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Abstract 
It is mean to study the effect of different pedestrian load conditions on the human-induced vibration response of the spatial cable surface suspension 
bridge and to provide effective vibration reduction measures. In this paper, the Xiasha pedestrian bridge was taken by Midas Civil software to 
establish the bridge formation stage model of space rope deck suspension bridge in Jiangmen City as the research background. Through the research, 
the corresponding rules are summarized, and some references are provided for the same type of projects.
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Introduction
In recent years, a large number of pedestrian suspension 

bridges have been built around China for the convenience of the 
public, which have become a beautiful scenery of the city with 
their beautiful and chic shapes. The Millennium Bridge incident 
in the UK has drawn the attention of researchers to the problem 
of human-induced vibration in urban bridges. A large number of 
studies on human-induced vibration have been conducted abroad 
[1-4]. Among them, Fujino [1] reported and studied the lateral vi-
bration of T-bridge in Japan and took damping measures. Yuan [5] 
described and studied the human-induced vibration calculation 
method of pedestrian bridges: Qiao [6] calculated the human-in-
duced vibration of bridges under walking and running loads based 
on the German design guidelines for pedestrian bridges and made 
damping control measures; Chen [7] and Zhang [8] introduced the 
human-induced vibration theory and dynamic design methods. 
However, there is less research on the human-induced vibration  

 
response of space cable deck suspension bridges. Compared with 
traditional suspension bridges, the structure of this type of suspen-
sion bridges is novel, the boom is arranged in an inclined manner, 
and the spatial three-dimensional system is formed between the 
boom, the main cable and the main girder, which makes the force 
situation of this type of suspension bridges more complex and 
mainly sensitive to dynamic effects. Therefore, it is necessary to 
study the self-oscillation frequency and human-induced vibration 
response of spatial cable deck suspension bridges. In this paper, the 
human-induced vibration problem is studied in the case of a sus-
pension bridge with space cable deck. The comfort of the bridge 
under four types of pedestrian load conditions from 0.2 to 1.5 p/
m2 is analyzed, and the comfort of the bridge is evaluated by cal-
culating the vibration response of the bridge under crowd loading 
with reference to the human-induced vibration calculation method 
in the German EN03 code.
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Finite Element Model and Self-Oscillation Response 
Analysis
Project summary and finite element model of space rope 
deck suspension bridge

Jiangmen Xiasha Pedestrian Landscape Flyover is located on 
the south side of the intersection of Jiangmen and Wuzhou water-
ways in Jianghai District. The bridge is a single main cable form of 

space rope surface suspension bridge, arranged 24.85m + 92m + 
24.85m = 141.7m single-span ground-anchored suspension bridge. 
The bridge width of 4m split steel box girder is used. The main 
bridge adopts a single-span suspension bridge system with double 
main cables and double booms. The spacing of boom is 5m, and the 
lower end is anchored on the crossbeam. The whole bridge super-
structure is made of steel, and the pedestrian landscape flyover in 
Xia Sha, Jiangmen City is shown in Figure 1.

Figure 1: Xiasha pedestrian landscape footbridge.

In this paper, the pedestrian landscape bridge in Xiasha, Jiang-
men City is modeled by Midas Civil finite element software. The 
main cable and boom material are used is 1860 steel strand for 

simulation. The boom consists of 34 units. The main cable consists 
of 18 units. The overall model of the bridge is shown in Figure 2.

Figure 2: Finite element model of spatial rope deck suspension bridge.

Determine the sensitive frequency range
In this paper, the sensitive range of self-oscillation frequency of 

the space cable deck suspension bridge is determined by referring 
to the domestic specification: vertical vibration frequency: 1.25~3 
Hz; transverse vibration frequency: 0.5~1.2 Hz.

The eigenvalue analysis using Lanczos analysis method in the 
finite element model of the space cable deck suspension bridge 
shown in Figure 2 was used to analyze the self-oscillation response 
characteristics of the suspension bridge and to determine the sen-
sitive frequency range.
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From the above, the vertical self-oscillation frequency of the 
3rd order of the structure is 2.840 Hz, which is located in the sen-
sitive range of vertical vibration frequency 1.25~3Hz and needs to 
be analyzed for human-induced vibration comfort. The transverse 
self-oscillation frequency of the first order of the structure is 0.781 
Hz, which is in the sensitive range of transverse frequencies from 
0.5 to 1.2 Hz and requires human-induced vibration comfort anal-
ysis.

Self-oscillation response analysis
The pedestrian density is taken as 0.2 p/m2, 0.5 p/m2, 1.0 p/m2, 

and 1.5 p/m2, respectively, and the crowd load is calculated togeth-
er with the self-weight of the structure for the eigenvalue response 
analysis to summarize the main beam vertical bending and later-
al bending self-oscillation frequencies in the sensitive frequency 
range, as shown in Table 1.

Table 1: Self-vibration frequency of the structure under different pedestrian load conditions (Hz).

Stage Vibration Type Structure Inherent Frequency 0.2 p/m2 0.5 p/m2 1.0 p/m2 1.5 p/m2

1 Lateral 0.781 0.78 0.776 0.772 0.768

3 Vertical 2.84 2.836 2.823 2.802 2.649

From Table 1, it can be seen that the structural inherent frequen-
cy of the space cable deck suspension bridge is low. Under different 
pedestrian loading conditions, the self-oscillation frequencies of 
the structure of each order vary; By increasing the pedestrian load 
condition, the self-oscillation frequency of the structure of the same 
order decreases accordingly.

Comparing with the structure inherent frequency, the main 
girder vertical bending  self-oscillation frequency is reduced by 6.7 
% and the main girder side bending self-oscillation frequency is re-
duced by 1.7 % when considering the working condition of 1.5 p/
m2 pedestrian density, which shows that the human-induced vibra-
tion has a significant effect on the  self-oscillation response charac-
teristics of the spatial cable deck suspension bridge.

Human-Induced Vibration Response Analysis of 
Spatial Rope Deck Suspension Bridges

Pedestrian load
The pedestrian simple harmonic walking load is applied by the 

equivalent crowd load method, four load conditions with different 
pedestrian densities are selected, then the pedestrian load model is 
established, the pedestrian harmonic load is loaded onto the bridge 
formation stage model, the maximum acceleration in the span of 

the spatial cable deck suspension bridge is calculated by the time 
domain analysis method, and the comfort analysis is performed ac-
cording to the maximum acceleration.

Modeling pedestrian harmonic loads
The German EN03 code states that the vertical bending and 

side bending pedestrian harmonic load models are calculated ac-
cording to equations (1) and (2), respectively.

p ( ) 280 cos(2 ) '         (1)v v vt f t nπ= × ×Ψ

p ( ) 35 cos(2 ) '           (2)h h ht f t nπ= × ×Ψ

Where fv is the self-oscillation frequencies of the analyzed ver-
tical bending modes and fh is the self-oscillation frequency of the 
analyzed side-bending mode. n’ is the fully synchronized pedestri-
an density. ψv is the discount factor of vertical and ψh is the discount 
factor of lateral.

Human-induced vibration response analysis
The self-oscillation frequencies of the vertical bending mode 

and the lateral bending mode are obtained from the finite element 
software analysis, and the vertical and lateral reduction coefficients 
are determined according to the German EN03 code calculation 
method, and the calculated parameters of the pedestrian harmonic 
load are summarized in Table 2.

Table 2: Calculated parameters for pedestrian harmonic loads.

Stage Vibration Type 
Self-Weight 0.2 p/m2 0.5 p/m2 1.0 p/m2 1.5 p/m2

fh/Hz ψh fh/Hz ψh fh/Hz  ψh fh/Hz ψh fh/Hz  ψh

1 Lateral 0.781 1 0.78 1 0.776 1 0.772 1 0.768 1

Stage Vibration type fv/Hz Ψv fv/Hz Ψv fv/Hz Ψv fv/Hz Ψv fv/Hz Ψv 

3 Vertical 2.84 0.25 2.836 0.25 2.823 0.25 2.802 0.25 2.649 0.25

The calculation parameters in Table 2 will be brought into the 
formula (1) and formula (2) can be obtained for each unit area 
crowd load function, this time to crowd density 1.5 p/m2 working 
condition as an example, the calculation process is as follows.

The crowd density is 1.5 p/m2. The main span of this bridge 
is 92m. The width of bridge is 4 m. The bridge deck area is 368 
m2. The total number of people on the bridge is 552.The pedestrian 

Flow Equivalent Number is 0.118 p/m2.

Unit area crowd loading function:

2p ( )1 cos(2 ) ' 280 cos(2 2.649 ) 0.25 0.118 (N/m )v v vt P f t n tπ π= ×Ψ × = × × × × ×

2p ( )1 cos(2 ) ' 35 cos(2 0.768 ) 1 0.118 (N/m )h h ht P f t n tπ π= ×Ψ × = × × × × ×

From the above, the acceleration time curve of the span node 
of the main beam under 1.5 p/m2 pedestrian load condition can be 
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obtained, as shown in Figure 3 and Figure 4. Figure 3 shows the 
vertical acceleration time course of the node in the span of the main 
beam at order 3 for the vertical pedestrian step frequency; Figure 4 

shows the lateral acceleration time course of the node in the span of 
the main beam at order 1 for the lateral pedestrian step frequency.

Figure 3: Time course of vertical acceleration under 1.5 p/m2 working condition.

Figure 4: Time course of lateral acceleration under 1.5 p/m2 working condition.

The acceleration time curves of the span nodes of the main 
beam under four pedestrian load conditions from 0.2 to 1.5 p/m2 
were calculated separately, and the maximum acceleration in each 
time curve when the crowd mass was considered and not consid-
ered were compared.

From Figure 5, it can be seen that pedestrian flow has a signif-
icant effect on the spanwise acceleration of the main girder of the 
spatial rope deck suspension bridge, and the maximum accelera-
tion of the main girder corresponding to different flows generally 

increases after considering the crowd mass, among which in the 
maximum lateral acceleration of the main girder, there is a 60.3% 
difference in the maximum lateral acceleration of the main girder 
after considering the crowd mass compared to not considering the 
crowd mass, which is caused by the difference in the discount factor 
in modeling the pedestrian harmonic load in vertical bending and 
lateral bending. This is caused by the different discount factors in 
the modeling of vertical and lateral bending pedestrian harmonic 
loads.
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Figure 5: Variation of the maximum acceleration of the main beam with the density of pedestrians.

Pedestrian comfort evaluation
In this paper, referring to the German specification, the pedes-

trian comfort is defined as shown in Table 3.

According to Table 3 and Figure 5, the pedestrian comfort 
during the service period of the space cable deck suspension bridge 
was evaluated, and the results are shown in Table 4.

Table 3: Definition of pedestrian comfort in the German EN03 specification.

Grade Comfort Standards
Acceleration /m·s-2

Vertical Lateral

1 Very comfortable <0.5 <0.1

2 Medium comfort 0.5~1.0 0.1~0.3

3 Uncomfortable 1.0~2.5 0.3~0.8

4 Unbearable >2.5 >0.8

Table 4: Evaluation results of pedestrian comfort of spatial rope deck suspension bridges.

No Consideration for Crowd Quality Consider the Quality of the Population

 

Density of 
pedestrians / 

p/m2

Vertical Lateral

General 
Evaluation

Vertical Lateral

General 
Evalua-

tion
Maximum 
Accelera-

tion speed

Evalu-
ation 

Results

Maximum 
Accelera-

tion speed

Evalu-
ation 

Results

Maximum 
Accel-

eration 
speed

Evaluation 
Results

Maxi-
mum 
Accel-

eration 
speed

Evalu-
ation 

Results

0.2 0.128 Very com-
fortable 0.011

Very 
comfort-

able

Very com-
fortable 0.154 Very comfort-

able 0.032
Very 

comfort-
able

Very 
comfort-

able

0.5 0.273 Very com-
fortable 0.022

Very 
comfort-

able

Very com-
fortable 0.229 Very comfort-

able 0.062
Very 

comfort-
able

Very 
comfort-

able

1 0.39 Very com-
fortable 0.043

Very 
comfort-

able

Very com-
fortable 0.427 Very comfort-

able 0.082
Very 

comfort-
able

Very 
comfort-

able

1.5 0.686 Medium 
comfort 0.052

Very 
comfort-

able

Medium 
comfort 0.724 Medium 

comfort 0.131 Medium 
comfort

Medium 
comfort
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From Table 4, it can be seen that pedestrians are no longer in a 
very comfortable state after exceeding 1.5 p/m2 working condition, 
from which it can be concluded that the space cable deck suspen-
sion bridge should be damped in the case of high pedestrian flow 
to ensure that pedestrians are in a very comfortable state in this 
bridge, considering the crowd quality has practical significance. In 
this paper, the pedestrian density of 1.5 p/m2 is selected for vibra-
tion control.

Vibration Damping Measures

Parameter design of TMD dampers
According to the German EN03 specification, measures can be 

taken to improve the dynamic performance of suspension bridges 
with space cable faces that do not meet the limit values. The main 
measures include: change of mass; change of stiffness; change of 
structural damping; increase of damping. The design parameters of 
the TMD dampers are shown in Table 5.

Table 5: Design parameters of TMD dampers.

Stage Control Direction Quality of TMD (Kg) TMD Stiffness (N/m) TMD Damping Factor (N∙s/m)

1 Lateral 13.92 4313.52 29.57

3 Vertical 2631.64 815542.41 5589.84

Analysis of vibration damping effect
According to the vibration diagram, the TMD dampers are ar-

ranged at the maximum deformation, and the acceleration time 
curves in the span of the main beam before and after damping un-

der the equivalent crowd load condition are shown in Figure 6.

According to Figure 6, the damping efficiency was obtained by 
comparing the maximum acceleration of each order before and af-
ter damping (see Table 6).

Table 6: Comparison of maximum acceleration before and after damping.

Crowd loading Loaded 
Working Conditions Stage Maximum Acceleration before 

Damping (m/s2)
Maximum Acceleration after 

Damping (m/s2)
Vibration Damping Rate 

(%)

TC5
1 0.131 0.069 47.3

3 0.724 0.421 41.8

Figure 6: Time course of acceleration of main beam before and after damping at 1.5 p/m2 working condition.

As can be seen from Table 6, under the equivalent crowd load, 
the acceleration maximum value of the nodes in the span of the 
main beam is significantly reduced after setting the TMD dampers, 
and all the comfort levels of the bridge meet the comfort standard 
requirements, which has played a good vibration reduction effect.

Conclusion
In this paper, the dynamic response analysis of human-induced 

vibration on space cable deck suspension bridges is studied, and 
finally, vibration damping measures are carried out for the unfavor-
able working condition of pedestrian density of 1.5 p/m2.

•	 The self-oscillation frequency of the spatial cable deck sus-
pension bridge is low, and the self-oscillation frequency of the 
bridge decreases with the increase of pedestrian density when 
considering the crowd mass, including the maximum decrease 
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of 6.72 % in the vertical bending frequency of the main girder 
and 1.66 % in the lateral bending frequency of the main girder 
within the working condition of 1.5 p/m2 from not considering 
the crowd mass to the pedestrian density.

•	 With the increase of pedestrian density, both vertical and lat-
eral accelerations of the nodes in the span of the main girders 
increase, which shows that the crowd load has a significant 
effect on the lateral acceleration of the space cable deck sus-
pension bridge.

•	 After considering the mass of the crowd, the space cable deck 
suspension bridge is very comfortable for pedestrians in the 
range of pedestrian density 0.2~1.0 p/m2. Under the condition 
of 1.5 p/m2 pedestrian density, the pedestrians are in a moder-
ate comfortable state, which does not meet the requirements 
of comfort level. The maximum acceleration of the structure 
meets the requirements of comfort level by adding TMD damp-
ers, which shows that TMD dampers have obvious effects on 
reducing the vibration response of the space cable deck sus-
pension bridge.
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