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Abstract

In this study, a new mechanical model, named particle damping mechanics
model (PU SPD), is proposed to study the damping problem of bridge struc-
tures. The model takes the Nujiang River Bridge as a case study, and explores
the mechanism of force action by analyzing the time domain vibration
characteristics and frequency domain of the excitation force, vibrating body
(bridge structural properties) and particle damping. the PU SPD model and
its calculation method can intuitively and scientifically describe the damping
dissipation characteristics of a vibrating beam under the action of particle
damping, avoiding the tedious process of parameter iterative solution and
improving the computational efficiency. In addition, the damping influence
law of particle damping on the beam structure is derived through the analysis
of transfer function and damping level. The study also proposes an optimal
design method for PU SPD damping parameters under dynamic loading of
the bridge, and its performance parameters are analyzed and verified, and
compared and validated with the time-domain analysis method. The results
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show that the PU SPD mechanical model based on time-frequency domain
analysis can intuitively reflect the damping dissipation mechanics with high
accuracy, clear solution process and reasonable and accurate parameter
optimization analysis method. PU SPD has a wide frequency range, good
effect and stability, and has a good prospect of application in engineering
vibration and noise reduction.

Keywords: Particle dampers, mechanical dynamic model, damping dis-
sipative mechanics, mechanical modulation, frequency domain analysis,
dynamics optimization.

1 Introduction

Particle dampers use the momentum exchange and damping effect generated
by the impact force and friction between particles and cavities to Dynamic
acceleration response in impeded vibration body excitation mode [1–3],
which has the advantages of good damping effect, wide action band, robust-
ness, distributed arrangement, and high-cost performance [4]. The particle
dampers can be divided into single-particle dampers [5] and multi-particle
dampers [6] based on the number of particles. Yan Weiming et al. [7] made a
detailed analysis of the differences in the damping dissipative mechanics
and performance of these two types of particle dampers and clarified the
advantages and shortcomings of both. Using mechanical theoretical analysis,
numerical simulation and experimental investigation, the damping dissipa-
tive mechanics, performance and damping effect of particle dampers have
been studied in depth. The analysis is based on the phase trajectory in the
time domain. Lu Zheng et al. [10, 11] explored the necessity of considering
the effect of friction between particles and controlled structures based on the
method; Yan Weiming [12] proposed a segmental computational model to
solve the impact problem of single particle dampers by using the time course
analysis method. Zhao Wenli [13] considered the inelastic impact as an
equivalent spring-damping model action. The discrete element coupled finite
element approach is a good treatment and is most appropriate for granular
damping [14, 15], which determines the position relationship between the
particles and Vibrating body in the time course and solves dynamic behavior
characteristics and state response time course of the particles and Vibrating
body by using the time domain analysis method. For the experimental study
of particle dampers [16], the main purpose is to obtain Structural Dynamics
response of the Force Structure by inputting the dynamic time course load
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to the test object, and then analyze its damping performance and mecha-
nism. In terms of frequency domain analysis, researchers generally study the
performance of particle dampers in an indirect way, which mainly includes
two ways: one is to perform the Fourier transform based on the time domain
analysis results of the particle dampers to obtain the frequency domain
analysis results and further study the damping performance, for example, the
steady-state acceleration response of each measurement point on the particle
damped composite plate was collected and the corresponding transfer func-
tion was obtained by Su Junzui et al. [17]. The results showed that the particle
dampers have good damping characteristics over a wide range of frequencies;
the other is to equate the particle dampers to TMDs [18, 19] or DTMDs [20]
and study their performance by using the frequency domain analysis meth-
ods on TMDs or DTMDs. However, the theoretical study of the damping
dissipative mechanics and performance of particle dampers involves impact
problems and has nonlinear characteristics. In addition, particle dampers
are essentially force (acceleration) dependent dampers, which do not have
a fixed vibration frequency of their own. Regarding the optimization analysis
of the performance of particle dampers, although the mechanical model of
complex dampers and the optimization analysis method are established by the
time domain analysis method, the method is complicated and the calculation
efficiency is low. Although intelligent algorithms [21, 22] can also be used
to analyze the optimized performance of particle dampers, the calculation is
tedious and lacks a theoretical basis.

The methodological difficulties in the performance analysis of damping
structures with additional particle dampers lie in the mechanical characteri-
zation of the impacts between the particles and Vibrating body. It is difficult
to solve dynamic behavior characteristics and state response in a impact
by using time domain or frequency domain analysis methods alone, so the
system with impact problems can be solved by combining time domain anal-
ysis with frequency domain analysis. For example, Zhao Dengfeng [23–26]
studied the impact model of a linear system and performed the dynamic
analysis and analytical solution of the model based on the transfer function
(frequency domain analysis) and the time domain response.

In summary, the method of parametric coupling analysis in the time
domain is relatively complex, for example, the mechanism of the structural
vibration frequency and the influence of the excitation frequency and ampli-
tude on its performance cannot be directly obtained, and the calculation
process is lengthy, more importantly, the theoretical and numerical models
established by the time domain analysis method are mainly based on the
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particles and Vibrating body. The theoretical and numerical models estab-
lished by the time domain analysis are mainly based on the observation of
dynamic phenomena and the constraints of Vibrating body, which cannot
visualize and fully reflect the vibration reduction mechanism of the particle
dampers. The frequency domain analysis method has the obvious advantage
that it is not necessary to solve the differential equations, and it is easy to
solve the structural response of some special excitation forms (step excitation,
impulse excitation) [27, 28]. In addition, for tuned dampers such as TMDs,
their performance is closely related to the excitation frequency, and the
relationship between the damping performance and dynamic behaviors of
Vibrating body and the input load frequency can be established directly by
using the frequency domain method, while particle dampers are force related
dampers. And their performance is also closely related to dynamic behaviors
of Vibrating body, the excitation frequency and the excitation amplitude
[29, 30]. However, it is extremely difficult to solve dynamic behavior char-
acteristics and state response of Vibrating body of particle dampers by using
frequency domain analysis alone.

During the design and construction of the Mengnuo Nujiang River
Special Bridge as part of the Ruili-Menglian Expressway, it is essential to
adhere to seismic design standards and codes. These standards encompass
methodologies for calculating seismic loads, material selection, structural
connections, and seismic damping measures. They ensure that the bridge pos-
sesses adequate strength and resilience during earthquakes. In light of exist-
ing research, this paper introduces a Parallel Unidirectional Single Particle
Damper (PU SPD) to address the limitations and applications of particle
mechanics dampers. Figure 1 illustrates a mechanical analysis comparing
the PU SPD with two other structures. The study delves into the mechanical
mechanism of PU PSD, conducting an in-depth analysis of its damping dissi-
pative mechanics. By pulsating the excitation force, the energy consumption
of the damper’s particle impact is simulated. A combined frequency domain
and time domain approach is employed to analyze and solve the mechanical
model, proposing a parametric analysis method to achieve optimal damping
effectiveness for PU PSD under dynamic loads. This approach differs from
the simple time domain analysis. Lastly, a comprehensive comparison of the
damping dissipative mechanics and performance between PU PSD and TMD
verifies the characteristics and advantages of the PU PSD mechanical model
and its solution method. Figure 2 illustrates the manufacturing process of
particle damping as explored in this study.
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Figure 1 Macro-mechanical and micro-mechanical illustrations of particle dampers.

Figure 2 Macro-mechanical and micro-mechanical illustrations of particle dampers.

2 Establishment of PU SPD Mechanical Model

Based on the experimental test results of the bridge, we can obtain the ground
vibration acceleration response spectrum and the seismic time domain curves
of the project site with different absorption stiffness. As shown in Figures 3
and 4, it can be found that the vibration of the New River Bridge is influ-
enced by the structural stiffness, structural aging process, etc. Among them,
the peak vibration acceleration produces significant differences due to the
degradation of the stiffness and damping structure in different periods within
0–20 Hz. In the stiffness range of 10∼70 KN/mm, the vibration velocity
of the beam gradually decreases. Therefore, PU SPD can be combined with
structural stiffness and damping optimization to better control the vibration
of the vibrating body.
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Figure 3 Vibration acceleration response spectrum under different working conditions.

Figure 4 Earthquake time range function.

Based on the study of particle motion characteristics, damping dissipative
mechanics, and performance in PU PSD structure, the mechanical model of
PU PSD is established as shown in Figure 5. Where m,c,k are the mass,
damping coefficient, and stiffness of Vibrating body, mp is the particle mass,
ag is the excitation acceleration, are the displacement, velocity, and accel-
eration of Vibrating body, are the displacement, velocity, and acceleration
of the particle, and d is the particle motion spacing. The effect of particle
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Figure 5 Macro-mechanical and micro-mechanical illustrations of PU PSD dampers.

damping mainly depends on parameters such as the type and nature of the
particle material, the filling density of the particles, the distribution mode of
the particles, and the size and shape of the particles. The reasonable selection
and control of these parameters can maximize the damping effect of the
bridge structure.

Although there is a high degree of nonlinearity between the particle and
Vibrating body in the process of impact in PU PSD, if the impact mechanism
between the particle and the vibrating body and the non-complete friction
are taken as the external forces. And the vibrating body is in the elastic-
plastic state. As the external force acting on the vibrating body excited
by the dynamic light behavioral characteristics and state response can be
continuously superimposed, where the cumulative process of displacement
and acceleration is shown in Figure 6. Here the excitation or impact contact
time between the particle and the vibrated body is very short. Then the
impact effect between the two can be equal to a certain period of the particle
motion effect due to the particle radiation spacing. Therefore, the equivalent
pulse force has a certain delay time. The specific action process is shown in
Figure 6. In the figure, S0 is the pulse volume when the particle collides with
Vibrating body, which characterizes the amplitude of the pulse force when
the particle collides with Vibrating body, and the value depends on Vibrating
body, the mass of the particle and the velocity before the impact. δ(t) is the
unit pulse function, T is one period of the simple harmonic motion set by
the particle, τ is the phase of this applied excitation force and j is the jth
period. Choosing the optimum spacing of the particles to be twice the distance
from the outside of the particles to the wall aims to maximize the damping
effect and to establish proper energy transfer and dissipation paths between
the particles. This configuration can help reduce the vibration response of the
structure and provide more effective vibration control and noise mitigation.
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Figure 6 Superposition curve of PU PSD mechanical motion.

Through the above analysis, the vibration formulas of Vibrating body
system with PU PSD attached is

m
∂2x

∂t2
+ c

∂x

∂t
+ kx = −ma− S0

inf∑
j=0

δ(t− jT − τ)− Fs

mp
∂2x

∂t2
= S0

inf∑
j=0

δ(t− jT − τ) + Fs

(1)

Where e is the impact recovery coefficient between the particle and
Vibrating body; Fs is the force required for the particle to overcome the
rolling friction. r is the radius of the particle, g is the acceleration of gravity,
and np is the number of particles. The advantage of the PU PSD mechanical
model constructed in the formula is that it is not only easy to solve dynamic
behavior characteristics and state response of PU PSD, but also can reveal the
vibration reduction mechanism of PU PSD. Which is not only the improve-
ment of the mechanical model solution method but also the full embodiment
and deep theoretical investigation of the damping dissipative mechanics of
PU PSD. In the following section, the mechanical model will be solved to
illustrate its characteristics of easy solving.

When considering the external load simple harmonic excitation response
condition. The response of Vibrating body under simple harmonic excitation
contains two parts: its first term represents the decaying vibration of the
structure, which decays after some time; its second term represents the forced
vibration of the structure, and generally only the Vibration in base modeof the
structure under simple harmonic excitation is considered, whose value can be
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characterized by the displacement amplification factor, i.e.

|H(ω)| = 1√
(1− λ2)

(2)

3 Transformation and Solution of Dynamical Equations

For the characteristics of the vibration equations of the constructed PU PSD
mechanical model, it is difficult to solve them by the time domain analysis
method, and it is more convenient to solve them by the frequency domain
method. To facilitate the frequency domain solution, After the transformation
of the equation, which has the following form

ms2 + 2ζωsX + ω2X = −Ag −
Fs

m

mps
2 +

S0

m

inf∑
j=0

e(t−jT−τ) =
Fs

m

(3)

In the above results, the pulse amount S0 is not known because although
the masses of Vibrating body and the particle are known, the operating power
of the two before the impact are not obtained. Although it is difficult to obtain
the velocities before the impact when the structure and the particle are not
in a steady state. The dynamic particle state vector that can be derived by
time-frequency transformation analysis. The derivation of Equation (3) yields
Vibration speed power of Vibrating body as

s(x, ω) =
L

2π

∫ + π
L

− π
L

∫ L

0
F̃ (x̃, ω)H(ω) exp(t− jT − τ)dx̃pdκ (4)

The velocity composition of a vibrating body is determined by its
dynamic behavior, the amplitude and frequency of the excitation, and the
impulse effect caused by particles colliding with the vibrating body. Figure 7
illustrates the value of E, which represents the cumulative impact of the parti-
cle and vibrating body on the vibrating body’s velocity. While all other terms
are constants, E is a time-dependent variable that represents the magnitude of
the vibrating body’s velocity prior to the collision.

The magnitude of E depends on the period of the pulse force generated by
the particle’s impact, which, in turn, is determined by the collision between
the particle and the vibrating body. Hence, the value of E can be used to
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Figure 7 Calculation results of E value of mechanical parameters.

characterize the damping dissipative mechanics of PU PSD as a result of
momentum exchange through impacts. Furthermore, the value of E also
indicates the intensity of dynamic energy exchange.

By substituting the calculated parameters of the coupled model, the trend
of the thought closing of E in the dynamic impact time domain can be derived.
The schematic diagram of the results is shown in Figure 8. After analysis,
it can be seen that when the pulse period is taken as a half multiple of
the structure period, the E value keeps growing at the resonant frequency.
But there is a limit. When the pulse period is taken as a multiple of the
excitation period, the E value shows a fluctuating trend. The fluctuating
trend indicates that there is a chaotic motion state between the particle and
Vibrating body in the impact time course, which is not considered in this
paper. When the particle arrives at steady state motion from rest, the particle
velocity will reach the maximum, so when seeking the impact velocity of
the structure, E should take the maximum value EMax, and it can also be
found from the figure that the damping effect is best when T is taken 1/2
times T1.

Based on the above analysis, when the PU PSD single-degree-of-freedom
structural system reaches Vibration in base modeunder simple harmonic
excitation, the velocity of Vibrating body after the impact is

∂2x+

∂t2
=

p0ω√
C2ω2 +D2

− S0Emax

mβωn
(5)

The classical mechanics method can characterize the non-exact plastic
impact process between the particles and Vibrating body in PU PSD. From
the definition of the recovery coefficient. Equation (5) can be used to obtain
the velocity of the PU PSD single-degree-of-freedom structure system before
and after the impact between Vibrating body and the particle in the steady
state under simple harmonic excitation. The displacement response of the
uncontrolled structure in the steady state vibration under simple harmonic
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excitation is obtained in Equation.

xst(x, ω) = p0(ω)H(ω) exp(2πωt) (6)

Then Vibration speed power of the uncontrolled structure during
Vibration in base modeunder simple harmonic excitation results in

xst(x, ω) = 2πωp0(ω)H(ω) exp(2πωt) (7)

Since the impact damper only suppresses the vibration of the structure
by providing periodic pulse force to Vibrating body, it does not change the
spectral characteristics of the structure, so the moment when the vibration
velocity of Vibrating body and the uncontrolled structure have the same
maximum value, both are

t0 =
(2k + 1)π − 2α

2ω
(8)

Therefore, it can be obtained that the damping effect of PU PSD is best
when the pulse period T is taken as 0.5T1. This is because the peak velocity
appears twice at each cycle of the forced cycle, i.e., the particle impact with
the vibrating body is generally characterized twice. The period of the pulse
T = π/ω The energy dissipation is most adequate in this case. Let k = 0, we
can obtain τ = (π − 2α)/2ω For the response of Vibrating body generated
by friction, the rolling friction coefficient µ can be determined from the
material of the particle, the material of the damper cavity, and the roughness
of the contact surface between the particle and Vibrating body, and then the
response time of this part can be calculated by combining dynamic behaviors
of Vibrating body. The relevant parameters are shown in Table 1. Based on the
above parameters, the synthetic response of Vibrating body and the particle
in the steady state under simple harmonic excitation can be obtained, and
the above single-layer steel structure is still used as an example for analysis
in this paper.

The actual response superposition results under the working conditions
of this example, as shown in Figure 8. This result verifies the correctness

Table 1 Table of key parameters of mechanics
Parameters Numerical Value Parameters Numerical Value
µ 0.02 e 0.08
µf 0.05 r 45
λ 0.95 P0 0.25
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Figure 8 Comparison of test and simulation results.

and scientificity of the conclusion of the superposition of the vibrating body
state vectors. It also verifies the reasonableness and efficiency of the vibration
damping model involved in this paper.

The time domain displacement response of Vibrating body and the
particle in Vibration in base modecan be obtained by analyzing the
above-mentioned partial parameters, and the difference between the two
displacements can be used to obtain the motion spacing of the particle under
the optimal damping effect of PU PSD, i.e., the optimal spacing of the
particle is two times the distance from the exterior of the particle to the wall,
as shown in Equation (9).

dop = 2max(x− xp) (9)

4 Parametric Analysis of the Vibration-Damping Effect

Although dynamic behavior characteristics and state response of the PU PSD
structure in steady state is solved by combining the frequency domain and
time domain analysis methods. The results obtained are the optimal damping
effect of PU PSD, it still cannot visualize how the parameters affect the
damping performance of PU PSD. The influence law of each parameter can
be clarified only by the change of the transfer function of Vibrating body
with each parameter. Specifically, the pulse phase, mass ratio, recovery coef-
ficient, frequency ratio. excitation amplitude variation need to be investigated.
The influence of the parameters on the transfer function of the displacement
response of Vibrating body.
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Figure 9 Effect of mechanical parameters on the displacement amplification factor (a) phase
(b) mass ratio (c) frequency ratio (d) amplitude.

From Figure 9 it can be seen that the displacement amplification coef-
ficient of Vibrating body is minimized when α = 1, i.e., there exists an
optimal pulse phase of τ , which has been described in the previous section.
In Figure 9, the displacement amplification coefficient of Vibrating body
decreases with the increase of Particle quality, and finally, it smooths out.
It can be seen that the relationship between the velocity and mass of the
particle is inversely proportional, and the expression of S0 shows that its
value is proportional to the product of the velocity and mass of the particle,
so S0 has a limit value with the increase of particle mass, so the curve
finally smooths out. When other conditions are certain, the displacement
amplification coefficient of Vibrating body decreases with the increase of the
recovery coefficient, because the larger the recovery coefficient, the larger the
impulse force between Vibrating body and the particle in the impact process,
which also shows that the momentum exchange between Vibrating body
and the particle dominates the damping dissipative mechanics of PU PSD.
According to the comparison of the damping effect of PU PSD and TMD, it
can be seen that the damping rate of TMD is 72.4% and that of PU PSD is
24.07% when the frequency ratio λ is 0.95∼1.95, and the damping rate of
TMD is better than that of PU PSD. When λ is 0.8∼0.95 and 1.05∼1.4, the
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damping rate of PU PSD is up to 60% and down to 12.5%, while the damping
rate of TMD is low, and the response of Vibrating body is amplified when λ
is 0.8∼0.95. A comprehensive analysis of Figure 9(c) shows that PU PSD
has the advantage of a wide damping band compared with TMD. The main
reason for this phenomenon is that there is an essential difference between
the damping dissipative mechanics of PU PSD and TMD-tuned damping
device, the particles have no fixed frequency, and the impact with Vibrating
body will transfer its energy, thus reducing the vibration of Vibrating body,
and thus the damping band is wide, while the suppression effect of TMD
mainly depends on the tuning relationship between the structure frequency
and the external load frequency, and the damping band is narrow. In addition,
the random dynamic load (wind load and ground vibration) on the structure
usually has the characteristics of strong randomness and rich spectrum, and
the possibility of resonance is small. Compared with TMD, PU PSD has
stronger robustness in practical damping applications. Under the optimal
parameters, the damping effect of PU PSD increases with the increase of the
excitation amplitude, as shown in Figure 9(d), but the increase of the damping
effect is small, which indicates that the damping performance of PU PSD is
stable.

In summary, through the parameter analysis, it is proved that when the
impact between the particles and Vibrating body in PU PSD is equivalent
to the pulse force and its damping effect is optimal, the pulse phase is
reasonable, and the damping dissipative mechanics of PU PSD is clearer, the
transfer function of Vibrating body of PU PSD can reflect the change law of
the damping effect of PU PSD with each parameter.

5 Numerical Validation of the Mechanical Analytic Model

To verify the accuracy of the above mechanical model and the correctness of
the optimal parameters of the damping effect, it is necessary to numerically
verify its performance by numerical analysis. The more detailed analysis
process will not be discussed in this paper. After verifying the accuracy and
optimality of the mechanical model, the optimized analysis method in ground
vibration will be further proposed.

It is obvious from Figures 10 and 11 that the structure designed in this
paper has a good damping effect. The relative error values of the peak
displacements calculated in the frequency and time domains and the peak
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Figure 10 Comparison of dynamic damping characteristics under four operating conditions.

Figure 11 Root mean square comparison of vibration isolation rates for four operating
conditions.
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displacements of the numerical simulation are further obtained. This shows
that dynamic behavior characteristics and state response of the two overlap
at resonance. It can be seen that the numerical results are slightly higher than
the theoretical results. (2) theoretical analysis assumes that the velocity of
the particle before and after the impact does not change, but the direction is
opposite to that before the impact, while the velocity of the particle after the
impact with Vibrating body in the PU PSD numerical simulation is obtained
by the conservation of momentum and recovery coefficient, and the velocity
of the particle after the impact in the numerical simulation is slightly less than
that before the impact. (3) The theoretical analysis assumes that the impact
between the particle structure and the vibrated body usually occurs at the peak
velocity. When in addition for the most numerical aspects, the difference is
small.

Since dynamic behavior characteristics and state response of the PU PSD
damping structure is subject to periodic bifurcation and chaos, the damp-
ing effect is evaluated by using the root mean square damping rate as the
evaluation index, where the damping rate is the difference between the root
mean square of the displacement (velocity) before damping and the root mean
square of the displacement (velocity) after damping divided by the root mean
square of the displacement (velocity) before damping. The variation law of
the damping rate of Vibrating body with η under four operating conditions
is shown in Figure 11. The variation of the damping rate with η for the
four operating conditions is shown in Figure 11. Where the blue line is
displacement and the red block is velocity.

To further analyze the damping dissipative mechanics of PU PSD and
compare the damping effect with that of TMD in the frequency domain,
the frequency power spectrum analysis of uncontrolled structure, controlled
structure and particle displacement, and ground vibration acceleration is
carried out, and the analysis results are shown in Figure 11. The analysis
shows that the particles can transfer and dissipate the energy of Vibrating
body in a wide range of frequency bands, which verifies that PU PSD has
the advantage of wide vibration-damping frequency bands. It is also found
from Figure 11 that the damping effect of PU PSD on the displacement and
velocity peaks is better than that of TMD when the additional mass ratio is
greater than 0.4 under the action of S1 wave, while the displacement peak
of TMD on S2 wave is amplified. This is because the spectral components
of the S1 wave are richer than those of S2 and S3 waves, and the damping
frequency band of TMD is narrow, while the damping frequency band of
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Figure 12 Frequency domain displacement-power spectrum under kinetic effects.

PU PSD is wide and the power load spectrum is rich, which is more favor-
able to its damping performance. Since PU PSD is a force (acceleration)
dependent damper, which is different from the mechanism of tuned dampers.
The damping performance of this damper in the multi-degree-of-freedom
damping system is more dependent on the interlayer acceleration time course
and less influenced by the multivibrator type.

6 Conclusion

(1) Analysis of PU PSD Damped Dissipative Mechanics: The bridge body
and particle absorber are simulated as micro/macro models, demon-
strating that the PU PSD mechanical model effectively visualizes the
damped dissipative mechanics with practical computational results.

(2) Parameter Analysis of PU PSD: By analyzing parameters such as pulse
phase, mass ratio, recovery coefficient, frequency ratio, and excita-
tion amplitude, the optimal damping effect of PU PSD is determined.
The transfer function of the vibrating body with PU PSD accurately
reflects the damping effect variation with each parameter.

(3) Parameter Optimization Analysis Method: A parameter optimization
analysis method is proposed for PU PSD under simple harmonic excita-
tion and ground shaking, validated through numerical simulations and
compared with pure time-domain analysis, confirming its rationality,
feasibility, and accuracy.

(4) Comparative Analysis with TMD: The damping performance of
PU PSD and TMD is extensively analyzed under simple harmonic exci-
tation and ground vibration. The study elucidates the reasons for the
difference in damping effects and demonstrates that PU PSD, as a force-
dependent damper, offers a wider damping band than TMD, making it
advantageous for practical engineering applications.



280 G. Lei and T. Miao

References

[1] Mechanical modeling and optimization analysis of parallel unidirec-
tional single particle dampers. Yan, W. M.; Wang, B. S.; He, H. C.
Engineering Mechanics, 2020(07).

[2] Research progress of particle dampers and their application prospect
in civil engineering. Yan, Weiming; Wang, Baoshun; Huang, Xuhong.
Journal of Civil Engineering, 2020(05).

[3] Analysis and experiments on seismic damping of curved bridges based
on particle dampers. Xu, W.-B.; Yan, W.-M.; He, H.-X.; Chen, Y.-J.
Vibration. Testing and Diagnosis, 2019(06).

[4] Research on vibration damping dissipative mechanics and parameter
analysis of particle dampers based on energy method. Wang, Baoshun;
Yan, Weiming; He, Haoxiang; Xu, Weibing. Journal of Vibration Engi-
neering, 2019(03).

[5] Study on a mechanical model of particle dampers considering friction
effect and parameter analysis. Wang, Baoshun; Yan, Weiming; He,
Haoxiang; Xu, Weibing. Engineering Mechanics, 2019(06).

[6] Study on the effect of particle dampers on the seismic control of long-
period bridge structures Luo Z.Y.; Yan W.M.; Xu W.B.; Zhou D.X.
Vibration and shock, 2018(10).

[7] Vibration response prediction of particle-damped composite plate struc-
tures. Su, J.C.; Geng, Y.B.; Gao, L.L. Chinese Journal of Construction
Machinery, 2016(06).

[8] An approximate theoretical model study of particle dampers. Yao,
Bing; Chen, Qian; Xiang, Hongfeng; Gao, Xue. Journal of Mechanical
Engineering, 2015(03).

[9] Experimental study of particle damping dissipative mechanics based on
single-degree-of-freedom structure. Yan, W. M.; Wang, J.; Xu, W. B.
Journal of Civil Engineering, 2014(S1).

[10] Performance analysis of vibration control of particle dampers under
random excitation. Lu Z; Wang Tuanchao; Lu Xilin. Journal of Civil
Engineering, 2014(S1).

[11] Numerical simulation of particle dampers for vibration damping control.
Lu, Z.; Lv, X. L. Journal of Tongji University (Natural Science Edition),
2013(08).

[12] Structural damping control based on particle damping technique. Yan,
Weiming; Zhang, Xiangdong; Huang, Yunwen; He, Haoxiang. Journal
of Beijing University of Technology, 2012(09).



Post-earthquake Dynamics of Bridge Structures 281

[13] Bifurcation, chaos and control of impact damper systems. Zhao, W.L.;
Zhou, X.J. Journal of Vibration Engineering, 2007(02).

[14] Analysis of simple harmonic excitation response and stability of verti-
cal impact damping system. Zhao Dengfeng. Mechanics and Practice,
2006(01).

[15] Analysis method of impact process of a linear system based on
Laplace transforms. Zhao Dengfeng. Journal of Dynamics and Control,
2005(04).

[16] Parametrical optimization of particle dampers based on particle swarm
algorithm. Renliang Zhang; Yantong Zhang; Zhanpeng Zheng; Lei Mo;
Chengjun Wu. Applied Acoustics, 2020(C).

[17] Design parameters optimization of a particle’s impact damper. Snoun
Cherif; Trigui Moez. International Journal on Interactive Design and
Manufacturing (IJIDeM), 2018(4).

[18] Hand Arm Vibration Alleviation of Motorcycle Handlebar using Particle
Damper. Sachin M. Baad; R. J. Patil; M. G. Qaimi. IJEM-International
Journal of Engineering and Man, 2017(1).

[19] Rheology behavior and optimal damping effect of granular particles in
a non-obstructive particle damper Kai Zhang; Tianning Chen; Xiaopeng
Wang; Jianglong Fang. Journal of Sound and Vibration, 2015.

[20] Impact Energy Dissipation Calculation and Experiment for Impact
Damper with Particles. Wang-Qiang, Xiao; Wei, Li. Sensors & Trans-
ducers, 2013(11).

[21] Soft hollow particle damping identification in honeycomb structures.
Guilhem Michon; Ahmad Almajid; Gwenaëlle Aridon. Journal of Sound
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