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Abstract. The dynamic characteristics of long-span suspension bridges are complex. The natural vibration
frequency is changed with different structural parameters, and the sensitivity to different parameters is
different. In order to solve this problem, the spatial model of a long-span suspension bridge was established
by using finite element software, and the first 20 natural vibration periods, natural vibration frequencies and
vibration modes were analyzed and calculated. The accuracy of the obtained natural vibration frequency
data was verified through field tests. Finally, based on the model, the stiffness of structural components is
studied by one -factor-at-one-time, and the influence of various variables on the frequency and mode of a
certain mode is studied by one-factor-at-one-time method. The results show that different structural
parameters have different effects on the vibration frequency. When the stiffness of stiffening girder and
main tower is changed, with the increase of stiffness, the variation of frequency mostly presents an upward
trend, and the range is large. With the change of the secondary dead load, most of the frequencies decrease
first and then tend to be stable. It can be seen from the field test results that the vibration shapes and
frequencies measured by numerical simulation and test are close to each other, which can meet the
requirements of engineering precision. The stiffness of the main cable and the main tower has a great
influence on the modes and periods corresponding to them. The increase of the secondary dead load can
reduce the natural vibration frequency of the suspension bridge, but it is not unlimited to increase the
secondary dead load to reduce the frequency. The stiffness of the stiffening girder has a great influence on
the frequency of the suspension bridge. When the bending stiffness of the stiffening girder increases to 3
times of the original one, the order of vibration modes of the structure will change. The research results can
provide references for structural design and dynamic parameter adjustment of long-span suspension bridge.

the real bridge, how to verify each other between the

1 Introduction

The dynamic characteristics of long-span suspension
bridges are complex. When the structure is excited by
external dynamics, the vibration modes in all directions
in space can generally be divided into four types:
horizontal, vertical, longitudinal, and torsion. Densely
distributed to the vibration mode, the vibration frequency
of the structure changes with the structure parameters
and the sensitivity to the parameters is different [1]. The
vibration frequency analysis method of suspension
bridge can be divided into indoor test and theoretical
analysis, which refers to installing multiple sensors on
the suspension bridge, collecting relevant data, analyzing
the modal frequency, damping ratio and vibration mode
of the structure, and verifying them by approximate
method, classical analysis method, empirical formula
method and numerical method. From the perspective of
bridge seismic and wind resistance design, the study of
the dynamic characteristics of the long-span suspension
bridges mainly need to solve two key issues. One is how
to obtain the low-frequency dynamic characteristics of
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field tests and the numerical simulations; the other is
how the structure parameters of the bridge affect the
frequency and how to analyze the coupled vibration
under environmental excitation.

Aiming at the first question, Xiang Yiqiang and
others [2] gave an analytical formula for the analysis of
the dynamic characteristics of the steel-concrete small
box girder for rapid construction through theoretical
derivation, and compared the theoretical value of the
proposed method with the finite element analysis; on the
basis of traditional parallel cable planes, Xia Jinlin and
others [3] tried to reduce the lateral distance between two
main cables to form a spatial cable system, and studied
dynamic characteristics and flutter stability changes; Li
Yongle and others [4] tested through wind tunnel tests
and the three-component force coefficient of vehicles
and bridges, and the use of self-developed software to
compare and analyze the dynamic characteristics of the
bridge and the wind - vehicle - bridge coupling vibration
performance; Liu Jiabing [5] elaborated on the influence
of different lengths of the train load on the internal force
and deformation of the structure; Chen Yang and others
[6] bases on the finite element simulation, the pulsation
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test was carried out and the natural vibration frequency,
the vibration mode, and the dynamic strain impact
coefficient and the dynamics of the main bridge analyzed;
Xiao Haizhu [7] and others established finite element
model of main bridge's overall space link system by
using finite element method, and analyzed dynamic
characteristics and influence of wind facilities on
dynamic characteristics; using finite element software,
Wang Hao and others [8] obtained the vibration mode
and natural vibration frequency of the bridge, and
analyzed the influence of important parameters such as
the stiffness of the main girder on the dynamic
characteristics of the bridge; Xu Shuo [9] and others used
finite element software to analyze dynamic
characteristics, and tested the kinetic parameters of the
bridge structure through structural vibration test tests,
and compared and analyzed the theoretical values.
Regarding the second question, Wang Junwen and others
[10] proposed the sensitivity analysis of the influencing
parameters of the orthogonal test design for pre-stressed
bridge piers; Xia Zhiyuan and others [11] studied the
sensitivity ~parameters that affect the dynamic
characteristics of suspension bridges, and discussed the
effects of the concentration of dead load, ambient
temperature and support settlement on the dynamic
characteristics of the bridge; Tao and others [12]
analyzed buffeting based on MTMD for a long-span
three-tower suspension bridge sensitivity analysis of
controlled parameters; Nazim and others [13] used a
parameter analysis method based on Monte Carlo

(b)1st STB MG (0.1338Hz)

sampling to establish a numerical model and discussed
the influence of different parameters on the aerodynamic
stability of the structure.

To sum up, the existing research mainly uses
theoretical derivation, numerical simulation and other
methods to study the dynamic characteristics of bridge
structures. However, there are few studies on the
comparison of the dynamic characteristics obtained from
the field test and numerical simulation of the long-span
suspension bridge and the influence of the coupling of
multiple parameters on the natural vibration period of the
suspension bridge. Therefore, this paper takes a long -
span suspension bridge as a background project, the
spatial model of a long-span suspension bridge was
established by using finite element software, and the first
20 natural vibration periods, natural vibration
frequencies and vibration modes were analyzed and
calculated. The accuracy of the obtained natural
vibration frequency data was verified through field tests.
Finally, based on the model, the stiffness of structural
components is studied and the influence of various
variables on the frequency and mode of a certain mode is
studied by one-factor-at-one-time method. Analyzing the
parameters that affect the dynamic characteristics of
long-span suspension bridges can provide convenience
for the dynamic design of such structures.

2 Numerical solution of natural
vibration frequency

(d)1st SVB MG (0.2243Hz)

Figure 1. The Partial Modal Shapes of the Bridge
Table 1 dynamic characteristics of the Background Bridge

Frequency Frequency Frequency vibration mode Frequency Frequency Frequency  vibration mode

Order /Hz /s Characteristics Order /Hz /s Characteristics
First-order longitudinal Reverse bending of
1 0.1261 7.9312 drift of the main 11 0.4641 2.2551 .
girder(1st LD MG) main cable(RB MC)
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First-order symmetrical First-order
transverse bending of symmetric torsion of
2 0.1338 74748 main girder(1st STB 12 0.4806  2.1548 main girder(1st ST
MGQG) MGQG)
First-order anti- First-order anti-
symmetric vertical symmetric torsion of
3 0.1786 3.3982 bending of the main 13 0.4824  2.0806 main girder(1st AST
girder(1st ASVB MG) MG)
First-order symmetric First-order
vertical bending of symmetrical torsion
4 0.2243 4.4586 main girder(1st SVB 14 0.5331 2.0728 of main girder(1st
MGQG) ST MG)
. . Second-order
First-order symmetric . .
. S0 symmetric vertical
5 03015 33163  Yertical vibration of 15 0558 18758  bending of main
main girder(1st SVV .
MG) girder(2nd SVB
MG)
First-order anti-
symmetric transverse Syn-tropic bending
6 0.3540  2.8247 bending of main girder 16 0.6447 1.8090 of main cable(SB
and main cable(1st MCO)
ASTB MG&MC)
Synchronous anti- Symmetrical
symmetric transverse transverse syn-tropic
7 0.3928  2.5460 bend of the main 17 0.6528 15512 bending of the main
cable(SASTB MC) cable(STSB MC)
Second-order anti-
symmetric vertical Lateral vibration of
8 0.3953 2.5283 bending of the main 18 0.6609 15319 main cable(LB MC)
girder(2nd ASVB MG)
Spori et
9 0.4066  2.4593 bending of the main 19 0.6669 1.5132 .
cable(ASB MC) main cable(SVB
SMC)
Synthetic symmetric Reverse vertical
10 04158 24051 transverse bending of 20 04641 1.4995 bending of side span-
‘ ’ the main cable(SPSTB ‘ ‘ main cable(RVB
MC) SMC)

The structural dynamic characteristics of bridges

mainly include:

natural

vibration periods,

natural

vibration frequencies and vibration modes. The finite
element model is established on the background of a real
bridge, and natural vibration period, natural vibration
frequency and vibration mode can be directly calculated
and analyzed in the finite element software. Table 1 lists
the first 20 natural vibration periods, natural vibration
frequencies and vibration modes of the background
bridge, and Figure 1 shows part of the bridge vibration
modes diagram.

3 Field test verification of natural
vibration frequency

The previous part mainly used numerical simulation
to theoretically analyze the dynamic characteristics of
long-span suspension bridges. In order to verify the
accuracy of the natural vibration frequency data obtained
by numerical simulation, we verify it through the field
dynamic load test, loading and data collection of field
dynamic load test. The comparative analysis results of
the actual measured value and the theoretical value of the
part of the main bridge's dynamic characteristics are
shown in Table 2 and Figure 2.
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(b)1st STB MG

(a)lst STB MG (FEM) (measured mode )

(H1st ASVB MG
(measured mode)

(e) 1st ASVB MG (FEM)

-

(d)1st SVB MG

(c)1st SVB MG (FEM) (measured mode)

(h)2nd ASVB MG

(22nd ASVB MG (FEM) (measured mode)

Figure 2. Comparison of Measured and Theoretical Model Shapes

From the data in the table and the curve in the figure,
it can be seen that the actual measured value is basically
the same as the theoretical value. Except for the first
two-order error within 10%, the first two-order error may
be related to factors such as the sensitivity of the sensor,

good agreement with the measured mode. Therefore, the
vibration mode, natural vibration frequency, and
damping parameters of the background bridge obtained
through theoretical analysis can characterize the actual
state of the bridge structure.

as can be seen from Figure 3. The theoretical mode is in

Table 2 Statistical Table of Bridge dynamic characteristics

natural vibration frequency /Hz  e¢rror Damping ratio
1% 1%

Serial number Vibration direction vibration mode
Theoretical value Measured value

1 Vertical + vertical  1st LD MG 0.1261 015 1600 245

2 Horizontal  IstSTBMG  0.1338 016 1620  4.87

3 IStASVBMG  0.1786 017 530 236

4 Vertical 15t SVB MG 0.2243 023 260 235

5 2d ASVBMG 03928 039 080 110

6 torsion 15t ST MG 0.5331 0.56 480  0.99
0.60 2

0.55

—8— Theoretical value
0.50 —®— Measured value

0. 45

0. 40

0.20

natural vibration frequency (Hz)
o s o o
= 5 g8 &8
1 1 1 1

0.10

0.05
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vibration mode

Figure 3. Comparison of Measured and Theoretical Values of Frequency
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4 Dynamic parameter analysis

In order to study the influence of different structural
parameters of long-span suspension bridges on its
dynamic characteristics, three important influencing
parameters of the influencing factors of dynamic
characteristics are extracted to discuss the influence of
dynamic characteristics on the natural vibration
frequency of the suspension bridge. It mainly includes:

+- Fundamental frequency
0.540 1st SVB MG
0. 480 15t STB MG
~ 0.420 1st SVV MG
Z 0.360
0. 300
0. 240
0. 180

Frequency/

0. 060

0. 000 +

0 0.20.406081.01.21.41.61.8202.224
Multiplier

(a)

0. 690

Frequency/Hz

0. 660 -

the secondary dead load of the bridge deck system, the
bending rigidity of the main tower and the bending
rigidity of the stiffening girder.

4.1 The influence of the secondary dead load of
the bridge deck system on the dynamic
characteristics

1. 080 3 +— Fundamental frequency
0. 960 1st ST MG

0. 840 1st ST main tower
0.720 - - s . = | — = a 1st AST main tower
—— Ist SVVMG

0. 480

0.360

0.240 e W
0.120{ * oo+ o« o

0.000 +
0 0.20.406081.01.21.4161.8202224

Multiplier

(b)

Frequency/Hz
IS
f=2]
=
S

= LBMC
1st ST MG

0.630 +

0 0.20.406081.01.21.4161.8202224

Multiplier

Figure 4. Change of Frequency with Increase of Secondary Dead Load

When analyzing the dynamic characteristics of a
suspension bridge, dead load is a very important factor,
which has a greater impact on the vibration of the
suspension bridge. The mass of the girder element should
not only include its own weight but also the mass of the
bridge deck system. Therefore, in the process of
analyzing the dynamic characteristics, the influence of
the secondary load on the dynamic performance of
suspension bridge should also be considered. Assume
that n is the multiple of the increase in the design value
of the dead load in the second phase of the background
bridge. Then compare and analyze the vibration
characteristic values of the suspension bridge, and the
analysis results are shown in Figure 4.

It can be seen from Figure 4 that most of the
frequency curves with the secondary dead load show a
trend of first decreasing and then tending to be
stable. The increase of the secondary dead load can
reduce the natural frequency of the suspension bridge,

0.600 {~+— Fundamental frequency
0540 e~ 1st SVB MG
0.480

% 0.420 15t STB MG

9 0360 1st SVV MG

2 0.300

80240 .

0,180

0.120
0.060
0.000

0 0.20.40.60810121.4161.8202224
Multiplier

(a)

but it is not unlimited to increase the secondary dead
load to reduce the frequency.

4.2 Influence of the stiffness of the main tower
on dynamic characteristics

In order to analyze the influence of the stiffness of
the main tower of the suspension bridge on the
dynamic characteristics of the suspension bridge,
the analysis was carried out by changing the
stiffness of the main tower, and the previous
method was still adopted on the basis of the original
design stiffness. Assuming that n is a multiple of
the increase in the design value of the main tower
stiffness, the vibration characteristic value of the
suspension bridge is compared and analyzed. The
analysis result is shown in Figure 5.

1. 080, —+—Fundamental frequency
8 :Tg - 1st SVV MG
i 0.720 4 1st LD main tower
g 0. ;60 AST main tower
g0
& 0.480
3
m 0.360
0.240
0.120

. 000
0 0.20.406081.01.21.4161.8202.224
Multiplier

(b)
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Figure 5. Change of Frequency with Increase of Stiffness of the Main Tower

It can be seen from Figure 5 that when the stiffness of
the main tower is changed, most of the curves of
frequency change with the increase in stiffness show an
upward trend and the amplitude is relatively large, but
the stiffness of the main tower has little effect on the
first-order mode shape. Therefore, the stiffness of the

0. 540 +- Fundamental frequency
0. 480 »— 15t STB MG
o

2 0.420 1st ASTB MG
5 8- 228 15t SVV MG
g + 15t SVB MG
go2a0f L L L e s
£0.180 P

0. 120 ——p—o— +—3% o - >~

0.060 F

0. 000 T S S S S S ST R

0 0.20.406081.0121.41.61.8202.22.4

Multiplier

(a)

main tower is also a key factor affecting the dynamic
characteristics of the suspension bridge.

4.3 Influence of the stiffness of stiffening girder
stiffness on dynamic characteristics

1.120
1. 100 + 15t STMG
-——a—8 - -—a = 1st ST main tower

=
%
%
S
"
[}

- 1st AST main tower
LB MC

0. 760 -

Frequency/
4
=
S
*

0.520

0. 400
0 0.20.406081.01.21.416 182022

Multiplier

(b)

o

4

Figure 6. Change of Frequency with Increase of Stiffness of the Stiffening Girder

The stiffness of the stiffening girder has a great influence
on the natural frequency of the suspension bridge as a
whole, so it is necessary to analyze the change rule of the
frequency caused by the change of the stiffness of the
stiffening girder. Assuming that n is the multiplier that
the design value of stiffening girder stiffness increases,
the wvibration characteristic value of the suspension
bridge is compared and analyzed, and the analysis result
is shown in Figure 6.

It can be seen from Figure 6 that when the stiffness of
the stiffening girder is changed, the change curve of
frequency with the increase of stiffness mostly shows an
upward trend, and the amplitude is relatively large. If the
bending stiffness of the stiffening girder is increased to
three times the original, the original vibration mode order
of the structure will be changed. Therefore, key
considerations should be given in the design calculations.

4.4 Coupling analysis

0.150
0.140 Bridge deck system dead load
0' 130 _ |-+ stiffness of the main tower
0‘ 120 e = . = Stiffness of the stiffing girder
< 0' 1'1'0 P Stiffness of the sling
g / —— Stiffness of the main cable
g 0.100 L
S 0.090 -

i@ 0.080
0.070
0.060
0.050

0 0.20.40608101.21.41.6 182022
Multiplier

2.4

Using the control variate method, only one of the
many variables is changed, and the natural vibration
frequency change of the suspension bridge caused by the
change of one of the variables is analyzed. The specific
results are shown in Figure 7-11.

It can be seen from the changes of the various
parameters in Figure 7-11 with the stiffness of each
component that most of the frequencies increase with the
increase of the stiffness of each component of the
suspension bridge, and the most obvious change is the
stiffness change of the stiffening girder; with the increase
of the dead load of the suspension bridge deck system, it
decreases; in the previous changes, the stiffness of the
main cable has a greater impact on the frequency,
followed by the stiffness of the main tower; the stiffness
of the sling has little effect on the vibration frequency of
the structure.

gigg f [~ Bridge deck system dead load

0.240 - —— Stiffness of the main tower

0230 | " - Stiffness of the stiffing girder
£ 0220 [ T = —t—t Stiffness of the sling
802210 ‘[ - /4 - \\ Stiffiess of the main cable
2020 °
8'0.190 [
0.180 I

o160

0.150 . . . L »

0 0.20.40608101.21.4161.8202.224

Multiplier

Figure 7. Variation of Fundamental Frequency with Stiffness of Figure 8. Variation of 1st SVB MG Frequency with Stiffness of

Each Component

Each Component
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Figure 9. Variation of 1st LD MG Frequency of Main Tower with Stiffness of Each Component

It can be seen that the stiffness of the bridge deck
system can always reduce the vibration frequency of the
structure; changing the stiffness of the main tower has a
greater impact on the 1st LD MG, and the increase in the
dead load of the bridge deck system can reduce this stage
in the later stage. The frequency of vibration. At the
same time, the stiffness of the sling has little effect on
the 1st LD MG. The stiffness of stiffening girder also has
a certain influence on the 1st LD MG in the early stage.

5 Results

(1) The finite element model of the background bridge
was established through the finite element software, the
dynamic characteristics of the background bridge were
analyzed, and the accuracy of the data obtained by the
numerical simulation was verified through experiments.
The first-order natural vibration frequency was obtained
as 0.1261 Hz, the period is 7.9312s, the vibration mode
is 1% LD MG and the theoretical value is consistent with
the value of field test.

(2) Through the analysis of its dynamic
characteristics, and the first-order natural vibration
frequency is lower than other vibration modes' frequency
and has a longer period. In the first-order vibration mode,
the stiffness change of the stiffening girder has a greater
impact on the natural vibration frequency of the
suspension bridge; changing the stiffness of the main
tower has a small effect on the first-order frequency, so
the main tower can choose a more economical size when
meeting the requirements of the specification; it is the
secondary dead load that can effectively reduce the
natural vibration frequency of the suspension bridge, but
it is not unlimited.

(3) The increase in the bending stiffness of the
stiffening girder will affect the LD, TB, SVB, ASVB, ST
and AST of the long-span suspension bridge, especially
the influence on the TB MG. Significantly, when the
bending stiffness of the stiffening girder is doubled, the
first-order lateral natural vibration frequency of the
stiffening girder increases by 31%. When the bending
stiffness of the stiffening girder is increased to 3 times,
the mode shape of the long-span suspension bridge is
reordered, which may cause the 1st ASVB MG appears
before the 1st SVB MG.
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