
The 6th International Conference on  
Structural Health Monitoring of Intelligent Infrastructure 

Hong Kong | 9-11 December 2013 

 
 
 

PEDESTRIAN-INDUCED VIBRATION AND CONTROL OF FOOTBRIDGE 
- EXPERIMENTS, MODELING AND APPLICATION  

 
 

Limin Sun  

State Key Laboratory of Disaster Reduction of Civil Engineering, Tongji University, Shanghai, China.  
Email: lmsun@tongji.edu.cn 

 
 
ABSTRACT  
 
Owing to the increasing use of light and high-strength materials and the aesthetic demands on structural 
appearance, newly constructed or designed modern footbridges tend to have longer spans and less mass, which 
results in lower structural natrual frequencies and inherent damping. In recent years, some footbridges have 
suffered from excessive pedestrian-induced vertical or transversal vibration which severely influences the 
comfort of pedestrians on the footbridges or even the structural safety. The characteristics of lateral pedestrian 
force, the comfort criterion for human on the bridge with vibration, and the vibration control countermeasures 
have become the concerned issues. In this paper, systematic experiments measuring lateral pedestrian forces, 
carried out through shaking table and SDOF structural model, were reported. The forces were measured using a 
3D force plate which was installed under a treadmill. According to the experiments, the relationship between the 
lateral pedestrian forces and the structural vibration was established. It is shown that the lateral synchronization 
potentially occur due to human-structure interaction when vibrations of human and structure is near to tuning. A 
theoretical model was proposed for lateral pedestrian force of walking human. The model is significant for 
understanding the characteristics of pedestrian forces for footbridge design and evaluation of pedestrian-induced 
vibration. The comfort criterion for human on the bridge was summarized. As examples, the simulation was 
carried out for evaluating the possibility of pedestrian-induced vibration for several footbridges. The 
serviceabilities of these bridges were accessed based on the comfort criterion and the vibration control 
countermeasures were also suggested when neccessary. Finally, the design codes for footbridge were reviewed. 
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INTRODUCTION  
 
Due to increasing use of high-strength and light materials and aesthetic demand of structural appearance, newly 
constructed modern footbridges tend to have larger spans and less mass, which results in lower inherent 
structural damping. In recent years, some footbridges have suffered from excessive pedestrian-induced vertical 
or lateral vibration which severely influences the comfort of pedestrians on the footbridges or even the structural 
safety (Table 1). Safety and serviceability of footbridges suffered from pedestrian-induced vibration has been 
concerned from the design phase of footbridges.  
 
This paper presented systematic experimental studies for measuring lateral pedestrian force by using a shaking 
table and a SDOF structural model. The purpose of the experimental study is to investigate characteristics of 
pedestrian forces varying with the frequency and amplitude of lateral vibration, and to find out the performance 
of pedestrians walking synchronously during the vibration of footbridge. According to the experimental, the 
relationship between the synchronized lateral pedestrian forces and the structural vibration was established. And 
a theoretical model of pedestrian-induced vibration of footbridges was proposed. Numerical examples show the 
applications of the model above in evaluating the possibility of lateral vibration induced by synchronized 
pedestrians. The serviceabilities of bridges were accessed based on the comfort criterion and the vibration 
control countermeasures were suggested. 
 



PEDESTRIAN LOADING 
 
It is recognized that the human walking force averagely has a natural frequency of 2 Hz in vertical and 1 Hz in 
lateral direction (Fujino 1993). The synchronized lateral pedestrian excitation has been recognized as a 
governing scenario of lateral vibration of footbridges (e.g., Bachmann 1987; Fujino 1993; Dallard 2001; 
Nakamura 2004). However, people have not well understood the human walking manner under the lateral 
vibration and the correlation between the vibration and the pedestrian forces which is essential to estimate the 
vibration. Some tests to measure pedestrian forces in vibration and investigate the process of human-structural 
interaction have been carried out. Human walking load has been investigated experimentally to study the 
vibration of floor, stair and footbridge. Andriacchi et al.(1977) measured the force of a single step of human 
walking using a force plate and recently Zivanovic and Pavic et al. (2005) proposed a model for periodical 
continuous walking force. Okamoto et al. (1992) carried out an experiment on human walking using laterally 
shaking floor. Synchronization of human walking to the floor motion was confirmed and it was found that the 
lateral motion during walking increased as the amplitude of the floor shaking increased. While the relationship 
between the lateral force and the shaking amplitude was not clearly quantified. Dallard et al. (2000 and 2001) 
introduced two laboratory tests carried out at the University of Southampton and at Imperial College, London. 
Lateral pedestrian forces and probability of synchronization in various amplitudes and frequencies of the 
vibration were given. In addition the limitations of two tests were also mentioned. Mcrobie et al. (2003) made 
section model tests to investigate the process of human-structural interaction and explained the phenomenon of 
the synchronization. Some issues for footbridge design were discussed but pedestrian forces were not measured 
directly. Nakamura (2004) measured lateral forces of footfalls by using a shaking table test at several 
frequencies and amplitudes of vibration. The dynamic force and the synchronous characteristics of pedestrians 
were measured and clarified. However the walking fashion is different from normal forward walking.  
 

Table 1. Examples of Human-induced Vibration of Footbridges 

 

Bridge Structure 
Main 
Span 

Freq.
(Hz) 

Damping 
Ratio 

Vibration 
Description 

Control 
Measure 

Multi-span cable-stayed (Wheeler 1982) 38m 1.8 1.5% Vertical - 

Girder (Bachmann 1987) 40m 1.92 2.2% Vertical - 

Cable-stayed (Tilly 1984) 48m 1.92 - Vertical - 

Suspension (Brownjohn 1997) 35m 2.07 - Vertical - 

Steel girder (Matsumoto 1978) 48.5m 2.09 0.8% Vertical - 

RC girder (Pan 1992) 36m 2.23 0.5% Vertical - 

PC box girder (Bachmann 1992) 34m 2.3 - Vertical - 

Steel girder (Pan 1992) 43.3m 2.4 - Vertical - 

Composite girder (Bachmann 1992) 25m 2.46 0.25% Vertical - 

Steel girder (Bachmann 1987) - 4.0 - Vertical - 

Cable-stayed (Fujino 1993) 133m 0.9 0.8% Lateral TLD 

Continuous girder (Bachmann 1992) 15.5m 1.0 - Lateral - 

Steel box arch (Bachmann 1987) 110m 1.1 0.5% Lateral TMD 

Steel truss (Fitzpatrick 2001) 45m 0.7 - Lateral - 

Suspension (Fitzpatrick 2001) 100m - - Lateral - 

Steel box girder (Dallard 2001) 165m 0.67 - Lateral - 

Suspension (Blekherman 2005) 180m 1.0 - Lateral - 

Steel truss arch 106m 0.7 - Lateral TMD 

Steel girder (Dallard 2000) 144m 0.95 - Lateral TMD, Damper



In this study, the pedestrian forces were measured using a 3D force plate (loadcell) on which a treadmill was 
installed. The first part of the experiments was conducted using a shaking table (Figure1). The treadmill with the 
force plate was fixed on the shaking table. A pedestrian walked on the treadmill in a speed of 1.0m/s or 0.83m/s 
without any rhythm suggested, and could freely adjust his step to make himself comfortable and easy to keep 
balance. The shaking table oscillated laterally with frequencies from 0.65Hz to 1.2Hz, and amplitudes from 
4mm to 50mm. In each case of shaking frequency and amplitude, pedestrians walked for 30 seconds, so they 
could leisurely adapt themselves to the vibration. The acceleration of the shaking table was measured 
synchronously with the forces. Then the lateral pedestrian force could be derived by subtracting the inertia 
forces of the treadmill and force plate from the measured lateral force. In total, 7 persons were tested in the 
experiments. 
 

     
Figure 1. Measurement of human walking in shaking table experiment 

 

       
Figure 2. Measurement of human walking force in free vibration experiment 

 
The second part of the experiments used a SDOF structural model, which was a swing concrete block (Figure 2). 
The structural mass was 2200kg. The fundamental natural frequency was between 0.65Hz and 1.0Hz adjusted 
by horizontal springs. The treadmill then was installed on the block. At each shaking frequency, pedestrians 
walked on the treadmill with a speed of 0.47m/s, 0.67m/s, 0.83m/s and 1.0m/s. At each speed a pedestrian 
walked with an appropriate pace rate for 60 seconds and excited the structure to vibrate laterally. So a pedestrian 
had enough time to perceive vibration and adjust his walking pace. When the pace rate was near to twice of the 
natural frequency of structure, the amplitude of structural vibration would increase and pedestrians had to adjust 
their paces to synchronize with vibration. Pedestrian forces and the lateral structural movement were also 
measured in the tests. 
 
ANALYSIS ON PEDESTRIAN-INDUCED VIBRATION 
 

Dynamic Load Factor (DLF) of Lateral Pedestrian Forces 
 
Assuming periodic variations, the lateral pedestrian forces can be represented as a Fourier series: 

p
1

( ) sin( )n n
n

F t G nf tα π φ
∞

=

= +                           (1) 



where G  is the pedestrian’s weight, nα  is called the Dynamic Load Factor (DLF) which is the ratio of the 

nth harmonic amplitude to the body weight, pf is the pace rate, nφ  is the phase of the nth harmonic. n is the 

number of the harmonic. The values of DLF for vertical and lateral pedestrian force have been proposed by 
some researchers based on their experimental studies (Table 2). 
 

Table 2. Dynamic Loading Factor (DLF) Proposed by Researchers 

Researchers Dynamic Load Factor (DLF) 
Stepping 

Frequency 
 Vertical  

Blanchard (1977) 1vα = 0.257 < 4 Hz 

Bachmann (1987) 1vα = 0.37; 2vα = 0.10; 3vα = 0.12; 4vα = 0.04; 5vα =0.08 2 Hz 

Bachmann (1995) 1vα = 0.4-0.5; 2vα = 0.1; 3vα = 0.1 2 – 2.4 Hz 

Allen (1993) 1vα = 0.5; 2vα = 0.2; 3vα = 0.1; 4vα =0.05 1.6 – 2.4 Hz 

Kerr (1998) 1vα depends on freq.; 2vα = 0.07; 3vα = 0.06;  

Young (2001) 

1vα = 0.41(f - 0.95)<=0.56; 

2vα = 0.069 + 0.0056f 

3vα = 0.033 + 0.0064f 

4vα = 0.013 + 0.0065f 

f = 1 – 2.8 Hz 

Sun (2008) 1vα  = 0.36 , 2vα  = 0.13 1.6 – 2.4 Hz 

 Lateral  

Bachmann (1987) 1Lα  = 0.039 , 2Lα  = 0.01 , 3Lα = 0.043 , 4Lα  = 0.012, 5Lα  = 

0.015 
2 Hz 

Bachmann (1995) 1Lα  = 0.1 , 2Lα = 0.1 2 Hz 

Sun (2008) 1Lα = 0.033 , 2Lα  = 0.009 1.6 – 2.4 Hz 

 
Figure 3 shows a typical test result of pedestrian forces and vibration displacement using the SDOF structural 
model. The displacement and the pedestrian have the same frequency. It is obvious that the pedestrian forces are 
close to perfectly periodic. Figure 4 shows the lateral force amplitude spectrum normalized by pedestrian’s 
weight. Apparently, pedestrian forces include several harmonics. Each harmonic was extracted using band-pass 
filtering and the corresponding DLF was obtained. Figure 5 shows the 1st DLF of lateral pedestrian forces at 
different frequencies and amplitudes of vibration. It can be concluded that the 1st DLF of lateral pedestrian 
force gradually increases when the lateral movement increased but is insensitive to lateral vibration frequency. 
The approximate relationship between the 1st DLF of the lateral force and the vibration amplitude can be 
established by linear fitting: 

                         1(A)=1.18A+0.05α                                 (2) 
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Figure 3. Time histories of pedestrian forces and swing displacement 

 

where 1( )Aα  is the 1st DLF of lateral pedestrian force, A  is the shaking amplitude. It can be seen that when 

0A = , the DLF of lateral pedestrian forces is a little more than 0.04. In addition, when the amplitude of 
vibration reached 0.05m, it was founded that people could not walk steadily and had to take hold of the handrail 
to keep balance. Therefore, Eq.(2) is applicable only when 0.05A m< . 
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Figure 4. Amplitude spectrum of lateral force Figure 5. 1st DLF of lateral force,  L1α  

 
Phase Lag between Pedestrians and Bridge Vibration 
 
When pedestrians are disturbed by the lateral vibration of footbridges, how they adjust their pace and get into 
synchronization? The tests give us some good examples which make us understand the process better. Figure 6 
shows a typical time-varying phase lag between the lateral pedestrian force and the displacement of shaking 
table. The shaking amplitude gradually increased from 4mm to 30mm with a frequency of 1Hz. It can be seen 
that the pedestrian soon reacted to the vibration which was only 4~5mm in amplitude. At the first stage, the 
phase lag fluctuated mainly between 120ºto 180º. It indicated that the pedestrian tried to maintain a steady 
relative movement with the vibration. While spectrum analysis showed that the frequency of his lateral 
movement was about 0.95Hz which is a little lower than the shaking frequency. So for every two steps the phase 
lag gradually decreased. Once the phase lag decreased lower than 120º, the comfort and balance of the 
pedestrian may be weaken too much, and the pedestrian tended to redress the phase lag by adjusting his pace. 
But due to the difference of frequencies, the pedestrian has to adjust his pace every few steps. In the second 
stage, the amplitude of vibration reached 20mm, the pedestrian adjusted his paces rate to 2Hz, then the phase lag 
maintained as a constant. Thus the pedestrian walked in synchronization with vibration of the shaking table. 
Figure 7 shows the probability distribution of the steady phase lag of different pedestrian with a mean of 140.8º 
and standard deviation of 17.9º. It is accordant with the result observed on a pedestrian suspension bridge 
(Nakamura 2004). 
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Figure 6. Typical time history of phase lag           Figure 7. Probability distribution of phase lag 

 
If the displacement and velocity of the lateral vibration are 

                        sin , cosy A t y A tω ω ω= =                              (3) 

then the lateral force of a pedestrian walking synchronized with vibration can be expressed as 

                 1
1( ) sin( )= cos sin

G y
F t G t y

A

αα ω ϕ ϕ ϕ
ω

 = + + 
 


                    (4) 

where α
1
 is the 1st DLF of lateral pedestrian force obtained from Eqs.(2). ϕ  is the phase lag between the 

lateral pedestrian force and the displacement of vibration. 
 
Probability of Synchronization 
 
The probability of synchronization of pedestrians is also dependent on the frequency and amplitude of vibration 
in the lateral direction. From the tests it can be seen that pedestrians tend to synchronize their footfall to the 
vibration more when the initial frequency of body movement in the lateral direction is closer to the frequency of 
vibration (Figure 8). Also, the probability increases with the amplitude of vibration (Figure 9). Assuming that 
the probability of synchronization is the function of the amplitude and frequency of the vibration as follows: 

                        2
s 2

1

( , ) exp ( 1)
A

p A f c f
A c

 = − − +
                       (5) 

where c
1
, c

2
are undetermined coefficients. 
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Figure 8. Frequency interval and amplitude of lateral 
vibration when synchronization 

 Figure 9. Probability of synchronization 

    
Synchronized Lateral Forces of Crowd 
 
For a crowd of N pedestrians, the synchronized lateral forces can be expressed as 

1
s cos sinsNp G y

F y
A

α ϕ ϕ
ω

 = + 
 


                  (6) 

where α
1
 and p

s
 are computed from Eq.2 and Eq.5. 

 
DYNAMIC MODEL OF PEDESTRIAN-INDUCED VIBRATION OF FOOTBRIDGE 



 
Only considering one mode of vibration which would be resonant with the lateral pedestrian forces 

  ( )y x Yφ=                                      (7) 

 
The load of synchronized lateral pedestrian forces in modal coordinates can be expressed as 

s s 1
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            (8) 

where A
0
is the amplitude of modal coordinates 

2 2
0 ( / )A Y Y ω= +                                 (9) 

 
Because A (amplitude of vibration) varies with x (position on the deck), the integral part of Eq.(8) has to be 
solved by numerical integration. A conservative expression can be simplified as 

s 0 1 0
s

0

( ) ( )
cos sin

r p A A NG Y
P Y

A
φ α

ϕ ϕ
ω

 
= + 

 


               (10) 

where rφ  is a coefficient relating to mode shape. The load of random walking pedestrians in modal coordinates 

is 

r s 0 1(1 ( )) (0) sinP r p A N G tφ α ω= −                      (11) 
then the lateral vibration induced by total pedestrians can be modeled as a SDOF dynamic model using the 
modal coordinates: 

2 s r2
P P

Y Y Y
M

ξω ω ++ + =                             (12) 

When A is small, lateral pedestrian forces are mainly induced by random walking, and Pr  is larger than Ps. 
When A increases, more pedestrians walk synchronized with vibration, and finally Ps is much more than Pr. 
Eq.(12) expresses the evolution of the lateral pedestrian forces from random to synchronization under vibration. 
Ps  includes two parts: one is correlative with the displacement of vibration and can be regarded as the 
additional stiffness, while the other is correlative with the velocity of vibration and can be seen as the additional 
damping. The influence of the additional stiffness is limited and therefore, can be neglected, then the equation of 
motion can be rewritten as  

s 0 12 (1 ( )) (0)
2 sinT

r p A N G
Y Y Y t

M
φ α

ξ ω ω ω
−

+ + =                 (13) 

where 

s 0 1 0

2
0

( ) ( ) sin

2T

r p A A NG

A M
φ α ϕ

ξ ξ
ω

= −                       (14) 

With Eqs.(7)-(14) one can simulate the vibration of footbridges considering synchronized pedestrians. 
 
EVALUATION ON SERVICEABILITY OF FOOTBRIDGE 
 
Comfort criteria on the lateral vibration of footbridges has been lacking for long time. Bachmann (1995) 
proposed that the peak acceleration of lateral vibration should not exceed 0.2m/s2, while Dallard (2000) 
suggested 0.2-0.4m/s2. In China the comfort criteria of lateral vibration is less considered, and sometimes has to 
refer to the criteria about ships or buildings (2008). After London Millennium Bridge vibrated severely, the 
British Standard (BS 5400) suggests the lateral peak acceleration of footbridges should be less than 0.25m/s2. 
Eurocode (EN 1990) suggests a limitation of 0.2sm/s2 for normal condition and 0.4m/s2 for congested condition. 
All criteria above are not dependent on frequency. The draft annex A2 to EN 1990 give a more detailed comfort 
criteria: the maximum acceleration of any part of the deck should not exceed 0.14 f or 0.15m/s2. We adopt 

this criterion to evaluate the vibration comfort of a large span footbridge. 
 
EXAMPLES 
 

Foshan Dongping Footbridge 



 
A three-span cable-stayed footbridge with horizontal curving steel box girder will be built on Dong Ping River 
in Foshan of Guangdong province in China (Figure10). The total length of it is about 655m (main span 305m), 
and the width of the road deck is 7.5m. The design traffic of pedestrians for normal service is 3600 per 15 
minutes, corresponding to 0.35 people/m2. However, the crowd density once reached 1.3-2.0 people/m2 when 
some footbridges were excited by large lateral vibration. Hence, it is necessary to estimate and assess the 
vibration in such crowd traffic. 
 
Mode shapes and natural frequencies are analyzed. It shows that there are several natural frequencies of lateral 
modes close to 1Hz potentially to be excited by synchronized human walking (Table 3), and the mode of 1.07Hz 
is mostly likely to be excited. The mode shape obtained is illustrated in Figure 17. 
 

   
Figure 10. Model of Dong Ping River footbridge            Figure 11. Model shape of 1.07Hz 

 
 

Table 3. Natural Frequency Close to 1Hz and Mode Shapes (Dongping Bridge) 

Frequency (Hz) Mode Shape of Main Span 

1.04 
3rd symmetric in vertical 

and 1st asymmetric in lateral 

1.07 
3rd symmetric in vertical 

and 1st asymmetric in lateral 

1.19 
3rd symmetric in vertical 

and 2nd symmetric in lateral 

 
Assuming that the largest crowd on the bridge is 1.4 people/m2, and then the total number will be about 6800. 
Damping ratio is assumed to be 0.5%. The lateral acceleration excited by partial synchronizations of 6800 
pedestrians is simulated with the dynamic model of Eq. (13). The maximum acceleration of the lateral mode of 
1.07Hz is about 0.13m/s2, which is close to the comfort criterion. In addition, the responses of other lateral 
modes (1.04Hz, 1.19Hz) are simulated and are less than the result above. In comparison, we also assume that the 
pedestrians are completely random walking, the corresponding maximum acceleration is only 0.04 m/s2. It is 
noted that synchronization will occur in some extent when congested pedestrians walk on the footbridge. 
If the damping of the bridge is lower than assumed, the maximum acceleration is likely to exceed the comfort 
criteria. So some vibration control countermeasure should be taken into account. A convenient scheme is to 
install tuned mass dampers (TMD). The mode shape of 1.07Hz corresponds to the 2nd mode which is 
asymmetric in the lateral direction, so TMDs should be installed on the maximum amplitude position of the 
mode.  
 
Taiyuan Fenhe Footbridge 
 
Taiyuan Fenhe Foodbrdige is a continuous steel girder bridge with separate decks, which are connected each 
other by lateral beams and are supported by V-shape piers. There are two modes sensitive to the pedestrian load; 

(a) vertical 

(b) lateral 



they are Mode 3 - Lateral mode of side span with the natural frequency 1.274 Hz and Mode 4 - Vertical mode of 
center span with the natural frequency 2.084 Hz. 
The simulations showed that if the structural damping ratio is smaller than 0.5%, the bridge vibration due to 
pedestrian could not meet the requirement of serviceability both in lateral and in vertical. To suppress the 
vibration acceleration amplitude under the serviceability criteria, the damping ratios of 1% and 2.4% are 
requested in vertical and in lateral respectively. Therefore, the vibration control countermeasures are 
investigated. For suppressing lateral vibration, some of the connecting beams linking two decks are replaced by 
oil dampers. The optimal distribution of damper is discussed. For suppressing vertical vibration, a TMD 
installed at the middle of the center span is suggested. The total mass of TMD is 9.3 tons, which is about 1.2% 
of the modal mass of the bridge. 
  

 
 

Figure 12. Taiyuan Fenhe Foodbridge 
 

  
 

Figure 13. Lateral mode (1.274 Hz)                Figure 14. Vertical mode (2.084 Hz) 
 
CONCLUDING REMARKS 
 
Systematic experiments measuring lateral pedestrian forces were carried out using a shaking table and a SDOF 
structural model. It is shown that the lateral synchronization potentially occur due to human-structure interaction 
when the human walking pace and the structural vibration frequency are near to tuning. Based on the 
experiments, the model of synchronized lateral pedestrian forces was proposed. Dynamic model of 
pedestrian-induced vibration of footbridges was established which reflected the whole responses of random 
walking and synchronized walking. Vibration comfort criteria for footbridges were reviewed and summarized. 
Finally a large span cable-stayed footbridge and a midium span contiunous steel girder foodbridge were 
evaluated on their pedestrian-induced vibration. It indicated that synchronization will likely occur when 
congested pedestrians walking on the footbridges. Therefore, some vibration control countermeasure should be 
taken into considerations. 
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