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Abstract: To study the vibration responses of prefabricated
assembled structures, the comfort of a prefabricated assembled
pedestrian cable-stayed bridge was evaluated by limiting the
acceleration behavior of the structure. The mode shapes and
natural frequencies of the structure under ambient excitation
were determined by installing acceleration sensors at the
control points. According to the structural characteristics of
the elastic connection of the bridge deck splicing, the stiffness
of the elastic connection between adjacent segments was
determined. Pedestrian and vehicle traffic load analysis models
were established according to relevant guidelines. The peak
acceleration and acceleration limit under pedestrian and vehicle
traffic loads were compared, and the comfort degree of the
pedestrian cable-stayed bridge was evaluated. The results show
that the natural vibration frequency and peak acceleration
match well with the measured values. Considering the
reduction of the structural stiffness caused by the prefabricated
assembly, the vibration characteristics of the prefabricated
assembly structure can be truly reflected thereafter. The
comfort evaluation index of the prefabricated assembly
structure is consistent with that of the integral structure. The
coupling effect between the pedestrian load and vehicle traffic
load can be significantly ignored. The vehicle traffic load has
a certain degree of influence on structural comfort.
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prefabricated cable-stayed pedestrian bridge is a
lightweight and low-damping structure. If not prop-
erly designed, it will cause a large vibration response of
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the structure, especially when the natural vibration fre-
quency of the structure is close to the step frequency of

1
walkers'"

. As a result, pedestrians may feel uncomforta-
ble and even dangerous if the vibration response of the
bridge exceeds the limit of human tolerance. For in-
stance, the Millennium Bridge, built on the Thames Riv-
er in London, had to be closed due to excessive vibra-
tions after three days of opening'”. In terms of the vibra-
tion comfort of pedestrian bridges, several scholars have
performed corresponding research works from the aspects
of the pedestrian load model, comfort evaluation method,
and vibration reduction design”™. Apart from these, to
avoid comfort problems when passersby walk on a pedes-
trian bridge, a series of specifications or standards have
been issued. For example, China design specifications'"”’
required that the vertical natural frequency of the bridge
superstructure should be larger than 3 Hz to avoid the res-
onance of pedestrian bridges. Moreover, using the Ger-
man standard ENO3""" and British standard BS 54002,
the comfort of pedestrian overpasses is evaluated using the
maximum vibration response of a structure under the
walking load.

Intensive research has been conducted to find solutions
to mitigate the vibration response of bridges and enhance
the comfort of walkers. However, compared with mono-
lithic pedestrian bridges, the structural stiffness and natu-
ral vibration frequency of prefabricated pedestrian over-
passes are changed because of the assembly joints, which
means that the existing comfort evaluation method for
monolithic pedestrian bridges is probably not suitable for
prefabricated ones. However, few publications are availa-
ble to guide the design and maintenance of prefabricated
bridges. To fill this knowledge gap, a prefabricated and
assembled cable-stayed pedestrian bridge served as the re-
search reference in this study. In addition, the vibration
response of a pedestrian bridge was measured, and the
natural vibration frequency and damping ratio of the pe-
destrian bridge were identified. Moreover, considering
the splicing characteristics of the prefabricated assembly
structure, the finite element (FE) model of the pedestrian
bridge was established, and the determination and model-
ing of pedestrian and traffic loads were presented. Fur-
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thermore, the accuracy of the FE model was validated by
comparing the measured and simulated natural vibration
frequency and dynamic response of the reference bridge.
Finally, an evaluation framework was proposed and uti-
lized to check the comfort of the pedestrian bridge.

1 Modeling of Prefabricated and Assembled Pe-
destrian Cable-Stayed Bridges

1.1 Bridge introduction

The response of a low-tower cable-stayed pedestrian
bridge was investigated in this study. The span of this
bridge is 10 m + 34 m + 10 m. The main tower is a
round-arch tower column, and the upper part of the main
tower, which crosses the bridge syncline obliquely to op-
timize the inner force in the stay cable, is made of rectan-
gular hollow steel pipes. The substructure is composed of
a rectangular pier of concrete-filled steel tubes. A two-
way sliding-plate rubber bearing, which has a dimension
of 180 mm x 150 mm x 44 mm, was placed on the cross
beam of the main tower, and the elastic modulus of the
rubber pad was 90 MPa'""'. The stay cable is a steel strand
cable, and the spatial arrangement of the stay cables is
double-sided fan-shaped. The foundation of each bridge
pier is composed of five precast/prestressed concrete hol-
low piles. Grade C40 concrete was adopted to construct the
main girder, and the compressive and tensile strengths of
the concrete are 18.4 and 2.39 MPa, respectively. Moreo-
ver, the tensile strength of longitudinal reinforcements and
stirrup hoops are 280 and 195 MPa, respectively. The
overall layout of the bridge is shown in Fig. 1.

1000

1000,

3400

Stay cables

Bridge deck
Tower column

e -

1, Pile cap

=

X

Pile foundation

[=
—

e

C

C

Fig.1 General layout of the pedestrian footbridge (unit: cm)

The prefabricated and assembled main girder and bridge
deck consist of 14 segments, and the adjacent segments
were connected by high-strength shear bolts with a joint
width of 0.3 m. The height of the girders ranges from
0.45 to 0.55 m, and the thickness of the bridge decks is
0.2 m. Meanwhile, the full width and net width of the
bridge deck are 5.06 and 4. 00 m, respectively. Further-
more, concrete with a compressive strength of 40 MPa
was adopted in this study.

1.2 Finite model of the bridge

FE software midas Civil was utilized to analyze the vi-
bration of the bridge. The main girder, bridge deck,
main tower, and bridge piers were modeled with beam el-

ements, and the stay cables were modeled with truss ele-
To model the intersection between the soil and
pier foundation, equivalent soil springs were applied to

ments.

nodes belonging to the pile foundation'"'. The bridge
deck pavement load was taken as 3.4 kN/m’, and the pe-
destrian load was applied in accordance with the German
pedestrian bridge design guide ENO03"" and British
BS 5400-2 specification'"'.

1.3 Modeling of the segment connection

The main girder and bridge deck of the pedestrian
bridge were fully prefabricated and assembled, and the
adjacent segments were lapped by teeth. High-strength
bolts and nuts were employed to connect the adjacent seg-
ments, as shown in Fig. 2. This connection method al-
lows the shear force and bending moment to be transmit-
ted. In addition, the bolts and nuts can function smoothly
when a large rotation deformation between two adjacent
segments occurs. The translation in the longitudinal direc-
tion (x direction), vertical (z direction), and rotation in
the transverse direction (y direction) were set as elastic
connections, and the other three degrees of freedom were
set as rigid connections, as shown in Fig. 3.
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Fig.2 Bridge deck splicing structure( unit: mm). (a) Horizon-
tal view; (b) Vertical view

Fig.3 Diagram of elastic connection parameters

To determine the elastic connection stiffnesses of S,
S,,, and Seys the following assumptions were made:

1) Only the constraint effect of the bolts is considered
in the segment connection.
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2) Plastic properties are not considered while the bolts
deform.

3) Under the action of the external load, the segment
rotates around point O, as shown in Fig. 4.

Fig.4 Segmental deformation diagram

There is a point P at the connection between the bolt
and concrete interface. After the relative displacement of
the segment, the point reaches P’'. Meanwhile, the longi-
tudinal and vertical displacement generated at the connec-
tion interface are Al, and Al , respectively. The distance
from point O to the center line of the bolt is [ , the verti-
cal distance to the connection interface is [/, and the
length of the bolt is /.

The elastic joint stiffness of S, refers to the force re-
quired to produce a unit displacement along the x direc-
tion, namely,

F, GyA
Soc =y =NAL D

where Al is the longitudinal displacement at the interface
connection; F_is the force required for generating the
longitudinal displacement Al ; G and E are the shear
modulus and elastic modulus of the bolt, respectively;
G=E/[2(1 +pn)]; vy is the shear strain of the bolt; A
and n are the cross-sectional area and the number of
bolts, respectively.
The shear strain can be written as

Al
y=5 2)

Combining Eqs. (1) and (2),
GA

SDx =n l

(3)

The elastic connection stiffness S, refers to the force

required for generating unit vertical displacement:
F, EcA EA

SDZZ =

nAT—n Alz_n I (4)

where Al, is the vertical displacement at the interface con-
nection. F_ is the force required for the vertical displace-
ment Al; and ¢ is the axial strain of the bolt, i.e., &=
Al /L

The elastic connection stiffness of Sy refers to the ben-
ding moment required to rotate around the y-axis to pro-
duce a unit angle. The corresponding bending moment for
generating angle 6 is

M,=n(F.L +F]L) (5)
FL +F.L,
SRv =-n ——= (6)
’ 0
g=2 7
=T (7)
Al = Al tang (8)

where Al, is the unit elongation of the bolt within the
elastic range, i.e., Al =1.

Calculated with Eq. (1) to Eq. (8), the parameter of
bolts and elastic connection stiffness are summarized in

Tabs. 1 and 2.
Tab.1 Bolt parameters
E/GPa G/GPa A/mm’® I/mm n
206 79 314 400 13
Tab.2 Elastic connection stiffness
Sp/ Sp./ Sp./
E,/MN Gy/ Dx Dz Ry
MN (MN-m~ ') (GN-m™') (GN-m-rad™")
64.7 24.8 805 2.10 8.41

1.4 Modeling of the pedestrian load

According to the German footbridge design guide
ENO3""" and British BS 5400-2 specification[m , structur-
al acceleration limits under different load conditions could
be adopted as the comfort evaluation index. In this study,
the comfort assessment of the bridge under a single-per-
son moving load (Case 1) and group-pedestrian load
(Case 2) was performed by the limit specified in the
British BS 5400-2 specification“zl. Meanwhile, the eval-
uation framework under a high-density crowd ( Case 3)
was checked using the limit value specified in the German
footbridge design Guide ENO3 specification'"'.

For Case 1, according to the British BS 54002
specification, when the vertical fundamental frequency of
the structure is 1.5 Hz<f, <5 Hz, the calculation formu-
la of the single-person dynamic load could be expressed
as follows:

F = o,Gsin(2mw f1) 9)
b, 20.9f (10)

where v, is the walking speed of pedestrians along the
bridge direction; f; is the vertical fundamental frequency
of the bridge; ¢ is the time of the walking load; G is the
gravity of the pedestrian; and dynamic load coefficient «,
= 0.257".

For Case 2, pedestrians tend to walk at the same fre-
quency when crossing the bridge at roughly the same ve-
locity. Therefore, the walking-force loading effect of a
group of pedestrians F, can be calculated by multiplying
the first-order harmonic component of the walking-force
load of a single person by the number of pedestrians in
the group:
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F, =, Gsin(2m f,0) n, (11)

where 7, is the number of pedestrians in the group.

For Case 3, when the pedestrian density on the bridge
deck exceeds 1.0 person/m’, pedestrians cannot walk in
accordance with their habitual will due to the spacing lim-
itation, and there is a law of the same pace frequency and

151 The German

inconsistent phase between pedestrians
specification ENO3"" regards the vertical pedestrian load
as a uniformly distributed harmonic load and proposes the
expression for calculating the load concentration as fol-

lows:

p(t) = Pcos(2m f.H)n's (12)
n'=1.85,/n. (13)

where n' is the equivalent number of simultaneous walk-
ers of n; freely walking pedestrians; P is the amplitude of
the first-order load, and the vertical load P is set as 0. 28
kN; Pcos(2m f,t) is the single simple harmonic dynamic
load; and ¢ is the reduction coefficient of the difference
between the natural vibration frequency of the structure
and the pedestrian frequency''".

1.5 Modeling of the traffic load

The influence of the traffic load on structures is mainly
due to the vertical pressure generated by the static load of
vehicles and the vibration induced by the impact load on
the ground during vehicle travel. This phenomenon will
lead to a sense of uneasiness while pedestrians walk on
bridges!"*™ .

As shown in Fig. 5(a), according to the Ref. [19],
vehicle loads transferring to the pile foundation should be
converted into a dynamic active earth pressure caused by
the vertical load of an equally distributed soil layer, and it
can be calculated as follows:

E, = yHBK, (14)

where E| is the active earth pressure; K, is Rankine’s ac-
tive earth pressure coefficient; vy is the average weight of
the earth; and H is the length of the pile foundation. B
and h are the calculated width of the pile foundation under
the action of the lateral soil pressure and the thickness of
the equally distributed soil layer, respectively!”.

As shown in Fig. 5(b), it is assumed that vehicles
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Fig.5 Determination of the vehicle load action. (a) Chart of the
load action; (b) Schematic chart of the vehicle travel cycle

pass through the pile cap at an identical speed, and the
frequency of the load action is expressed as follows:

f=—r=—

7= (15)

where S is the range of the road where a traveling vehicle
can transfer load within this area; v is the speed of the ve-
hicle.

1.6 Model verification

To verify the accuracy of the FE model, seven measur-
ing points, CI1-C7, were arranged on the main span be-
tween the two towers of the bridge, as shown in Fig. 6.
The natural vibration frequency and the structural re-
sponse of the pedestrian cable-stayed bridge under the ve-
hicle load were measured with acceleration sensors.
Meanwhile, the FE model established in Section 1.2 was
used for the numerical calculation, and the numerical re-
sults were compared with the collected data.

8x4.25=34
| C4 C2 Co6 ClI €7 €3 €5 |
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Fig.6 Layout of the measurement points of the main span of
the pedestrian overpass( unit: m)
1.6.1

After processing the collected data, the measured vi-
bration mode of the bridge is shown in Fig. 7. The first
three vibration modes of the structure are the first-order
vertical mode, first-order transverse mode, and second-
order vertical mode. The corresponding vibration modes
in the FE calculation are shown in Fig. 8. Tab. 3 shows
the measured and numerical calculation results of the nat-
ural vibration frequency of the prefabricated assembled

Natural vibration frequency

bridge. Apparently, the difference between the collected
data and FE calculation results is all within 4%, which
means that the FE model can be used to analyze the vibra-
tion response of the structure.

(a) (b) ()

Fig.7 Comparisons of the measured structural modes. (a)
First-order vertical mode; (b) First-order transverse mode; (c) Second-
order vertical mode

(a) (b) (¢)

Fig.8 Comparisons of the FEM structural modes. (a) First-or-
der vertical mode; (b) First-order transverse mode; (c¢) Second-order
vertical mode
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Tab.3 Comparisons between the calculated and measured results

o Frequency/Hz Difference/
Vibration mode
Measured FEM %
First-order vertical mode 1.758 1.771 0.74
First-order transverse mode 3.083 3.206 3.99
Second-order vertical mode 3.455 3.565 3.18

1.6.2 Structural response under the traffic load

The vibration response of the bridge structure was col-
lected during the peak traffic period from 12:00 to 12:15.
The measured structural response is shown as the solid line
in Fig. 9. When heavy trucks pass under the bridge, the
structure acceleration greatly fluctuates, and the maximum
peak acceleration reaches 0. 101 m/s’. Comparatively, the
car-induced structure response is small, and the maximum
peak acceleration is only 0.016 mm/s’.
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Fig.9 Structural response comparison

According to the calculation method of the active earth
pressure given in Section 1.4, dynamic time-history loads
were applied to nodes belonging to the pile foundation in
the FE model. The trigonometric function was adopted
for modeling heavy trucks and cars. The peak value of
the trigonometric function is the active earth pressure cal-
culated in Section 1.4, and the loading period T is the
time required for the vehicle to completely pass through
the bearing platform. When modeling the traffic load, the
heavy truck loading was applied once after the vehicle
load was applied every 15 times. The calculated structural
response is shown in the dotted line in Fig. 9.

As shown in Fig. 9, the calculated maximum accelera-
tion is 0.015 m/s” when the car passes, and the difference
with the measured value is approximately 6. 7% . Howev-
er, when the large truck passes, the calculated maximum
acceleration is 0. 085 m/s’>, which is different from the
measured value. The difference of 18.8% is mainly due to
the simplification of the vehicle load in the calculation
model, and the influence of the vehicle load of other lanes
on the structural response is not considered. In general,
the numerical structural response agrees well with the over-
all trend of the measured structural response. The method
proposed in this paper can predict the acceleration response
of the structure when the vehicle load passes under the
bridge, and it can be used to analyze the effect of the vehi-
cle load on the comfort of the pedestrian bridge.

2 Comfort Evaluation

Based on the above analysis results, although bolts
were used to connect the adjacent segments, they had a
negligible influence on the natural vibration frequency and
vibration mode of the structure. Therefore, the existing
evaluation method for the comfort assessment of the cast-
in-place bridge was adopted in this study to evaluate the
prefabricated assembling structure.

2.1 Structural comfort under the pedestrian load

For Case 1, Eq. (9) shows that the single-person dy-
namic load can be modeled with a sine function of time ¢.
The walking frequency of pedestrians is 1.8 Hz. To make
the walking load continuous in time, the length of the
beam elements adopted to model the bridge girders in the
FE model was set equal to the walking length of the two
walking cycles. Pedestrian moving loads were applied to
the nodes of beams at two periodic intervals from left to
right. The structural damping ratio was set as 2% . The
time-history curve of the acceleration at the mid-span posi-
tion under the load is shown in Fig. 10(a). In the figure,
the maximum response of the structure is 0.029 m/s’.
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Fig. 10  Pedestrian load span acceleration time-history curve.
(a) Single moving load; (b) Group companion load; (c) High-density
crowd stepping load

For Case 2, to accurately simulate the synchronous
state, a group of pedestrian stepping loads was applied to
the amplitude of the first-order mode, and the stepping
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frequency was set at 1.8 Hz. The acceleration time-histo-
ry curve of nodes in the mid-span, induced by four-per-
son stepping synchronously and single-person stepping,
respectively, is shown in Fig. 10(b). The maximum val-
ue of the peak acceleration of the structure is 0. 128 m/
s>, which is about four times the maximum response of
the single-person moving load.

For Case 3, under this condition, the pedestrian density
limit of extremely heavy traffic is 1.5 person/m’. The
maximum number of people on the bridge n, is 405, and
the equivalent number of simultaneous walkers n' is 37.
According to the ENO3 specification, when the first-order
vertical natural vibration frequency of the structure is be-
tween 1. 7 and 2. 1 Hz, the reduction coefficient ¢ is
1.0"". The pedestrian walking frequency is also 1.8 Hz.
The time-history curve of the structural acceleration is
shown in Fig. 10(c), and the maximum response accel-
eration of the structure is 0.364 m/s’.

The mid-span maximum acceleration response under
Cases 1 to 3 is summarized in Tab. 4. In Tab. 4, the
peak acceleration of the structure under all working condi-
tions is smaller than the limit value of the reference guide-
lines.

Tab.4 Pedestrian comfort check

Case  Peak acceleration/ Limited value in .
. Lo _,. Comfort evaluation
No. (m-s™%) Guidelines(m -s ~°)
1 0.029 0. 665 Satisfaction
2 0.128 0. 665 Satisfaction
3 0.364 0.500 Satisfaction

2.2 Structural comfort under the traffic load

The coupling effect of the pedestrian load and vehicle
load on the dynamic performance of the structure was
considered in this study'™ . The crowd load stipulated in
the Technical Code for Urban Pedestrian Bridges and Pe-
destrian Tunnels was used to simulate the dense pedestri-
ans, and the quasi-permanent coefficient of the crowd
load is 0. 4. The first three natural vibration frequencies
of the structure with and without the pedestrian load were
calculated and are summarized in Tab. 5.

Tab.5 Effect of the crowd load on the structural vibration fre-

quency
Frequency/Hz
. . : - Difference/
Vibration mode Without With %
0
pedestrian load pedestrian load
First-order vertical mode 1.771 1.722 2.28
First-order transverse mode 3.206 3.140 2.01
Second-order vertical mode 3.565 3.485 2.24

As shown in Tab. 5, the introduction of the crowd load
has little influence on the first three-order natural vibration
frequencies of the structure. Therefore, the influence of
the crowd load can be ignored, and the comfort level of
the pedestrian bridge can be directly evaluated according to

the peak acceleration of the traffic load. According to the
analysis and calculation in Section 1. 6, the vertical peak
acceleration of the bridge under the vehicle load is 0. 085
m/s”>, which is close to the action effect of the pedestrian
load in Case 2, indicating that the vehicle load has a cer-
tain influence on the vibration of the structure. Compared

with the structural acceleration limit of 0. SJE (0.665 m/
s*) stipulated in the British BS 5400-2 specification'"”’, the
structural comfort meets the requirements.

3 Conclusions

1) The connection between adjacent segments of the
prefabricated bridge decks was modeled with the elastic
connection in three orthogonal directions, and the calcula-
tion method of the stiffness of the elastic connection was
presented. Taking the influence of the joint between adja-
cent segments into consideration, the comfort of the pre-
fabricated and assembled cable-stayed pedestrian bridge
was evaluated, and the results demonstrate that the com-
fort level meets the requirements in different guidelines.

2) The analytical model of the vehicle traffic load was
established. Meanwhile, the vehicle traffic load was con-
verted to the active earth pressure in the pile foundation
and the calculation method of the active earth
pressure was presented. Furthermore, the frequency and

range,

duration time of the vehicle traffic load were determined.

3) By comparing the measured and numerical values of
the natural vibration frequency and structure response, the
accuracy of the FE method in predicting the vibration of
the bridge was verified. The numerical results clarify that
the influence of pedestrian weights on the vibration in-
duced by the vehicle traffic load can be ignored. Moreo-
ver, the vehicle traffic load will increase the magnitude of
the maximum acceleration and affect the comfort level of
bridge structures.
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