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ABSTRACT: Studies have shown that the presence of people modify the dynamic behavior of structures due to the addition of 

mass to the structure and also due to the ability of the human body to absorb energy, acting on the structure as a dynamic system 

of the type mass-spring-damper and justifying their representation through biodynamic models. The effect that people cause on 

the structure becomes more pronounced when the mass of persons is significant in comparison to the mass of the structure, as in 

the case of temporary grandstands. These types of structures have the lowest stiffness in the transverse direction. Thus, this 

study aims to examine the effect that the presence of people causes on the dynamic response of a temporary grandstand in the 

transverse direction, focusing on changes of the natural frequencies. A prototype of a temporary grandstand was assembled in 

the laboratory, with a capacity of about one hundred people. Modal tests were performed, and a finite element (FE) model of the 

structure was developed using the software ANSYS. Experimental data and results of the FE model of the grandstand with 5, 8 

and 12 people seated were correlated to calibrate a biodynamic model representing each spectator. Such a model was a single 

degree of freedom (SDOF) system, departing from a biodynamic model proposed in literature, which was adapted to the 

condition of people in grandstands. Investigations were then performed on the vibrating properties of the structure when it was 

gradually filled with models representing the spectators. The results show significant changes on the transverse natural 

frequency when compared to that of the empty structure, demonstrating the importance of considering the effect of people in 

temporary grandstands and its representation through biodynamic models. 

 

KEY WORDS: Temporary grandstand; Biodynamic model; Transverse vibration. 

1 INTRODUCTION  

The addition of mass that the human presence provides to the 

structure, as well as the ability that the human body has to 

absorb vibration energy cause changes in the dynamic 

properties of structures. It is commented that the presence of 

people on structures may provide an increase in damping [1]. 

Other studies [2-3] have shown that people should be modeled 

as mass-spring-damper (biodynamic) systems, so as their 

effect on structures are properly considered. In ref. [4], the 

effect of the scatter of the dynamic parameters of the human 

body is investigated.  According to these studies, the human 

body should not be considered only as an addition of inert 

mass to structure, but rather as a mass-spring-damper system. 

This is especially true when the mass of people is significant 

when compared to the mass of the structure, such as in the 

case of the temporary grandstands. 

Used to accommodate the public during short-term events 

and remain assembled only during this period, a temporary 

grandstand usually consists of metallic elements (bars and 

connectors), seat planks and pre-fabricated frame components. 

It provides ease of assembly and reassembly, capability of 

reusing and reasonably easy transportation. The variety of 

types of events and, consequently, the varied behavior of 

spectators produce different dynamic effects on such 

structures. 

Also, in a given event, spectators may be found showing 

varying behavior, making the study complex. Part of people 

can perform movements like jumping, dancing and moving, 

being synchronized or not. Other part may stay still, either 

seated or standing. As passive individuals tend to present  

higher damping (and stiffness) than active individuals [5], 

thus reducing the response of the structure [6], the study of the 

effect of the people seated in grandstands, in terms of 

affecting the vibration behavior, becomes relevant. 

With regard to the direction of vibration, the large number 

of vertical supports found in temporary grandstands increases 

the stiffness in this direction, whereas the stiffness is much 

lower in the transverse direction, resulting in low natural 

frequencies in the latter direction [7]. Another study also 

confirm the transverse as the direction of greatest interest to 

study the behavior of temporary grandstands due to a high 

structural sensitivity to movement of people on them [8]. 

Thus, this paper analyzes the effect of the presence of 

seated spectators on the dynamic response of temporary 

grandstands in the transverse direction, by observing the 

changes on natural frequencies for a varied number of people 

on the structure. To do that,, biodynamic models to represent 

spectators were added to the FE model of the empty structure. 

The parameters of the biodynamic model were determined 

through modal tests in a partially occupied grandstand. 

2 MODAL TEST 

The temporary grandstand employed in this study was 

provided by a company that rents such equipment. The 

structure was assembled by the company in the laboratory, at 

Federal University of Paraíba. 
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Consisting of three modules, the mounted grandstand had 

approximate plan dimensions of 8.2 m long and 6.0 m wide. 

In its perimeter a guardrail was provided, consisting of three 

horizontal tubes attached to vertical bars of the structure by 

means of couplers. The structure had eight rows of seat 

planks, plus an extra plank and a ladder used for access at the 

bottom (Figure 1). 

The experimental data to update the numerical model of the 

structure were collected through modal tests [9]. These tests 

were carried out at the empty grandstand. Then a new set of 

modal tests was performed with the structure partially 

occupied, aiming at developing biodynamic models to 

represent the spectators. Tests with the grandstand occupied 

by 5, 8 and 12 people were then carried out. Table 1 shows the 

fundamental transverse natural frequency for each condition 

of occupancy of the grandstand. 

Table 1. Measured transverse natural frequencies of the 

grandstand. 

Condition Natural frequencies 

(Hz) 

empty 5.74 

5 occupants 5.19 

8 occupants 4.92 

12 occupants 4.88 

 

During the tests the volunteers were positioned 

approximately equally apart from each other on the top row, 

and remained still. Figure 1 shows one of the situations of 

occupation of the structure during the tests. The rationale to 

occupy the upper part of the grandstand is due to the high 

level of displacement of this region in the transverse mode of 

vibration, thus maximizing the effect of the presence of the 

test subjects.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Grandstand with 5 occupants. 

The modal tests were performed by applying impact 

excitations using an instrumented B&K sledge hammer model 

8210. The vibration responses  were captured by an Endevco 

accelerometer (model 7754A, with a sensitivity of 1 V/g). 

After the signals were conditioned, they were transmitted 

through cables to a Data Physics Quattro spectrum analyzer. 

 

3 NUMERICAL MODEL OF EMPTY GRANDSTAND 

The finite element (FE) model of the empty grandstand used 

in this study was previously developed [10]. Briefly, the 

structure was modeled using the ANSYS software. First, three 

numerical models with progressive level of refinement were 

developed. The most refined model included spring elements 

to model couplers, and also a detailed modeling of the seat 

planks [10]. However, after the updating, the Modal 

Assurance Criterion (MAC) indicated that it was satisfactory 

only to represent the structure in its first vibration mode. 

This FE model was the starting point of a further refinement 

[11]. New elements were included to represent other 

connections the structure presented (two types of spigots and a 

cup-type connection).  Since there were a significant number 

of unknown parameters to be adjusted, a sensitivity analysis 

was carried out to select the relevant parameters of interest, 

using the Gradient Evaluation Tool of the software. An 

objective function was defined in terms of MAC values and 

Frequency Error (FER), the latter standing for the absolute 

value of the difference between respective experimental and 

calculated natural frequencies. The Sweep Generation tool of 

the software was employed to evaluate the global variation of 

the objective function. 

The Particle Swarm Optimization (PSO) algorithm, 

implemented in MATLAB, was employed in the optimization 

procedure to obtain the optimum values of the parameters that 

minimized the objective function. 

4 BIODYNAMIC MODEL OF THE SPECTATOR 

The changes that the presence of people cause in the dynamic 

properties of structures show that the modeling of the 

individuals in numerical models, to investigate the dynamic 

behavior of structures, should not be only as a mass, but as a 

mass-spring-damper system. These models, named 

biodynamic, have been mostly developed to represent the 

dynamics of the human body in the vertical direction [12-20].  

Studies can also be found [2, 4, 5, 21] in which coupled 

human-structure models to investigate vibrations in vertical 

direction were developed. On the other hand, among the few 

studies that developed biodynamic models for the horizontal 

direction of vibration [22-24], Ref. [23] stands out in the sense 

that it presented a biodynamic model for the side to side 

direction and sitting posture, which are of interest for this 

study. 

In [23], a two-degree of freedom (2DOF) model was 

conceived to represent the human body, in both fore and aft, 

and side to side directions. Each direction was modeled 

independent from each other. In each 2DOF system (for each 

direction), one of the degrees of freedom (DOF) is related to 

the upper part of the body whereas the other DOF is related to 

the lower part of the body, the latter moving with regard to the 

seat. An inert mass is also added, representing the part of the 

mass of the body that does not move with regard to the seat. 

In the cases in which a footrest is used and moves together 

with the seat, the system may be reduced to a single degree of 

freedom (SDOF), by adding to the inert mass the mass of the 

lower part of the body [23]. In the case under study, the feet of 

a spectator rests on the seat plank immediately below, and it 

can be considered that no relative movement occurs between 

the lower part of the body and the seat. Therefore, for the 

present study the biodynamic model was adapted to a SDOF 

(Figure 2), where the mass m1 represents the mass of the 

upper part of the body and the mass m2 represents the mass of 
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the lower part of body of the original 2DOF model [23] plus 

the inert mass of the original 2DOF model. It should be noted 

that both masses as well as the stiffness (Kb) and damping 

(Cb) do not represent specific parts of the body. Such 

parameters will be determined from a global fit between 

experimental and numerical results. 

 

 

Figure 2. Adapted biodynamic model.  

 

4.1 Parameters of the biodynamic model 

The parameters of the biodynamic model were determined 

using the tests carried out in the prototype grandstand. They 

were obtained by correlating the measured natural frequencies 

in the transverse (side to side) direction of the grandstand with 

people on it to those respective natural frequencies obtained 

from the numerical model of the system consisting of 

grandstand plus biodynamic models. A number of 5, 8 and 12 

occupants were employed in both the tests and simulations.  

In the software ANSYS, the masses of the biodynamic 

model were represented by the Mass 21 element (concentrated 

mass) and the modal stiffness (Kb) and damping (Cb) by the 

element identified as Combin 14. 

The initial values adopted for the parameters were identical 

to those originally proposed by Rosen and Arcan [23]: the 

modal mass m1 that represents the upper part of the body was 

equal to 22.8 kg and the stiffness (Kb) and damping (Cb) of 

that same part of the body were equal to 506.3 N/m and 75.2 

Ns/m, respectively. Only the value of the inert mass was 

initially changed. In Rosen and Arcan model [23], its value 

was 6 kg. However, because no relative movement between 

the seat and footrest in the grandstand was considered, the 

value of the modal mass that represented the lower part of the 

body (again 22.8 kg) was added to it, as previously explained. 

The value for the mass (m2 in Figure 2) was then taken as   

28.8 kg. 

The following sequence of simulations was carried out: 

first, the effect of varying the value of each parameter of the 

biodynamic model in the natural frequencies of the system 

(people plus grandstand) was studied. This study was 

conducted either doubling or halving the initial value of each 

parameter. 

In sequence, it was verified whether the model of the 

spectator could be reduced only to an inert mass, disregarding 

the influence of the stiffness and damping.  

After that, a comparison was made of a situation in which 

the natural frequency of the body was coincident to the 

transverse natural frequency of the empty grandstand. The 

rationale to carry out this investigation was to check whether 

this condition would result or not in differences between 

modeling the spectator as a SDOF system or as an inert mass. 

For this comparison, by departing of the general expression of 

the natural frequency w of a SDOF system (equation 1), the 

value of the stiffness of the biodynamic model was artificially 

changed (Kr, see equation 2) so as the natural frequency of the 

body equals the natural frequency of the empty grandstand 

(5.74 Hz, see Table 1).  

 
m

k
  (1) 

 1

2mkr   (2) 

Finally, a parametric analysis was carried out by changing 

the value of the parameter m2 as several fractions of the total 

mass of the spectators. The upper limit of the value of m2 was 

the difference between the mean total mass of the spectators 

that took part in a test and the modal mass m1. The mean body 

mass of the test subjects who participated in the experimental 

tests for each level of occupancy, with their limits values of 

m2, are shown in Table 2. 

Table 2. Mean body mass and upper limits for m2. 

Level of 

occupancy 

Mean body 

mass (kg) 

m1 

(kg) 

Upper limit 

of m2 (kg) 

5 occupants 79.70 

22.8 

56.90 

8 occupants 75.36 52.56 

12 occupants 70.62 47.82 

 

The fractions of the total mass of the spectators that were 

investigated are shown in Table 3. It should be noted that the 

values corresponding to the percentage of 100% corresponded 

to the upper limits shown in Table 2. It will be seen later on 

that these small adjustments in m2 shown in Table 3 were 

sufficient to provide a better match between experimental and 

numerical natural frequencies.  

The identification of the best value for m2 was performed 

through the least squares method. In this case, the application 

of this technique consisted to identify the value for m2 that 

minimized the sum of the squares of the differences between 

the value of the measured and numerical natural frequencies 

for 5, 8 and 12 occupants. 

Table 3. Values of m2 used in the updating of the biodynamic 

model. 

Percentages of 

the mean body mass 

m2 (kg) 

5 

occupants 

8 

occupants 

12 

occupants 

100% 56.90 52.56 47.82 

90% 48.93 45.02 40.76 

94% 52.19 48.04 43.58 

95% 52.91 48.79 44.29 

96% 53.71 49.55 45.00 

97% 54.51 50.30 45.70 

 



Proceedings of the 9th International Conference on Structural Dynamics, EURODYN 2014 

1016 

5 RESULTS 

5.1 Updating of the biodynamic model 

The inclusion of the biodynamic model with the original 

values [23] did not provide a good approximation between the 

numerical and experimental natural frequencies, as shown in 

Table 4. 

Table 4. Natural frequencies from the tests and numerical 

models. 

Nº de 

occupants 

Natural frequencies (Hz) 

Experimental Numerical 

5 5.19 5.48 

8 4.92 5.31 

12 4.88 5.10 

 

By investigating the biodynamic model parameters that 

could be adjusted to obtain a better approximation, the mass 

m2 was the parameter that caused significant effect on the 

natural frequencies of the numerical model of the couple 

spectator-structure model (Table 5). 

Table 5. Variation of the natural frequencies of the numerical 

model in relation to the reference value of m2. 

Mass 

variation of 

the m2 

Natural frequencies (Hz) 

5 

occupants 

8 

occupants 

12 

occupants 

0.5m2 5.61 5.53 5.43 

m2 5.48 5.31 5.10 

2 m2 5.20 4.90 4.54 

 

When representing the spectators only by the inert mass 

(m2) of the biodynamic model, that is, by removing the SDOF 

system, it can be seen in Table 6 that both sets of results 

produced reasonably the same natural frequencies. This means 

that the mass m2 is the sole parameter to be adjusted in this 

process. The question that arises at this point is whether the 

spectators could be represented only as mass, in terms of the 

calculation of natural frequencies. 

Table 6. Natural frequencies of the numerical model of the 

grandstand, representing the spectators by biodynamic 

models, and by inert mass only.  

Level of 

occupancy 

Natural frequencies ( Hz) 

Spectators 

modeled as 

biodynamic 

models 

Spectators 

modeled as inert 

mass only 

5 occupants 5.48 5.47 

8 occupants 5.31 5.31 

12 occupants 5.10 5.09 

 

However, in the case in which the natural frequency of the 

biodynamic model is artificially matched to the natural 

frequency of the empty grandstand, it can be seen (Table 7) 

that a significant difference now arises between the two 

modeling strategies. This justifies the general need to 

represent the spectators by biodynamic models. It should be 

noted that for the grandstand investigated here, the transverse 

natural frequency of empty grandstand resulted much higher 

than the natural frequency of the body, but this is not 

necessarily the case in all grandstands. 

Table 7. Natural frequencies of the numerical model of the 

grandstand, representing the spectators by altered biodynamic 

models, and  by inert mass only 

Level of 

occupancy 

Frequencies natural ( Hz) 

Spectators 

modeled as 

biodynamic 

models 

Spectators 

modeled as inert 

mass only 

5 occupants 4.80 5.47 

8 occupants 4.51 5.31 

12 occupants 4.21 5.09 

 

Now, by focusing in finding the best value for the mass m2, 

the best value for this parameter is the one that led to the 

smallest sum of squares of differences between the natural 

frequencies from the numerical model (fn) and from the tests 

(fe). This is shown in Table 8, and m2 is obtained as the 

difference between 96% of the mean body mass of groups of 

5, 8 and 12 persons who were present in the grandstand and 

the mass m1 (Table 8). The other parameters of the adjusted 

biodynamic model have the same mass m1, stiffness (Kb) and 

damping (Cb) of the initial model [23] (Table 9). 

Table 8. Variation of natural frequencies with respect to m2. 

Percentages of 

the mean body 

mass 

Natural frequencies 

(Hz) 
Σ (fn – fe)

2 

number of occupants 

5 8 12 

100%  5.21 4.97 4.72 0.0285 

90% 5.29 5.07 4.86 0.0336 

94% 5.25 5.03 4.80 0.0230 

95% 5.25 5.02 4.79 0.0223 

96% 5.24 5.01 4.77 0.0222 

97% 5.23 5.00 4.76 0.0227 

 

Table 9. Updated biodynamic model parameters. 

m1  

(kg) 

m2  

(kg) 

Kb  

(N/m) 

Cb  

(Ns/m) 

22.80 
96% of the mass of a 

spectator minus  m1 
506.30 75.20 

 

5.2 Crowded grandstand 

The study of the behavior of the crowded grandstand initially 

required the determination of the representative body mass of 

spectators and the capacity of the grandstand in terms of 

number of seated spectators, so as it was possible to add the 

biodynamic models to the numerical model of the grandstand. 

The weight of a person varies with age and gender, among 

other factors. It was considered here as 800 N, leading to a 

representative body mass of spectators equal to 81.63 kg. This 

leads to a mass m2 of 55.56 kg, according to Table 9. Table 10 

summarizes the values of the biodynamic parameters 

employed in this investigation.  



Proceedings of the 9th International Conference on Structural Dynamics, EURODYN 2014 

1017 

Table 10. Parameters of the biodynamic model for a body 

mass of 81.63 kg. 

m1 (kg) m2 (kg) Kb (N/m) Cb (Ns/m) 

22.80 55.56 506.30 75.20 

 

Due to the growth of anthropometric dimensions of the 

population, a recommended width for stadium seats is 0.50 m 

[25]. Thus, in order to determine the number of persons per 

row of seat planks, it was considered for each person a width 

0.50 m. As each row of seat planks had a length of 8.19 m, it 

can accommodate about 16 people. In total, the grandstand 

was considered to accommodate 128 spectators as it had 8 

rows of seat planks. Considering a representative mass of a 

spectator as 81.63 kg, the total mass of the occupants is 

10,448.64 kg, corresponding to more than twice the total mass 

of the grandstand, the latter being determined as 3.746 kg [9]. 

The grandstand was then gradually filled with spectators, 

beginning from the highest row of seat planks to the lower 

row. This would be a critical condition of occupation as a 

small number of occupants would produce maximum effect if 

occupying first the highest row. 

After each row was filled with spectators, that is, filled with 

biodynamic models representing the spectators, a modal 

analysis was carried out to obtain the fundamental transverse 

natural frequency. The values of natural frequencies obtained 

after filling each row are shown in Figure 3. The highest row 

was identified in the Figure as the 8th and the lowest as the 1st. 

For instance, the value of the natural frequency for the 3rd row 

was obtained by filling the grandstand with spectators from 

the 8th to the 3rd row. 
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Figure 3. Natural frequencies by gradually occupying the 

grandstand. 

 

As expected, by filling the higher rows of seat planks 

caused a more pronounced reduction in natural frequency than 

by filling the lower rows. It is observed in Table 11 that filling  

the highest row (8th) led to a reduction of natural frequency of 

25.44% as compared to the frequency of the empty 

grandstand. When the 7th row was also occupied, the natural 

frequency decreased by 14.02% with respect to the natural 

frequency obtained by occupying only the 8th row. The results 

also show that changes of natural frequency are negligible 

when also occupying the row of lower height (0.34%). 

It is also observed in Table 11 that, by occupying the 

grandstand to its full capacity, the natural frequency reduced 

in almost half (48.95 %) as compared to the empty 

grandstand. 

 

Table 11. Natural frequencies of the occupied grandstand. 

Progressive 

filling of the 

the 

grandstand 

Natural 

Frequency 

(Hz) 

% of 

variation 

between 

consecutive 

frequencies 

% of change 

relative to the 

empty 

grandstand 

empty 5.74 ---- ---- 

8º row 4.28 25.44 25.44 

7º row 3.68 14.02 35.89 

6º row 3.43 6.79 40.24 

5º row 3.25 5.25 43.38 

4º row 3.11 4.31 45.82 

3º row 3.01 3.22 47.56 

2º row 2.94 2.33 48.78 

1º row 2.93 0.34 48.95 

 

6 CONCLUSION 

This work aimed to verify the effect in the transverse (side to 

side) direction, that seated spectators caused on the natural 

frequencies of a temporary grandstand. To do that, a 

biodynamic model consisting of a single degree of freedom 

plus an inert mass to represent the body of the spectator in the 

transverse direction was proposed, by departing from a model 

of the literature [23]. 

The need to represent the spectators by biodynamic models 

and not only as inert masses was also evident from some of 

the simulations carried out.  

The study demonstrated that the presence of the seated 

spectators can cause marked reduction in the transverse 

natural frequency. For the case of the structure investigated, a 

reduction of frequency of 5.74 Hz (empty grandstand) to 2.93 

Hz (full occupancy) was obtained.  

Thus, an analysis of the effect of the presence of people in 

the grandstand should identify the need to raise the natural 

frequency of empty structure so that after the occupation it 

does not reach a critical low level within the range of 

excitation due to movements of the occupants. A point for 

further study is to identify what percentage of seated people 

should be considered for the purpose of determining the 

natural frequencies, since it is part of the spectators that excite 

the structure. 
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