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ABSTRACT:  

Designing and developing vibration absorber systems for structures, such as passive and semi-
active Tuned Mass Dampers, needs knowing some modal properties of the structure, in order to 
calculate the optimal parameters of these systems. 

Modal properties of the structure as fundamental frequencies, mass and damping ratio are 
necessary for finding passive systems using classical formulation. The identification of the 
structure resonance frequencies is in general a direct task using spectral analysis but not the 
evaluation of the modal mass and damping ratio. In this paper, Techniques to identify these 
parameters, based on Finite Element Model, Experimental Modal Analysis and other 
experimental techniques proposed in the last years. 

In the case of active and semi-active systems, the knowledge of the structure´s response 
(acceleration, velocity, displacement...) in real time is also necessary to apply the control 
algorithms developed.  

Eventually, the application of some of these techniques in the design and development of a 
Semi-active Tuned Mass Damper for a footbridge is shown. 

1 INTRODUCTION 

Vibration absorber systems, also known as Tuned Mass Dampers (TMD), have been one of the 
most used vibration mitigation systems in civil structures in the last decades. In general, the 
operation of these systems is based on adding a secondary vibrating system to a primary 
vibrating one (civil structure) such that the natural frequency of the secondary system is tuned to 
the primary system and oscillates to counteract the motion of the primary system. Typically, the 
mass of the secondary system is only a fraction of the primary system mass. Therefore, by 
adding only a small amount of secondary mass, the vibration of the primary system can be 
reduced significantly. 

 
In general, the most widely used Tuned Mass Damper is the passive one. This is because of its 
feasible operation when it is optimally tuned and some properties as its intrinsic stability. 
Despite of its good performance, this type of TMD have inherent limitations: a very narrow 
frequency band of efficiency, the ineffective reduction of non-stationary vibration and the 
sensitivity problem due to detuning or changes in the modal parameters (mass, frequency) of the 
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structures. As a consequence of these limitations, the TMD could lose their performance in 
vibration control.  
 
To overcome these drawbacks, active, hybrid and finally semi-active TMDs have been studied 
and developed. The active and hybrid systems are based on the introduction of an external 
source of power to produce additional forces, but the necessity of expensive equipment, high 
maintenance costs, and high power requirements made them unsuitable in many cases. On the 
other hand, the semiactive systems based on the use of devices which change its properties with 
low quantities of energy and low maintenance, represent a real alternative to the passive TMD 
in the development of future control systems for vibration mitigation in civil structures.  

If the TMD design guideline showed in Soong and Costantinou (2002) is followed, the first step 
of the design procedure is the identification of the dynamic structural properties of the structure. 
In other words, it is necessary to determine the natural frequency, vibration mass and damping 
ratio of the structure. Not all these modal parameters are easy to identify accurately, but they are 
indispensable to obtain an optimal TMD tuning. 

In the case of active and semi-active systems in which a real time control is performed, other 
structure measurements, like the displacement, velocity or acceleration of the structure and 
TMD, are necessary for a good vibration control implementation. 

In the next sections, some classical TMD tuning formulations and control algorithms for the 
design of passive and semi-active vibration absorber systems and some of the practical 
techniques used in the identification of structural modal parameters are showed. Finally, some 
of these techniques have been used in the design of a semi-active tuned mass damper for a 
footbridge. 

2 TUNED MASS DAMPER DESIGN 

In 1909, Frahm proposed a vibration control device, called dynamic vibration absorber, to 
reduce the rolling motion of ships, but the fundamentals of the nowadays called Tuned Mass 
Damper for harmonic vibrations of single-degree-of-freedom structures was established by Den 
Hartog (1956). With the aim of improving the performance of the passive TMD, active, hybrid 
and semiactive TMD have been proposed in the last decades.  

2.1 Passive Tuned Mass Damper 

Basically, the classical scheme of a passive TMD is a secondary mass attached to the main mass 
(structure) by means of springs and dampers. The TMD mass is fixed as a fraction of the 
structure mass (mass ratio), usually lower than 1%, the stiffness of the springs is fixed to obtain 
the optimum TMD frequency, and the damper is necessary to ensure the operation of the TMD 
in a low range of frequencies around the tuning frequency and also to dissipate part of the 
vibration energy. 

The first studies assumed no damping in the structure (main mass) to facilitate the derivations 
(analytical procedure). In this way, Den Hartog developed closed form expressions of the 
optimum damper parameters fopt and ξopt which minimize the steady-state response of the main 
mass subjected to a harmonic excitation. These expressions are the following: 
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where fopt  is the optimum frequency ratio between the natural frequency of TMD mass and the 
main mass, ξopt is the optimum TMD damping ratio, and µ is the mass ratio between the TMD 
mass and the main mass.  

Later, damping in the main mass was included in the analysis. In this case, a numerical 
optimization of TMD parameters was necessary with the aim of achieving a system with the 
smallest possible value of its higher response peak. One example of these formulations was the 
one developed by Tsai and Lin (1993): 
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where ξ is the damping ratio of the main mass. 

If TMD parameters shift away from their respective optimum values, the response control is 
expected to degrade. Rana and Soong (1998) studied the TMD detuning effect and concluded 
that the detuning effect of the frequency ratio parameter (f) is more pronounced than that of the 
TMD damping ratio (ξopt), and the effect of detuning in TMD parameters becomes less 
detrimental with increasingly structural damping (ξ) and/or mass ratio (µ). 

From these findings, it can be concluded that the frequency must be identified in a very accurate 
way, while the damping is not very sensitive to the detuning effect. 

2.2 Semi-active Tuned Mass Damper 

A semi-active tuned mass damper (STMD) is based on the classical TMD scheme where 
passive devices (springs, dampers) are replaced by variable damping and stiffness devices.  

The most used variable damping devices are the magneto-rheological dampers and the variable 
orifice dampers, while configurable spring systems or shape memory alloys elements are used 
as variable stiffness devices. A summary of these semi-active systems is presented in Casado 
(2007). 

The semi-active devices are driven by means of controllers, where optimal control algorithms 
are usually implemented. These controllers govern the semi-active devices in relation to the 
real-time status (vibration) of the STMD and the structure. 

In the next sections, an example of a control algorithm for a semi-active tuned mass damper 
based on magneto-rheological dampers is presented. 

3 STRUCTURE MODAL PARAMETERS IDENTIFICATION 

As it was shown, the modal parameters necessary in the calculation of the Tuned Mass Dampers 
parameters are the natural frequency, the vibration mass and the damping ratio of the structure. 

Generally, there are two methods for estimating modal parameters: analytical/numerical and 
experimental. The former are based on the calculations of eigenvectors obtained through finite 
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element (FE) analysis. The latter are performed by an appropriate data analysis of the response 
measurements made on a full-scale structure and in some cases the vibration excitation. 

The most complete and best way to calculate the modal parameters of a structure is using the 
experimental modal analysis (EMA), also known as modal testing. This method is based on the 
analysis of the Frequency Response Functions (FRF) obtained from the measurement of the 
structure acceleration, velocity and/or displacement and the controlled excitation. In order to 
perform this technique, the next equipment is necessary: (1) Sensors: generally some 
accelerometers, (2) Excitation mechanism: unbalance vibration shaker, electro hydraulic shaker, 
impact hammer... (3) Data analyzer and (4) Experimental Modal Analysis software. 

For small structures featuring high natural frequencies and modest testing budgets, hammer 
testing leading to FRFs may be more appropriate, but excitation by a controlled force produced 
by an electro dynamic or hydraulic shaker is believed to be a more reliable method. 

Despite this method is the most feasible and complete to obtain the modal parameters of the 
structure, sometimes it requires expensive specialist equipment or it may, in some cases, be 
impossible to implement practically with the current technology. 

Other complete method for the modal parameters estimation, but with a considerable 
uncertainty level, is the numerical Finite Element Method (FEM). In this case, knowing the 
characteristics of structural elements, materials and geometry, a FE model of a structure can be 
developed. After an eigenvalue extraction, performed using the established mass and stiffness 
properties, structure natural frequencies, mode shapes, damping ratio and modal mass can be 
determined. Sometimes, the results obtained can contain large errors due to the uncertainties 
(boundary conditions, material properties...) and modelling of certain key structural and non 
structural elements, which have the potential to influence significantly on the structure dynamic 
behaviour.  

In some cases, when experimental results are available, the FE model can be updated. This 
approach is a good help for the future modelling of structures with similar layouts. However, it 
should be noted that good quality of experimental data and its postprocessing are essential. 
Generally, FE model updating can be done manually, by trial and error, or automatically, using 
software developed for that purpose. The level of matching is typically checked by calculating 
the Modal Assurance Criterion (MAC) and/or the Coordinate Modal Assurance Criterion 
(COMAC). They represent the degree of correlation between the analytical and the 
experimental modes of vibration. A discussion of some of these updating methods is presented 
in Zivanovic (2005). 

Apart from these global parameters estimation methods, other methods have been proposed and 
used to identify the parameters individually.  

Natural frequencies are usually determined from spectral plots of response amplitude versus 
frequency (Spectral analysis). Accelerometers with good resolution and frequency ranges 
starting from very low frequencies (lower than 0.25 HZ) are necessary to obtain an accurate 
estimation of the frequencies for usual civil structures. Depending on the frequency of interest, 
the accelerometers should be placed at points of maximum vibration level for the mode.  

A more sophisticated method is the Output-only Modal Analysis or Operational Modal Analysis 
(OMA). This method, using only the structure response (accelerations) records, is capable of 
estimating not only the natural frequency but also the mode shapes and the damping ratio 
without knowing and/or controlling the input excitation. This method is nowadays used for 
large structures, which are difficult to be excited artificially because of the low frequencies and 
high masses. 
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In the case of modal mass, several experimental methods are proposed, most of them needing to 
know the excitation force together with the corresponding vibration response. In the case of 
light and lively structures like footbridges, Brownjhon (2007) proposed an experimental method 
based on a single person dynamic excitation of a footbridge and measurements of the 
corresponding dynamic response. The method involves measurement and post-processing of 
dynamic (acceleration) responses due to jumping and/or walking at a frequency which excites 
footbridge resonance of a mode whose modal mass needs to be determined. The post-processing 
makes use of an existing database of walking and/or jumping forces recorded in the laboratory 
for various frequencies. 
 
Relating to the damping, the usual way to define it in civil structures is by using the damping 
ratios defined for each mode separately. Damping represents the energy dissipation in a 
vibrating structure, which is very convenient because it reduces the structural response near 
resonance. However, it is hard to predict the value of damping, because of the difficulty of 
modeling the numerous mechanisms involved. To get a better idea about damping, it is 
necessary to conduct a testing. In testing it is very important to make the right choice of the 
excitation which will generate the resonant excitation for the investigated mode. Therefore, 
frequency content for the excitation force should be chosen carefully.  
 
In general, damping can be obtained using different methods. Related to civil engineering 
structures, the most used are the time-domain free decay method after the excitation (impulsive 
or harmonic) stops, also known as decrement logarithm method, the frequency-domain half-
power bandwidth method (for the ambient and forced tests) and the time-domain-based random 
decrement method (for the ambient vibration surveys). 
 
Since damping is the less sensitive parameter in the TMD tuning, sometimes the use of 
structural damping tables from codes and guidelines is enough to obtain a good set of TMD 
optimal parameters.  

4 PRACTICAL CASE: DESIGN OF A SEMIACTIVE TUNED MASS DAMPER FOR A 
FOOTBRIDGE  

 
The footbridge of the Science Museum in Valladolid is a 234m structure composed, mainly, of 
three spans (51.12m, 111.31m and 20.83m) with hexagonal cross-section made of steel tubular 
beams (figure 1) 
 

 

Figure 1: Science Museum Footbridge of Valladolid. 
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A preliminary vibration analysis showed that the 51.12 m span was the liveliest span with 
maximum vertical acceleration levels close to 3 ms-2. Since this value is much higher than the 
vertical critical accelerations comfort limits [0.5-0.8 ms-2] showed in Setra guideline (2006), a 
passive and a semi-active tuned mass damper was designed for mitigate the vibration in this 
span. 
 
In order to obtain the modal parameters of the span, a finite element model was developed. The 
model was updated in a manual way according to the frequency and damping values obtained 
from the structure response registers. The first vertical and lateral frequencies obtained by 
spectral analysis were 3.45Hz and 3.25Hz respectively, while the damping ratio of 0.6% for the 
first mode was obtained using the decrement logarithm method.  
 

 

Figure 2: FEM of the footbridge 51m span. 

 
With the aim to fit the FE model frequencies to the experimental ones, it was necessary to 
modify the boundaries conditions in one side of the span, to obtain a properly simulation of the 
joints. The modal parameters obtained from the updated model are summarized in the Table 1. 
 
Table 1. FEM parameters of the footbridge span No.2 
 
Mode 

number 
Frequency 

(Hz) 
Mx Modal 
Mass (Kg) 

My Modal 
Mass (Kg) 

Mz Modal 
Mass (Kg) 

Main 
direction 

1 3.35 ≈ 0 ≈ 0 19497 Lateral 
2 3.45 190.30 23379 ≈ 0 Vertical 
3 5.47 ≈ 0 ≈ 0 353.19 Lateral 
4 6.99 474.63 155.40 ≈ 0 Longitudinal 
5 7.33 ≈ 0 ≈ 0 1332.3 Lateral 
6 7.63 3065.6 6.4242 ≈ 0 Longitudinal 

 
Using the modal parameters for the vertical fundamental frequency (3.45 Hz, 23379 kg and 
0.6%), a 200kg passive and a 200kg semi-active TMD were designed by the authors. In the 
passive case, the Tsai&Lin (1993) formulation was used for the parameters TMD calculation, 
while the displacement-based, on-off groundhook control (On-off DBG) developed by Koo 
(2003) was the control strategy used to implement a semi-active TMD. This strategy consists on 
the use of two damping values (con, coff) to adjust the Magneto-Rheological damper, depending 
on the value obtained in the following expressions: 
 

x1* v12  ≥ 0  ccontrollable=con                                                                                                                                                       (5) 
x1* v12  < 0  ccontrollable=coff 

 
where x1 is the absolute vertical displacement of the span and v12 is the relative velocity of the 
STMD 
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After the analytical formulation and the numerical optimization were applied, we obtained the 
passive and semi-active TMD parameters that are summarized in the table 2. 

 
Table 2. Passive and semi-active TMD parameters. 
 

Passive TMD Parameters  Semiactive TMD Parameters  
Mass (Kg) 200  Mass (Kg) 200 
Frequency  (Hz) 3.41  On state damping (N/ms) 3938 
damping (N/ms) 492.03  Off state damping (N/ms) 50 
Stiffness (N/m) 91753  Stiffness (N/m) 87709 
 
In figure 3, the comparison between the transmissibility peaks obtained with a SDOF model of 
the structure (span) without damping devices, with passive TMD and with semi-active TMD 
based on an On-Off DBG control strategy is presented. The results show how the performance 
of a semi-active TMD is quantitatively higher than the obtained with a passive TMD of the 
same mass. 
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Figure 3: Transmissibility peak comparison.  

 
The free-decay responses obtained in the span without absorber systems (Figure 4), and when  
the passive TMD prototype was temporally installed in the footbridge span were similar to those 
obtained in the simulations. Therefore, it can be concluded that the span modal parameters 
calculated are close to the real ones.  
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Figure 4: Simulated and real free-decay response of the 51m span.  
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5 CONCLUSIONS 

 
In this paper a brief discussion for the design of passive and semiactive tuned mass damper 
techniques have been showed. Also a summary of the usual techniques used for the 
identification of the modal parameters in the civil structures is presented. Finally, a practical 
study for the design of a passive and a semi-active tuned mass damper for the reduction of the 
vibration in footbridge have been done. In this study some of the modal parameters 
identification techniques and the  showed in the first sections have been used.  
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