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1. Introduction 
 

Structures undergo vibrations in response to wind and 

earthquake excitations, which may lead to excessive lateral 

displacement or even collapse (Lu et al. 2016a). The debris 

of the collapsed structures has claimed many lives. 

Consequently, one of the main goals in structural 

engineering is to develop innovative vibration control 

devices (Housner et al. 1997, Spencer and Nagarajaiah 

2003, Lu et al. 2017a, 2017f, 2018e, Xu et al. 2013, 

Nagarajaiah and Jung 2014a).  

Tuned mass dampers (TMDs), a popular auxiliary-mass 

damping device, are passive control devices that have been 

applied extensively in practical high-rise buildings, such as 

the Shanghai Tower (Lu et al. 2017b) and the Taipei 101 

building (Chung et al. 2013). Many experiments and 

simulations have been conducted to  evaluate the 

performance of structures with a TMD system under 

various loads, and with various parameters (Bekdaş and 

Nigdeli 2013, Tributsch and Adam 2012, De Angelis et al. 

2012), and many optimal formulas have also been proposed 

in the past decades (Tsai and Lin 1993, Fujino and Abe 

1993, Bakre and Jangid 2007, Jonathan and Egidio 2016). 

When the frequency of vibrational TMD is tuned to the 

structural natural frequency, energy flows from the main 

structure to the TMD and then is dissipated by the damping  
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unit, which is called the tuning effect. However, the 

effectiveness of a TMD depends on many factors, such as 

the characteristic of the excitation and the dynamic 

characteristic variation of the primary structure. 

Consequently, some improvements have been proposed to 

overcome the shortcomings of conventional TMDs, and the 

improvements mainly include passive control strategy, such 

as multiple tuned mass dampers (MTMD) (Bakre and 

Jangid 2004, Lu et al. 2017c), distributed tuned mass 

dampers (d-TMD) (Han and Li 2008), et al., and semi-

active control strategies (Sun and Nagarajaiah 2014a, Sun 

2018, Lu et al. 2018a), such as the variable stiffness (Sun 

and Nagarajaiah 2014b), variable damping (Lin et al. 2010), 

adaptive length (Nagarajaiah and Pasala 2014b), phase 

control (Chung et al. 2013), et al.  

Particle impact damping technology, another auxiliary-

mass type passive control strategy, has been attracting more 

and more attention in recent years (Darabi and Rongong 

2012, Egger and Caracoglia 2015, Nakamura and Watanabe 

2016, Lu et al. 2016b, Fu et al. 2018). According to the 

number of the units within the container and the particles in 

each unit, the traditional particle impact dampers (PIDs) can 

be classified into four fundamental types: single-unit single-

particle damper (impact damper), multi-unit single-particle 

damper, single-unit multi-particle damper (particle damper), 

and multi-unit multi-particle damper (Lu et al. 2018e), as 

shown in Fig. 1. Collisions of both, particles to particles and 

particles to the container, can provide damping effects, 

while collisions of particles to the container can provide 

both damping effects and nonlinear restoring forces (Lu et 

al. 2018d). With the advantages of simple configuration,  
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considerable robustness, high reliability, maintenance-free 

operation, and wide-frequency band of vibration reduction 

(Lu et al. 2010, 2018b), it has been extensively applied in 

mechanical engineering and aerospace engineering (Ahmad 

et al. 2017, Wang et al. 2019). In recent years, many efforts 

have been invested in the application in the civil 

engineering field (Wang et al. 2016, Lu et al. 2017d, Zhang 

et al. 2018). 

Owing to the discontinuous movement of the particles, 

vibration attenuation effects of traditional PIDs under 

relatively weak excitation conditions is not satisfactory, 

such as low frequencies and low amplitudes, especially in 

civil engineering. To solve this problem, some researchers 

proposed the use of particle tuned mass damper (PTMD) 

(Yao et al. 2014, Li and Tang 2017, Lu et al. 2017e), which 

combines both advantages of the particle damper and TMD, 

and the tuned liquid particle damper (TLPD) (Dai et al. 

2017), which combines both advantages of particle damper 

and tuned liquid damper (TLD). In addition, collisions 

between particles and their container cannot always 

attenuate the response of the structure; the maximum 

efficiency of the particle damper can be achieved only when 

the excitation frequencies are near the resonant frequency of 

the main structure (Sanchez and Manuel Carlevaro 2013), 

which is familiar to the mechanism of TMD, termed as 

“tuning effect”. Some researchers proposed a new concept 

of effective collisions (Cheng and Wang 2003, Lu et al. 

2011, Afsharfard and Farshidianfar 2013), which is defined 

as the face-to-face collisions between the container and 

particles. Moreover, Masri et al. (1989) have shown that the 

maximum momentum transfer involved in the impact 

process can be achieved if the impacts occur at the instant 

of time corresponding to the peak velocity of the primary 

system, and proposed a semi-active control strategy for 

particle dampers (single-particle with single-unit or multi-

unit) with adjustable motion-limiting stops (Masri et al. 

1989, Masri and Chavakula 1994, Nayeri et al. 2007). 

Consequently, just like many scholars use semi-active 

control strategy to improve the performance of control 

devices (Xu et al. 2016a, 2016b), the semi-active impact 

damper (SAID) was preliminarily proposed here, and an 

impact is made to occur when the velocity of the main 

structure has reached its peak value.  

 

Both simulations and experiments verified the 

effectiveness of the SAID, by linear single-degree-of-

freedom (SDOF) primary structure and 3-story linear multi-

degree-of-freedom (MDOF) primary structure. However, 

since the previous preliminary studies on SAID are 

restricted to a simple linear-elastic primary structure, the 

damping mechanism and vibration control effect on realistic 

nonlinear high-rise structures should be further investigated. 

Additionally, since practical engineering structures mostly 

undergo nonlinear behavior, because of both material 

nonlinearity and structural geometry nonlinearity under 

large seismic excitations, the effectiveness of such 

nonlinear behavior control in the main structure should also 

be taken into consideration. 

Consequently, based on the previous studies, a 

configuration of semi-active impact damper compatible 

with a high-rise building is proposed, and the damping 

mechanism, as well as vibration control effects for a 

seismically excited nonlinear building, are investigated. The 

contents of this paper are arranged as follows: Section 2 

presents the governing equations of the main structure with 

PID and SAID respectively, especially, the details of the 

semi-active strategy in the simulation is introduced. In 

Section 3, the effects of different parameters, including the 

mass ratio, damping ratio, rigid coefficient, and the 

intensity of the excitation, are investigated, both for linear 

and nonlinear indexes are compared here. To validate the 

superiority of SAID, Section 4 presents a comparable 

example between SAID and optimal PID, the optimal 

parameters of the PID are derived by a differential 

evolution (DE) algorithm based on a reduced-order model, 

and comparable parameters for the SAID are chosen, and 

both linear and nonlinear indexes at each floor are 

compared. In Section 5, some conclusions are presented. 

 

 

2. Configuration model and semi-active control 
description 

 

In this section, the system governing equation of a 

traditional particle impact damper (PID) is reviewed first, 

based on that, the difference between the PID and semi- 

 
(a) single-unit single-

particle damper 

(b) multi-unit single-particle 

damper 

(c) single-unit multi-particle 

damper 

(d) multi-unit multi-particle 

damper 

Fig. 1 Schematic diagrams of traditional PIDs 
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active impact damper (SAID) is then discussed. Finally, the 

specific simulation details of SAID are set forth. 

Additionally, a detailed example comparison of the two 

control devices will be launched in Section 4. 

In order to compare the vibration control effect of 

SAID, the 20-story nonlinear seismic benchmark building 

(Ohtori et al. 2004) that can resist the external horizontal 

loads, designed for the SAC Phase III Steel Project, is used 

in this paper. The benchmark building is 80.77 m in height, 

and its plane dimensions are 30.48 m × 36.58 m. The 

building has five bays each in the north-south (N-S) and six 

bays in the east-west (E-W) direction, and the bays are 6.10 

m in all directions on the center. The lateral force-resisting 

system consists of steel perimeter moment-resisting steel 

frames (MRFs). The simulation study focuses on the in-

plane analysis (N-S MRFs), and then the in-plane finite 

element model is analyzed. The elevation of the N-S MRFs 

is shown in Fig. 2. Taking the nonlinear response of the 

material into consideration, involves the moment-curvature 

bi-linear hysteresis model for structural components, and 

the concentrated plasticity model is utilized, whose plastic 

hinges only occur at the ends of the moment resisting beam-

column and column-column joints and beams and columns 

are assumed to be elastic. The first ten natural frequencies  

 

 

of the 20-story nonlinear benchmark model are: 0.261, 

0.753, 1.30, 1.83, 2.40, 2.44, 2.92, 3.01, 3.63 and 3.68 Hz, 

respectively. The numerical simulations are carried out by 

MATLAB and the SIMULINK platform. The simplified  

diagram of the main structure with PID and SAID are 

shown in Fig. 3, respectively. The system governing 

equation of PID can be written as Eqs. (1)-(4) 
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Fig. 2 Elevation of the N-S MRFs 

  
(a) PID (b) SAID 

Fig. 3 Simplified diagram of the main structure with controller 
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where , M C, K  represent the mass, damping and stiffness 

matrices of main structure, respectively; UUU  ,, are the 

displacement, velocity and acceleration vectors of main 

structure, respectively, E is the location vector of seismic 

force,ψ represents the location vector of the PID (For high-

rise buildings, the first order mode usually contributes the 

most response, both PID and SAID are installed on the top 

layer in this investigation thus), p topy u u   represents 

the relative displacement of the particle with respect to the 

top floor, ( )G y and ( , )H y y are nonlinear functions in Eq. 

(2), as shown in Figs. 4(a) and 4(b), respectively. 

[ sgn( ) ]  y y d  represents the overlapping distance in the 

collision process and u( 2)y d  is the collision 

indicator; d represents the gap clearance between the 

particle and the baffle, the gap clearance keeps in constant 

for the PID.  

In addition, pF  represents the nonlinear restoring force 

between the main structure and the particle, including the 

nonlinear stiffness force and nonlinear damping force. pk  

and pc  represent the stiffness and damping respectively, 

which can be used to simulate the interaction between the 

particle and the baffle: 
2

p p pk m  , =2p p pc m   and 

1p  , where 1  represents the first-order frequency 

of the main structure.   represents the rigid coefficient 

between the particle and the baffle, which can be used to 

simulate the baffle by a proper value;   represents the 

damping ratio, which can be used to simulate inelastic 

impacts, ranging from completely plastic to elastic impacts. 

In fact, the damping ratio is related to the well-known 

coefficient of restitution (Lu et al. 2017d), as shown in Fig. 

4(c); thus, the value of any desired coefficient of restitution  

 

 

can be achieved by selecting the proper value for  . 

The main difference of the SAID, compared to a 

conventional passive PID, is that the moment of an impact 

is adjustable. As mentioned above, an impact is made to 

occur when the velocity of the top floor of the main 

structure has reached its peak value, and the corresponding 

displacement of the top floor is equal to zero at the instant. 

Hence, the main governing equation of the SAID remains 

the same as PID (Eq. (1)) and the definition of gap 

clearance changes, which will be illustrated in the following 

simulation details. 

The impacts will occur twice in a round-trip vibration, 

and the stability of this control strategy can be guaranteed, 

while the opposite condition of the relative velocity y  

and the absolute velocity topu  can be always satisfied. 

Diagrams of the impact process at the different moment are 

shown in Fig. 5, in which Figs. 5(a)-5(d) represents impact 

1, Figs. 5(e)-5(h) represents impact 2. For instance, the 

whole process of impact 1 can be divided into four phases, 

just as shown in Figs. 5(a)-5(d), and the detailed 

information of simulation is discussed as follows: 

(a) Start of the impact. The absolute displacement of the 

top floor is tracked, and we can determine an impact is 

happening when the absolute displacement cross zero, as 

shown in Fig. 5(a), the collision indicator can be expressed 

as Eq. (5) 
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where  top nu t and  +1top nu t  represents the absolute 

displacements of the top floor at time nt  and +1nt , 

respectively. The relative displacement  +1ny t  between 

the particle and the top floor at time +1nt  is regarded as the 

new gap clearance in this impact.  

(b) Overlapping and relative velocity y  does not 

reverse, as shown in Fig. 5(b). At the time    2n it i  , the 

overlapping distance can be expressed as  

  
 

(a) stiffness function ( )G y  (b) damping function ( , )H y y  (c) relationship between the damping 
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   1n i ny t y t 
   , which generates the nonlinear 

restoringforce. Nonlinear functions ( )G y  and ( , )H y y in 

the whole impact process can be rewritten as follows 
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Furthermore, the nonlinear stiffness force will increase 

and the nonlinear damping force will decrease in this 

process. 

(c) Overlapping and relative velocity y  reverses, as 

shown in Fig. 5(c). The nonlinear stiffness force will 

decrease with the decrease of overlapping distance 

according to Eqs. (1) and (6), and the nonlinear damping 

force reverses since the relative velocity y  reverses. 

(d) End of the impact, as shown in Fig. 5(d). The 

function     1,n i nv y t y t   expressed in Eq. (7) is used 

to determine if the impact is over. 
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In conclusion, combined with governing Eq. (1) and 

Eqs. (5)-(7), the response of the main structure with the 

SAID can be determined. 

 

 

 
 
3. Parametric study for SAID 

 

In this section, parametric studies are performed on the 

nonlinear benchmark building under discussion, with a 

semi-active impact damper (SAID), under El Centro wave 

with intensity 1.5 to enhance the understanding of the SAID 

behavior. According to the governing equations, some 

system parameters, such as mass ratio, the damping ratio of  

the particle, the rigid coefficient, can influence the 

nonlinear restoring force, and thus influence the seismic 

behavior of the nonlinear main structure. Therefore, these 

three parameters are investigated in this section. 

Additionally, some external parameters, such as excitation 

intensity are also investigated. 

 

3.1 System parameters 
 

The mass ratio   is defined as the mass of the particle 

to the total mass of the main structure, for practical high-

rise buildings, the mass ratio is usually less than 0.01, such 

as the Shanghai Tower. Thus, two mass ratios, 0.005 and 

0.01, are chosen in this section for discussion. The rigid 

coefficient   can be used to simulate the baffle with a 

proper value; similar to the coefficient of restitution, the 

damping ratio   can be used to simulate both elastic and 

inelastic impacts. For an impact damper, a larger nonlinear 

restoring force would cause a larger noise; hence the  

 

Fig. 5 Diagrams of the impact process at different moments: impact 1 (a)~(d); impact 2 (e)~(h) 
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smaller rigid coefficient, ranges from 6 to 16 with the 

interval 1, is chosen, and the value of the damping ratio of 

the particle ranges from 0 to 0.3 with the interval 0.03, with 

totally 121 data points for each mass ratio. 

To evaluate the vibration control effects of the SAID 

with different parameters, four linear indexes, including the 

peak acceleration (amax), peak displacement (xmax), root-

mean-square acceleration (RMS a) and root-mean-square 

displacement (RMS x), and three nonlinear indexes, 

including the number of plastic hinges (Np), the total 

component energy consumption (Ne) and the maximum 

ratio of joint curvature (Nc), are investigated in this section. 

Note that the response of the top floor is the largest, which 

will affect the four linear indexes directly. Furthermore, all 

values (amax, xmax, RMS a, RMS x, Np, Ne, Nc) have been 

normalized by dividing by uncontrolled condition (amax0, 

xmax0, RMS a0, RMS x0, Np0, Ne0, Nc0). 

 

3.1.1 Peak response 
Fig. 6 shows the peak acceleration at the top floor. It can 

be seen that the control effect of SAID on peak acceleration 

is not good due to the sudden impact. To illustrate this 

phenomenon, time-history curves of acceleration at the top 

floor without control and with SAID (parameters: 

0.005, 16, 0.15       ) are shown in Fig. 7, and two 

factors have been summarized as follows: 

(1) The peak acceleration of the main structure occurs at 

a very early time (around the 3
rd

 second), and sufficient 

collisions between the particle and the baffle would take a 

few seconds. As shown in Fig. 7, only the inefficient impact  

1 occurs before it, which has little influence on the time-

history curve. 

 

 

(2) When the nonlinear restoring force generated by the 

SAID with unsuitable parameters is too large, the peak 

acceleration can be amplified instead, such as the impact 4 

in Fig. 7.  

As the dark blue area is shown in Fig. 6, when the 

normalized value is close to 1, it indicates the factor (1) is 

the main factor; when the normalized value is larger than 1, 

it indicates the factor (2) is the main factor. In addition, the 

following rules can be summarized when the factor (2) is 

dominant: 

(1) With a certain mass ratio  , as the rigid coefficient 

  increases, the peak acceleration increases; as the 

damping ratio   increases, the peak acceleration 

decreases; the influence of   is more significant than  .  

(2) With the increase of  , the area originally 

dominated by the factor (1) has changed into factor (2), and 

the peak acceleration increases. In order to select 

parameters conveniently, a smaller   is recommended. 

The peak acceleration is proportional to the nonlinear 

restoring force at the top floor, which includes two parts: (a) 

nonlinear stiffness force NsF , and (b) nonlinear damping 

force NdF , which can be expressed as follows, respectively 

     2 2 2

1Ns p p p pF k G y m G y m G y      (8) 

)y,y(Hm)y(Hm)y,y(HcF ppppNd
  122 

 
(9) 

The influence of parameter variation on the nonlinear 

restoring force is mainly reflected in two aspects: (1) Direct 

influence, such as   and  ; (2) Indirect influence, such  

  
(a) μ=0.005 (b) μ=0.01 

Fig. 6 Peak acceleration at the top floor with different mass ratio 

 

Fig. 7 Time-history response of acceleration at the top of the building 
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as the nonlinear function  G y  and )y,y(H  . In order to 

unify these two aspects into the effect of parameter 

variation, three sets of parameters are investigated: (a) 

0.005, 0.3, 16       ; (b) 0.005, 0.3, 8       ; 

(c) 0.005, 0.15, 16       . Set (a) and set (b) can be 

utilized to investigate the influence of  , while set (a) and 

set (c) can be utilized to investigate the influence of  . Fig. 

8 shows nonlinear stiffness force and nonlinear damping 

force with different parameters. It can be summarized that: 

(1) As the increase of  , both nonlinear forces show 

quadratic growth; 

(2) As the decrease of  , nonlinear stiffness force 

shows proportional growth, while the nonlinear damping 

force declines slowly. 

Fig. 9 shows the peak displacement at the top floor. It 

can be seen that no adverse effect on peak displacement is 

observed. This is because the relative velocity between the 

particle and the baffle y  is always opposites to the  

 

 

 

absolute velocity topu  at the top floor, and the nonlinear 

restoring force attenuates the vibration with no doubt. 

Similarly, some rules can be summarized as follows: 

(1) The SAID has a certain control effect on peak 

displacement. 

(2) With a certain  , as   increases, the peak 

displacement decreases; as   increases, the peak 

displacement increases; the influence of   is more 

significant than  .  

(3) From the comparison of the ordinates of Figs. 9(a) 

9(b): as the increase of mass ratio, the peak displacement 

decreases. 

In combination with the previous discussion of peak 

acceleration, these rules actually indicate the fact that larger 

nonlinear restoring force will have a better control effect on 

the reduction of peak displacement. 

 

3.1.2 RMS response 
Due to the damping mechanism and physical nature of  

 
(a)   

 
(b)   

Fig. 8 Nonlinear stiffness force and nonlinear damping force with different parameters 

  

(a) μ=0.005 (b) μ=0.01 

Fig. 9 Peak displacement at the top floor with different mass ratio 
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the device performance, the basic rules of RMS response 

remain generally the same as peak response. The RMS 

responses are shown in Fig. 10 and Fig. 11. However, some 

interesting phenomena in comparison to the peak response 

are pointed out as follows: 

(1) As shown in Fig. 11, the associated surfaces are not 

as smooth as those for the peak response; this is because the 

peak response is the only response at a moment, while the 

RMS response has the relationship with all time-history 

response. Some impacts would have a little adverse effect 

on the RMS response, such as fluctuating at zero, but it 

does not affect the general trend. 

 

 

 

 

(2) Compared with the peak acceleration, it has a certain 

control effect on the RMS acceleration, but the control 

effect is still not good, while the control effect on the RMS 

displacement is satisfactory. For instance, the normalized 

value in Fig. 11(b) is close to 0.7 with mass ratio 0.01, 

which means the RMS response can be reduced by 30%. 

 (3) Moreover, the Fourier spectrums of the time-history 

curve on the top floor are shown in Fig. 12; it indicates that 

the acceleration is controlled by higher-order modes, while 

the displacement is controlled by the first-order mode 

(Wongprasert and Symans 2004). Since the SAID is 

installed on the top floor, the control effect on acceleration  

  
(a) μ=0.005 (b) μ=0.01 

Fig. 10 RMS acceleration at the top floor with different mass ratio 

  
(a) μ=0.005 (b) μ=0.01 

Fig. 11 RMS displacement at the top floor with different mass ratio 

  
(a) acceleration (b) displacement 

Fig. 12 Fourier spectrums of the time-history curve at the top floor  ( ) : 0.005, 0.15, 16   set c       
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hinges, total component energy consumption, and the  

 

 

 

 

is not good thus. If the damper is installed at the place 

corresponding to the fourth-order mode (10
th

 and 16
th

 floor), 

the acceleration control effect would be much better. 

 

3.1.3 Nonlinear indexes 
Three nonlinear indexes, including the number of plastic 

maximum ratio of joint curvature, are investigated here. The 

simulation results are shown in Figs. 13-15. Some 

conclusions can be summarized as follows: 

(1) As the mass ratio   increases, the control effects 

improve, including less number of plastic hinges, lower 

total component energy consumption and a smaller 

maximum ratio of joint curvature. However, the rate of 

improvement of the control effect is significantly lower than 

the increase rate of  . 

 

 

 

 

 

 

(2) The number of plastic hinges and the maximum ratio 

of joint curvature are not sensitive to the damping ratio  , 

and mainly influenced by the rigid coefficient  . As the 

  increases, the number of plastic hinges and the 

maximum ratio of joint curvature decrease. 

(3) Total component energy consumption is one of the 

most important nonlinear indexes, and it shows the same  

rules as linear indexes: as the   increases and   

decreases, this index decreases.  

The contour lines of both the momentum exchange 

between the particle and the main structure and the total 

component energy consumption (shown in Fig. 14) of the 

main structure are shown in Figs. 16 and 17, respectively. 

The general trend of the total component energy 

consumption is opposite to the momentum exchange, which  

  
(a) μ=0.005 (b) μ=0.01 

Fig. 13 Number of plastic hinges of the main structure with different mass ratio 

  
(a) μ=0.005 (b) μ=0.01 

Fig. 14 Total component energy consumption of the main structure with different mass ratio 

  
(a) μ=0.005 (b) μ=0.01 

Fig. 15 Maximum ratio of joint curvature of the main structure with different mass ratio 
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means effective momentum exchange can reduce the 

damage to the main structure, leading to a better vibration 

control effect. Moreover, the shape of the contour line in 

Fig. 16 is close to a straight line, while the shape of the 

contour line in Fig. 17 ( 0.2  ) has a bit difference in 

lower damping ratio area. For instance, the points on the 

dashed line have similar momentum exchanges, as shown in 

Fig. 17, but the control effect on the total component energy 

consumption decreases with the decreasing of damping 

ratio, which indicates the damping ratio also plays an 

important role in the energy dissipation. 

 

3.2 Excitation intensity 
 

The analysis of the system parameters is based on the El 

Centro wave with intensity 1.5; thus, it is necessary to study 

the influence of the excitation intensity on the vibration 

control effect. Therefore, intensity levels of 0.5, 1.0 and 1.5 

are considered in this section, and three basic methods can 

be used to investigate the effect of intensity: 

 

 

 

 

(1) Keeping   and   as constants 0.1 and 10, 

respectively, and changing  ; 

(2) Keeping   and   as constants 0.01 and 10, 

respectively, and changing  ; 

(3) Keeping   and   as constants 0.01 and 0.1, 

respectively, and changing  ; 

All values have been normalized by dividing by the 

corresponding uncontrolled condition. For instance, the 

results of the RMS displacement are shown in Fig. 18. The 

curves of intensity 0.5 and intensity 1.0 are completely 

overlapping, which indicates the control effects of SAID is 

very stable in the elastic stage. While the main structure 

undergoes the nonlinear stage, the trend is consistent with 

the elastic stage. To summarize, the SAID is not sensitive to 

the increase of the excitation intensity, and certain control 

index even improves, such as the RMS x. Additionally, Fig. 

18(a) is also a supplement proof for the mass ratio in 

section 3.1. When the mass ratio is greater than 0.01, the 

growth rate of the control effect on the RMS displacement 

is obviously lower than the growth rate of the mass ratio. 

  
(a) μ=0.005 (b) μ=0.01 

Fig. 16 Contour line of momentum exchange 
5( 10 )kg m s g  between the particle and the main structure with different 

mass ratio 

  
(a) μ=0.005 (b) μ=0.01 

Fig. 17 Contour line of total component energy consumption of the main structure with different mass ratio 
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3.3 Discussion 

 
Based on the extensive parametric study on SAID, some 

damping mechanism rules indicating its physical 

performance can be summarized as follows: 

(1) As the mass ratio increases, the control effects on 

displacement response and all nonlinear indexes improve, 

however, the efficiency of improvement is obviously lower 

than the increase rate of mass ratio when the mass ratio is 

larger than 0.01. 

(2) As the damping ratio increases, the control effect on 

the acceleration response is better, while the control 

effectson the displacement and total component energy 

consumption are worse, and the control effects on the 

number of plastic hinges and the maximum ratio of joint 

curvature change little. Moreover, increasing the damping 

ratio is beneficial to energy consumption when the damping 

ratio is lower than 0.2. 

(3) As the rigid coefficient increases, the control effect 

on displacement response increases as well as the nonlinear 

behavior of the main structure improves. This parameter is 

more sensitive than the damping ratio. 

(4) The influence of these parameters is actually the 

influence on the nonlinear restoring force, which reflecting 

the control mechanism for the damper.  

(5) The intensity of excitation has generally no influence 

on the control effect under the elastic phase. 

Taking this nonlinear structure as an example, some 

suggestions for practical design steps are proposed: 

 (1) Choose an appropriate mass ratio. It not only 

determines the range of parameters selection, but also 

controls the cost. Therefore, regarding no adverse effects on 

the acceleration control as a goal, the mass ratio can be  

 

 

chosen in advance, and also leaving enough range for other 

parameters. For illustration, the mass ratio is ideally less 

than 0.01 in this paper. 

(2) For a better dissipation effect on the energy derived 

from momentum exchange, a suitable damping ratio is 

selected. For instance, the damping ratio should be larger 

than 0.2 in this investigation. 

 (3) Calculate the maximum inertia force at the top floor 

with a certain intensity, then the value of the rigid 

coefficient can be determined by meeting the condition that 

the nonlinear restoring force equals to the maximum inertia 

force. 

 

 

4. Comparison between the SAID and PIDopt 

 

To further understand the damping performance and also 

validate the superiority of the SAID, the optimal parameters 

of the passive impact damper (PID) are determined, while 

the parameters of the SAID remain the same. To evaluate 

the vibration control effects of the SAID, two linear indexes, 

including the root-mean-square (RMS) acceleration and 

RMS displacement along the height, and three nonlinear 

indexes, including the number of plastic hinges, component 

energy consumption of the main structure and the maximum 

ratio of joint curvature, are investigated. In addition, the El 

Centro wave with intensity 1.5 is utilized in this section. 

 

4.1 Optimization methods 
 

Since the original finite element (FE) model of this 20-

story nonlinear building has a large number of degrees of 

freedom, the optimization of the particle impact damper  

 
(a)   

  
(b)   (c)   

Fig. 18 Intensity influence on RMS displacement with variable parameters 
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Table 1 Parameters of PID and SAID 

Controllers       d (m) 

PID 6 0.01 0.2316 0.8192 

SAID 6 0.01 0.2316 — 

 

 

(PID) will cost a lot of time; thus, a reduced-order model is 

used here, based on differential evolution (DE) algorithm. 

More details about the parameter identification for 

thereduced-order and DE algorithm can be found in the 

reference (Lu et al. 2018c). The optimal parameters of PID 

are also determined by DE algorithm, and the optimal 

parameters of PID include the rigid coefficient, gap 

clearance, mass ratio and damping ratio of the particle. 

Considering that the RMS displacement response at the top 

floor is very important for the structural design, the detailed 

optimization process of PID is as follows 

1min  ( ) [ ( ) ]objJ z abs J z J   (10) 

1

[ ( ( )) ( ( , ))]
( )

( ( ))

top top

top

abs RMS u t RMS u z t
J z

RMS u t




 
(11) 

( , , , )z d  
 

(12) 

where 0.6objJ   represents objective vibration control 

effect of the PID; 1( )J z  represents vibration control effect 

of the PID; ( )topu t  represents displacement response at 

the top of the main structure without control; ( , )topu z t  

represents displacement response at the top of the main 

structure with the PID; z  represents parameters vector of 

the PID. According to Section 3, the mass ratio is preset to 

0.01. Table 1 shows the optimal parameters of PID while 

the parameters of SAID is determined the same as PID’s. 

These parameters are also rational for SAID according to 

the discussion in Section 3.3. 

 

4.2 Control effects comparison 
 

To compare the performance of optimal PID (PIDopt)  

 

 

and SAID, the vibration control effect and the improvement 

rate are first defined as Eqs. (13) and (14) 

Vibration control effect (VCE) =  

the RMS of structure without control - the RMS of structure with PID/SAID 

the RMS of structure without control

 
(13) 

the VCE of the structure with PID - the VCE of the structure with SAID
Improvement rate = 

the VCE of the structure with PID

 
(14) 

The time-history curve of the displacement under El 

Centro wave at the top of the building is shown in Fig. 19, 

and three operating conditions (uncontrolled case, with 

PIDopt case and with SAID case) are compared. At the 

beginning of the excitation, the control effects of both 

PIDopt and SAID can be ignored, owing to the fact that 

sufficient impacts between the particle and the baffle would 

take a few seconds. As time progresses, the control effect is 

getting better.  

The RMS response of each floor of the main structure 

subjected to El Centro wave are shown in Fig. 20. It can be 

seen that both the PIDopt and SAID can reduce the response 

along the structural height, in which the SAID performs 

better. From Fig. 20(a), it can be seen that the maximum 

vibration control effect on RMS acceleration for PID and 

SAID is 3.5% and 12.8% occurred at floor 19 and 7, 

respectively, and the improvement rate of the SAID 

compared with the PIDopt can reach 366%. The maximum 

vibration control effect on RMS displacement response at 

floor 20 for PIDopt and SAID can reach 7.5% and 19.2%, 

respectively, and the improvement rate of the SAID 

compared with the PIDopt can reach 256%, which validates 

the superiority of the SAID.  

Fig. 21 shows the inter-story drift ratio of each floor of 

the main structure subjected to El Centro wave. It can be 

seen that compared to PIDopt case and uncontrolled case, the 

SAID case can largely reduce the inter-story drift ratio for 

many stories. 

Considering material nonlinear state and the damage 

mechanism of beam hinge, some nonlinear performance 

indexes are investigated, including the number of plastic 

hinges, component energy consumption, and the maximum 

ratio of joint curvature. The number of plastic hinges and 

component energy consumption of each floor of the main 

structure under El Centro wave is shown in Fig. 22. It can  

 

 

Fig. 19 Comparison of the displacement response at the top of the building under El Centro wave 

0 5 10 15 20 25 30 35 40 45 50
-0.5

0

0.5

Time(s)

D
is

p
la

ce
m

en
t(

m
)

 

 

Uncontrolled

With PID
opt

With SAID

106



 

Studies on vibration control effects of a semi-active impact damper for seismically excited nonlinear building 

 

 

 

 

 

be seen that, although the number of plastic hinge for SAID 

case is equal to PIDopt case, the component energy 

consumption is largely reduced, indicating that the input 

energy flows to SAID greatly, hence protecting the main 

structure. 

 

 

 

 

 

 

 

 

 

Fig. 23 shows the maximum ratio of joint curvature 

under El Centro wave. The results are consistent with that 

of component energy consumption, the structural damage  

under SAID case is much smaller than the PIDopt case, 

hence is much easier to be repaired after the earthquake. 

 

 

  
(a) acceleration (b) displacement 

Fig. 20 RMS response of the main structure under El Centro wave 

 

Fig. 21 Comparison of the inter-story drift ratio under El Centro wave 
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5. Conclusions 
 

A semi-active impact damper (SAID) compatible with a 

high-rise building is proposed in this paper. Details of the 

simulation method are introduced, and the parametric study 

is performed on both system parameters (mass ratio, 

damping ratio and rigid coefficient) and the intensity of 

excitation. The damping mechanism is also investigated, 

and some suggestions for a simple design procedure are 

proposed. In addition, an optimal particle impact damper 

(PIDopt) is also investigated as a control group, while the 

parameters of SAID remains the same to validate its 

superiority. The following conclusions pertaining to the  

 

 

 

 

vibration control mechanism of the proposed SAID on a 

realistic nonlinear high-rise building can be drawn: 

 As the mass ratio increases, and as the rigid 

coefficient increases, and as the damping ratio 

decreases, the control effects of the SAID on the 

displacement response and structural nonlinear 

damage improve, and the improvement of the 

control effects is actually related to the increase 

of the nonlinear restoring force. In practical 

design, a proper smaller mass ratio is beneficial 

to the selection of other parameters. 

 With suitable parameters, the SAID can 

significantly reduce the response of the main 

  
(a) number of plastic hinges (b) component energy consumption 

Fig. 22 Comparison of nonlinear performance indexes under El Centro wave 

 

Fig. 23 Comparison of the maximum ratio of joint curvature and yield curvature at each floor under El Centro wave 

0 2 4 6 8 10
0

2

4

6

8

10

12

14

16

18

20

Number of plastic hinge

F
lo

o
r

 

 

0 50 100 150
0

2

4

6

8

10

12

14

16

18

20

Component energy consumption (*10
4
J)

F
lo

o
r

 

 

Uncontrolled

With PID
opt

With SAID

0 2 4 6 8 10
0

2

4

6

8

10

12

14

16

18

20

Number of plastic hinge

F
lo

o
r

 

 

0 50 100 150
0

2

4

6

8

10

12

14

16

18

20

Component energy consumption (*10
4
J)

F
lo

o
r

 

 

Uncontrolled

With PID
opt

With SAID

0.8 1 1.2 1.4 1.6
0

2

4

6

8

10

12

14

16

18

20

Maximum ratio of joint curvature

F
lo

o
r

 

 

Uncontrolled

With PID
opt

With SAID

108



 

Studies on vibration control effects of a semi-active impact damper for seismically excited nonlinear building 

structure, including not only the RMS 

displacement response but also the nonlinear 

behavior, compared with PIDopt. More energy 

flows to the SAID, and then the energy dissipated 

by the structure itself is reduced, hence protecting 

the main structure with a lower total components 

energy dissipation, and a smaller maximum ratio 

of joint curvature. 

 The momentum exchange is the main damping 

mechanism of the SAID; as the momentum 

exchange increases, the control effect on the 

structural nonlinear damage improves. From this 

aspect, the mass ratio cannot be too small; 

considering the preceding conclusion, a mass 

ratio ranging from 0.005 to 0.01 is recommended. 

Moreover, the properly designed coefficient of 

restitution also has some beneficial effects on the 

efficiency of momentum exchange. 
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