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a b s t r a c t

Discrete models are based on the descriptions of the physical states (e.g., velocity, position, temperature,
magnetic momenta and electric potential) of a large number of discrete elements that form the media
under study. These models are not based on a continuous description of the media. Thus, the models
are particularly well adapted to describe the evolution of media driven by discontinuous phenomena
such as multi-fracturation followed by debris flow as occurs in wear studies.

Recently, the use of discrete models has been widened to face problems of complex rheological behav-
iors and/or multi-physical behaviors. Multi-physical problems involves complex mathematical formula-
tions because of the combination of different families of differential equations when a continuous
approach is chosen. These formulas are often much simpler to express in discrete models, in which each
particle has a physical state and the evolution of that state is due to local physical interactions among
particles. Since the year 2000, this method has been widely applied to the study of tribological problems
including wear (Fillot et al., 2007) [1], the thermo-mechanical behavior of a contact (Richard et al., 2008)
[2] and subsurface damage due to surface polishing (Iordanoff et al., 2008) [3]. Recent works have shown
how this method can be used to obtain quantitative results (André et al., 2012) [4]. To assist and promote
research in this area, a free platform GranOO has been developed under a C++ environment and is distrib-
uted under a free GPL license. The primary features of this platform are presented in this paper. In addi-
tion, a series of examples that illustrate the main steps to construct a reliable tribological numerical
simulation are detailed. The details of this platform can be found at http://www.granoo.org.

� 2014 Elsevier Ltd. All rights reserved.

Introduction

Tribological phenomena involve a wide range of scales, typically
from the nanometer (at the surface scale) to the meter scale (at the
mechanism scale). From the physical point of view, mechanics
must be coupled with thermal, material and physico-chemical
behavior to understand these phenomena. To study such complex
problems, adapted numerical tools must be used to understand
and predict the contact behavior. The finite element method is
often used for these problems, presenting advantages such as
broadly available commercial software that is easy to use.
However, it is difficult for the finite element method to
describe multi-fracturation followed by debris, as occurs in wear
studies [3].

Molecular dynamic methods are increasingly applied to the
study of tribological problems [5–7]. Free software exists in that
field that can be used by a large number of scientists. However,
the simulated time and space scales are often small compared to
the scales of tribological phenomena. Over the past ten years, dis-
crete element models have been shown to be interesting tools that
can take contact into account at the right scale and solve multi-
physical problems. Unfortunately, discrete element commercial
software is often restricted to a single application and is difficult
to deal with complex problems. The consequence is that tribolog-
ical studies using discrete element models are limited by software
difficulties. The GranOO workbench has been developed to offer the
scientific community in general and the tribological community in
particular a free and rather easy-to-use discrete element software.
This paper briefly outlines the main aspects of the discrete element
model developed in GranOO and the primary features of the Gra-
nOO software. The final section illustrates the methodology used
to construct a reliable tribological DEM simulation by describing
a series of examples.
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The explicit discrete element model

Discrete element methods describe the media as an assembly of
a great number of interacting elements. The simplest approach, the
lattice method, involves in the connection of a set of nodes by a
joint with a given stiffness. Schlangen and Garboczi [8], Van Mier
et al. [9] and Cusatis et al. [10] use this method to study cracks
in concrete structures. The nodes have no mass and this method
is not adapted to dynamic problems. The cracks do not generate
surfaces and the method is not adapted to wear problems. Another
type of discrete element method consists of the connection of a set
of particles by joints and/or contact laws. These discrete elements
are spherical [11,12] or polyhedral [13,14]. The contact laws can be
derived from regular laws [11,13,14,12] or non-regular laws [15].

To enable the discrete elements to move, Newton’s law can be
solved using an explicit or implicit algorithm. The explicit
approach was preferred to solve dynamic problems at small time
scales. So, the implicit resolution and the non-regular mechanic
are not available in the GranOO project. GranOO deals with spher-
ical particles, regular contact laws and different types of cohesive
joints (e.g., springs and beams) to link the discrete elements that
belong to the same media in a three dimensional model. The model
involves the explicit integration algorithm shown as Algorithm 1,
where:

� t is the current time and dt is the integration time step,
� pðtÞ; _pðtÞ and €pðtÞ are the linear position, velocity and acceler-

ation of the discrete element, respectively,
� qðtÞ; _qðtÞ and €qðtÞ are the angular position, velocity and accel-

eration of the discrete element, respectively. The concept of
quaternions is used to describe these quantities [16,
Section 2.5].

Algorithm 1. Explicit dynamic resolution

Require: ~pð0Þ _~pð0Þ ~€pð0Þ qð0Þ _qð0Þ €qð0Þ
t  0
for all iteration n do

for all discrete element i do
~piðt þ dtÞ  Explicit integration
~f iðt þ dtÞ  Sum of force acting on i
€~piðt þ dtÞ  Newton second law
_~piðt þ dtÞ  Explicit integration

qiðt þ dtÞ  Explicit integration
~siðt þ dtÞ  Sum of torque acting on i
€qiðt þ dtÞ  Angular momentum law
_qiðt þ dtÞ  Explicit integration

end for
t  t þ dt

end for

This algorithm is particularly well adapted to tribological prob-
lems, presenting the following advantages:

� dynamic effects can be taken into account,
� easy and fast contact detection (between spheres),
� quantitative simulation of material behavior [4] and
� effects at small time scale can be considered by the explicit

algorithm.

This method has proven to be an efficient way to face tribolog-
ical problems such as wear or thermo-mechanical contact behavior

[1,2,17]. An implementation of this algorithm is given in the
processing time loop in Listing 3. The default integration scheme
used by GranOO is the velocity Verlet scheme [18]. However, user
can easily switch with another schemes thanks to custom plug-
ins (see Section ‘The plug-ins and the input XML file’). In addition,
to increase the performance of this sequential algorithm many
parallelisation strategies can be used: force decomposition, parti-
cle decomposition or domain decomposition [19]. At this time,
GranOO uses particle decomposition method associated to mul-
tithreading techniques. User can choose, for the most time-con-
suming processes, the number of threads to execute in parallel.
It is done through the input file thanks to the keyword Thread-
Number (see Listing 3 and Section ‘The plug-ins and the input
XML file’).

The discrete element method developed in GranOO is based on
the following physical description:

� the discrete element stores the mass, volume, acceleration,
velocity and position and is able to store other physical prop-
erties such as magnetic moment, electric potential or
temperature,

� the joint stores the rheological behavior,
� the contact stores the interface behavior.

The next section will show how this physical description has
been translated into the C++ platform GranOO.

Listing 3. The input XML file for the tension test.
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