients of catwalk for Maputo Bridge.

develop the finite element model. The catwalk load-bearing
ropes are only under tension, use link 10 units, and use the
keyopt command to eliminate the stiffness matrix of the
load-bearing rope units so that they can only withstand the
tension. Catwalk beams, door frames, and other structures
can withstand tension, pressure, and bending moments, so

use beam 44 unit for simulation. For catwalk handrails, wire
mesh, hand ropes, and other components, calculate the total
mass and then divide by the number of load-bearing ropes to
get the average weight of each load-bearing rope. When
defining the characteristics of the load-bearing rope, increase
the density of the load-bearing rope based on the calculated
average mass. Cross bridges are modeled by an equivalent
beam with the same mass and stiffness properties. Handrail
column, hand rope, and meshwork network have less
contribution to the whole stiffness of the catwalk, so they are
represented by some equally distributed mass on the finite
element model. Janssen et al. [11] found that bridge tower
had little influence on the dynamic properties of the catwalk,
so the bridge tower is neglected in the finite element model.
Nodes on the tower top and ends of the catwalk are con-
strained all degrees of freedom. The three-dimensional finite
element model is shown in Figure 5.

With the finite element above, its modal analysis was
conducted and the first 10 modes are listed in Table 1. And
the first lateral bending, vertical bending, and torsion modal
shape are shown in Figures 6 ~ 8.

3.2. Simulation of Wind Field. 'The fluctuating wind velocity
field was simulated by the spectral representation method
with the Cholesky explicit decomposition [14] of cross-
spectral density matrix. It is assumed that fluctuating wind
field characteristics change along the direction of span but
also change along the direction of height. It is usually as-
sumed that the wind fluctuations in three orthogonal di-
rections are mutually uncorrelated. The overall 3D (i.e., three
components of natural wind) wind velocity field can be
simplified into many one-dimensional wind velocity fields.
Deodatis [15] adopted the FFT (fast Fourier transform)
technique, and the computational efficiency was further
improved. Then random field in terms of lateral and vertical
components was generated at 100 locations along the span of
the catwalk with a separation of around 18 meters. The other
details for simulating the wind field are listed in Table 2. The
wind velocity of the middle node in the midspan is chosen to
verify the simulated time series. The velocity pieces are
shown in Figure 9.
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FIGURE 5: The three-dimensional finite element model. (a) Full finite element model of catwalk for Maputo Bridge. (b) Local finite element

model. (c) Local finite element model.

TaBLE 1: Modal frequencies and shapes.

Mode Characteristics of modal shapes Modal
number frequency (Hz)
1 1st symmetric lateral bending 0.06629
2 Ist antisymmetric vertical bending 0.12705
Ist antisymmetric vertical
3 bending + 1st antisymmetric 0.13171
torsion
4 ls.t antisymmetric V_ertical_ 0.13435
bending + 1st symmetric torsion
5 Ist right span antisymmetric 0.16159
vertical bending
6 Ist symmetric vertical bending 0.18639
7 Ist lateral bending of left side span 0.18682
8 Ist antisymmetric torsion 0.19459
9 Ist symmetric torsion 0.19763
10 2nd antisymmetric torsion 0.21966

When the time series of wind velocity is simulated, the
power spectra density can be calculated using the FFT. As
Figure 10 shows, the simulation spectrum fits the target
spectrum well, indicating the correctness of the simulation.

3.3. Finite Element Model. The buffeting force caused by
fluctuating wind is usually expressed in the quasisteady
form. Aerodynamic admittance is introduced to correct the

quasisteady formulae. So the buffeting forces acting on the
catwalk are given as follows:

u(t)

L,(t) = —PU B<2CLXLu +(Cp+ CD)Xwa(t)>’ (4)

D, (t) = %PUZB<2CDXDM% +(Cp - CJ)M%) (5)
0 - i),

where X7, X1w> Xpw Xpw Xane @04 Yas, are aerodynamic
admittance function, reflecting the connection between

fluctuating wind and buffeting force. For simplicity, aero-
dynamic admittance function is set as constant 1. The
buffeting analysis was conducted at 0 attack angle, and the
related aerodynamic static coefficients and derivatives are
C,=0.0051, Cp=0.5526, Cp=-0.0150, Cp’=0.0905,
C;’=0.1295, and C,,’=0.1037.

3.4. Self-Excited Force in FE Analysis. Based on the flutter
theory proposed in [16], the self-excited force can be
expressed using 18 flutter derivatives as follows:
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FIGURE 6: First lateral bending mode.
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FIGURE 7: First vertical bending mode.
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TABLE 2: Parameters for simulating the wind field.

Number of simulated nodes 100

Vio 15m/s
Separation of frequency 1024
Upper limit of frequency 2 Hz
Lower limit of frequency 0.1Hz

Longitudinal wind spectra

Simiu spectra

Vertical wind spectra

Lumley-Panofsky spectra

Ground roughness length z0 0.03m
Decaying factor Cz 10

Decaying factor Cy 16

Decaying factor Cw 8

Time interval 0.25s
Note: Vjo=15m/s is considered as the maximum wind speed for construction according to engineering practice.

pU (ZB)<KH h+KHB—+KH +KHE+KH*‘D KH*P>
'u ‘U ‘B U °B
1 2 * * p h
Dsezsz (ZB)(KP—+KP U+KP +KP +KP 5+KP ) (7)

M, = % pUz(ZBZ)(

where p is the air density, U is mean wind velocity, B is the
width of the catwalk, K = (Bw/U) is reduced frequency, and
6) are the flutter derivatives.

H;,PHLAY (i=1,2, ...,

h
KA+ KA+ K’Aja

Ba

Ly, Ds., and M,, stand for the self-excited lift, drag, and
pitching moment, and their direction and relation with B

and « are shown in Figure 11.

+K*A ﬁ+KA"‘5+K A*p)

To facilitate the calculation in the finite element software
ANSYS, the self-excited force can be rewritten in the fol-
lowing matrix form:

[Fe] =[Ce]{X} + [KeJixy, (8)
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where [C! ]and [K ] are the aerodynamic damping and
stiffness matrix, respectively. In that case, self-exited force is
realized using the Matrix 27 element in ANSYS, which has
12 degrees of freedom, to represent the aerodynamic
damping and stiffness.

To facilitate the calculation, flutter derivatives are de-
rived from the closed form suggested by Simiu and Scanlan
[15]:

. CL
Hl = —R,

. Cp
H2 = —Ri’lx,
. Cy
=%

H, =0,
«_ Cu
A, K
. Cuy
T
. cy
TS
AL =0,
A*
e (K) = (9)
1
A*
nG(K) = H?:k)
3
« 1
Pl = —ECD,
* 1 !
P2 ZRCD,
L
P3 _Z_ZCD,
K
.1
PS =RCD’,
|
H5 _ECL,
.1
AS = —ECM,
P =Py = Hj =4 =0,

where C;] and C,, are the derivatives of lift coefficients and
pitching moment coefficients considering attack angle, K is
the reduced frequency, and n,andn, are transforming

factors for vertical motion and torsional motion,

respectively.

3.5. Buffeting Response of Catwalk. By conducting the time
domain analysis, we can get the buffeting responses of the
catwalk. The lateral and vertical acceleration responses of the
middle node in the midspan are shown in Figure 10. Their
power spectra density is shown in Figure 12. The power
spectra density of acceleration response of the middle node in
the midspan is shown in Figure 13. The response frequency is
close to the Ist lateral and vertical bending modal frequency,
thus indicating the accuracy of the time domain buffeting
analysis. At the same time, Figure 14 shows the comparison
RMS results of the buffeting response of the nonlinear
method and the traditional linear method. The results show
that the traditional linear method will underestimate the
buffeting response of the catwalk, and the maximum error
exceeds 16.7%.

4. Comfort Evaluation of Catwalk

4.1. Comfort Evaluation Based on ISO 2631 Standard.
According to the buffeting analysis results in the previous
section, the catwalk vibrates in a frequency range less than
0.5 Hz. So vibration of the catwalk is evaluated based on the
part of ISO 2631-1-1997 for evaluating the incidence of
motion of sickness (apply to motion frequencies below
0.5Hz) [17]. Referring to the standard, the weighted root
mean square (RMS) of the acceleration shall be determined
first. Although the vibration shall be assessed only with re-
spect to the overall weighted acceleration in the z-axis, using
this method to evaluate the vibration of the catwalk in the y-
axis can also indicate the comfort level qualitatively to some
extent. The weighted RMS acceleration value is given by

1 T (1/2)
A, = [T J azw(t)dt] : (10)
0

where a,, is the frequency weighted acceleration and T'is the
lasting time of vibration.

This standard recommends a single frequency weighting
WI for the evaluation of the effects of vibration on the
incidence of motion sickness. In this study, it is assumed the
time fluctuating wind acting on the catwalk is the same, so
the vibration time is neglected in the evaluation. When the
weighted RMS acceleration is calculated, the comfort level
can be determined referring to Table 3. The frequency
weighting curves for principal weighting are shown in
Figure 15.

4.2. Comfort Evaluation Based on Annoyance Rate Model.
Compared to ISO 2631-1-1997, this method based on an-
noyance rate model can further estimate quantitatively the
number of constructors on site who feel discomfort due to
vibration. A fuzzily random evaluation model on the basis of
annoyance rate for human body’s subjective response to vi-
bration, with relevant fuzzy membership function and prob-
ability distribution given, is presented. When assessing the
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TaBLE 3: Reactions to several magnitudes of overall vibration.

Frequency weighted RMS acceleration Subjective response

aw (m's™)
a, <0.315 Not uncomfortable
0.315<a,<0.63 A little uncomfortable
05<a,<1 Fairly uncomfortable
0.8<a,<1.6 Uncomfortable
1.25<a,<2.5 Very uncomfortable
Extremely
>2 uncomfortable
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FiGure 15: Frequency weighting curves for principal weighting.

vibration comfort, many different psychophysical and physical
factors, such as individual susceptibility, body characteristics,
and posture together with the frequency, direction, magnitude,
and duration of vibration, are relevant in development of
unwanted effects [18]. The annoyance threshold acceleration
determined by the two-valued logic method cannot describe
the ambiguity and randomness existing in human response to
vibration environments, which results in many uncertainties in
the vibration comfort based reliability analysis. All these un-
certainties were analyzed from a view point of psychophysics.
The membership function and corresponding conditional
probability distribution were determined based on the format
of field survey table and laboratory findings.

A fuzzy stochastic model for human response to vi-
brations was presented. Song [19] combined the fuzzy logic
method, the probability theory, and the experimental sta-
tistics, to advance a new evaluation index, i.e., annoyance
rate method.

Annoyance rate is the rate of unacceptable response
under certain vibration intensity. The vibration sensitivity is
different according to different range of frequency. The root
mean square (vibration intensity) of weighted frequency is
adopted internationally as the foundation for evaluating the
vibration comfort. The vertical general frequency weighted
function can be expressed as follows:

Mathematical Problems in Engineering

0.5f %, 0<f<4,
Wei=q1, 4< f<8, (11)
8f',  8<f<80,

and the vibration intensity a,, is given by

ay =Wgilye (12)

where a,,,s is the RMS acceleration value. Annoyance rate
indicates the ratio of people who cannot accept the external
stimulus to the total statistical people. It can be used to
determine the annoyance threshold for vibration comfort.
Annoyance threshold means the limit of acceleration on the
premise of ensuring acceptable comfort. Under discrete
distribution, the annoyance rate can be expressed as follows:

Yivimg &
Alay) =L =Y vipGij), (13)
Zj:l ij j=1

where A(a,,;) is the annoyance rate of the i" vibration in-
tensity a,,;; n;; is the number of subjective response of the i
type of the i vibration intensity; v; is the membership value
of the j"™ type of unacceptable range, and v;=(j-1)/(m-1); m
is the class number of the subjective response; if the classes of
“no vibration feeling,” “a little vibration feeling,” “medium
vibration feeling,” “strong vibration feeling,” and “extremely
uncomfortable” are adopted to describe the subjective re-
sponse of occupant, then m=5; p(i, j) represents the dif-
ference of the subjective feeling degree of the occupant:
co o M
p(l’]) - Zm n .

=1 M

(14)

Considering the continuous distribution, calculation
formula of annoyance rate is represented as

o 1 502 )
A(ay;) = J . eXP<—( n(u/ay) +0 Saln) )v(u)du,

Umin ¥ 271’0—1nu 2012n

(15)
where a,, is the frequency weighted vibration intensity;

0y, = \In(1 + 8%), & is the vibration coefficients and changes
from 0.1 to 0.5, based on trial research, and v (u) is the fuzzy
membership function of vibration intensity, shown as

follows:

v(u) =0, U <Upip>
vw)=aln)+b, u,, <u<iu,, (16)
V(u) =1, U> Upaxs

where u,,;, is the top limit of “no feeling” to vibration of the
occupant and u,,, is the bottom limit of “extremely un-
comfortable” to vibration of human being.

The coefficients of a, b can be obtained from the fol-
lowing equation:
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TABLE 4: Calculation cases and results.

Frequency
weighted Corresponding
. . . RMS subjective Annoyance rate

Case no. Cross bridge interval (m) Gantry rope diameter (mm) acceleration response

aw (m/s?)

Y z y z Y z
1 120 48 1.02 1.05 9.80% 11.87%
2 120 54 0.99 1.02 7.40% 9.66%
3 120 60 0.92 0.97 Uncomfortable 7.28% 7.72%
4 120 60 0.88 0.95 7.24% 7.70%
5 140 60 0.88 0.94 7.80% 8.13%
6 90 60 0.87 0.92 5.63% 5.58%

{a In(upy,) +b=0, (17

aln(uy,)+b=1

max

4.3. Parameter Study. As a temporary structure, old mate-
rials such as the gantry ropes from finished projects may be
used to assemble the catwalk for the sake of economy. So
there are many options for the catwalk rope sizes. However,
the change in rope size will result the change of dynamic
properties for catwalk, thus affecting the comfort level
during construction. Cross bridge, which links two sides of
the catwalk and increases the torsional stiffness of catwalk, is
also an important part in the catwalk structure. The interval
of cross bridges along the span (i.e., the number of the cross
bridges) depends on the demand of engineering practice. A
narrow cross bridge interval would waste materials and
increase the construction cost, even though the safety of the
catwalk is ensured adequately. However, wider cross bridge
interval may cause smaller stiffness, affecting structural
safety and decreasing comfort level due to vibration.

In that case, a set of rope size and cross bridge intervals
listed in Table 4 are chosen to find out their influence on the
vibration comfort. With each parameter change, buffeting
analysis and comfort evaluation using two methods would
be repeated. According to engineering practice, old materials
are seldom used on the catwalk rope. The influence of
catwalk rope size is neglected.

As previously stated, different cases were calculated and
comfort level is listed in Table 4. From Table 4, we can find
that these two methods of evaluating comfort yield con-
sistent results. Compared with these results, the following
conclusions can be summarized:

(1) The comfort evaluation method based on ISO 2631-
1-1997 derives the consistent results with the an-
noyance rate method. The wind-induced vibration of
the catwalk would cause the constructors to feel
uncomfortable, while the least annoyance rate of
5.58% in the z-axis.

(2) The method based on ISO 2631-1-1997 can only
evaluate the vibration comfort qualitatively, while
the annoyance rate method can give a quantitative
result.

(3) Enlarging the gantry rope size and narrowing the
cross bridge interval would decrease the frequency
weighted RMS acceleration and annoyance rate in
both y- and z-axes.

(4) Enlarging the gantry rope size 12mm in diameter
decreases the annoyance rate by around 4%, while
narrowing the cross bridge interval decreases the
annoyance rate by 2.14% at most. So enlarging the
gantry rope size is more efficient than decreasing the
cross bridge interval.

5. Concluding Remarks

Based on the wind tunnel test and numerical analysis, the
comfort level of the catwalk for Maputo Bridge was eval-
uated using qualitative and quantitative methods. The in-
fluences of structure parameters, like the size of gantry rope
diameter and cross bridge interval, are investigated. Key
conclusions can be summarized as follows:

(1) The traditional linear method will underestimate the
buffeting response of the catwalk. The nonlinear
method proposed in this paper can calculate the
buffeting response of the catwalk more accurately. In
the future, more catwalks with larger spans will be
built, and the buffeting calculation should consider
nonlinearity.

(2) The comfort evaluation method based on ISO 2631-
1-1997 reaches the consistent results with the an-
noyance rate method. The former method can only
evaluate the vibration comfort qualitatively, while
the annoyance rate method can give a quantitative
result.

(3) Enlarging the gantry rope size and narrowing the
cross bridge interval would decrease the frequency
weighted RMS acceleration and annoyance rate in
both y- and z-axis. But enlarging the gantry rope
diameter is more effective in boosting the comfort
level.

This paper also suggests a framework to evaluate the
comfort level due to wind-induced vibration based on an-
noyance rate model quantitatively. This method can also be
extended to the assessment of vibration in other structures.
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