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ABSTRACT 
 
This paper investigates the influence of the number of walking people on floor vibration through field testing on 
a long-span low frequency concrete floor. Various numbers of pedestrians, ranging from 1 to 8, were arranged 
to walk at the fixed walking frequencies or at random. Obvious findings from the experiments were that 
vibration induced by N pedestrians was far less than N times the vibration induced by a single pedestrian. Three 
factors were identified to explain the reason of such observation: human-human interaction, human-structure 
interaction and phase lags among pedestrians. As the mass ratio between the pedestrians and the structure floor 
is extremely small and the vibration induced was not large, we excluded firstly the human-structure interaction 
as the reason. Then Monte Carlo simulation was performed to quantify the influence of phase lags among 
pedestrians on the vibration produced. The results turned out that the effect of phase lags is rather marginal and 
thus too weak to produce the large attenuation of vibration found in our experiments. Therefore, the reason for 
the attenuation of vibration induced by multi-pedestrian is the human-human interaction: the walking excitation 
induced by a pedestrian when walking alone is larger than that induced when walking in a group. This 
interaction should be further investigated in order to be considered in the design of vibration serviceability due 
to multi-pedestrian. 
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INTRODUCTION  
 
Vibration of low frequency floors or footbridges induced by human activities such as walking, jumping and 
running may trigger the serviceability problems. In the very early stage of assessing the vibration serviceability 
problem induced by walking, only the single person walking scenario was considered. Gradually, researchers 
found that it might not be appropriate to do so because structures were almost always built for use of many 
people simultaneously. Therefore, researchers started to investigate how to quantify the vibration induced by 
multi-pedestrian or stream like pedestrians commonly seen in footbridges or walkways. In fact, most researchers 
dealing with the vibration serviceability induced by human walking are focused on footbridges and more 
dedicated to predicting pedestrian stream induced vibration.  
 
Ellis (Ellis 2000 and 2003) researched the influence of crowd size on the vibration of floors. They concluded 
that as the group size grew, there was a clear increase of the vibration induced but this trend was not linear with 
the group size even though the group of people had been required to synchronize with a metronome. They owed 
this attenuation to the attenuation of Fourier components of the walking induced load, especially for higher 
orders. 
 
Three reasons are commonly believed to account for why multi-pedestrian induced vibration even though they 
are told to synchronize their steps cannot reach the number of pedestrians multiplied by the vibration induced by 
a single pedestrian. Firstly, people tend to walk more constrainedly when they are in a group, thus producing 
smaller walking load. This phenomenon is the first part of what is called “dynamic crowd effect” (Ellis and Ji 
2004). Secondly, even though a group of people are intended to walk in pace with the metronome, they cannot 
achieve perfect synchrony or ideal coordination as a result of people’s different sensitivity and adaptation ability 
to pace or other reasons. In fact, this is very common in group jumping or bouncing (Ebrahimpour and Fitts 
1996; Sim et al. 2008; Zhao 2013) and researchers termed this phenomenon “degree of synchrony/coordination”. 
This factor is essential in determining vibration induced by group jumping and substantial research has been 



done in this aspect. This is the second part of what is called “dynamic crowd effect” by Ellis. Thirdly, human-
structure interaction might play a role in attenuating the vibration. Different opinions can be seen in the 
literature. One method to take the human-structure into consideration is to quantify the influence on dynamic 
properties of the structure induced by occupants. Passive occupants’ influence on structure’s dynamic properties 
is generally agreed by researchers (Ellis and Ji 1997; Salyards and Noss 2013). Some researchers think that 
human activities such as jumping or walking only produce load onto the structure, with no effect on the dynamic 
properties of the structure (Ellis and Ji 1997). Some researchers think walking occupants can have an influence 
on the dynamic properties of the structure, such as adding modal mass and modal damping to the structure 
(Živanović et al. 2009; Georgakis and Jorgensen 2013; Salyards 2013). This effect can abate the vibration 
induced by a larger group because a larger group leads to a higher damped structure. Human-structure 
interaction in the vertical direction, which is of the concern of this paper, can be interpreted in another way. 
When a pedestrian perceives the vibration of the floor, he or she tend to change his or her gait and “adapt” to the 
vibrating structure, switching to a different walking load from the walking load produced when he or she is 
walking on a stiff floor. However, up to now, no explicit conclusions on how people adapt to the vibration can 
be found in the literature.  
 
In this paper, controlled walking and running tests were conducted on a long span concrete floor with external 
pre-stressing to explore the influence of group size on the vibration. Group size ranges from one to eight. The 
fundamental frequency of the structure is around 2.3Hz which is quite close to the common walking frequency 
of human beings. Results from the experiments are reported and the reasons for the attenuation of vibration 
observed in the experiments are summarized. 
 
STRUCTURE 
 
The railway station under consideration is constructed with the structure form of frames and long-span steel roof. 
The second floor of this building which serves as the waiting hall of this railway station leading to the platform 
is a floor with external-prestressing. Floor with external-prestressing is a special structure form that is composed 
of beams as the elements to resist bending and compression and strings underneath the beams as the elements to 
resist tension. This is a practice to use external pre-stress to achieve a longer span. Floors with external-
prestressings are common in steel structures. This building is the first floor with external-prestressing made of 
concrete in China. This floor under consideration is a rectangular floor with the dimension 90m*30m, with a 
long beam span of 30m as shown in Figure 1. The external pre-stressing is shown in 错误!未找到引用源。. 
 

 
Figure 1. Overview of the floor with external-prestressing 

 

 
Figure 2. Side view of the floor with external-prestressing 

 
TESTS 
 
During our test days, controlled tests started after around 9 pm when the floor is not open to the public. Walking, 
marching and running test cases were arranged to explore the vibration of the floor induced by various numbers 

Route 1 

External Prestressing 



of pedestrians. Two kinds of walking tests were conducted: walking at a fixed pace or randomly, along route 1 
shown in Figure 1. Walking group sizes include 1, 2, 4 and 8 members and walking frequencies include 1.8Hz, 
2.0Hz, and 2.2Hz and also at resonance (2.3Hz was set for the resonance from the finite element model 
prediction of dynamic properties and this frequency might not be the real resonance frequency of the floor) and 
at random.  
 
The following tests of human activities including walking, running and marching at a fixed point were 
conducted: 
Test case 1: Walk along route 1 (Figure 1) at fixed frequencies or at random (group size 1, 2, 4 and 8). 
Test case 2: March at the mid-span of the floor at a fixed frequency (group size 1, 2, 4 and 8). 
Test case 3: Run along route 1(Figure 1) at frequencies 2.35Hz (group size 1, 2, 4 and 8). 
 
As the length of route 1 is 90 meters which is long enough for the build-up of resonance vibration of a low 
frequency floor, we assume the vibration we recorded in test case 1 and test case 3 had reached the static 
vibration for near-resonance conditions. As for test case 2, matching lasted long enough for a static response. 
 
Figure 3 to Figure 5 are the results of the recorded vibration from all tests. The first two figures are the influence 
of group’s pedestrian number on the induced vibration of the mid-span of the floor in test case 1 and 2. In order 
to eliminate the influence of unexpected local peaks, we used 1s RMS peak value to make comparison between 
test cases. As in different cases, not only the number of pedestrian varied but also the weight of pedestrians, we 
normalized all the vibration with an average weight of 62kg which was the real average of all that participate in 
our controlled tests. In this way, the vibration induced by different numbers of pedestrians could be used to 
investigate the influence of pedestrian number only. Besides making comparison among vibrations induced by 
different numbers of pedestrians, we also divided the vibrations induced by more than one pedestrian by the 
pedestrian number to get the “equivalent single person induced vibration”. The trend of equivalent single person 
induced vibration could provide additional important hints. 
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Figure 3. Maximum 1s RMS values under pedestrian number 1,2,4 and 8 walking along route 1 (Left);  
Equivalent single person induced vibration (Maximum 1s RMS) under pedestrian number 1, 2, 4 and 8 walking 

along route 1 (Right) 
 
When extending the vibration induced by a single pedestrian to vibration induced by multi-pedestrian, the 
natural way is to use the superposition principle. Bases on this principle, vibration produced by N  pedestrians 
walking with ideal coordination is believed to be N  times the vibration induced by a single pedestrian. 
However, from Figure 3, it is obvious that even though we required the pedestrians to walk to the beat of a 
metronome, the vibration is not linear with the pedestrian number. This is extremely the case when pedestrian 
number becomes from 1 to 2. Using simply the superposition principal, we would expect the vibration induced 
by 2 pedestrians twice the amount of that produced by a single person.  
 



For test cases of walking frequency 1.8Hz and at random, two-pedestrian-induced vibration is almost the same 
as or even smaller than that induced by a single pedestrian. Whilst for other walking frequencies, only a small 
increase appears when pedestrian number is raised to 2 from 1 and this increase is far less than twice the amount 
of that produced by a single pedestrian. When the pedestrian number soars to 4 and 8, clear increase of vibration 
is observed but this increase is not linear with the pedestrian number.  
 
From the results of the equivalent single person induced vibration as shown in Figure 3, a sharp decline when 
pedestrian number was increased to two from one in all walking frequencies except 2.0Hz is shown. A further 
decline is noticed in almost all test cases when pedestrian number is increased from two to four (Figure 3, right). 
This decrease develops as the pedestrian number is increased from 4 to 8 but with a rather limited degree. It can 
be inferred that the decline in equivalent single person induced vibration when pedestrian number is more than 
eight will become steady. As for the 2.0 frequency case shown with a red line in Figure 3, there is an increase of 
equivalent single person induced vibration when pedestrian number is raised from four to eight. We haven’t 
found any clue for this exception. 
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Figure 4. Vibration responses under various numbers (1, 2, 4 and 8) of people marching at a same spot 
 
Figure 4 is the result from test case 2. Similar observations when pedestrian number is 1, 2 and 4 were found. A 
sharp decline in the equivalent single person induced vibration appears when crowd size becomes 2 from 1 and 
this sharp decline reaches half of the vibration when the number of participants is one. A far less sharp decline 
appears when crowd size becomes 4 from 2. But when the crowd size becomes 8 from 4, an increase is noticed. 
We have one good explanation for this unexpected increase. When we were conducting this test case with 8 
people (this was the maximum number of people we could afford in our tests), the test participants expected 
they would induce very large vibration of the floor and became extremely excited in loading the floor, thus 
producing an unexpectedly large excitation. 
 
For running, we only conducted tests for 1, 2 and 3 runners of a fixed running frequency. An almost linear 
decline in equivalent single person induced vibration was noticed (Figure 5). But the degree of the decline is not 
as acute as in the walking or matching cases. When the runners’ number is 2 and 3, the equivalent single person 
induced vibration was about 80 percent and 70 percent of that of the situation when only one runner is 
participating. 
 
This attenuation of single person induced vibration in all these test cases could be caused either by the 
attenuation of pedestrian induced load or the influence of human structure interaction. The attenuation of 
pedestrian induced load of a single pedestrian when he or she is walking in a group belongs to the human-human 
interaction. Human-human interaction involves two parts. The first one is that the walking frequencies of 
pedestrians walking in a group tend to synchronize and the second one is that the magnitude of the load 
produced by a single pedestrian becomes smaller as the movement of pedestrians is constricted by their 
surrounding pedestrians. As in our tests, we used metronome to synchronize the pedestrians, we did not expect 



the first kind of synchronization to take place. Therefore, when talking about human-human interaction, we are 
referring to the second part.  
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Figure 5. Vibration responses under various numbers (1, 2 and 3) of people running along route 1 
 
Human-structure interaction refers to that the vibration of the structure may in turn influence how people load 
the structure, including both the loading pace and loading magnitude. In our tests, the walking frequency was 
controlled by a metronome and therefore, we think the influence of loading pace of the testers caused by human-
structure interaction did not occur. Besides, it is commonly believed that human-structure interaction only 
occurs when the vibration is large and the mass ratio between the pedestrians and the structure is not too small. 
Obvious human-structure interaction was but the maximum vibration noticed in these tests reached more than 1 
m/s2 (Živanović, Diaz et al. 2009). This vibration level is far beyond what we observed in our tests. The floor 
where we did the controlled tests is very large with dimension 30m*90m leading to a very heavy weight of 
2700t and the weight of pedestrians is extremely small (about 0.5t), producing a mass ratio of 0.0185%. 
Therefore, human-structure interaction was not supposed to occur in our controlled tests. 
 
Besides these two potential reasons that might induce the vibration attenuation phenomenon observed in the 
tests, Ebrahimpour et al. (1996) found that even though in rhythmic activities performed by human beings such 
as walking or jumping to a metronome, the participants cannot achieve perfect synchronization. This is not in 
contrary to our common sense because of people’s sensitivity and adaptation to pacing should not be consistent. 
This is also noticed by Ellis et al (Ellis and Ji 2004). They termed this imperfect coordination dynamic crowd 
effect. 
 
To conclude, three potential reasons for the attenuation of vibration were raised. The first reason is the human-
human interaction concerning the magnitude of walking load. The second reason is the human-structure 
interaction which has been excluded as the extremely small mass ratio between the occupants and the structure. 
The third reason is the phase lags between pedestrians which will be discussed further in the next session. 
 
NUMERICAL SIMULATION OF INFLUENCE OF PHASE LAGS AMONG PEDESTRIANS 
 
Some numerical simulation using Matlab was performed to quantify the influence of imperfectness of 
synchronization on the vibration of multi-pedestrian induced vibration based on results reported in the literature 
on the probability characteristics of phase lags between rhythmic walking. 
 
Many researchers investigated the coherency in rhythmic activities when determining the load produced by 
rhythmic activities, as the coherency is a very important factor to extend single person induced load into multi-
person induced load. Most results on the coherency of rhythmic activities are in the area of jumping or bouncing 
(Ebrahimpour and Fitts 1996; Sim et al. 2008). Rather limited results are concerned with walking. Ebrahimpour 
et al. (1996) captured walking load of multi-pedestrian using a large scale load cell mounted on a stiff floor. 
They analyzed the time lags among steps of all pedestrians. The start times of every recorded one-footfall load 



was used to calculate the time lags. The statistical characteristic of the time lags which is an indication of 
synchronization varies with the walking frequency and is presented in Table 1. 
 

Table 1. Mean values (and standard deviation values) of phase lag values for walking activities 

Parameter Unprompted 
(1.8Hz)* 

1.5Hz 1.75Hz 2.0Hz 2.5Hz 

Phase lag, s 0.043 (0.062) 0.037 (0.047) 0.023 (0.030) 0.016 (0.023) 0.015 (0.021) 

*Average footstep frequency of the experimental data for unprompted walking 
 
Therefore, we can investigate the influence of phase lags (which can be easily converted from time lags) among 
pedestrians on the vibration induced by multi-pedestrian using the results of coherency reported by Ebrahimpour 
et al. (1996). In this session, we assume a single degree of freedom structure and the walking load is constantly 
applied to the structure. We also only consider the first order the walking load in its Fourier series form. We 
think even with these assumptions, we can still reach the right conclusions on the influence of phase lags. 
 
Under these assumptions, the stationary vibration of a single degree of freedom structure induced by a harmonic 
excitation is simply: 
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In which, ζ  ,ω  and nω  are the damping ratio, frequency of the excitation and natural frequency of the structure, 

respectively. 0( )stu  is the deflection of the structure under the static load of magnitude of the harmonic 

excitation.  
 
From the above equations, it should be noted that the output of the system is only two kinds of modifications of 
the harmonic excitation: modification of the phase and the modification of the amplitude and these two 
modifications are only related to the damping ratio and the frequency ratio between the excitation and the 
fundamental frequency. Therefore, the vibration produced by pedestrian i  can be represented (pedestrians are of 
the same weight, producing the same 0( )stu ): 

 0( ) ( ) sin( )i st d iu t u R tω φ= −   (4) 

 
Accordingly to the law of superposition of linear systems, the vibration induced by N pedestrians is: 
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In which, the it  is the time of the i  th pedestrian to start his or her excitation and this is an indicator of 

synchronization. When the synchronization is ideal, all it  s should be the same. 

 
The synchronization degree of pedestrians when pedestrians are required to walk to the beat of a metronome 
was included into the above analysis of vibration induced by multi-pedestrian by treating the it  s of all 

pedestrians in a group as independent random variables obeying exponential distribution (Ebrahimpour et al. 
1996). Therefore, the peak of the vibration induced by multi-pedestrian is therefore a random variable. We 
approximated the probability density function of the peak of the vibration induced by a walking group with 
various group size 2, 4and 8 using Monte Carlo simulation through Matlab.  
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Figure 6. Probability density function of the peak acceleration induced by two pedestrians walking to the beat of 

a metronome 
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Figure 7. Probability density function of the peak acceleration induced by four pedestrians walking to the beat of 

a metronome 
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Figure 8. Probability density function of the peak acceleration induced by eight pedestrians walking to the beat 

of a metronome 
 
Figure 6 to Figure 8 are probability density functions of the peak acceleration induced by various numbers of 
pedestrians. For each case, we did 10000 times Monte Carlo simulation to obtain the appropriate probability 
density functions.  Results show that the influence of phase lags on the peak acceleration produced by multi-
pedestrian is rather limited. Chances are that the peak acceleration is not N  times the peak acceleration 
produced by a single pedestrian but for most simulations, the peak acceleration produced by N  pedestrians is 
almost N  times the peak acceleration produced by one pedestrian. But from our experiments, vibration actually 



produced was far less than N  times the vibration induced by a single pedestrian. This leads to the conclusion 
that the obvious attenuation of vibration produced by N  pedestrians compared to N  times the vibration 
produced by a single pedestrian is due to the human-human interaction and this effect on the vibration produced 
by multi-pedestrian is significant and cannot be ignored in the design of vibration serviceability of structures. 
Up to now, the change of single pedestrian induced load caused by the human-human interaction is under 
researched and this paper gives some hints in this respect.  
 
CONCLUSIONS 
 
Group walking tests at fixed frequencies were conducted to investigate the influence of group size on the 
induced vibration. Vibration generally rises with group size but vibration induced by a group is far less than the 
group size multiplied by the vibration induced by a single pedestrian. Human-structure interaction and phase 
lags which are commonly believed two factors which may contribute to the attenuation of vibration induced by 
multi-pedestrians are excluded in this paper, thus revealing the human-human interaction the only reason for the 
vibration attenuation. Human-human interaction reduces the load produced by each pedestrian walking in a 
group and therefore, abates the vibration induced. This is beneficial to the vibration serviceability design and 
should be further investigated in order to be considered to avoid too conservative designs. 
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