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ABSTRACT 
 

Resonant responses of a large-span floor occur when the frequencies of 
human-induced excitation are close to the dominant frequencies of the floor. Excessive 
floor acceleration and deformation will result in human discomfort, structural member 
fatigue, and even structural system failure. In this study, multiple tuned mass dampers 
(MTMD) are applied to reduce floor normal vibration due to human activities to assure 
structural safety and serviceability. The dynamic equations of motion of a floor equipped 
with MTMD under external forces are derived. An optimal design method is proposed to 
determine the optimum numbers, locations, and system parameters of the MTMD 
system for the controlled modes based on the control algorithm the authors developed. 
A large-span floor in real gymnasium is investigated to examine its capability in resisting 
man-induced vibrations. First, the finite element model of the floor is generated by 
structural analysis program and updated based on real vibration measurements. Its 
modal frequencies, damping ratios, and mode shapes are calculated. Then, the MTMD 
system is decided based on the proposed optimum design procedure. The control 
effectiveness of the MTMD system is verified through the comparison of floor 
accelerations with and without MTMD system and the satisfaction of comfort levels in 
the design codes under human activity loadings. 

 

 

1. INTRODUCTION 
 

Tuned Mass Damper (TMD) has been widely used to reduce vibration for civil 
engineering structures such as high-rise buildings and observatory towers, long-span 
highway bridges, pedestrian bridges, and floors against natural and man-made loadings 
since 1975. A TMD consists of an added mass with properly designed spring and 
damping elements to provide frequency-dependent damping for the controlled structure. 
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Moreover, the TMD absorbs the vibration energy of controlled structure and dissipates it 
via its damping mechanism. In 1911, Frahm first proposed the conventional TMD 
system. However, it has been found that TMD is highly sensitive to the variation of 
controlled modal frequency of the primary structure (Lin et al. 2001). The control 
performance will be greatly degraded if the TMD frequency does not tune the structural 
frequency properly, called detuning effect. The application of multiple tuned mass 
dampers (MTMD) (Lin et al. 2012) and TMD with variable stiffness (Lin et al. 2015) can 
be promising solutions to this problem. An MTMD system consists of several 
parallelly-arranged single TMD units, with each unit having its own mass, damping ratio, 
and natural frequency. The original idea behind the MTMD is to reduce the detuning 
effect through distributing tuning frequencies appropriately to assure vibration control 
effectiveness. The MTMD system with a uniform distribution of TMD's frequencies was 
first proposed by Igusa and Xu in 1994. Moreover, a structure, modeled as a multiple 
degree of freedom (MDOF) system, equipped with MTMD under earthquake excitation 
was analyzed by Chen and Wu in 2001. Compared with conventional TMD, MTMD is 
more robust and effective in reducing structural responses. 

Resonant responses of a large-span floor occur when the frequencies of 
human-induced excitation are close to the dominant frequencies of the floor. Excessive 
floor acceleration and deformation will result in human discomfort and structural 
member fatigue, and even structural system failure. In the past years, many researchers 
investigated the practical considerations of TMD for two- and thee- dimensional floor 
structural control. Rainer and Swallow 1986 applied TMD to suppress human-induced 
planar floor vibration. Zivanovic et al. 2005 investigated footbridge deck vibration in 
vertical direction which causes human discomfort. Wang et al. 2003 studied the 
performance of TMD to diminish train-induced vibration. While, Chang et al. 2010 
conducted a series of large-scale field test to examine the applicability of TMD to reduce 
mechinery-induced  floor vibration. In recent, Gaspar et al. 2016 investigated the 
vibration control of building steel–concrete composite floors through the installation of 
TMD. An et al. 2016. studied the dynamic characteristics of a cable-supported 
composite floor system under human-induced loads. In this study, an optimal MTMD 
system was applied to reduce floor vertical vibration due to human activities to assure 
structural safety and serviceability. The dynamic equations of motion of a planar floor 
equipped with MTMD under external forces are derived. An optimal design method is 
proposed to determine the optimum numbers, locations, and system parameters of the 
MTMD system for the controlled modes based on the control algorithm the authors 
developed. A large-span floor in real gymnasium is investigated to examine its capability 
in resisting man-induced vibrations. First, the finite element model of the floor is 
generated by structural analysis program such as SAP2000 and updated based on real 
vibration measurements (Ahmadian et al. 1998). Its modal frequencies, damping ratios, 
and mode shapes are calculated. Then, the MTMD system is decided based on the 
proposed optimum design procedure. The control effectiveness of the MTMD system is 
verified through the comparison of floor accelerations with and without MTMD system 
and the satisfaction of comfort levels in the design codes under human activity loadings. 
 

  



 

 

2. STRUCTURAL CONTROL: MULTIPLE TUNED MASS DAMPER (MTMD) 
 

2.1 Dynamic equations of motion of a floor equipped with MTMD 
 

Consider a planar floor, modeled as n degree-of-freedom (DOF) structure, under 

human-induced normal loading )(tf . To reduce floor vibration, the floor structure is 

equipped with a MTMD system of total p units, which are located at coordinate ( skx , sky ) 

for pk ~1  as shown in Fig 1. The dynamic equations of motion of the combined 

floor-MTMD system can be expressed as 

)()()()( tttt FKCM  zzz   (1) 

In Eq. (1) 
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denote (n+p)  1 state and forcing vectors, respectively. )(tpz  is the (n  1) relative 

displacement vector of the floor structure with respect to fixed base. )(tsv  is the (p 1) 

relative displacement vector of TMD units with respect to their located floor (called 
stroke). )(tf  denotes (n 1) normal force vector acting on the floor. 
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are (n+p)  (n+p) mass, damping and stiffness matrices of the entire floor-MTMD system, 

respectively. pM , pC , and pK  are (n n) mass, damping and stiffness matrices of the 

floor which are generated from the finite element computer program. ].[
kss mdiagM , 

].[
kss cdiagC , ].[

kss kdiagK  are (pp) diagonal matrices, uMM ssp  , 

T
uCC )( sps  , 

T
uKK )( sps  , 

ksm , 
ksc , and 

ksk are mass, damping, and stiffness 

coefficients of the kth unit of MTMD ( pk ~1 ); and 
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are (p  n) matrix and (1 n) vector, respectively, where the superscript (i ) indicates the 

position of 1 in vector ku . 

Let Φ  be the (n n) mode shape matrix obtained by solving the  eigenvalue 

problem of the floor structural system and )(tη  be the (n  1) modal displacement 



 

 

vector. By substituting )()( ttp Φηz  into Eq. (1) and pre-multiplying two sides of the 

floor structure part by T
Φ to transform the system coordinate from physical domain to 

modal domain, the jth modal equation of motion of floor structure becomes 

njtftfttt MTMD
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 where j = modal response, j = modal damping ratio, j = modal frequency, jm = 

generalized mass, j = mode shape of the jth mode. )(tf j  and )(tf MTMD

j  are modal 

forces due to external excitation and the MTMD. Moreover, the dynamic equation of 
motion for the kth TMD can be written as 
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where skv is the stoke, sk is damping ratio, sk is natural frequency of the kth TMD. The 

combination of Eq. (2) for all modes ( nj ~1 ) and Eq. (3) for ( pk ~1 ) gives the 

modal equations of motion of the floor structure coupled with p MTMD systems as 
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where  and  are  and  unity matrices, respectively, and 
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Rewrite Eq. (4) as 

)()()()( tttt *
FKZZCZM    (5 ) 

Where )(tZ  is a state vector composed of modal displacement of floor and TMD stroke. 

M ,C , and K are equivalent modal mass, damping, and stiffness matrices of the floor- 

MTMD system, and )(t*
F is the modal force vector acting on the floor. 

 

Fig 1. Planar floor equipped with MTMD 
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2.2 Mean square modal response ratio 
 

Taking Fourier transform on both sides of Eqs. (4) and (5) gives 
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In which i = 1  and 
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Then, we obtain the jth modal displacement in frequency domain as 

 )()()( *  pFHη PP  ( 7 ) 

In which (
PP

H ) is the transfer function with respect to external loading f
*(t). For 

comfort control, the floor absolute acceleration transfer function is calculated by (
PP

H ) 

multiplied by 2 . To control the jth modal acceleration of the floor structure, assumed 

that Fp(t) is a white noise excitation, the mean square modal acceleration response ratio 

of the floor with and without MTMD, jR , is expressed as 
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1jR  indicates that MTMD is effective in reducing floor accelerations. 

 
 



 

 

2.3 Optimal parameters of MTMD 
 

The mean square modal response ratio
jR , depends on the location of TMD, , mass 

ratio of TMD  , the jth modal damping ratio of floor structure, 
j , frequency ratio of kth 

TMD, 
fkr , and damping coefficient of TMD, sc . It has been found that to reduce the jth 

modal response, the kth TMD is best located at the DOF where has the largest mode 

shape value of jth mode (Lin et al, 2012). With the prior knowledge of 
j  and mass ratio 

 ,  the optimal MTMD’s parameters, opt)(
1f

r
, opt)(

2f
r

, …, opt)(
pfr

, and opt)(
0s , can be 

obtained by solving the following system of equations to minimize jR
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Moreover ξ𝑠𝑘
= ξ𝑠0

𝑟𝑓𝑘
, to consider low cost and easy construction, identical stiffness 

coefficient, sk
, and damping coefficient, sc

, for each MTMD unit are proposed. The 
other system parameters have been derived and expressed as 
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1  is the total mass of all MTMD units. 
 
 

3. VIBRATION REDUCTION OF FLOOR BY MTMD SYSTEM 
 

3.1 Finite element model and model updating 

A real gymnasium in Taipei city was considered as the target structure to design its 
optimal MTMD system to reduce excessive vibrations at the third floor due to human 
activities. According to design drawings and details, the commercial finite element 
program SAP2000 was employed to model the floor structure as total 119 (17X7) joints, 
as shown in Fig. 2, and to calculate its modal parameters. The system parameters of 
the third floor are listed in Table 1. Fig. 3 shows the first three mode shapes. 



 

 

              
 (a) FEM model of gymnasium              (b) Top view of the third floor 

Fig 2. FEM model of real gymnasium 
 

Table 1. System parameters of the floor 

 

                     
(a) First mode            (b) second mode               (c) third mode 

Fig 3. The first three mode shapes of floor 

It is generally recognized that the FEM model of an existing structure has to be 
updated base on identified modal parameters from real measurements. The target floor 
structure was investigated by the researchers at National Center for Research on 
Earthquake Engineering in Taiwan through forced vibration tests in 2007. The identified 
first three modal frequencies are larger than those shown in Table 1. Accordingly, the 
FEM model of the floor was revised by increasing the rigidity of floor-girder connection. 
The updated and identified frequencies are close and shown in Table 2. 

Table 2. Modal frequencies before and after model updating  

Modal Frequency (Hz) Mode 1 Mode 2 Mode 3 

identified  3.46 5.00 7.60 

Updated  3.47 4.72 7.50 

 

mass (ton) length (m) width (m) Modal Frequency (Hz) 

1,530 51 41.6 
Mode 1 Mode 2 Mode 3 

2.52 3.39 5.37 



 

 

3.2 Human activity loadings 
 

The NBC 1990 codes define the dynamic loadings for different human activities as 
shown in Table 3. They can be expressed as the following concentrated joint force 

 

),()2cos(),,(
1

forceforce

l

i
iiipn

yyxxtfAgwtyxq 







 



    (7) 

 

where 
pw  is the force in unit area, g  is gravity, A  is area of each element, i  is 

dynamic coefficient, if  is forcing frequencies, i
 is phase angle, forcex  and forcey  

indicate the position of external force, n is the number of joint forces. l is number of 

forcing frequencies. For example, according to NBC code for lively concert event, pw =

2mkg150 , Hzf 3~5.11  , 25.01  , and Hzf 5~32  , 05.02   are given for the two 

frequency ranges. The total frequency contents (1.5-5.0 Hz) of two harmonic forces are 
normally distributed into each joint force. For the target floor structure, the external 
forces are acting at the shadow area, as shown in Fig. 4, where the participants are 

located during the lively concert. Then, the jth modal force
jF (t) takes the form 
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Table 3. Human activity loadings in NBC 1990 codes  

 



 

 

 
Fig. 4 Participants location of lively concert 

 
3.3 Optimal design of MTMD 
 

MTMD systems are installed at the third floor of the gymnasium to reduce floor 
normal vibrations due to lively concert event. It is found from Tables 2 and 4 that the first 
and second modal responses will be excited and amplified during the lively concert. The 
total mass ratio of MTMD system for controlling the first mode and second mode are 1% 
and 0.2%, respectively, based on their modal participation mass ratios. To consider the 
space of installation and local member capacity, five units of TMD are used to control 
the first mode, while two units of TMD are used for the second mode control. 
Furthermore, according to section 2.3, the TMD systems to control first mode are best 
placed around the floor center (L1-L5), while, the second TMD systems are located at 
the tip of the second mode shape (L6 and L7), as shown in Fig. 5. The optimal system 
parameters of each TMD unit are obtained based on the optimization procedure 
mentioned in section 2.3 and listed in Table 4. The modal acceleration transfer function 
for the floor with and without MTMD system are illustrated in Fig 6. It is seen that the 
modal amplitude is significantly suppressed. So are the floor accelerations.  

 

 

 

Fig. 5 Optimal locations of two MTMD systems 

 



 

 

Table 4. Optimal system parameters of two MTMD systems 

         
(a) first mode control                      (b) second mode control 

                
(a)  first mode                             (b) second mode 

Fig 6. Modal Acceleration transfer function of floor with and without MTMD  
3.4 FEM analysis of floor acceleration 

 

To examine the control performance of MTMD system, the floor normal 
accelerations due to different human activities can be calculated by the SAP2000 
computer program for the cases with and without MTMD system. Fig. 7 shows the time 
history of floor center acceleration during the lively concert. It is seen that the proposed 
MTMD system is able to reduce peak acceleration by 31% and root-mean-square (RMS) 
acceleration by 40% to meet the code requirement. 



 

 

 
Fig. 7 Time history of floor center acceleration 

 
4. CONCLUSIONS 
 

This paper investigated the human-induced vibration of a large-span floor in a 
gymnasium. Human discomfort may occur during rhythmic activities due to excessive 
vertical acceleration. Multiple tuned mass damper systems were applied to reduce the 
floor vibration. An optimal design procedure was proposed to determine optimum 
location and system parameters of the MTMD system. The simulation results from a 
large-span floor under harmonic loadings due to lively concert show that the proposed 
MTMD systems can reduce both peak and RMS accelerations of the floor significantly to 
meet the code requirements. 
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