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1. Introduction 
 

The floor is an integral part of a building (industrial, 

commercial, residential, or public). Building occupants 

anticipate that the vibration of the building floor will remain 

at an acceptable level under normal conditions. When the 

floor slab vibrates excessively, the occupants may feel 

annoyed or alarmed. The cost to solve a potential floor 

vibration problem would be high. Floor vibration has 

emerged as the second most frequent source of complaints 

from building users (Chen et al. 2016). 

The design of a long-span and light-weight floor for a 

modern public structure such as that of Beijing Yintai 

Center (Lv et al. 2007) is often governed by serviceability 

rather than strength requirements (Rijal et al. 2015, Van 

Nimmen et al. 2017, Zivanovic et al. 2005). The 

performance of the floor under human activities such as 

walking, running, and aerobics dancing should be checked 

against certain vibration acceptability criterion. A vibration 

exceeding a certain serviceability limit may arise, disturbing 

occupants or an equipment. To avoid a possible serious and 

costly vibration problem caused by the human activities 

(Dorvash et al. 2014), an extensive study is therefore 

carried out to examine the dynamic characteristics of the 

floor. 
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For more than a decade, the issue of human-induced 

vibration has been investigated on various floor systems by 

researchers using filed measurement (An et al. 2016, 

Nakamura and Kawasaki 2006, Pavic et al. 2008, Zhou et 

al. 2016a, c), finite element (FE) method (Abeysinghe et al. 

2013, Brownjohn et al. 2016, Chen 1999, Petrovic-Kotur 

and Pavic 2016, Zivanovic and Pavic 2009), and theoretical 

analysis (Chen et al. 2014a, Zhou et al. 2016a, b). As a 

result, various vibration acceptability criteria have been 

proposed and included in the design codes including AS 

2670.2 (1990), 1997 AISC Design Guide 11 (Murray et al. 

1997), AS 2670.1 (2001), ISO 10137 (2007), GB 50010-

2010 (2010), and JGJ 3-2010 (2010). In reviewing the 

literature, it appears that the vibration assessment criteria 

are primarily related to modal properties (fundamental 

natural frequency, damping ratio) and acceleration 

thresholds. 

This paper discusses the vibration performance of a 

long-span and light-weight concrete floor slab, intended to 

be used in an airport lounge in Chongqing City, China 

based on the field test and finite element analysis results. 

Specifically, heel-drop test was first conducted to capture 

the floor’s natural frequencies and damping ratios, followed 

by jumping and running tests to obtain the acceleration 

responses. The airport lounge is a multi-panel floor 

structure, which is somewhat inactive to human activities. 

However, the effect of the response from the adjacent active 

panels on the less active floor has not been fully studied 

(Sandun De Silva and Thambiratnam 2009). Hence, it is 

warranted to evaluate the responses of both active and 

inactive panels and their effects, considering different 

possible load paths. Through the numerical simulations, the  
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Abstract.  An extensive research was undertaken to study the vibration serviceability of a long-span and light-weight floor 

subjected to human loading experimentally and numerically. Specifically, heel-drop test was first conducted to capture the 

floor’s natural frequencies and damping ratios, followed by jumping and running tests to obtain the acceleration responses. In 

addition, numerical simulations considering walking excitation were performed to further evaluate the vibration performance of 

a multi-panel floor under different loading cases and walking rates. The floor is found to have a high frequency (11.67 Hz) and a 

low damping ratio (2.32%). The comparison of the test results with the published data from the 1997 AISC Design Guide 11 

indicates that the floor exhibits satisfactory vibration perceptibility overall. The study results show that the peak acceleration is 

affected by the walking path, walking rate, and adjacent structure. A simpler loading case may be considered in design in place 

of a more complex one. 
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(a) Overall structural layout of the floor (mm) 

 

No. of Beam b h 

Beam 1 400 800 

Beam 2 300 750 

Beam 3 500 800 

Beam 4 1000 1200 
 

(b) the detailed beam cross sections (mm) 

Fig. 1 The investigated floor system 

 

 

dynamic characteristics of the multi-panel concrete floor 

subjected to walking vibrations with different walking rates 

were determined. 

 

 

2. Description of prototype floor, tests, and 
numerical simulation 
 

Field testing and numerical simulation are necessary to 

determine the dynamic properties of the floor subjected to 

human-induced dynamic loads and further to evaluate the 

floor’s vibration performance (Chen et al. 2014b, Kaito et 

al. 2005). In this study heel-drop impact tests were 

conducted to capture the dynamic behaviour of the structure 

and impulsive jumping load and rhythm excitations 

(running, walking) were considered to evaluate the dynamic 

floor responses. 

The investigated structure is a floor consisting of 150 

mm thick concrete slab as shown in Fig. 1(a) with detailed 

supporting-beam cross sections indicated in Fig. 1(b). The 

elastic modulus E of the concrete is 3.25×104 MPa. The 

footprint for Panel 2 considered in the experiment is shown 

in dashed lines in Fig. 1(a). The floor was completed prior 

to the installation of any nonstructural component (e.g., 

ceiling, vent pipe, mechanical equipment, and partition), 

i.e., the floor is in the pre-fitout stage. 

The measurement system consists of ten accelerometers 

with the acceleration capability of ±5g (g = the gravitational 

acceleration) and a data acquisition system. Fig. 2(a) shows 

the schematic locations of these accelerometers (i.e., 

measuring points) used subsequently to facilitate the 

characterization of the measurements during a test process. 

To better understand the effects of various system 

parameters, field tests considering heel-drop, jumping, and  

 
(a) Measuring points (mm) 

 
(b) Accelerometer DH610V 

 
(c) Signal acquisition 

Fig. 2 Measuring points and data acquisition system 

 

 

running loads were conducted. The data acquisition system 

was used to sample all the results collected from the 

accelerometers at a frequency as high as 1000 Hz. 

Through the finite element (FE) analyses, the natural 

frequencies of the floor system were obtained. The FE 

method was subsequently used to evaluate the dynamic 

characteristics of the multi-panel concrete floor under 

walking excitation.  

 

 

3. Modal parameters analysis 
 

Modal properties including natural frequencies, 

damping ratios, and mode shapes are the important 

parameters for evaluating floor vibration serviceability. 

There are several methods available to identify these 

dynamic parameters. One common method is the heel-drop 

test as it is easier to be performed and requires no expensive 

equipment (Blakeborough and Williams 2003). Hence, heel-

drop impact tests were first carried out in this study to 

ascertain those important system parameters. These impact 

tests initiated at locations A4, A5, and A6 (Fig. 2(a)). 

 

3.1 Natural frequencies and modal shape 
 

The acceleration signals and responses measured at  
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Table 1 Coefficients α1 and α2 and theoretical fundamental 

natural frequencies f1 under different boundary conditions 

Boundary condition 
Coefficients 

Frequency (Hz) 
α1 α2 

SSFF 13.98 0.5 7.25 

SCFF π2 2.56 11.58 

CCFF 8.05 8 16.70 
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(a) Acceleration signals 
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(b) Frequency response 

Fig. 3 Results corresponding to the excitation at point A4 

 

 

points A4, A5, and A6 corresponding to the excitation at 

point A4 are shown in Fig. 3. The acceleration signals were 

transformed to the frequency responses (Fig. 3(b)) by the 

fast Fourier transform. Likewise, the frequency responses 

corresponding to excitation points A5 and A6 are shown in 

Fig. 4. The responses indicate the first three natural 

frequencies of the floor are 11.67 Hz, 13.00 Hz, and 16.00 

Hz, respectively. The floor is relatively rigid compared to 

the recommended frequency of 10 Hz for practical use by 

Smith et al. (2009). 

Similar to the work done by Cao (1983) and Zhou et al. 

(2016a, b), the floor can be idealized as an anisotropic 

rectangular thin plate. The following simplified/practical 

formula for determining the fundament natural frequency of 

vertical vibration is recommended in this study 

1 2 1

1 2 4

0
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(a) Excitation at point A5 
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(b) Excitation at point A6 

Fig. 4 The frequency responses 

 

 

Fig. 5 3D model for the floor using ABAQUS (C3D10 

elements) 

 

 

where C = a/b being the ratio of beam span a to plate width 

b; D1 is the flexible stiffness of the plate (= 2.24×108 N·m); 

α1 and α2 are the coefficients depending on the boundary 

condition (see Table 1); g is the gravity acceleration; and q0 

is the load per unit area of the plate (= 5331.2 N/m2). 

In this paper, three kinds of the boundary conditions 

were considered: SSFF-simply supported on two opposite 

edges and free on the other two edges; SCFF-simply 

supported on one edge, clamped on the opposite edge, and 

free on the other two edges; and CCFF-clamped on two 

opposite edges and free on the other two edges. The 

theoretical fundamental natural frequency f1 under each 

boundary condition is indicated in Table 1. The differences 

between the analytical and the experimental results are 

37.87%, 0.77%, and 43.10% for the three boundary 

conditions, respectively. So, the boundary condition SCFF 

is deemed more reasonable for a theoretical analysis.  
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Table 2 The first damping ratio ξ1 of the floor (%) 

Test # 
Measuring point 

Average 
A4 A5 A6 

1 2.27 2.38 2.17 2.27 

2 2.41 2.52 2.27 2.40 

3 1.97 2.04 2.87 2.29 

 

 

For complex structures, the dynamic performance can 

be evaluated using the finite element (FE) method. Fig. 5 

shows the three-dimensional (3D) FE model and the 

fundamental mode shape (f1 =11.08 Hz), in which C3D10 

elements (10-node general quadratic tetrahedron elements) 

available in ABAQUS program were used. The fundamental 

natural frequency obtained by the FE analysis differs from 

the experimental value by 5.05%. 

 

3.2 Damping ratios 
 

Damping is another important design consideration. It 

generally implies the dissipation of energy. Namely, it 

reduces the floor vibration and eventually diminishes the 

oscillation. Based on the collected acceleration signal data 

obtained from the heel-drop tests, the damping ratio ξ for 

lightly damped systems can be determined from (Chopra 

1995)  

1
ln

2

i

i j

a

j a 




 (2) 

where ai and ai+j are the ith and i+jth measured peak 

accelerations, respectively. 

The heel-drop tests were performed three times at 

location A5 (Fig. 2). According to the 1997 AISC Design 

Guide 11 (Murray et al. 1997), all vibration modes except 

one must be filtered from the record of vibration decays to 

determine the damping. In this paper, a band-pass filter 

capable of passing a certain range of frequencies is adopted 

to handle the filtering issue. Table 2 lists the individual and 

average values of first damping ratios ξ1 for the three 

selective locations. Since ξ1 values do not vary significantly 

among the three tests, an overall average ξ1 value of 2.32% 

(i.e., average of 2.27%, 2.40%, and 2.29%) may be used. 

Note that ξ1 for a floor without non-structural elements as 

the case in this study is lower than that with non-structural 

elements. So, the modal damping ratios presented in this 

paper are conservative in terms of acceleration responses. 
 

 

4. Vibration responses under human-induced loads: 
Field tests 
 

To evaluate the vibration performance of the floor due to 

human activities, a series of field tests were conducted, 

including impulsive jumping load and running excitation. 
 

4.1 Impulse excitation 
 

To determine the vibration performance of the floor due 

to the impulse excitation, jumping tests were conducted, as  

 
(a) Volunteer jumping on the floor 
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(b) Typical acceleration response 

Fig. 6 The jumping test 

 

 

shown in Fig. 6(a). The jumping action was selected as the 

representative impulse excitation in this study as it is 

generally regarded as the most severe human loading (Racic 

and Pavic 2010). The jumping tests initiated at locations 

A4, A5, A6, and A7 (Fig. 2). To reduce the randomness, the 

jumping tests were performed three times at each excitation 

point. Fig. 6(b) shows the typical acceleration response. The 

peak accelerations at the various measuring points from the 

jumping tests are shown in Fig. 7. The maximum average 

acceleration occurred when the excitation was imposed at 

point A5 (≈ 5000mm right from the center of Panel 2, Figs. 

2 & 1) and the value is 0.49 m/s2 (= 5%g). 

 

4.2 Rhythm excitation 
 

Human response to floor motion is a very complex 

phenomenon, involving the magnitude of the motion, the 

surrounding environment, and the human perception. A 

rhythm excitation could be more annoying than the 

infrequent or transient motion. So, running tests were 

performed to estimate the floor’s vertical acceleration 

response, by two representative persons weighted at 63 kg 

(Nm1), and 70 kg (Nm2), respectively. The actual frequencies 

of running in the daily life were adopted. To obtain the pace 

frequency, the progress of experimental tests is recorded 

using a video device, Vidicon. Based on the video data 

recorded from Nm1 and Nm2, the pace frequency is found to 

be 2.68 Hz and 2.71 Hz, respectively. 
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(a) Excitation point A4 
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(b) Excitation point A5 
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(c) Excitation point A6 
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(d) Excitation point A7 

Fig. 7 Peak accelerations at various measuring points 
 

 

Fig. 8 Typical acceleration responses and RMS 

accelerations 
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(b) Nm2 

Fig. 9 The peak acceleration and RMS acceleration at each 

measuring point 

 

 

Starting from location A4 (Fig. 2), each volunteer ran 

along the following route repeatedly for a duration of 5 

minutes: A4→A8→A1→A8→A1 (Fig. 2). Fig. 8 shows the 

typical acceleration responses measured from the running 

tests and the RMS accelerations. 

The acceleration responses of the floor were evaluated 

in terms of root-mean square (RMS) accelerations (Eq. (3)) 

as they give a better indication on vibration variations 

(Smith et al. 2009) 

2

1

1
( ) ( )

N

rms i

i

a t a t
N 

   (3) 

where arms(t) is the rolling RMS acceleration at time t, N is 

the number of acceleration data points from t-1 to t+1, and 

ai(t) is the ith acceleration data point. 
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Table 3 βrp coefficients for the running on the floor 

 
Measuring Point 

Average 
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 

Nm1 0.20 0.21 0.16 0.18 0.14 0.18 0.20 0.12 0.21 0.25 0.185 

Nm2 0.14 0.16 0.14 0.15 0.16 0.16 0.17 0.12 0.22 0.19 0.161 

 

Table 4 Available αm and θm values for the walking 

excitation from the literature 

Harmonic m  

Bachmann et al. AISC Smith et al. 

f = 2.0 Hz f = 2.4 Hz f = 1.6 Hz to 2.2 Hz 
f = 1.8 Hz 

to 2.2 Hz 

1 

α1 0.4 0.5 0.5 0.436(f-0.95) 

θ1 0 -π/2 0 

2 

α2 0.1 0.2 0.006(f+12.3) 

θ2 π/2 -π π/2 

3 

α3 0.1 0.1 0.007(f+5.2) 

θ3 π/2 -π -π 

4 

α4 - 0.05 0.007(f+2.0) 

θ4 - -π -π/2 

 

 

The peak and RMS accelerations of the floor at the 

various measuring points due to running are shown in Fig. 

9. As shown, the RMS accelerations at location A5 ( 

5000mm from the right edge of Panel 2, Figs. 2 & 1) are 

more critical. The maximum RMS acceleration is 0.017 

m/s2 (= 0.17%g). 

It is a tedious calculation process to come up with the 

RMS acceleration from the experimentally obtained 

acceleration responses, which is also inconvenient to 

engineers. This study proposes an appropriate βrp coefficient 

to describe the relationship between the RMS acceleration 

(arms) and the peak acceleration (apeak) due to running on the 

floor, Eq. (4). The βrp coefficient can then be used to 

calculate the RMS acceleration conveniently by hand. 

rms rp peaka a   (4) 

Table 3 summarizes the βrp coefficients. Based on 

Grubbs’ criterion (GB/T4883-2008 2008), the average βrp 

coefficient at the detection level, αlev, of 0.05 can be found 

to be 0.17. The ratio for the average βrp coefficient between 

Nm2 and Nm1 is 0.87, roughly equal the ratio of the person’s 

weights=0.90 (Nm1:Nm2=63/90). 

 

 

5. Vibration responses under human-induced loads: 
Numerical simulation 
 

5.1 Human induced loads 
 

Human-induced loads generally include walking, 

running, hopping, jumping, and dancing. In the field tests 

described above, jumping impact and running excitation 

were considered. To better understand the vibration 

performance of the floor, the more common human activity, 

walking excitation, was considered in the numerical 

simulation. 

 

Fig. 10 Measuring points and the walking routes 

 

Table 5 Load combinations 

Loading cases 
 Combination of panels 

 Panel 1 Panel 2 Panel 3 

LC1 

LC11 √   

LC12  √  

LC13   √ 

LC2 

LC21-2 √ √  

LC21-3 √  √ 

LC22-3  √ √ 

LC3 LC31-2-3 √ √ √ 

 

 

Various forcing functions representing the walking 

excitation were considered for the numerical analysis. As a 

result, the following Fourier series was chosen 

1

( ) [1 sin(2 )]
M

w m m

m

f t G mft


      (5) 

 

where G (unit: N) is the weight of the person conducting the 

test; f (unit: Hz) is the walking rate; αm is the Fourier 

coefficient of the mth harmonic; θm is the phase lag of the 

mth harmonic relative to the first harmonic; and M is the 

total number of contributing harmonics. Table 4 lists the 

values of αm and θm for the harmonics of walking forces 

from the key publications (Bachmann et al. 1995, Lou et al. 

2012, Murray et al. 1997, Smith et al. 2009). The αm and θm 

coefficients proposed by Smith et al. (2009) have been 

verified experimentally and compared with the analytical 

vibration performance model proposed by Young (Smith et 

al. 2009). As such, they were adopted in this study. 

 

5.2 Loading cases 
 

The acceleration responses of the three floors (Panel 1, 

Panel 2, and Panel 3, Fig. 10) were obtained under three 

general loading cases referred as LC1, LC2, and LC3 (Table 

5). In Table 5, the symbol “√” checks the panel (Fig. 10) 

that the walking load initiates. For example, “LC21-2” 

represents LC2 with the walking load initiated on Panel 1 

and Panel 2 simultaneously. The loading cases listed in 

Table 5 cover all possible loading combinations of single, 

double, and three panels. 
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Table 6 Ratios of the maximum peak acceleration under 

LC2 to that under LC3 

Ratio 
Measuring points 

A11 A12 A13 A14 A15 A16 A17 

β 1.01 1.10 1.03 0.98 1.00 0.98 0.98 

 

 

5.3 Dynamic analysis 
 

A comprehensive dynamic analysis for the floor under 

the loads described above was carried out. For each loading 

case, three different walking rates of 1.8, 2.0, and 2.2 Hz 

were considered to obtain the acceleration responses at 

locations A11-A17 with A12, A14, and A16 at the centers of 

Panel 1, Panel 2, and Panel 3, respectively (Fig. 10). 

The peak accelerations for loading case LC1 under the 

three different walking rates are presented in Fig. 11. The 

figure shows that the peak accelerations at measuring points 

A11-A17 are inversely proportional to the walking rate f. 

For example, the peak accelerations at A11 for walking 

Route 1 under the three ascending walking rates are 0.073 

m/s2, 0.060 m/s2, and 0.054 m/s2, respectively. The peak 

accelerations are greater for the walking routes 

perpendicular to the girder than those parallel to the girder. 

For example, the peak acceleration at A11 under the 

walking rate 1.8 Hz is 0.073 m/s2 for Route 1, while it is 

0.021 m/s2 for Route 2 (Figs. 10 & 11). In terms of the 

effect from the adjacent structure, the trend is reversed. For 

instance, the ratio of A14 to A13 responses under walking 

rate 1.8 Hz is 0.89 for Route 2, while it is 0.23 for Route 1. 

The peak accelerations of loading cases LC2 and LC3 

under walking rate 1.8 Hz are shown in Fig. 12. Table 6 lists 

the ratios of the maximum peak acceleration under LC2 

(ALC2) to that under LC3 (ALC3), i.e. β = ALC2/ALC3. The β 

ratios indicate that the simpler load combination (i.e., LC2) 

may be considered in design instead of the more complex 

one. 

 

 

6. Vibration responses under human-induced loads: 
Numerical simulation 
 

Table 7 summarizes the damping ratios and maximum 

accelerations obtained from the tests (field and numerical 

simulation) and the vibration limits from the 1997 AISC 

Guide 11 (Murray et al. 1997), where the RMS acceleration 

for running and walking and the peak acceleration for 

jumping are assumed. Note that the RMS acceleration 

induced by walking excitation is calculated by the following 

formula (Zhou et al. 2016a) 

0.2rms peaka a  (6) 

As indicated in Table 7, the damping ratios and 

accelerations induced by the human activities (excepting 

jumping) generally satisfy the vibration criteria of the 1997 

AISC Design Guide 11 (Murray et al. 1997). 

 

 

7. Conclusions 
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Fig. 11 The RMS acceleration of loading case LC1 
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LC3 under walking rate 1.8 Hz 

 

Table 7 Comparison of vibration performance and criteria 

limits 

 Human activity Test result Criteria limit 

Damping ratio (%) Heel-drop 2.32 2.00 

Acceleration (%g) 

Jumping 5.00 

1.50 Walking 0.15 

Running 0.17 

 

 

An extensive research was undertaken to investigate the 

vibration performance characteristics of a long-span and 

light-weight concrete floor subjected to human activities 

experimentally and numerically. Field tests considering 

heel-drop, jumping impact, and running excitations and 

numerical simulations for walking excitation were carried 

out to ascertain the dynamic properties of the concrete floor 

system. Based on the study results, the following key 

findings are observed: 

• The fundamental natural frequency f1 of the floor is 

11.67 Hz which is higher than the normally recommended 

practical value of 10 Hz. This indicates that the investigated 

floor is relatively rigid. 

• The analytical floor f1 values obtained from the 

simplified/practical formula, Eq. (1), differ from the 

experimental results respectively by 37.87%, 0.77%, and 

43.10% for SSFF, SCFF, and CCFF boundary conditions. 

The boundary condition SCFF is therefore recommended. 

• The ratio of the RMS acceleration to the peak 

accelerations induced from the running is approximately 

equal to 0.17. 

• The experimental and numerical results indicate that 

the floor system generally satisfies the vibration criteria of 

the 1997 AISC Guide 11. 

• The numerical results show that the peak accelerations 

induced by the walking excitation are inversely proportional 

to the walking rate f and that the peak accelerations are 

greater for the walking routes perpendicular to the 

supporting girders than those parallel to the girders. 

• Conversely, the effect from the adjacent structure is 

greater for the walking routes parallel to the girders than 

those perpendicular to the girders. A simpler load 

combination (e.g., LC2, Table 4 & Fig. 10) may be 

considered in design in lieu of a more complex one (e.g., 

LC3). 
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