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ABSTRACT 
 
Based on the field test of vibration of waiting room floor of Beijing South railway Station (BSRS), this paper 
concentrates on vibration of floor system under human induced loads and the dynamic characteristics changes of 
floor system under different static and dynamic human activities. The accelerations of the waiting room floor of 
BSRS when occupied by different activities are tested; the natural frequency and damping ratio of the floor 
structure are analyzed. According to field test results, the effect of the posture and numbers of the static crowd 
were discussed, and the effect of the walking and jumping frequencies of dynamic crowd on the dynamic 
characteristics of the floor structure are studied. Crowd sitting and standing directly on the floor will reduce the 
frequency of the structure, increasing the damping of the structure, and this trend is more obvious with the 
increasing of size of crowd. Crowd density increasing will reduce the first-order of structural frequency and 
increase the structural damping. However, the effect of crowd density on the second-order and third-order 
frequency is small. 
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INTRODUCTION 
 
Long-span floor slabs are being increasingly used in public building, especially in waiting rooms of new large 
railway stations for the aesthetic requests, such as the waiting room floor system of Beijing South Railway 
Station (BSRS). Newly built long-span floor slabs of waiting room are often characterized by reduced stiffness 
and damping, so that they are extremely prone to vibration and may exhibit excessive vibration that causes 
major discomfort to the occupants. These floors are normally designed using static method which will not reveal 
the true behavior under human-induced loads resulting in vibration problem.  
Live load comes along with the use and occupation of a structure. Crowd load can be classified as static and 
dynamic loads according to the crowd behavior. Static crowd refers to the situation with everybody sitting or 
standing freely. A dynamic crowd refers to the combination of different human behavior such as the stepping of 
foot, walking, jogging, jumping and bouncing, etc. Many existing structures, in particular the long-span 
structures, have a low natural frequency and they are easily excited by crowd load undergoing rhythmic motion. 
Many works related to the form of human load and the human-induced effects on different types of structures 
can be found in various publications (Bennett et al. 1997; Ebrahimpour and Fitts; Ebrahimpour and Hamam 
1996; Ebrahimpour et al. 1989; Greimannand Klaiber 1978; Harrison and Yao 2008; Murray 1979; Tuan and 
Saul 1978). 
How the human occupants influence the dynamic properties of a civil engineering structure is an important topic 
of the human-structure interaction problem. The occupants are often modeled just as additional masses to the 
structure (Walley 1959; Allen and Rainer 1975; Ebrahimpour and Sack 1989). However, some researchers 
found that a significant increase in damping is due to the presence of human occupants (Ebrahimpour and Sack 
1989; Lenzen 1966; Polensek 1975; Manheim and Honeck 1987; Bishop et al. 1993), and a damped dynamic 
model on the human occupant could be employed (Ohlsson 1982; Rainer and Pernica 1985). The human 
occupant was modeled as a dynamic system with mass, stiffness and damping properties to explain the 
observations in the experiments by Lenzing (Lenzing 1988). The dynamic response measurements made on the 
Twickenham stadium also indicated that human occupant of a real-life civil engineering structure is acting more 
as a dynamic mass-spring-damper system than just an additional mass (Ellis and Ji 1997). The experimental 
results on the grandstand structure clearly indicated an additional mode caused by human occupants with an 



additional degree-of-freedom (DOF) to the structure. Ellis and Ji also reported that a person acts solely as a load 
when he is jumping or jogging at a fixed location (Ellis and Ji 1997). 
The level of human-structure interaction is difficult to predict and it depends on many factors, including the 
natural frequency of the original structure, the posture and type of human activity, and in the case of a public 
assembly area, the relative size of the crowd compared with the size of the structure (Sachse et al. 2003). 
To study the human-induced effects on waiting room floor of Beijing South railway Station (BSRS), the 
experiments were performed on the waiting room floor. The test processing was presented in reference (Liu Z.l. 
2012; Qing 2011). This principal aim of this paper is to investigate the dynamic characteristics changes of floor 
system under different static and dynamic human activities. 
 
FIELD TEST IN WAITING ROOM FLOOR OF BSRS BUILDING 
 
The floor between 12 platform and 13platform in the waiting room of Beijing South Railway Station Building 
was selected to test. It is a rectangular zone, which has the length of 40.5m, and the width of 20.6m. There are 
four columns at the four corners of rectangular. The cross section of Beam B1 is H2900*1000*45*70, the cross 
section of Beam B2 is H1600*600*30*50, and the cross section of Beam B3 is HN900*300*16*28.The floor is 
made of prestressed concrete, which thickness is 150mm.The accelerations of the floor surface at eight points 
were measured by accelerometers during test processing. The locations of the measurement points were shown 
in Figure 1. A series of tests was undertaken on the selected floor area with the help of a group of students and 
staff from Beijing Jiaotong University (BJTU). The 0.1t bag of sand on the center of the selected area was used 
to forced vibration test, which were thrown at the height from the floor surface 1.5m.  
 

 
Figure 1. Configuration of test area (mm) 

 
DYNAMIC CHARACTERISTICS OF THE FLOOR WITHOUT HUMAN 
 
The acquisition first three frequencies and damping ratios for the sandbag testing of the floor without human are 
shown in table 1. 
 

Table 1. Modal identification results of the floor without human 

Frequency (Hz) Damping ratio (%) 

1st 2nd 3rd   1st 2nd 3rd 

3.329 3.745 4.345   0.19744 0.03626 0.06179 

 
DYNAMIC CHARACTERISTICS OF FLOOR UNDER STATIONARY CROWD 
 
The dynamic characteristics of floor under static crowd were also texted with the method of sandbag testing. In 
this section, the effects of number and posture of the static crowd on the dynamic characteristics parameters of 
the structure were taken into account. With the static crowd standing on the floor, the number of people includes 
five cases: 40, 50, 60, 70 and 80 people, while the posture of static crowd includes four cases, three of which are 
sitting postures.  
 
Effect of Number 
 
When the crowd was standing statically, the acceleration time-history data of the vibration induced by sandbag 



testing were collected. The results of frequency and damping ratio identified by SSI modal analysis method are 
shown in table 2. 
 

Table 2. Modal identification results with crowd standing 

 Frequency (Hz) Damping ratio (%) 

Number 1st 2nd 3rd 1st 2nd 3rd 

40 3.312 3.772 4.349 0.07926 0.04778 0.05623 

50 3.308 3.785 4.377 0.08158 0.04059 0.05616 

60 3.292 3.891 4.355 0.17204 0.05058 0.05374 

70 3.277 3.840 4.367 0.56097 0.05428 0.04712 

80 3.261 3.741 4.374 0.28017 0.04149 0.05663 

 

Figure 2. Floor frequency with crowd standing Figure 3. Floor damping with crowd standing 
 

Table 3. The first structural frequency influence of varied static crowd standing 

Number 40 50 60 70 80 
Percentage of reduction 3.61% 4.81% 9.63% 14.1% 19.0% 

 
From the variation laws of frequency and damping ratio in Figure 2~3 we can see that the first-order frequency 
decreases with the increase of the crowd size. The influence of varied numbers of crowd to the first structural 
frequency is shown in table 3. Static crowd will reduce the frequency and increase the damping of the structure.  
 
Sitting Posture 
 
By using SSI modal analysis method, the acceleration time-history data of the vibration induced by sandbag 
testing were analyzed, and the identified structural dynamic parameters are shown in table 4. 
 

Table 4. Modal identification results with crowd sitting 

  Frequency (Hz) Damping ratio (%) 

Posture Number 1st 2nd 3rd 1st 2nd 3rd 
Crowd half sitting 
and half standing 

80 3.295 3.815 4.408 0.09532 0.05562 0.05680 

Crowd sitting on chairs 

40 3.296 3.689 4.370 0.05737 0.06052 0.06379 

50 3.301 4.366 5.680 0.05792 0.05363 0.05468 

60 3.297 3.948 4.374 0.05658 0.05715 0.05031 

Crowd sitting on the floor 

40 3.326 3.71 4.425 0.06618 0.04657 0.05227 

50 3.287 3.720 4.419 0.09538 0.05867 0.07240 

60 3.276 3.850 4.340 0.11008 0.02454 0.04938 

70 3.242 3.623 4.358 0.22210 0.03725 0.04201 

80 3.214 3.889 4.364 0.47739 0.05716 0.07590 



 
 

Figure 4. Floor frequency with crowd sitting on chairs Figure 5. Floor damping with crowd sitting on chairs 
 
From the variation laws of frequency and damping ratio in Figure 4~5 we can see that the number of crowd has 
little effect on the first-order frequency and damping ratio when the crowd is sitting on chairs, and the 
first-order frequency is basically the same as that in the case of no human. It can be seen that the coupling effect 
between human and structure is not obvious when human don’t act on the structure directly. Compared with the 
structural mass, the mass of the crowd is too small to have enough effect on the structural mass and frequency 
when the crowd is considered as an additional mass. 
 

Figure 6. Floor frequency with crowd sitting on  the 
floor 

Figure 7. Floor damping with crowd sitting on the 
floor 

 
When the crowd is sitting on the floor, the first-order frequency of the structure will decrease with the increase 
of the crowd size, but the effect on the second-order frequency is not significant and the third-order frequency 
will increase by 5 percent which is not sensitive to the number of the crowd. Meanwhile, the first-order damping 
ratio of the structure will increase with the increase of the crowd size, and the effects of crowd on the 
second-order and the third-order mode are pretty small. 
What could be concluded from the above three cases are as follows: crowd sitting and standing directly on the 
floor will reduce the frequency of the structure, increase the damping of the structure and this trend will be more 
obvious with the increase of crowd size; compared with the sitting crowd, the standing crowd has larger effect 
on the first structural frequency; crowd sitting on chairs has no effect on structural mode. Thus, crowd acting 
directly on the structure will change the modal parameters of the structure, but when the crowd is sitting on 
chairs, it should be considered as an external load which affects the structural dynamic characteristics in the 
form of an additional mass rather than a dynamic mass-spring-damper system, and the degree of the effect 
depends on the ratio of the crowd’s mass to the structural mass. 
 
  



DYNAMIC CHARACTERISTICS OF FLOOR UNDER DYNAMIC HUMAN ACTIVITIES 
 
Differ from the stationary crowd, the moving human’s stiffness, damping and other parameters are changing 
consequently in human-structure coupling analysis. On the one hand, human acting on a long-span floor 
structure will induce exciting forces and then cause the vibration of the floor, on the other hand, the existence of 
human will change the dynamic characteristics of the structure itself, leading to the changes of structural 
frequency and damping. In this section, field test was used to investigate the effects of crowd size, moving 
frequency, moving posture and other factors on the structural dynamic characteristics. 
 
Walking Posture 
 
In order to analyse and evaluate the dynamic characteristics of the floor in different cases, the crowd should be 
in regular distribution and walk in the same frequency. Modal identification results in different cases are shown 
in table 5~7. 
 

Table 5. Floor modality comparison of varied crowd density 

 Frequency (Hz) Damping ratio (%)
Density 1st 2nd 3rd 4th 1st 2nd 3rd

1 3.36 3.73 4.00 4.28 0.37 0.08 0.07
2 3.22 3.58 3.98 4.37 0.62 0.39 0.46

  

Figure 8. Floor frequency with varied crowd density   Figure 9. Floor damping with varied crowd density 
 

Table 6. Floor modality comparison of crowd with regularity 

 Frequency (Hz) Damping ratio (%)

Number 1st 2nd 3rd 4th 1st 2nd 3rd
40 3.32 3.70 4.00 4.35 0.40 0.09 0.07
80 3.26 3.65 3.90 4.29 0.59 0.38 0.46

  



Figure 10. Floor frequency with varied crowd Figure 11. Floor damping with varied crowd 
 

Table 7. Floor modality with crowd random walking 
 Frequency (Hz) Damping ratio (%)

Number 1st 2nd 3rd 1st 2nd 3rd
40 3.29 3.77 4.36 0.07 0.06 0.07
80 3.28 3.77 4.23 0.17 0.07 0.09

 

Figure 12. Floor frequency with crowd random 
walking 

 Figure 13. Floor damping with crowd random 
walking 

 
What could be concluded from the variation laws in figure 8~13 are as follows: 
(1) Under the same number of crowd, the first three identified frequencies with the crowd density being 2 

people/m2 are smaller than that with the crowd density being 1 people/m2, however, the damping ratios will 
increase with the increase of the crowd density and each order of the damping ratios will all increase 
significantly. Therefore, under the same number of crowd, different crowd densities will have different 
effects on the structural mode. 

(2) Under the same crowd density, all the identified frequencies will decrease with the increase of the crowd size, 
and the structural frequency reduced by 0.9% in the case of 40 people, 1.95% in the case of 80 people. At 
the same time, crowd size increasing will increase the structural damping ratios and the increasing effects 
will be particularly obvious especially on the second-order and the third-order mode. 

(3) The frequency obtained from modal identification with the crowd walking randomly differ from that with 
the crowd walking regularly in the third-order, besides, there is an additional frequency with the crowd 
walking regularly. Likewise, the damping ratios will still increase with the increase of the crowd size, but 
the values are generally quite small. 

(4) Special attention should be paid to the phenomenon that the structure obtained an additional frequency 
(4.0Hz) with the crowd walking regularly, which was not found with the crowd walking randomly. 

 
  



Stepping Posture 
 
In order to study the effect of stepping crowd on the dynamic characteristics of the floor, the crowd should be in 
regular distribution and step in the same frequency, then the frequency and damping ratio can be identified from 
the collected time-history data to analyse and evaluate the dynamic characteristics of the floor in different cases. 
Since the exciting forces from the stepping crowd are greater than that from the walking crowd, the forced 
responses of the structure are larger accordingly so that the modal identification results are not so good. The 
modal identification results in different cases are shown in table 8~9. 
 

Table 8. Floor modality with varied crowd density 

 Frequency (Hz) Damping ratio (%)

Density 1st 2nd 3rd 1st 2nd 3rd

1 3.27 3.64 4.35 0.12 0.07 0.07
2 3.27 3.51 4.05 0.14 0.06 0.10
3 3.20 3.78 4.29 0.20 0.06 0.08

 
Table 9. Floor modality with varied crowd 

 Frequency (Hz) Damping ratio (%)

Number 1st 2nd 3rd 1st 2nd 3rd
40 3.27 3.68 4.35 0.11 0.06 0.08
80 3.19 3.80 4.30 0.13 0.07 0.09

 

Figure 14. Floor frequency with varied crowd density Figure 15. Floor damping with varied crowd density 
 
The structural first-order frequency obtained by modal identification will decrease with the increase of the 
crowd density, but the variation laws of the second-order and the third-order frequencies are not obvious. The 
crowd density has less effect on the structural mode in this case. 
Meanwhile, with the increase of the crowd density, what will be more obvious is that the identified frequency is 
equal to the exciting frequency itself or its multiples. If the crowd density is smaller, it will be easier to obtain 
the structural frequency from the modal identification results besides the exciting frequency. These results 
indicate that the effect of crowd density on the structure is mainly shown in the concentration degree of the 
external excitation, which means the larger the density is, the smaller the action area of the external excitation is, 
thus the more obvious the effect of the external force is.  
 



Figure 16. Floor frequency with varied crowd Figure 17. Floor damping with varied crowd 
 
The first-order frequency of the structure will decrease with the increase of the crowd density, but the variation 
laws of the second-order and the third-order frequencies are not obvious. The damping ratios of the structure 
will increase with the increase of the crowd size. 
Thus it can be seen that crowd density and size increasing will both reduce the first-order frequency of structure 
and increase the structural damping. However, the effects of crowd density and size on the second-order and 
third-order frequencies are quite small. 
 
CONCLUSIONS 
 
1. Crowd sitting and standing directly on the floor will reduce the frequency of the structure, increase the 

structural damping and this trend will be more obvious with the increase of crowd size. However, crowd 
sitting on chairs has no effect on structural mode. Thus, crowd acting directly on the structure will change 
the modal parameters of the structure, but when the crowd is sitting on chairs, it should be considered as an 
external load rather than a dynamic mass-spring-damper system. 

2. In the case of crowd walking, crowd size increasing will reduce the structural frequency and crowd density 
increasing will increase the structural damping. Furthermore, the structure will obtain an additional 
frequency with the crowd walking regularly, while the phenomenon was not found in the case of randomly 
walking crowd. 

3. By using modal identification method under the action of strong vibration (stepping), we will get two 
frequencies which are quite close to the exciting frequency if the exciting frequency is just in the middle of 
two structural frequencies. Similarly, the same phenomenon will occur to the multiples of the exciting 
frequency or so. 

4. Crowd density and size increasing will both reduce the first-order frequency of structure and increase the 
structural damping. However, the effects of crowd density and size on the second-order and the third-order 
frequencies are quite small. 

5. With the signal of human-induced structural vibration being more stable, the stability of the structural 
modal identification results obtained from stochastic subspace identification method will be better. 
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