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ABSTRACT 
 
The low natural frequency of long-span floor structures may cause great response under human-included 
vibrations.  Analysis on long-span floor structural response has been carried under single and crowd human 
induced loads. Based on Latin Hypercube Sampling, with the consideration of multiple influence factors of 
human-induced vibrations, a new synthetic method about the time-history load of crowd walk process has been 
proposed, which involves the pedestrian differences. Several groups of time-history walk force under crowd 
load have been obtained on the basis of the above method, and accordingly the dynamic time history response 
has been investigated on long-span floor structures. The numerical simulation results show that the crowd load 
time-history curves agree well with the real walk process. The analysis results have also been compared with 
that got by AISC method. 
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INTRODUCTION 
 
In recent years, numerous long-span light-weight structures appear with the development of new materials, new 
structures and new construction technology.  As a result of their light weight and small stiffness, these structures 
have little damping ratio, low frequency, and large responses under vibration load, which may influence their 
serviceability and even lead to structure safety problems. For the general public and residential buildings, in 
normal service time, human-induced vibration of the floors is the main vibration excitation. Improper design 
may lead to larger vibration response and even resonance under human-included loads. The excessive vibration 
may arouse people to panic and even cause the structure to damage partially. Therefore, the human induced 
vibration of long-span structure must be considered especially in the process of structure design. 
 
CHARACTERISTICS OF HUMAN INDUCED VIBRATION 
 

Frequency Characteristics 
 
Human walking is cyclical, which consists of continuous paces. When the pedestrian’s stride frequency is close 
to the natural frequency of the structure, resonance may occur. In almost all the vibration problems of the 
pedestrian bridge, great amplitude of the bridge is attributed to the resonance produced by the first or the first 
few modes of vibration. 
 
Research results of 505 persons’ walking, by Matsumoto et al (Y. Matsumoto et al. 1978) showed that the 
walking frequency was an normal distribution with the mean value of 2.0 Hz and the standard deviation of 0.173 
Hz ( Figure 1). 
 
For the other walking types, there aren’t similar statistical data as Matsumoto et al had proposed. However, 
scholars have some suggestions on the frequency range of the other walking types. For example, Bachmann et 
al[5] divided human walking into four types according to walking frequency range (Table 1). 
 
 



 
Figure1. Normal distribution of human walking frequency 

 
Table 1. The frequency range of different walking types 

Walking types Frequency range 
walking 1.6~2.4 Hz 
running 2.0~3.5 Hz 
jumping 1.8~3.4 Hz 
bouncing 1.5~3.0 Hz 

 
Later in this article, human included loads are simulated by using statistical data of Matsumoto et al. supposing 
that the walk frequency follow normal distribution (mean 2.0 Hz and standard deviation 0.173 Hz). 
 
Single Person’s Walking Force Mode 
 
Early in the 1980s, Wheeler (John E. Wheeler 1982) proposed that normally walking, running and jumping 
could be simulated by different types of half sine wave. At present, Wheeler’s assumption is still used in the 
simulation of single person’s load (Figure 2). When a person and a structure are at contact, dynamic load occurs, 
when the person’s foot leaves the structure, the load becomes 0. 
 

 
Figure 2. Single person’s walking force mode 

 
Figure 2 can be described by the formula below: 
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In this formula, Kp=Fmax/G 
is the dynamic load factor of single person, G is the single person’s weight, Fmax 

is 
the maximum dynamic load of single person’s jumping, Tp 

is the period of jumping, tP 
is the contact time of 

person and structure within a jumping cycle. We define the ratio of tP 
and Tp 

as contact ratio α. Different contact 
ratio α can be used to distinguish different types of jumping (Table 2), e.g. for the normal walking, contact ratio 
is 2/3. 
 

Table 2. Contact ratio α for different types of actions 

Action type 
Walking, low impact body 
mechanics 

Rhythmic exercise, high impact 
body mechanics 

Normal 
jumping 

High 
jumping 

contact 
ratio 

α =2/3 α =1/2 α =1/3 α =1/4 

 



From Formula 1, we can learn that single person’s dynamic load factor Kp 
is only related to the type of walking. 

The same conclusion had also been reached in the experiment of Tuan and Saul (Tuan, C. Y., Saul, W.E. 1986). 
The experiment found that the mean value of human jumping load is equal to a single person’s weight, namely: 
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From Formula 2, the relation of single person’s dynamic load factor Kp 
and contact ratio α can be defined as 

( )απ 2=pK                                                                        （3） 

In addition, referring to AISC (American National Standard 2003), the human weight is supposed to follow the 
normal distribution with mean 700N and standard deviation 20N. 
 
Time Lag of Pedestrian Walk 
 
On the basis of single person’s load model, some scholars carried out further research on the dynamic effect of 
crowd jumping. The crowd jumping is inharmonious, hence the time lag of any two persons’ walking should be 
considered while establishing the pedestrian load model, instead of simple superposition of the single person’s 
load. 
 
The experiment of Ji, Ellis and Ebrahimpour et al (Ebrahimpour and Sack 1992; Ji and Ellis 1993; Ebrahimpour 

and Fitts 1996) found that the jumping lag phase angle φ  ( ttn p ⋅= /2 πφ , lag phase angle is proportional to 

lag time) between any two people follows normal distribution, and φ  follow exponential distribution. Willford 

(Willford 2001) assumed that the lag time t of two people’s walking follows the normal distribution with a mean 
of 0 and a standard deviation of jumping frequency (generally 0.14 Tp). Accordingly, the pedestrian reduction 
coefficient of human induced forces was obtained through random data simulation method. The simulation 
results agreed well with the time lag experiments by Ebrahimpour and Sack. 
 
Later in this article, the result of Willford has been used. And the walk-lag-time is supposed to follow the mean 
0, standard deviation 0.14 Tp of normal distribution. 
 
LONG SPAN FLOOR MODEL AND IT’S NATURAL VIBRATION CHARACTERISTIC 
 
In this section, a typical long-span floor structure has been modeled according to the reference (da Silva et al. 
2003). This floor model is a steel concrete composite slab with a span of 30m×18m. The thickness of concrete 
slab is 120mm, the concrete is C30 (characteristic compression strength of cube concrete is 30MPa). The steel 
girders are welding composite I-beams. The layout of the floor and the beam cross section are shown in Figure 3. 
 

 
Figure 3. Floor plan and the sections of the girders 

 
Modal analysis has been executed on the long span floor structure with simply supported boundary and fixed 
boundary respectively. The first 10 models have been extracted; the natural frequency of each modal is as table 
3. 
 
Table 3 shows that, under the condition of two different boundaries, the first three natural frequencies are very 
close to each other, and they are far smaller than the higher order natural frequencies. Therefore, the floor 
structure is more likely to vibrate according to follow the first three vibration modes by outside excitation. 
The modal analysis results are the foundation of the following research of human induced vibration. 
 



Table 3. The top 10 models 

Model 1 2 3 4 5 6 7 8 9 10 

Boundary 
Conditions 

Simply-
Supported 

5.509 6.028 7.693 10.619 13.693 14.163 14.236 14.434 14.745 15.040

Fixed-
Supported 

9.873 10.363 11.784 14.922 15.209 15.810 16.046 16.811 18.122 18.148

 
 
HUMAN INDUCED VIBRATION CALCULATION METHOD WITH THE PEDESTRIAN 
DIFFERENCES CONSIDERED 
 

Summarize of Walking Process of Crowd 
 
When the crowd is walking through the structure, there will be counteraction between each person’s excitation, 
due to the differences of walk frequency, walk type, walk-lag-time and application position between each person. 
Some scholars (Ellingwood B.M. and Tallin, A. 1984)  have considered that the vibration response under crowd 
action can be approximated by single person action for some kinds of structures. When the number of people on 
the structure is little, the error is acceptable. However, when the number of people on the structure is large, the 
vibration response under pedestrian load will be far from the response under single person load. In this case, it is 
necessary to make some research on the structure response under pedestrian load. 
 
The crowd on structure is consisted of each independent person. As initiative individuals, the walk frequency, 
stride, direction and velocity of each person are changing during the walk process, which are also different 
between each other. Among them, the most important factors include human weights, walk frequency, walk-lag-
time and acting position. Though people’s walk process is a stochastic process, it is unrealistic and unnecessary 
to consider each variety simultaneously when we simulate pedestrian loads. The simulation method must be 
simplified when we consider the crowd action on the long span floor structure. The following assumption has 
been maintained in this article while composing the walk process of the crowd action on the structure. 
(1) Only the differences of human weight, walk frequency, walk-lag-time, and the randomness of the action 
position are considered. The other differences between pedestrians are ignored. 
(2) The floor is divided into meshes. The size of the meshes is 0.75 m. An assumption has been made that 
pedestrians whose stride is 0.75m, may only apply on those meshed nodes,. 
(3) The probability of pedestrian load applied on each meshed nodes is the same. 
(4) The vibration coupling of the pedestrians and the floor structure is ignored. 
(5) The pedestrians walk independently, they don’t influence each other. 
 
Based on the above assumptions, the walking force time history with the consideration of pedestrian differences 
can be obtained as the following methods. Firstly, the differences of human weight, walk frequency, walk-lag-
time and action position are considered when we synthesize single person’s load. Secondly, the sample values of 
human weight, walk frequency and walk-lag-time, are obtained using the Latin Hyper Cube sampling method. 
The time history of each person’s human induced load is calculated based on the obtained samples. In the end, 
the above load process is applied on floor structure, the structure’s dynamic response is analyzed, and the 
maximum response under human induced load is obtained. 
 
The above proposed approach is the main idea of the calculation method of human-induced vibration with the 
pedestrian differences considered in this article. 
 
Latin Hyper Cube Sampling 
 
Latin Hyper Cube method pertains to Monte Carlo method. The principles of the two methods are introduced as 
follows. 
 
Monte Carlo sampling (Zhongji Xu 1985) is a method of random simulation and statistical testing.  Sequences 
of data produced randomly, consistent with the probability distribution characteristics of the input random 
variable, are used in specific simulation tests or system solution. Monte Carlo sampling has the following steps: 
(1) Construction of a probability model. The first step in to construct a probability model which agrees with the 
characteristics of the researching project. For a deterministic problem, we should translate it into a probability 
problem. 
(2) Generation of random number sequences.  Massive simulation sequences are obtained through a lot of data 
simulation tests. 



(3) Statistics on the above simulation results. The mean and the other characteristic values are calculated, the 
estimation of the solution, as well as the estimate of accuracy of the solution are obtained. 
 
 
As its main advantage, the convergence of Monte Carlo method depends on the amount of independent random 
variables. Normally, the accuracy of Monte Carlo sampling is ensured by multiple sampling. 
 
Latin Hyper Cube method is a kind of method based on the Monte Carlo method, which belongs to multi-
dimensional stratified sampling method. Its principles are as follows: 
(1) Define the sample number N; 

(2) Equiprobably divide each input into N columns, iNiniiii xxxxxx <…<<…<<< 3210 ,in which 
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(3) Extracts only one sample for each column. The position of each sample in the column is random. 
 
Relative to the pure stratified sampling, the most obvious advantage of Latin Hyper Cube method is that any 
size of sampling amount can be easily generated. The estimation of mean and variance by Latin Hyper Cube 
method is equivalent to that by Monte Carlo method. However, the number of sampling is greatly reduced when 
Latin Hyper Cube method is applied. 
 
Consequently, Latin Hyper Cube method is deemed to be “better” than Monte Carlo method. In the following 
sampling analysis, Latin Hyper Cube method will be used. 
 
Pedestrian Load Process Simulation 
 
The human walk process has been introduced in the previous section. According to the research result, the basic 
properties of human walk process follow Gaussian distribution, which are listed as the follows: 
(1) Human weight G follows the Gaussian distribution with mean of 700N and standard deviationof20N; 
(2) Walk frequency f follows the Gaussian distribution with mean of 2.0 Hz and standard deviation of0.173 Hz; 
(3) Walk-lag-time φ  is supposed to follow the Gaussian distribution with mean of 0 and standard deviation of 

0.14
pT . 

 
The standard single person load time-history curve is supposed to be a half sine wave. The single person’s 
walking force time history in one walking cycle can be calculated by formula (1). 
 
Single person’s walking force problem is multi-point excitation. When simulating single person’s walking load, 
two time-related factors should be considered at the same time. Firstly, the contact force changes with time 
when a person is contacted with the structure; secondly, the step position changes with time. Therefore, the 
pedestrian load time history simulation can be considered in the following two ways. 
 
(1) Every pedestrian walking force time history and the force location changing over time are calculated, and 
then each pedestrian walking force time history are applied to the corresponding floor position according to 
acting time and acting location. In this way, the obtained walking force time history acts on different position at 
different time. So, this method has some practical value for pedestrian on fixed path. However, because of the 
uncertainty of the pedestrian walking direction, the randomness of the pedestrian walking direction does not be 
considered in his method. 
 
(2) The pedestrian positions are assumed to be fixed on the assigned grids of the structure. The time-history 
walking forces of these nodes during the whole process of pedestrian loads are obtained while considering the 
randomness of pedestrian position. But nevertheless, the randomness of the force locations doesn’t need to be 
considered when the time-history force is applied to the structure. The forces can be directly applied to the 
corresponding position of the structure. 
 
Obviously, the latter method is easy and more practical, which is the method of pedestrian load simulation 
adopted in this article. According to the second method, the pedestrian load simulation can be divided into the 
following steps: 
(1) We assume that the single person’s walking frequency fp ~ N (2.0，0.173), the pedestrian walking time lag ti 

~ N(0，0.14/fp), the weight of a pedestrian G ~ N (70); 



(2) According to the step number n on the structure, sampling is carried out on the above three parameters using 
Latin hypercube sampling method, and n groups of the samples of single pedestrian walking frequency, walking 
time lag and pedestrian weight are obtained. While sampling, the probability of every step force on each grid 
point of the structure is ensured to be the same, so as to consider the randomness of pedestrian position; 
(3) The sample values of walking frequency, time lag and pedestrian weight are introduce into the formula (1) to 
calculate the one step force time history on a point of the structure. n groups of sample value are calculated 
respectively, the calculated results are written into walking time history matrix, and the pedestrian force time 
history are got; 
(4) According to the pedestrian number m, repeat step 2 and 3 m times, calculate the pedestrian walking force 
time history on each structure grid. 
 
Based on the above idea and steps, program has been compiled using MATLAB software to get samples of 
walking force time history. The flow chart is shown in Figure 4. 
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Figure 4.  Flow chart of walking load time-history synthesis method 

 
Several pedestrian force time-history curves, obtained by using the above method, are shown in Figure 5. Each 
walking curve corresponds to a fixed position of the structure. 

  
(a)                                 (b)                                       (c)                                  (d) 

   
(e)                                    (f)                                       (g)                                      (h) 
Figure 5. A group of walking force time history curves obtained by sampling 

 
Figure 5 can tell us that the walking force time-history curves obtained according the method proposed in this 
paper have the following characteristics: 



(1) Due to the random feature of the pedestrian weight and walking frequency, at a point of structure, the 
pedestrian excitation force curve of each step has a different peak value and starting time. 
(2) As the results of the randomness of pedestrian walking direction, different kinds of walking excitation are 
equiprobably assigned to each point of the structure, namely, for any specified structure position, at any time, 
every time-history curve has the same possibility to act on the point. 
(3) As the results of the Gaussian distribution of time lag, there are differences between the starting phase angles 
at different positions. 
 
From the above three aspects, the pedestrian time-history force synthesis method adopted in this paper is 
regarded as an agreeable way to simulate the pedestrians’ randomly walking process. 
 
Dynamic time-history analysis was carried out while the pedestrian time-history forces are applied to the 
corresponding positions of the structure. That is the simulation process of the pedestrian load. 
 
It is noticeable that the accuracy of sampling results depends on the sampling frequency. In practical, in order to 
obtain more stable results, multiple sampling must be carried out. Then the sampling results are applied to the 
structure, and the structure responses are proved to be stable by statistics. 
 
 Time-history Analysis of the Human-Induced Vibration 
 
Take the above mentioned long-span floor structure (shown in figure 4) as an example, based on the time-
history pedestrian load obtained by the above method, dynamic time-history analysis of the model is carried out. 
 
Walking force time-history curves of each person obtained by the above mentioned sampling have been loaded 
on the corresponding position of the floor, and the dynamic time-history analysis has been carried. The 
computation time period is 12s.  Figure 6 shows us the calculated response curve of displacement, velocity and 
acceleration of two samplings at an observation point. 

（a）Time history of displacement response                （b）Time history of velocity response 

 
（c）Time history of acceleration response 

Figure 7. the time-history response curve of the floor center by 2 sampling 
 
From Figure 6, we learn that a sudden increase and decrease of the displacement, velocity and acceleration 
occurs within the first 0.01s. But when we investigate the peak vibration response, the sudden and unstable 
response at the very beginning is ignored. 
 
During the whole process, the peak response of the structural vibration performs irregularly with the repetition 
of positive and negative. Hence, multiple samplings considering the pedestrian differences must be executed to 
analyze the vibration response, until the mean vibrations are stable, and then accordingly the mean values are 
treated as the final results. 



 
Latin hypercube sampling for 240 pedestrians has been done and 50 walking force time-history curves have 
been obtained. The 50 time-history curves have been applied to the corresponding position of the floor 
structure and the dynamic time-history responses have been carried out. The responses of displacement, 
velocity and acceleration of the mid-span of the long span floor structure have been collected. Accordingly the 
maximum responses have been obtained. The peak and the mean responds obtained by the 50 sampling are 
listed in Figure 8. 

 
(a) The curve of maximum and mean value of displacement response 

 

 
(b) The curve of maximum and mean value of velocity response 

 
(c) The curve of maximum and mean value of acceleration response 
Figure 7. The curve of maximum and mean value of vibration response 

 
We learn from Figure 7 that the mean value of peak responds tends to be stable after 30 sampling. So, we may 
regard that, while considering the differences of pedestrian, the peak responds of displacement, velocity and 
acceleration of the mid-span of the long span floor structure be 3.163×10-4m, 3.193×10-3m/s, and 0.0634m/s2 
respectively. 
 
Figure 8 also tells us that, after 50 sampling, the peak value of the responds tends to be more stable, which are 
“fixed” on the above value. The max magnitude of displacement, velocity and acceleration are 3.856×10-4m, 
4.629×10-3m/s, and 0.0892m/s2 respectively. But such extreme cases occur only once, which belongs to a small 
probability event. 
 
COMPARISON OF THE SIMULATION RESULTS WITH AISC RESULTS 
 
Specification of AISC [12] regards: for a peak acceleration of the human induced vibration of a floor structure, ap, 
if the ratio of ap to acceleration of gravity is kept within a limit value, the structure may be considered to 
satisfied the people’s comfortable degree requirements. Namely: 
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In which, P0 —Sustained force generated by pedestrian walking; 
fn —The vertical floor vibration frequency of a floor structure (Hz); 

βW —walking vibration resistance of the floor structure; 
β—Damping ratio of the structure, listed in Table 4; 
W—Effective weight of structural resistance. 
 

Table 4. the suggested factors of floor vibration calculation 

Activity environment Walking force Damping ratio The peak acceleration limit
Dwelling house, office building, church 0.30kN 0.02~0.05(1) 0.005g 
Shopping center 0.30kN 0.02 0.015g 
Outdoor pedestrian bridge 0.41kN 0.01 0.05g 
Indoor pedestrian bridge 0.41kN 0.01~0.02 0.015g 

(1) notes：0.02 is for structures with no furniture or little furniture, no non-structural element or few non-
structural elements；0.03 is for structures with some furniture, and some non-structural elements, but few 
removable partitions. 0.03 is for structures with many high partitions. 
 

We all know that the mean weight of a normal person is 70kg. Whereas, the walking force listed in Table 4 is 
reduced to 0.3kN (0.4kN). There are two reasons lead to the reduction of pedestrians’ weight: 1) the walking 
pedestrians don’t always keep the same frequencies; 2) every person of the crowd may not be located on the 
maximum displacement position simultaneously. Based on the above two principles, reference [12] provides 
the recommended values of reduction factor: 0.7 for pedestrian bridge; 0.5 for floor structure with surrounding 
supports. 
 
The simplified method suggested by AISC (shown in table 4) has been used to calculate the natural frequency 
and the peak vibration acceleration response of the model shown in Figure 4. The calculation results and the 
comparison with the results obtained by the method suggested in this paper are listed in table 5. 
 

Table 5. Comparison of calculation results 

Calculation method Natural frequency/Hz Peak of acceleration/m/s2 
Dynamic time-history analysis 5.51 0.0634 
AISC method 4.16 0.0225 
ratio 75.5% 35.5% 

 
The table shows that the calculated natural frequency by two method accords with each other, but the peak 
acceleration calculated by AISC method is much smaller (only 35.5%) than that by the method supported in this 
paper. 

 
The reason of the above phenomenon is that the single pedestrian loads response results are used to simply deal 
with the crowd’s response in AISC. This simplification may suitable for general structures such as the dwellings, 
offices, churches, shopping mall and small pedestrian bridge. But, it will be not suitable or even not safety for 
long span public buildings such as gyms, dance halls, and large stage. In this case, the method proposed by this 
paper may be adopted to calculate the human-induced vibration response with the difference of pedestrian. The 
flow chat of the method is shown as in Figure 8. 
 
CONCLUSIONS AND DESIGN CONSIDERATIONS 
 
Conclusions can be got from the research in this paper. 
 
1) The synthesis method of human-induced loads and the calculation method of peak response of the structural 
dynamics analysis can be utilized on the long span structure with good precision. 
2) Latin hypercube sampling is a kind of sampling method with high efficiency and high accuracy. For a 
18m×30m span floor structure, 30~50 sampling will be “enough” for the engineering accuracy requirements. 
3) The human induced loads calculated by AISC method may suitable for middle and small span structures, but 
it will be unsafe for long span structures. 



 
Figure 8. Analysis step of floor structure human-induced vibration considering the difference of pedestrian 
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