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Abstract.    Tuned mass dampers (TMD) are devices employed in vibration control since the beginning of 
the twentieth century. However, their implementation for controlling the seismic response in civil structures 
is more recent. While the efficiency of TMD on structures under far-field earthquakes has been 
demonstrated, the convenience of its employment against near-fault earthquakes is still under discussion. In 
this context, the study of this type of device is raised, not as an alternative to the seismic isolation, which is 
clearly a better choice for new buildings, but rather as an improvement in the structural safety of existing 
buildings. Seismic records with an impulsive character have been registered in the vicinity of faults that 
cause seismic events. In this paper, the ability of TMD to control the response of structures that experience 
inelastic deformations and eventually reach collapse subject to the action of such earthquakes is studied. 
The results of a series of nonlinear dynamic analyses are presented. These analyses are performed on a 
numerical model of a structure under the action of near-fault earthquakes. The structure analyzed in this 
study is a steel frame which behaves as a single degree of freedom (SDOF) system. TMD with different 
mass values are added on the numerical model of the structure, and the TMD performance is evaluated by 
comparing the response of the structure with and without the control device. 
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1. Introduction 
 

The use of tuned mass dampers (TMD) has relatively recent applications in civil structures. 
This passive control device has a mass that oscillates due to the motion of the protected structure, 
absorbing part of the vibrational energy. A common objective in the control of vibration of civil 
structures is to reduce the response of the first vibration mode. To accomplish this objective the 
oscillation frequency of the TMD must be close to the fundamental frequency of the structure that 
is being protected. The original version of the device, proposed by Frahm (1909), showed great 
effectiveness in controlling the resonant response produced by harmonic loads of long duration. In 
order to increase the robustness of the device and to make it effective against loads with different 
frequency content, various alternatives have been proposed. The use of multiple TMD, both in 
series (Li and Zhu 2006, Zuo 2009) and in parallel (Iwanami and Seto 1984, Igusa and Xu 1994, 
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Warnitchai and Hoang 2006, Li and Ni 2007), is one of these alternatives. The tuning frequency 
and the values assigned to the mass and damping of the TMD define their performance against 
different load types. Optimal values of these parameters have been the subject of several studies 
(Warburton 1982, Chang 1999, Lee et al. 2006, Nigdeli and Bekdas 2013) according to different 
objectives (decrease in maximum displacements, story drift, base shear, etc.) and under different 
kinds of excitation (harmonic, white noise, etc.). 

A change in the fundamental frequency of the structure or TMD causes an effect known as 
detuning, which decreases the effectiveness of TMD in the control of the structural response. One 
of the most common causes of detuning is a decrease of the fundamental frequency of the main 
structure due to the damage experienced under extreme loads. Detuning can also be caused by 
errors that may exist from the misidentification of the fundamental frequency of the structure or in 
the erroneous assessment of the soil structure interaction. Furthermore, the detuning of the TMD 
may be produced by a lack of maintenance of the device as variations in the dynamic properties of 
the structure due to changes in temperature, occupancy loads and changes in the use of the 
building. The effects of detuning on the TMD performance has been studied by many authors 
(Rana and Soong 1998, Wang and Lin 2005, Weber and Feltrin 2010) along with attempts to 
increase the robustness of the device against changes in the fundamental frequency of the structure 
and of the control device (Marano et al. 2010, Zhang et al. 2011, Aly 2014). Another possible 
solution for the detuning problem is the use of a TMD with semi-active control, such as the device 
studied by Sun et al. (2014),which can be tuned in real time based on the information measured of 
the main structure.  

The effectiveness of TMD on structures subjected to seismic action has been analyzed in 
several studies (Sladek and Klingner 1983, Villaverde 1994, Bernal 1996, Pinkaew et al. 2003, 
Matta and Destefano 2009, Woo et al. 2011, Tributsch and Adam 2012). The TMD performance 
has shown to be dependent on the duration of the seismic action and on the frequency content 
relative to the frequency of the vibration modes of the structure being protected. Another 
influential factor in the performance of the device is the nonlinear behavior of the structure against 
severe earthquakes. The optimal design of the TMD against such actions also been the subject of 
various studies (Chakraborty and Roy 2011, Miranda 2013). 

In particular, seismic actions recorded in the vicinity of faults have shown a short significant 
duration, providing most of the energy to the structure in a few seconds. The impulsive property of 
such actions, called near-fault records, raises doubts on the effectiveness of TMD because these 
devices have such limited time to counteract the vibrations induced by seismic action. The TMD 
performance on linear structures against numerous near-fault seismic records was studied by Matta 
(2011). This study concludes that the TMD is more effective when the frequency content of the 
excitation is close to the fundamental mode of the structure, achieving a reduction in peak values 
of displacement of up to 25% when a mass ratio of 10% is assigned to TMD. The analytical model 
of pulse ground motions proposed by He and Agrawal (2008) was used by Matta (2013) to 
represent near-fault records and to find the optimal values of TMD parameters against this type of 
load. The results of this optimization showed significantly lower values than the optimum values 
obtained for harmonic loads. It is worth mentioning that these studies were performed on the 
assumption of a linear behavior of the structure during seismic activity. Therefore, the effect of the 
degradation of both stiffness and strength, which happens in real structures during major 
earthquakes, is not observed. Under the action of near-fault earthquakes, the performance of a 
TMD with semi-active control was studied by Sun and Nagarajaiah (2014). This semi-active 
device can adapt its frequency and damping according to the structural response in order to 

726



 
 
 
 
 
 

Performance of TMDs on nonlinear structures subjected to near-fault earthquakes 

optimize the transfer and dissipation of energy, showing better results than the passive TMD in 
reducing peak displacement against pulse-like loads. The collapse of a 4-story steel frame with the 
addition of TMD against near fault earthquakes was studied by Domizio et al. (2015b). The results 
of this study, where material and geometric nonlinearities were taken into account, showed a direct 
relationship between the performance of the device and the frequency content of the excitation. 
When compared to the uncontrolled case, an increase of 30% of peak acceleration required to 
produce the collapse was achieved with the inclusion of a TMD with a mass ratio of 10%. This 
increase was observed in the case of a near fault record with high frequency content close to the 
first mode of the structure. 

In this paper the utilization of TMD is proposed, not as an alternative to seismic isolation, 
which is clearly a better choice for new buildings, but rather as an improvement in the structural 
safety of existing buildings. In this context, TMD performance was studied by performing 
nonlinear dynamic analyses on a structure that behaves as a SDOF system subjected to the action 
of a series of near-fault seismic records. In particular, the ability of the TMD to prevent the 
collapse was investigated. The value of peak ground acceleration (PGA) that produces structural 
collapse was founded for each seismic record and a comparison was made between the results 
obtained in cases with and without control. 

 
 

2. Description of the numerical model and dynamic actions 
 
The numerical model used in this study was built according the scheme of Fig. 1. This model 

represents the structure used in experimental tests detailed in the work of Domizio et al. (2015a). 
This study also presents the calibration of the numerical model; which is similar to that used in the 
present work, and its validation with experimental results.  

 
 

 
Fig. 1 Scheme of the SDOF structure analyzed 
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 opt                            (2) 

The second expression used to determine the TMD parameters minimizes the RMS value of 
displacements when white noise excitation acts on the base of the structure. The optimum 
frequency ratio in this case coincides with the expression 1, while the optimum damping is given 
by equation 3.  
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The third expression used in this paper was obtained by Matta (2013) in order to minimize the 
displacement of the main structure against pulse-like loads. The values of the TMD parameters 
obtained from this optimization are given by Eqs. (4) and (5). 
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Table 1 summarizes the values of frequency ratio and damping ratio for the three mass ratios 
and the three optimizations used. 

 
 
 

Table 1 Frequency and damping ratio used in the TMD 

Mass ratio 

μ 

Optimization for  

harmonic excitation 

Optimization for  

white noise excitation 

Optimization for  

pulse-like excitation 

αopt  ζopt  αopt ζopt αopt ζopt 

0.010 0.988 0.061 0.988 0.050 0.960 0.000 

0.025 0.969 0.096 0.969 0.078 0.927 0.001 

0.050 0.940 0.135 0.940 0.110 0.890 0.006 
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This paper evaluates the performance of TMD against near-fault earthquakes, comparing the 
response of the structure with and without the implementation of the TMD under a series of 4 
seismic records, listed in Table 2. These seismic records have an impulsive character, providing 
most of the energy to the structure in a few seconds. This is reflected in a short significant duration, 
defined by Trifunac and Brady (1975) as the time that elapses between 5 and 95% of the Arias 
intensity. The Arias intensity represents the energy dissipated in the structures due to the seismic 
action. This measure of intensity was defined by Arias (1970) and can be calculated with equation 
6. 

  dtta
g

I
t

A 


 
0

02


                          (6) 

where g is the gravity acceleration, t0 is the total earthquake duration, and a(t) is the ground 
acceleration recorded during an earthquake. The ground acceleration of the seismic records used in 
this study is shown in Fig. 4, and its significant duration is highlighted.  

The response spectrums of the seismic records used in this analysis are shown in Fig. 5. In the 
figure, the fundamental period of the structure is marked with a continuous line in order to 
visualize the level of demand on the structure caused by the seismic action. The relationship 
between the fundamental period of the structure and the dominant frequencies of excitation can 
also be seen in the figure. 

 

 

Fig. 4 Acceleration records of the near fault earthquakes 
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Table 2 Near-fault seismic records used 

Event Year 
Moment 

Magnitude
Station 

Distance to 

rupture plane 

(km) 

Significant 

Duration 

(s) 

Peak 

Ground 

Acceleration 

(m/s²) 

Mendoza, Argentina 1985 6.3 -- -- 6.6 4.68 

Kobe, Japan (1) 1995 6.9 KJMA 1.0 7.8 8.06 

Cape Mendocino, EE.UU (1) 1992 7.0 Petrolia  8.2 16.0 6.50 

Chi Chi, Taiwan (1) 1999 7.6 CHY080 2.7 6.3 8.85 

(1) Source: PEER Ground Motion Database (http://peer.berkeley.edu )  
 

 

 
Fig. 5 Response spectrum of the near fault records 
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expression for harmonic and white noise excitation. A lower effectiveness was observed when the 
formula for the pulse-like excitation was used, likely due to the fact that this expression was 
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structure, even when mass ratios of 5% were used. It can also be seen that the use of TMD 
produces variations in the time when the collapse occurs. However, this change does not become 
significant, showing that, for this level of demand, the addition of TMD represents no benefit. 
From Fig. 6, it is also possible to see that TMD has no effect on the structural response during the 
first half cycle of model´s oscillation. Nonetheless, the device achieved a significant reduction of 
the inelastic displacements after this initial moment when the Cape Mendocino 1992 earthquake 
record was employed, and it was able to diminish the peak displacement for the record of the 
Mendoza 1985 earthquake. The results of the cases where the structure without TMD did not 
collapse are summarized in Table 3 in terms of structural displacement, acceleration and base shear 
force. 
 

 

Fig. 6 Displacement of the main structure with TMD parameters optimized for: (a) harmonic excitation, (b) 
white noise excitation and (c) pulse-like excitation 
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Table 3 Results in the main structure without TMD 

Event Year Station 

Displacement Acceleration Base Shear 

Max. 

(m) 

RMS 

(m) 

Max. 

(m/s²) 

RMS 

(m/s²) 

Max. 

(N) 

RMS

(N) 

Mendoza 1985 -- 0.086 0.032 6.68 2.24 144.4 66.1

Cape Mendocino 1992 Petrolia 0.362 0.307 7.60 1.34 174.0 35.1

 
 

   

Fig. 7 Response of the main structure with TMD added, relative to uncontrolled case 
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Fig. 8 Energy input, displacement and acceleration of the structure against: (a) Mendoza 1985 earthquake
and (b) Cape Mendocino1992 earthquake 
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increase in the TMD mass causes an increase in RMS values for acceleration and for base shear 
force, but remains unchanged at their peak values. This increase in the RMS values can be 
explained by observing the displacement of the structure against this seismic record in Fig. 6. In 
this figure, it can also be seen that an increase in TMD mass ratio decreases the remaining 
deformation of the structure with the consequent reduction of peak and RMS values in terms of 
displacements. On the other hand, the displacement amplitude increases around the remaining 
deformation after the cycle that produces most plastic deformation. Because of this, the RMS 
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values of acceleration and base shear force are larger when compared to the uncontrolled case. 
Meanwhile, the peak values show no variation in terms of acceleration and base shear force 
because they occur in the first cycle of the earthquake where the TMD practically has no influence. 

Fig. 8 shows variations in time concerning the system energy for the two cases studied without 
collapse and parameters optimized for harmonic excitation. This energy is the sum of the energy in 
the structure, the energy in the TMD and the gravitational potential energy of the complete system. 
Both terms include kinetic energy, strain energy (due to plastic and elastic strain in the structure, 
and only elastic strain in TMD), and the energy dissipated by damping. The figure also shows the 
displacement and acceleration of the structure. 

In Fig. 8(a) it can be seen that there is no energy transfer to the TMD during the initial pulse of 
the Mendoza seismic record. However, the device was effective in reducing the maximum 
displacement of the structure because this occurred in the middle of the strong phase of the ground 
motion with an energy transfer between the structure and the control device. This transfer of 
energy increases along with the addition in the mass used in the TMD, as expected. It can also be 
seen that under this dynamic action, there are no permanent deformations in the structure, and the 
amount of input energy is mostly dissipated by the device when the mass ratio reaches 5%, unlike 
the case shown in Fig. 8(b), where the energy dissipated hysterically by inelastic deformations has 
a greater relative importance. As was mentioned before, against the Cape Mendocino seismic 
record, the addition of TMD to the structure led to significant reductions in the response from the 
second half cycle of displacement onward. This benefit increases as the mass value assigned to the 
device grows, as expected. This behavior is due to the proximity between the fundamental 
frequency of the structure and the main frequency of the seismic action, as can be deduced from 
the response spectrum. 

 
 
4. Collapse acceleration analysis 
 

In the analysis described in the previous section, the effect of TMD on the structural response 
for each seismic record used with its original amplitude was studied. The purpose of this section is 
to determine which is the lowest excitation amplitude that produces structural collapse, with and 
without the incorporation of the TMD and evaluating the benefit obtained by the addition of the 
device. The bisection method was used in order to find this ground motion amplitude by first 
searching an adequate amplitude range. Once the initial range was established, the occurrence of 
the structural collapse was evaluated in each iteration, subdividing the range by half according to 
the result. In this study, results are presented as a function of peak ground acceleration (PGA), 
which is the record parameter scaled in each iteration. Table 4 shows an example of the method 
used, in which the structure without TMD is subjected to the seismic record of the Kobe 1995 
earthquake, and the resulting displacements of each iteration are shown in Fig. 9. 

The smallest PGAs which produce the collapse, called collapse PGA, of the structure without 
TMD are presented in Table 5.  

Fig. 10 shows the collapse PGA of the four seismic records when the TMD is attached to the 
main structure with the parameter values defined according to the three expressions mentioned in 
section 2. These collapse PGAs are given as relative to the results of the case without the 
implementation of the device. 
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Fig. 9 Displacement of the structure without TMD. Kobe 1995 record 
 
 

Table 4 Determination of the minimum amplitude of the Kobe 1995 record that cause the collapse of the 
structure without TMD 

Stage 
Iteration 
Number 

Peak Ground Acceleration - PGA (m/s²) 
Iteration  
Result Upper Limit 

w/o Collapse 
Lower Limit 
w/ Collapse 

Used in the Current 
Iteration 

Initial range 
search 

1 --- --- 8.06 w/ collapse 
2 --- 8.06 2.02 w/o collapse 

Range 
bisection 

3 2.02 8.06 5.04 w/o collapse 
4 5.04 8.06 6.55 w/ collapse 
5 5.04 6.55 5.79 w/ collapse 
6 5.04 5.79 5.42 w/o collapse 
7 5.42 5.79 5.60 w/ collapse 
8 5.42 5.60 5.51 w/o collapse 
9 5.51 5.60 5.56 w/ collapse 

10 5.51 5.56 5.53 w/ collapse 
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Table 5 Collapse PGA of the structure without TMD 

Event Year Station Collapse PGA (m/s²) 

Mendoza, 1985 -- 13.95 

Kobe, Japan 1995 KJMA  5.53 

Cape Mendocino 1992 Petrolia  7.42 

Chi Chi 1999 CHY080  5.01 

 
 

 
Fig. 10 Collapse PGA of the structure with TMD, relative to the uncontrolled case 

 
 
As it can be seen in Fig. 10, in most cases where the TMD is incorporated, the acceleration 

necessary to produce the collapse was higher when compared to the acceleration required for the 
structural collapse in the uncontrolled case. However, there is a relatively large dispersion in the 
benefit obtained by the addition of the device, with limits between -3 and 19%. Under the action of 
the same seismic record and with the same amount of mass assigned to the device, the results 
showed dispersion in the TMD performance due to the different criteria used in defining their 
damping and tuning frequency. These results show a higher response sensitivity to the value 
adopted in TMD parameters when compared to the results obtained from the analysis of the 
previous section under unscaled records. In this case, the optimization for white noise excitation 
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showed the best performance in most cases and the largest increase in the collapse PGA was 
obtained for the Cape Mendocino seismic record, which is the ground motion that has the 
dominant frequencies closest to the frequency of the fundamental mode of the structure. Moreover, 
if the most common value of mass of TMD of 1% is used, the three optimization methods give 
similar results. 

In the study performed on a MDOF structure by Domizio et al. (2015b), the use of higher mass 
ratios resulted in higher collapse PGA for all cases where the inclusion of the TMD was effective. 
However, from the results of the present study over an equivalent SDOF, it can be seen that a 
larger benefit does not always occur with an increase of mass in the TMD. It is clear in the case of 
this study that the most convenient mass value for the TMD is between 1 and 2.5%, which is a 
significant result.  

Fig. 11 shows the results obtained in the structure with a TMD mass ratio of 2.5% and 5% in 
order to understand why an increase in the TMD mass can lead to a decrease in the collapse 
acceleration.  

This figure shows the displacement of the structure subjected to Chi-Chi earthquake scaled to 
the collapse PGA and TMD parameters defined according to the expression for harmonic 
excitation. The total force exerted by the TMD on the structure (sum of the force exerted by the 
spring and by the viscous damper of the device), and the energy transfer rate between the structure 
and TMD, obtained as the product of the TMD force by velocity of the structure, are also shown. 
When the force exerted by the TMD and the velocity of the structure have opposite directions, the 
control device absorbs energy. However, in the case in which the greater mass ratio (μ=5%) was 
used, it can be seen how a relatively large amount of energy returns from the device at the moment 
when the structure undergoes the largest inelastic deformations. Furthermore, at this same time, 
the TMD exerts force in the same direction in which collapse finally occurs. Due to this the 
dynamic instability is reached more easily, especially in structures with high influence of the 
P-Delta effect, such as those used in this study. 

 
 

5. Conclusions 
 
In this paper the TMD performance on a SDOF structure subject to a series of near-fault 

earthquakes was studied. With this aim two different analyses were performed, defining the TMD 
parameters according to expressions of optimal values for harmonic, white noise and pulse-like 
excitation. In the first analysis, 4 unscaled near-fault records were used, noting that, in cases where 
the structure did not collapse, a TMD with a mass ratio of 5% was able to reduce the RMS 
displacement values up to 50% and peak values up to 45%. Peak values could be reduced because 
these did not take place in the first half cycle of oscillation, in which the device has no effect on 
the structural response, being unable to absorb energy from the structure. However, from the 
second half cycle of oscillation a significant decrease of inelastic deformations was observed when 
the record of Cape Mendocino earthquake was used as input. The device efficiency in controlling 
accelerations and the base shear force was significantly lower. In cases when the uncontrolled 
structure collapsed, TMD implementation was not effective to prevent it because the level of 
demand was too high to be beneficial. Similar results were obtained when the TMD parameters 
defined for harmonic and white noise excitation were employed, and less effectiveness was 
observed when the expression obtained for pulse-like loads was used. 
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In the second analysis, the amplitudes of the four near-fault records that produce structural 
collapse were found. From the results of this analysis, it was observed that the incorporation of 
TMD allowed the collapse PGA to increase up to 19% in the case where the action has frequency 
content near to the fundamental mode frequency of the structure reaching up to 9% in the other 
cases. It was also observed that the major benefits were obtained with mass ratios values between 
1% and 2.5%, with a decrease of these benefits in some cases when the mass ratio of 5% was used. 
In one case, where the increase in the mass ratio reduced the collapse PGA, a relatively large 
energy return from the TMD to the structure was observed. The force exerted by the device on the 
structure at that time had the same direction of collapse, which may favor the dynamic instability 
of structures with high influence of the P-Delta effect, such as analyzed in this study. In this case, 
the optimization for white noise excitation showed the best performance in most cases and if the 
most common value of mass of TMD of 1% is used, the three optimization methods give similar 
results. 

 
 

 

Fig. 11 Response of the structure with TMD mass ratios of 2.5% and 5% against Chi-Chi seismic record 
scaled to the collapse PGA 
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