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ABSTRACT

With the application of the particle damping technology to cable vibration attenuation, the rootless cable

damper overcomes the limit in installation height of existing dampers. Damping is achieved through energy dissipation by
collisions and friction. In this paper, a coupled multi-body dynamics—discrete element method is proposed to simulate the
damping of the damper—cable system under a harmonic excitation. The analyses are done by combining the discrete
element method in EDEM and multi-body dynamics in ADAMS. The simulation results demonstrate the damping
efficiency of rootless particle damper under different excitations and reveal the influence of the design parameters on its
performance, including the filling ratio, particle size, coefficient of restitution, and coefficient of friction.
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1 Introduction

The vibration attenuation of stay cable is an essential issue
in the cable-stayed bridge design [1]. This flexible and
light structure with a low damping can easily vibrate under
dynamic loads such as wind, rain, earthquake, and traffic
[1,2]. Among the methods used to control the vibration of
stay cables, installing a damper is widely present because
of its convenient construction and remarkable effect [3].
However, existing dampers, such as oil, sliding surface,
and magneto-rheological dampers [3-5], need to be
connected to a fixed point, which, in practice, is near the
anchorage on the main girder [1]. The maximum damping
ratio of a cable with an additional damper is closely related
to the installation height of the damper [6]. The limited
installation height hinders the damping efficiency of the
dampers on the cable.

To overcome this problem, we proposed a rootless cable
damper solution, which can be installed at any height of the
cable [7]. The use of this damper is an application of the
particle damping technology [8] in the field of cable
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vibration attenuation. It is composed of a cavity cylindrical
container fixed to a cable with particles inside the
container. Damping is achieved through energy dissipation
by collisions and friction among particles and container
wall. As there is no limit to the installation height, the
damping efficiency of the damper is improved. In this
study, we analyze the optimization design of such particle
dampers using a novel simulation method.

A damper composed of multiple particles implies a
complex and nonlinear damping mechanism owing to
numerous factors affecting its damping capabilities and
interactions among these factors [8,9]. It is challenging to
study its damping performance by theoretical analysis
methods. In addition, it is impractical to directly conduct
tests. A more feasible method is to use a numerical
simulation method for preliminary research [10] for an
optimized design.

The discrete element method (DEM) was proposed by
Cundall and Strack [11], using contact models to calculate
interactions between particles and between particles and
structures. This method has been widely used in the
research of granular materials in recent years, particularly
when a parameter analysis is needed [10,12,13].
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As the damping performance of a particle damper
depends on the excitation form, it is required to establish a
global cable-damper system model for simulations. In this
study, a complete cable-damper system was established by
coupling the DEM and multi-body dynamics (MBD).

Through the numerical simulation of the cable—damper
system, the damping effect of particle dampers on a stay
cable is analyzed. By analyzing the key parameters
affecting the damping effect, the optimal design of the
rootless cable damper is studied to provide a foundation for
further studies.

2 Simulation model
2.1 Particle damper modeling by the DEM

The discrete element model of a particle damper is based
on the conceptual framework proposed by Cundall and
Strack [11]. A typical simulation is performed through the
following steps.

a) Initialize forces acting on the elements according to
the initial conditions or previous step.

b) Detect collisions.

¢) Solve interaction functions and apply forces on
elements.

d) Change the positions of elements by integrating
dynamic equations.

The process is repeated until the simulation is finished.

In the case of a particle damper, each particle is an element.
The container is another element with a different material.
The total force exerted on the container is the sum of the
interaction forces applied by particles in contact with it.

To calculate the interaction forces, a classical Hertz—
Mindlin model [14,15] is employed because the para-
meters are simple with clear physical meanings. Another
advantage of this model is that it segregates the normal and
tangential forces, which are related to collision and
friction, respectively. Rolling friction is considered by
applying a constant torque model [16].

In particular, the normal force F, is the sum of the
normal contact force F,, and normal damping force Fy,,
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where d, is the overlap in the tangential direction and k; is
the tangential stiffness,
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where G is the equivalent shear modulus,
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The tangential force is limited by the Coulomb friction
st Fon, Where pr is the coefficient of sliding friction [11].

The rolling friction is considered by applying a torque to
the contacting elements,

A/[i = /J'rchnRiVia (10)

where p. is the coefficient of rolling friction and v; is the
unit angular velocity vector of the contacting element.

Once the forces on each element are obtained, the
position of each element can be calculated by integrating
the dynamic equation,

d2
mi@ui:ZF, (11)
where m; and u; are the mass and position of element 7,
respectively, and ZF is the total force exerted on it.

The model in this study was developed using the
software EDEM. To further improve the speed of the
numerical simulation, the particle damper prototype was
simplified. The inside of the container was designed as a
single cavity. The thickness of the wall was not considered.
The corresponding mass of the container was set directly.
The numerical model and its parameters are presented in
Fig. 1 and Table 1.

2.2 Cable modeling by the MBD method

A horizontally placed cable was chosen to simulate the
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Fig. 1 Numerical model of the damper.
typical vibration phenomenon of cables, as shown in
Fig. 2. Both ends are simply supported. A particle damper
is installed at the midpoint. The sag effect and bending
stiffness of the cable are neglected in the model, as our
focus is on the particle parameters. The inner damping of
the cable is also ignored. This is acceptable because the
inherent damping of cables of cable-stayed bridges is low,
usually between 0.1% and 0.15% [18]. The parameters of
the cable are listed in Table 2. In the numerical simulations,
a sinusoidal excitation is applied at the 0.2L point from the
end of the cable. The vertical response at the middle point
of the cable was calculated.

The model was developed and simulated using the MBD

Table 1 Parameters of the damper
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Fig. 2 Cable with the attached damper.

method with the software ADAMS. The cable is composed
of a chain of 100 discrete elements; every element has a
mass and infinite stiffness. Approximate elements are
hinged together in every direction. The connection
stiffness is a function of the cable material and geometry.
They can be derived according to Ref. [19] and are listed in
Table 3. The translational degrees of freedom at the two
ends are fixed to simulate simple supports.

The consolidation point on the cable with the particle
damper is in the middle, which implies that the force acting
on the container is directly applied to the midpoint of the
cable. This choice of damper position minimizes the first
vibration mode of the cable, which contains most of the
energy.

object parameter type parameter name and unit value
particle inherent parameter density (kg/m®) 7850
elastic modulus (MPa) 2 x 10°
Poisson’s ratio 0.3
particle-to-particle coefficient of restitution 0.2
contact parameter coefficient of sliding friction 0.5
coefficient of rolling friction 0.01
container inherent parameter elastic modulus (MPa) 2 x 10°
Poisson’s ratio 0.3
coefficient of restitution 0.2
particle-to-container coefficient of sliding friction 0.5
contact parameter coefficient of rolling friction 0.01

Table 2 Geometric and mechanical parameters of the cable model

length (m) unit mass (kg/m) cable force (kN) cross-sectional area (m?) elastic modulus (MPa)
100 25.9 3162 6273 x 107 2 x 10°
Table 3 Connection parameters of the cable model
parameter name direction value
stiffness coefficient axial direction (N/mm) 1.3 x 10*

tangential direction (N/mm) 1 x 10*

flexural rigidity (N - mm /rad) 8.46 x 10°
tension force axial direction (N) 3.162 x 10°




Danhui DAN et al. Application MBD-DEM in particle damper 247

The first three modes of the cable are crucial because the
main requirement of a cable damping system is to provide
a sufficient damping to the first three or four cable modes
[18]. Thus, verification must be performed to determine
whether the cable model generates the required modes.

Various models have been reported for analyses of cable
vibrations [20,21]. The classic string theory simplifies the
cable into a tensioned string, hinged at both ends. This
provides the undamped natural frequency of the cable [22],

T (12)

i
=51\

where i is the frequency order, L is the length, T is the
tension in the cable, and € 1is the unit mass of the cable.

The results of the modeling of the designed cable in
ADAMS are presented in Fig. 3, which shows the first
three vibration modes of the cable.

Fig. 3 First three mode shapes of the cable.

The deviations between the first three natural vibration
frequencies obtained by the string theory formula and
natural vibration frequency of the model are shown in
Table 4.

Table 4 First three mode frequencies of the cable

mode ADAMS model string theory deviation
1 1.29 1.24 0.04
2 2.59 2.47 0.05
3 3.88 3.71 0.04

The frequencies calculated by the numerical model
match the analytical results, with deviations smaller than
5%. Thus, the model is validated.

During the simulation, in each time step, forces and
torques acting on the container calculated by the DEM are
transmitted to the cable model at the consolidation point,
while displacement data calculated by MBD are returned
to the particle damper model. Thus, a cable-damper
system model for simulation is established.

3 Results

3.1 Damping performance of the particle damper

The acceleration root mean square value is used to measure
the severity of structural vibration,

(13)

where g; is the acceleration at the ith data point and £ is the
number of data points. In this study, the results for the first
5 s were obtained in each simulation and data were
recorded every 10~ s. We define the normalized response
to describe the response of the cable with the particle
damper,

P
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where afys is the root mean square of the acceleration of
the structure with the attached particle damper and agyg is
the root mean square of the acceleration of the original
structure.

A sinusoidal excitation with a frequency of 1 Hz and
amplitude of 18 kN was applied to obtain the time histories
of the structures with the particle damper, as shown in
Fig. 4(a). The structural vibration is significantly reduced
with the particle damper. However, the particle damper
causes an additional vibration with a low magnitude and
high frequency, possibly owing to the impact forces
between the particles and container.

The time effect of the damping was studied by
calculating the normalized response at intervals. Consider-
ing that the first-order period of the cable is 0.772 s, the
calculation interval is set to 0.8 s. Figure 4(b) shows the
normalized responses calculated at 0.4, 1.2, 2.0, 2.8, 3.6,
and 4.2 s. The particle damper exhibited higher perfor-
mances in the late stages of vibration than in the initial
stage. This indicates that the damping effect of the particle
damper has a certain time lag. After the first second, the
normalized response decreased to below 0.7 and was 0.40
at 4.2 s, half of the response at 0.4 s.

The excitation frequency was then changed from 1 to 20
Hz to study the effect of the vibration frequency on the
damping efficiency. The magnitude of the excitation force
was adjusted so that the maximum displacement at the
middle point of the cable was always 100 mm. The damper
was filled with 100 particles with a radius of 20 mm.

Figure 5(a) shows the normalized response of the cable
when the structure was subjected to a sinusoidal excitation
with a frequency of 1 to 20 Hz. The particle damper
produced a good damping effect in this frequency range.
The response decreased with the increase in the excitation
frequency. When the excitation frequency was 20 Hz, the
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Fig. 4 Damping efficiency of the particle damper. (a) Acceleration time history at the midpoint; (b) time history of the normalized response.

normalized response of the cable with the particle damper
was almost half of that without the particle damper.

The influence of the excitation intensity on the
performance of the particle damper was also investigated.
Excitations with a frequency of 20 Hz and different
amplitudes were applied to the cable. The amplitudes at the
middle point of the cable were 50, 100, 200, 300, and 500
mm. Figure 5(b) shows the variation of the normalized
response at different excitation intensities. In the amplitude
range of 50-500 mm, the additional damping from the
damper was not considerably changed.

The results show that, for a cable under a sinusoidal
excitation, the particle damper produces a good damping
effect in a wide frequency range, while the damping
efficiency is slightly affected by the vibration intensity.

The numerical simulations of the above cable—damper
system show that the use of a particle damper attached to
the cable is a feasible solution to suppress the cable
vibration. The damper has a considerable damping effect in
a wide frequency range. With the increase in the excitation
frequency, the damping efficiency tends to increase.
However, the particle damper experiences a certain
hysteresis to changes in the vibration state, but responds
after 1 s and produces a stable damping effect.
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3.2 Design parameter analysis

In the previous section, the damping efficiency of the
particle damper was studied by applying excitations with
different frequencies and intensities to the cable, while the
design parameters of the damper were fixed. The damping
efficiency of the damper may also change according to its
design parameters. In this section, simulations of the
damper’s efficiency under varying design parameters,
including the filling ratio, radius, coefficient of restitution,
and coefficient of sliding friction, are presented to
determine their influences on the design.

To obtain the maximum number of cycles in a limited
simulation time (1 s of simulation equals 4 h of calculation),
excitations with a frequency of 20 Hz are used in the
parameter analysis. Typical time histories of the displace-
ment and acceleration of the cable are shown in Fig. 6.

3.2.1 Filling ratio

The ratio of the total volume of particles to the volume of
the cavity is defined as the filling ratio, expressed as

V nnd?®
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Fig. 5 Normalized responses under different excitations. (a) Influence of the excitation frequency; (b) influence of the excitation intensity.
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Fig. 6 Typical response of the cable at an excitation frequency of 20 Hz. (a) Displacement; (b) acceleration.

where 7 is the number of particles, d is the diameter of the
particles, V is the volume of the cavity, and D; and D, are
the outer and inner diameters of the damper’s cross section,
respectively.

The filling ratios were set to 0.073, 0.147, 0.220, 0.294,
0.367, and 0.441 by changing the number of particles. The
responses of the structure at an excitation frequency of 20
Hz and excitation amplitude of 100 mm were calculated.
Figure 7(a) shows the structural responses for the various
filling ratios. Figure 8 shows this series of particle dampers
with different filling ratios.
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Figure 7(a) shows that the normalized response of the
cable initially decreased, and then increased with the filling
ratio. The optimal filling ratios are between 0.294 and
0.441. When there were few particles, the possibility of
contact between particles and between particles and
container wall increased when more particles were placed
inside, creating a larger energy dissipation. However, as
the number of particles continued to increase, the particles
began to accumulate and fewer active particles were
involved in the tuning effect. The accumulation also
reduced the average velocity of the particles, leading to a
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Fig. 7 Influences of the damper’s design parameters. (a) Filling ratio; (b) radius of the particles; (c) coefficient of restitution;

(d) coefficient of friction.
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Fig. 8 Particle dampers with different filling ratios.

lower energy dissipation in each contact. Therefore, the
damping efficiency was reduced beyond a certain filling
ratio.

3.2.2 Radius of the particles

The particle radius is one of the most important parameters
in the contact model. A larger particle radius implies a
larger damping coefficient in the contact model and larger
damping force at the same collision speed (Eq. (3)).
However, the stiffness in the contact model is also
increased (Eq. (4)). Therefore, the elastic force is larger
and the damping force is decreased. In addition, at the
same filling ratio, a larger particle radius implies fewer
particles and lower probability of particle-to-particle
contact. These three effects also exist in the particle-to-
wall contact. To transform the particle radius to a
dimensionless form, the ratio of the particle radius to the
width of the cavity is defined as

d

A= .
Dy, ~D,

(16)

The particle size and number of particles were changed
simultaneously for a constant filling ratio of 0.367. The
effect of the particle size on the performance of the particle
damper at the excitation frequency of 20 Hz and excitation
amplitude of 100 mm is evaluated. Figure 7(b) shows the
changes in the response of the cable at A of 0.455, 0.545,
0.636, 0.727, 0.818, and 0.909.

When A was 0.727, 0.818, and 0.909, the normalized

veloci
0.0089

(m/s)
0.2412

———
0.4735 0.7099 0.9382 1.1705

@

responses were 0.7, 0.71, and 0.73, respectively, which
implies that, when the filling ratio was constant, smaller
particles could achieve a higher damping efficiency. This
indicates that, for larger particles, the increase in stiffness
coefficient and reduction in contact possibility are more
influential than the increase in damping coefficient,
causing a lower energy loss. However, this does not
imply that a smaller radius implies a better damping. When
the particle size ratio A was 0.636 and 0.545, the
normalized response increased sharply, indicating a sharp
decrease in the damping effect, because, when the particle
diameter is slightly larger than half of the width of the
cavity, “clogging” occurs. Figure 9(a) shows a screenshot
during the simulation at 1.938 s when A = 0.545, where
clogging is observed. The minimum particle velocity was
0.01 m/s (blue), while the maximum particle velocity was
1.17 m/s (red). When clogging occurred, most of the
particles moved at low speeds and their positions remained
unchanged. The energy dissipation of these clogging
particles through collision and friction was negligible. The
number of effective particles that dissipate energy was
considerably smaller than the total number of particles.
These immobile particles hindered the movement of
moving particles, so that the damping efficiency was
largely reduced. When the particle radius continued to
decrease to A = 0.455, the clogging phenomenon dis-
appeared. As shown in Fig. 9(b), blue represents the
minimum particle velocity of 0.05 m/s, while red
represents the maximum particle velocity of 2.46 m/s.
All particles could move freely in the container and the
damping capacity of the damper recovered.

3.2.3 Coefficient of restitution

The coefficient of restitution was used to measure the
energy loss during a collision. A smaller value implies
more kinetic energy transformed to heat during the
collision and lower final velocity after the collision.
However, a lower speed implies a mild-motion mode,
which is not conducive to frequent collisions among
particles and between particles and container.

Tim: LEH

velocity (m/s)
0.5311

0.0485

1.0137 1.4963 1.9789 24615

Fig. 9 Screenshots at 1.938 s with different particle radii. (a) The dimensionless radius is 0.545; (b) the dimensionless radius is 0.455.
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Figure 7(c) shows the fluctuation in the normalized
response for various coefficients of restitution at the
particle radius of 20 mm and filling ratio of 0.367.

The damping efficiency initially increased, and then
decreased with the increase in the coefficient of restitution.
The initial increase occurred because, when the final speed
after each collision was larger, the particles moved more
violently, stimulating more collisions. Thus, the total
collision energy increased and the damping efficiency was
improved. However, as the coefficient of restitution
continued to increase, the effect of energy dissipation
reduction in a single collision exceeded the effect of the
increase in collision time. Thus, the total energy dissipation
by collisions became smaller and the damping efficiency
was reduced. The optimal coefficient of restitution was
determined to be approximately 0.8.

3.2.4 Coefficient of friction

For spherical particles, the coefficient of friction controls
the maximum tangential force when particles collide. A
larger value implies a larger tangential force and more
dissipated energy. When the coefficient of sliding friction
is 0, no energy dissipation exists in the tangential direction.

Figure 7(d) shows the normalized responses of the cable
when the sliding friction coefficients g are 0, 0.2, 0.5,
0.75, and 1.

According to Fig. 7(d), when the coefficient of sliding
friction was between 0 and 1, the responses fluctuated
between 0.68 and 0.84. When the friction coefficient was
0, the normalized response was smallest and the vibration
damping effect was best. This indicates that the tangential
energy dissipation does not have a key role in the damping
efficiency of a rootless cable damper. Figure 10 shows the
relationships between the total energy dissipation, normal
energy dissipation, tangential energy dissipation, and
coefficient of sliding friction. When the coefficient was
0, the total energy dissipation was largest. The normal
energy dissipation corresponded to 100% of the total
energy dissipation. With the increase in the coefficient of
sliding friction from 0 to 0.5, the tangential energy
dissipation increased, while the normal energy dissipation
decreased. However, the reduction rate was larger than the
increase rate, so that the total energy dissipation continued
to decrease. After the coefficient of sliding friction
exceeded 0.5, the proportions of normal and tangential
energy dissipations tended to be stable, approximately
40% and 60%, respectively. In this case, the total energy
dissipation slowly increased. However, even when the
coefficient of sliding friction reached the maximum value
of 1, the total energy dissipation was not as large as that
when the coefficient was 0.

Therefore, with the change in the coefficient of sliding
friction, the total energy dissipation reached its maximum
when the tangential energy dissipation was completely

reduced to zero. The positive effect of this design exceeds
the negative effect, which optimizes the damping effi-
ciency of the particle damper.
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Fig. 10 Influence of the coefficient of sliding friction on the

energy loss.

4 Conclusions

In this study, according to the prototype of the rootless
cable particle damper [7], a calculation model for the
cable—particle damper system was developed. The DEM
was used to simulate the particle damper, while the MBD
method was used to simulate the cable. The response of the
model under a sinusoidal excitation was calculated using
the commercial software packages EDEM and ADAMS.
The key parameters in the particle damper energy
dissipation model were further studied. The influences of
the excitation frequency, excitation amplitude, filling ratio,
particle size, coefficient of restitution, and coefficient of
sliding friction on the damping efficiency through different
energy-consuming mechanisms were analyzed. The con-
clusions of this study can be summarized as follows.

1) The particle damper produced a good damping effect
on the cable. The response of the cable could be reduced by
50% in terms of the root mean square of acceleration.
However, the impact forces between the particles and
container caused additional high-frequency vibrations of
the cable.

2) The damping capacity of the particle damper
remained high under the simple harmonic excitation in
the frequency range of 0—20 Hz and amplitude range of
50-500 mm.

3) When the filling ratio was between 0.294 and 0.441,
the damping effect of the cable damper was optimal. A
particle damper with a filling ratio higher than 0.441 had a
weaker damping effect owing to the crowding of particles.

4) Smaller particles provided a higher damping
efficiency than that of larger particles. However, when
the particle diameter was slightly larger than half of the
width of the cavity, the particles clogged during the
vibration and the vibration damping efficiency was sharply
reduced.
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5) Although a smaller coefficient of restitution led to a
higher energy dissipation in a single collision, for a multi-
particle damper system, the coefficient of restitution had a
different optimal value. A too small value implied a slow
particle movement and increased duration of each colli-
sion, which led to a reduction in the number of collisions.
Thus, the damping efficiency was reduced. The optimal
value was 0.8.

6) A larger coefficient of sliding friction led to a larger
energy dissipation in the tangential direction and lower in
the normal direction. However, when the coefficient of
sliding friction was 0, the total energy dissipation was
largest and the particle damper provided the highest
vibration damping efficiency.

The damping mechanism of the particle damper
involved interactions among various parameters. This
study considered only the separate influence of a single
parameter. In future studies, multi-parameter integration
should be considered to complete the parameter analysis
and obtain an optimal design.
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