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ABSTRACT

The simulation of particle dampers can require significant computational resources and time, even when
the massive parallelism offered by modern GPUs is leveraged. Furthermore, the particle damper often
needs to interact with multibody or FEM deformable models; this coupling can further increase the
required computational time. Three discrete particle simulation codes are coupled with the multibody
solver MBDyn and compared. The solvers are used to simulate experiments from the literature, and gain
insight into how the discrete element method can be used to design particle dampers.
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1 INTRODUCTION

Particle dampers are passive damping devices, consisting of one or more enclosures, partially filled with
particles and attached to vibrating structures that needs damping. These devices can achieve high energy
dissipation rates by means of inelastic collisions and friction between particles.

Among their numerous advantages, particle dampers can operate in harsh conditions, can work
in multiple directions and at a wide range of frequencies. Their use in aerospace applications is being
considered [11].

However, the behavior of these devices is highly non-linear: their damping performance largely
depends on the input’s amplitude [10], and they can also exhibit chaotic response [19]. Furthermore, the
particles rheological behavior plays an important role in the amount of dissipation obtainable by particle
dampers, and many motion regimes were experimentally proven [23].

Simple models, such as the one particle equivalent model, have been used to model particle
dampers, as reported in the literature; however, these models are usually limited to specific cases or
motion regimes, and are not valid outside those boundaries. For these reasons, numerical analyses of
particle dampers usually rely on implementations of the discrete element method (DEM) [11], despite
the large computational cost of simulations.

Different techniques can be used to implement DEM solvers and to couple them to multibody
software; however the authors found no references in the literature to work pertaining the comparison
of the results of analyses of particle dampers with different discrete element models. Nevertheless, the
authors believe that such a comparison could give insights into how to use the DEM in operative design
enviroments, which require fast analyses and iterations without giving up too much accuracy.
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In this paper, three discrete particle simulation codes, coupled to the general-purpose multibody
solver MBDyn [15], are compared by their characteristics and used to reproduce an experimental test
case from the literature.

2 SIMULATION CODES

This section summarizes the main characteristics of the three considered solvers. The descriptions are
focused on the characteristics and architecture of the employed discrete element methods, as well as the
co-simulation schemes used to couple the codes to MBDyn.

2.1 Chrono::NSC with tight coupling

Non-smooth contact dynamics (NSCD) is an effective simulation tool for rigid bodies with friction,
contacts and impacts [17]. It has been widely used in the simulation of non-smooth rigid bodies with
complex geometry [6], and in particle dampers [24]. In this work, the NSCD is also choosen as an
alternative tool for simulating particle dampers.

The code of the NSCD is provided by a large open-source multiphysics c++ library, Project
Chrono [21], in detail, by the module Chrono::Engine (ChSystemNSC) and the module Chrono::Multicore
(ChSystemMulticoreNSC) through a multi-thread simulation, which are collectively referred as Chrono::NSC
in this work. Using the NSCD, non-smooth interactions among bodies are modelled as frictional unilat-
eral constraints, where the three-parameter impact law based on the Newton impact law and Coulomb
dry friction law is used [3]. An event-capturing time-stepping scheme based on the semi-implicit Euler
scheme is implemented in Chrono for the integration of the non-smooth equations, by which non-smooth
events are captured automatically, and a larger time step size can be used in the simulation [20]. In each
step, non-smooth interactions are translated into cone complementarity problems (CCPs) to be solved by
optimization methods [20].

For the coupled problems between rigid/flexible multibody systems with particle dampers, a
co-simulation platform between MBDyn and Chrono::NSC module is established, where a tight co-
simulation scheme, also called implicit or iterative co-simulation scheme [24], is implemented, as shown
in figure 1. From the figure, it can be concluded that the tight co-simulation scheme performs a prediction-
correction procedure per step, where MBDyn predicts motions for the multibody models at the first iter-
ation, and then an iterative process that requires the restart of Chrono is carried out. The iterative process
can also be omitted, resulting in a loose co-simulation scheme [24]. Compared to the loose co-simulation
scheme, the tight one takes more computation costs because of the iterative process, but it shows better
co-simulation stability [24].

2.2 Chrono::GPU with loose coupling

Chrono::GPU is a module of the open-source multiphysics simulation engine Project Chrono, that pro-
vides a simulation tool for granular dynamics running on the GPU through CUDA.

Chrono::GPU simulates systems of monodisperse spheres interacting with both analytical bound-
ary conditions and triangle meshes. Contacts are modelled using a penalty-based method and the full-
history of each contact is memorized so that models like the Mindlin-Deresiewicz model [5], or even
more complex phenomenological models [7] can be used with multistep incremental evolution of the
contacts [8].

One of the main characteristics of this program is the ability to process problems with hundreds
of millions particles thanks to adimensionalization and the use of heterogeneous data types to reduce
memory usage and increase arithmetic intensity [13]

Chrono::GPU was coupled to MBDyn using the loose co-simulation scheme shown in figure 2.
This scheme lacks the iterative procedure shown in figure 1 for a tight co-simulation scheme.
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Figure 1: Tight coupling strategies between multibody and particle damper codes [24]
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Figure 2: Loose co-simulation timestep scheme used to couple Chrono::GPU and MBDyn

2.3 PMB with interleaved loose coupling

PMB is an explicit integration GPU discrete element solver [2], based on a CUDA sample named “parti-
cles” [12]. At the moment, PMB can analyse monodisperse spherical particles enclosed in cavities with
analytical geometries.

Simplicity and execution times are key elements of PMB’s implementation, as the authors wanted
to contain as much as possible the computational cost of the discrete element method, even giving up
some complexity of the models in the process.

The broadphase particle-to-particle contact detection is performed with a loose uniform grid spa-
tial subdivision and sorting [12, 1]: as there is no need to implement more complex and costly broadphase
algorithms.

The normal force between two particles (or between a particle and a wall) is computed with
a linear spring-dashpot (LSD) model. The value of the spring is usually determined by experience or
guesses, so that desiderable values of overlap between particles are obtained [4], or computed from the
material properties [22].

The tangential force between two particles is computed with a simplified and computationally
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Figure 3: Interleaved loose co-simulation timestep scheme used to couple PMB and MBDyn

cheap directional Coulomb’s law widely used in particle dampers’ literature [18]. This model is deemed
as insufficient by Matuttis and Chen [16], since it is unphysical and not even able to reproduce the sim-
plest problems for static friction, nevertheless Fleissner [9] suggested that, in highly dynamic systems,
slipping friction is dominant and it is often legitimate to neglect sticking friction.

In order to efficiently compute the total contact force and moment acting on the enclosure’s
walls, GPU parallel transform and reduction operations from the library Thrust are used.

PMB was coupled to MBDyn using the loose co-simulation scheme shown in figure 3. The
scheme was designed to interleave the two solvers as much as possible, hence maximising the work
performed in parallel and minimizing the waiting time in the communications. This approach led to
significant time savings in case of few particles in the enclosure, or in case of very complex multibody
models.

2.4 Solvers comparison

This sub-section shows a direct comparison of the main characteristics of the three solvers considered,
as well as preliminary considerations related to performance. The comparison is summarised in table 1.

The table shows that Chrono::NSC is the most versatile and complex of the considered codes,
since it can consider colliding bodies of any shape, with a BVH broadphase and optimization techniques
to solve Differential Variational Inequalities (DVI) equations applied to NSCD. Chrono::GPU and PMB
are both penalty-based discrete element solvers; the particles positions and velocities are computed with
an explicit integration scheme to solve Ordinary Differential Equations (ODE); their performance is
accelerated using GPU computing based on CUDA.

PMB is the simplest of the considered codes, its simplicity was obtained at the cost of less physi-
cal contact models and limitations regarding the shape and size of the colliding bodies, as it can simulate
only monodisperse particle beds. Preliminary analyses on a simple oscillating cylindrical particle damper
showed that PMB can be 3 times as fast as Chrono::GPU for particles number varying from hundreds
to millions. Depending on the timestep employed in the non smooth analyses, Chrono::NSC simulation
speed can be comparable to Chrono::GPU for few hundreds of particles, however, for increasing number
of particles, the relative difference in execution times increases considerably.

Nevertheless, Chrono::NSC was coupled to MBDyn using a tight co-simulation scheme with
iterations which greatly improved algorithmic stability compared to loose co-simulation schemes, as
shown by Zhang [24].

3 CASE STUDY SIMULATION RESULTS

The considered coupled codes were used to simulate Saeki’s horizontal particle damping experiment [18].
Saeki’s experiments consisted in measuring the transfer function of a one degree of freedom mass-spring-
damper system with a cuboid particle damper forced via stepped sines in the horizontal direction. The
experiments were reproduced using the DEM and numerical trade studies were executed to study the
influence of different parameters. Given the clarity in the description of how the results were obtained,
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Chrono::NSC Chrono::GPU PMB
Bodies shapes Complex Monodisperse spheres Monodisperse spheres
Normal contact model Non-smooth Hertzian Linear dashpot

Tangential contact model

Coulomb’s law

Mindlin-Deresiewicz

Directional friction

Equations DVI ODE ODE
DEM integration CCP optimization explicit explicit
Co-simulation scheme tight loose interleaved loose
Broadphase BVH tight uniform-grid loose uniform-grid
Architecture multicore CPU GPU GPU

Simulation speed

fast for a few particles

faste even with many particles

2-3 times Chrono::GPU

Timestep selection

based on contact durations

based on contact stiffness

based on contact stiffness

Table 1: Comparison of the characteristics of the considered discrete element solvers applied on particle
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Figure 4: Comparison between Saeki’s experimental results, and the simulation results with the consid-

ered solvers.

Saeki’s paper was identified by Lu [14] as a reference to follow to validate DEM particle dampers pro-
grams.

In all the simulations, MBDyn was tasked with the simulation of the mass-spring-damper system,
while the discrete element solvers were tasked with the simulation of the cuboid particle damper. Module
HFelem in MBDyn was used to obtain the response of the dynamical system at convergence for each

stepped sine.
Two specific cases from Saeki’s paper were selected to be reproduced with the considered cou-

pled codes, the first with a particle damper containing 200 particles, the second containing 250 particles;
the experimental results of those cases are reported in figure Sb of Saeki’s paper [18].

Figure 4 shows the frequency response obtained from the simulations with the three considered
codes compared to Saeki’s experimental results. Good correspondence to the experimental results was
obtained for all the considered solvers.

4 CONCLUDING REMARKS

Three very different discrete element solvers to simulate particle dampers, coupled to MBDyn with
different techniques, were compared and used to simulate a case study from the literature.
The results from the simulations showed that all the solvers were capable to reproduce the ex-
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perimental results, despite the differences in contact models and complexity.

These results seem to suggest that the analysis of particle dampers with discrete element solvers,
for design purposes, should be carried with the fastest code among those considered, since additional
model complexity did not provide more accuracy in reproducing the experimental results.

However, only two case studies from the same paper were considered for this comparison; there-
fore, the above inference cannot be considered conclusive, but these results show that there is a need for a
more extensive framework of experimental results able to uncover the limitations of the discrete element
solvers used to model particle dampers and provide a base for code calibration.
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