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Confined sheared flows of hard and soft granular materials:
Some challenges in tribology and fault mechanics

Guilhem Mollon'; Adriana Quacquarelli’, Yinyin Zhang', Nathalie Casas’,
Olivier Bouillanne', Alizée Madrignac', Kévin Daigne'

This paper belongs to a Focus Series dedicated to Challenges in Granular Matter. As such,
it does not report any new finding, but rather offers an overview of the state of the art and
of current and future challenges for the granular physics community. The focus is placed
on the case of confined sheared flows of granular samples with particular complexities, such
as soft, angular, or cemented grains, with applications in tribology and fault mechanics.
We first explain why granular science may help to improve our understanding of dry
friction in these two applications, and illustrate some recently unveiled aspects regarding
the complexity of the problem. We then describe a few avenues for future research on
the topic, focusing on the dialogue between simulations and experiments, on scale-related
challenges, and on some pivotal computational aspects.

I Introduction

The shearing of confined granular materials may
look like a rather simple topic. The geometry of
such a system is straightforward (Fig. 1a): it con-
sists of a layer of granular (or at least, divided)
matter trapped under two, possibly rough, rigid
walls, subjected to a certain normal stress, and to
a certain shearing through an imposed tangential
velocity on one or both walls. In this paper, we
pass over any wall-slip effect and any mechanical
coupling with a suspending fluid (although those
topics are of some importance in the applications
that will soon be presented), thus focusing our at-
tention on the response of the central layer to im-
posed shearing. Under these loading conditions,
the case of a granular material constituted of rigid,
frictional, quasi-monodisperse, circular or spherical
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grains, can be considered as solved under the cele-
brated “u(I)” framework [1,2], where p is the shear
resistance expressed as a friction coefficient, and
I = 4dy/on/p is the inertial number of the flow.
As we demonstrate in this paper, however, relaxing
some of these assumptions severely complicates the
problem. We may wonder, indeed, to what extent
the existing theories and methods can deal with
grains of complex shapes, with deformable grains,
with strongly polydisperse grains populations, and
with more complex interactions among grains and
between grains and their environment. Current re-
search on these topics is driven by many fields of
application but we will focus here on two specific
and related classes of problems: the tribological
three-body contact, and the mechanics of seismic
faults.

Tribology is the science of friction and wear in
solid contacts, whether they be dry or lubricated.
Since the pioneering works of Godet [3], we know
that friction is not an intrinsic property of the ma-
terials but rather an emerging phenomenon with
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Figure 1: Conceptualization of the problem: a. Gen-
eral configuration of a confined sheared granular flow
under a normal stress o, and a relative velocity V;; b.
The tribological triplet, including the three tribological
scales.

multiple causes, and that a better understanding
of dry contacts requires the concept of a “third
body” (Fig. 1b). This third body is a layer of solid
matter trapped within the contact interface, origi-
nating from the degradation of the contacting sur-
faces or from external material, which transmits
the normal load and accommodates the possible
sliding between the two “first bodies”. Countless
experimental pieces of evidence [4—6] point to the
fact that, except in some idealized lab conditions,
dry contacts with a sufficient sliding history always
fit in this “three bodies” model. Hence, first bod-
ies are rarely in actual contact, and dry friction
should mostly be considered as the result of the rhe-
ology of the (generally) nanometric to micromet-
ric third body layer submitted to shearing. Third
bodies are very diverse in thickness, chemical com-
position, visual aspect, and mechanical behaviour
(Fig. 2), depending on the materials in contact and
on a large number of other factors (including the
plasticity/fracture response of the first bodies, the
dynamics of the loading system, the contact load
and velocity, the temperature, the chemical inter-
actions with the environment, the contact history,
etc.). Driven by industrial applications (including
energy efficiency, since it is estimated that one-
fifth of world energy consumption is dedicated to
overcoming friction, [7]), these systems are at the
core of the tribological literature and are investi-
gated with observational, experimental, numerical
and theoretical tools [8-10]. A specific and par-

ticularly interesting case of such tribosystems, al-
though studied in a completely different scientific
community, is that of seismic faults. These faults
naturally exist in many locations on Earth (e.g. at
the boundaries of tectonic plates, but elsewhere as
well), and consist of localized, thin, somewhat pla-
nar, zones of weakness in the lithosphere, which
accommodate sliding between rigid-like bodies of
rocks. They span several spatial scales (from hun-
dreds of kilometres down to less than a meter), and
also contain a third body called “fault gouge” in
the geological terminology (Fig. 2). An immense
body of work focuses on the contact instabilities
in these tribosystems, also called earthquakes [11].
Obviously, a part of the answer lies in the rheolog-
ical response of the gouge layer to shearing, and
it is indeed the topic of an abundant geophysical
literature. Apart from the discrete numerical ap-
proaches described later in this paper, several mul-
tiphysical continuum-based approaches are worth
mentioning [12-14]. The reader interested in this
specific topic is referred to [15] and numerous ref-
erences therein.

IT State of the art and recent numer-
ical findings

i Numerical tools

Can granular physics help on these topics? If we ac-
cept the representation of the third body, at least
to a first order, as a divided, discontinuous solid
material, the answer to this question is certainly
positive. We can thus conceptualize the third body
(or gouge) layer as a confined sheared granular ma-
terial, and adopt the representation of Fig. 1. Dis-
crete Element Modelling (DEM) has been widely
used in this framework to investigate the rheo-
logical response of sheared layers under confine-
ment [16-20], as well as the shearing of granular
gouge [21-23]. Tt is useful to recall here that DEM
is a popular numerical framework in granular me-
chanics, into which the individual motions of all
the (generally circular or spherical) grains compos-
ing a granular sample are computed based on New-
tonian dynamics and on forces arising from inter-
particle (generally frictional) contacts. Compared
to more common, continuum based, computational
methods in mechanics (such as the Finite Element
Method, FEM), DEM presents several advantages
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Figure 2: SEM views of tribological third bodies. a: Metal-metal opened contact with evidence of granular and
plastic accommodation regimes [27]; b: Same system, evidence of compacted and agglomerated third body; c:
Mineral grains of granular gouge in a rock sliding experiment [65]; d: Evidence of gouge melting in a rock sliding

experiment [65].

when applied to third bodies: it offers a large kine-
matic freedom which allows the representation of
sheared flow in the presence of discontinuities; it
does not rely on a mesh, which makes it robust
up to an arbitrary strain level; and it does not re-
quire one to choose a predefined constitutive law
for the solid domain to be simulated. For these
reasons, several authors achieved notable success
in understanding some characteristics of third body
flows using this numerical tool [16-20]. It should be
noted, however, that most of these studies assumed
circular/spherical grains and a very narrow particle
size distribution (PSD), mostly for reasons linked
in one way or another to the computational cost.
They thus remained rather idealized case studies.

Indeed, despite these early achievements, we

must point out an inherent limitation of DEM in
this framework: the assumption of perfect rigidity
for the grains (only mildly degraded by the numer-
ical stiffness used for the computation of repulsive
contact forces). This assumption is valid for a large
majority of DEM applications, where the stiffness
of the material composing the grains is several or-
ders of magnitude larger than the typical stress
they are submitted to. This is true, to a certain
extent, for rock gouges in the shallower portions
of faults. In the deepest areas of the lithosphere
(e.g. beyond depths of 10-15 km), average stress
levels can reach several hundreds of MPa, and local
contact stresses between grains can therefore reach
several GPa. Since the typical Young’s modulus
of Crustal rocks is ~ 10 — 100 GPa, we can reach
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strain levels of several %, and the assumption of
grains rigidity becomes questionable. In industrial
tribological contacts, average contact stresses are
often well beyond the GPa, and local stress concen-
trations within contacts are expected to be much
higher, which may bring us well above the elastic
limit of the materials composing the third body.
Under such conditions, it is likely that purely gran-
ular rheology, relying mostly on the steric exclusion
between rigid bodies, might not be able to repre-
sent all classes of third body flows, especially the
most plastic and agglomerated ones. An alterna-
tive approach would be to allow the grains to de-
form, which takes us out of the strict framework
of DEM. Several numerical approaches have been
proposed in related fields, notably that of pow-
der compaction [24-27]. These developments were
also encouraged by a recent, growing interest of the
granular experimental community in the field of de-
formable grains [28-32]. For the remainder of this
section, most of the examples were treated with the
Multibody Meshfree Approach implemented in the
open source code MELODY [33,34]. This approach
is based on a discretization of the domain covered
by each grain using a certain number of field nodes,
which carry the degrees of freedom in displacement.
The displacement field is interpolated in each grain
between the field nodes using shape functions, very
much in the manner of FEM, but with Moving
Least Square shape functions which do not rely on
a mesh and are therefore much more robust to very
large strains. A weak formulation of the contin-
uum mechanics equation is then derived and in-
tegrated in time using an adaptive explicit solver.
Contacts between the highly deformable bodies are
dealt with using a robust two-pass node-to-segment
algorithm. Thanks to this approach, MELODY can
also handle rigid grains with arbitrary shapes in the
DEM framework.

ii An unexpected variety of kinematic
regimes

It was indeed shown in [26] that allowing grains
to deform made it possible to simulate confined
sheared flows with a much wider variety of accom-
modation regimes. In particular, by varying sys-
tematically the stiffness of the grains, their cohe-
sion (i.e. the strength per unit area of the interpar-
ticle contacts), and their material viscous damping,

the relative motion between the two walls could be
accommodated in many ways (Fig. 3a-d). The ten-
dency of the grains to form agglomerates when suf-
ficiently soft and cohesive, in particular, led to a
reduction of the resulting friction coefficient of the
interface by promoting rolling kinematics (Fig. 3c),
which are much more energetically favourable than
granular shearing [36]. In some other cases, soft
and cohesive grains were able, in contrast, to self-
organize in force pillars and to optimize their col-
lective resistance to shearing, thereby maximizing
the interface friction coefficient (Fig. 3d). These
observations were further confirmed in [37], where
the effect of cohesion between grains on rheology
and its relation to friction was studied in more
details and where the causes and consequences of
agglomeration were analysed. Meanwhile, in the
field of seismic fault gouges, the focus of some re-
cent studies was put on the shapes and interaction
laws of rigid grains in a classical DEM framework.
In [38], the effect of an initial cohesion of the min-
eral angular grains composing the gouge (because
of physico-chemical cementation in the interseismic
period) was studied, and its consequences on the
frictional response of a seismic fault in the initial
stages of a seismic sliding were observed. It ap-
peared that, starting from a low cementation and a
classical Couette flow regime (as expected for fric-
tional grains), an increase in cohesion led to the
appearance of oblique shear bands, also known in
the geological literature as Riedel bands, and to the
formation of rigid cohesive agglomerates of grains
(Fig. 3k). In the case of very high initial cementa-
tion, the seismic sliding occurred by fault-parallel
fracturing and extreme localization of the shear
(Fig. 31). The fault gouge simulated in [39] relied on
a different representation of this cementation, un-
der the form of a filling of the whole pore space by
a matrix of very fine, conforming polygonal grains.
These models led to even more various accommo-
dation regimes with complex geometries, includ-
ing the activation and deactivation of bulk shear-
ing, primary and secondary Riedel bands, and fi-
nally the development of fault-parallel shear bands
(Fig. 3n).

In [40], an additional degree of complexity was
added in order to simulate the effects of shear heat-
ing on fault rheology. Indeed, due to the large nor-
mal stresses present in the deeper areas of seismic
faults, the relatively high sliding velocity (up to sev-
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Figure 3: Overview of a variety of kinematic regimes in confined sheared granular flows. a: Force chains (hard
grains) [35]; b: Plastic flow (soft and mildly cohesive grains) [35]; ¢: Agglomerated rolling flow (soft cohesive
grains) [35]; d: Force pillars (critically soft and cohesive grains) [35]; e: Hard clusters in a mixture of 40% soft
and 60% hard grains [45] (colours code shear rate); f: Short-lived localized shear bands in a mixture of 80%
soft and 20% hard grains [45] (colours code shear rate); g: Moderate localization in a granular gouge with 5%
of molten grains [40] (colours code horizontal displacement); h: Strong localization and quasi-viscous flow in
a granular gouge with 60% molten grains [40] (colours code horizontal displacement); i: Oblique fracture and
horizontal localization in a mixture of a few large grains within a fine matrix [39] (colours code solid fraction);
j: Rigid aggregated formation in a mixture of many large grains with porosity filled by a fine matrix (colours
code solid fraction); k: Formation of cohesive aggregates and Riedel bands in a moderately cemented gouge [38]
(colours code damage); 1: Riedel bands and horizontal fracture in a highly cemented gouge [38] (colours code
damage); m: Progressive destructuration of a large number of oblique bands towards bulk shearing [39] (colours
code solid fraction); n: Activation of five primary shear bands in a fine matrix of conforming polygonal grains,
only two of them being active in a later stage of shearing [39] (R refers to Riedel shear band, Y refers to boundary
shear band, colours code solid fraction).
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eral m/s), the poor thermal conductivity of rocks,
and the natural tendency of granular gouges to lo-
calize shear in narrow bands, large temperature el-
evations occur in the gouge layer. Under the right
circumstances this can lead to gouge melting, and
this has been widely documented in the field and
in the lab [41-43]. In [40], melt was numerically
introduced in the granular gouge using frictionless,
quasi-incompressible, very soft viscoelastic grains.
It was observed that the presence of these molten
grains led to a progressive localization of the shear-
ing and to a non-linear decrease of the fault friction
from a purely granular to a purely viscous regime,
thereby finally reducing the amount of heat pro-
duction through complex feedbacks (Fig. 3g-h). It
is generally believed that water is present in deep
crustal rock, although not in the form we are used
to at the earth’s surface. Under several tens or hun-
dreds of MPa, water is indeed physically or chem-
ically adsorbed on any available surface or inter-
face, and its effect on melting is therefore essen-
tially physico-chemical. Its main consequence is a
reduction of the melting point of minerals with re-
spect to the completely dry case [44]. The complex
topic of the rheology of mixtures of soft and hard
grains was also tackled in [45], showing interesting
intermediate regimes where hard inclusions seem to
nucleate short-lived shear localization between the
soft grains, thereby temporarily creating rotating
agglomerates without the presence of any dilatancy
(Fig. 3e-f). As we see, the traditional picture of
the sheared flow of circular quasi-monodisperse fric-
tional rigid grains gets much richer, but also much
more complicated, when one or several of these as-
sumptions are relaxed. The reader can refer to the
different papers cited in this survey to find more
details about this complexity. The remainder of
this paper is devoted to the presentation of several
challenges in this field of study which are likely to
be at the core of future works in the granular, tribo-
logical, and geophysical communities in the coming
years.

IIT Some challenges

i Experimental validation

A large number of experimental studies have been
proposed by the scientific community to study con-
fined sheared granular flows under various con-

ditions. Quantitative statistics of seismic events
were, for example, reproduced in the lab observ-
ing collections of photoelastic discs [46]. Rock fric-
tion laws in the presence of a granular gouge have
been derived from shearing experiments, including
very fine second-order phenomena such as rate and
state effects [47] and interface melting [41]. Flows
of grains with complex shapes [48] or with large de-
formability [31,32] are now increasingly reproduced
and analysed in the lab. Countless rubbing experi-
ments have been reported in the literature, involv-
ing a wide variety of materials. And yet, it does
not seem excessive to write that dry friction is still
a largely unsolved problem. In contrast with the lu-
bricated contact, for which accurate models allow
designing the sliding geometry and the lubricant
rheology with great precision, no universal and pre-
dictive model exists for the quantitative prediction
of dry friction and wear. Part of the explanation
lies in the difficulty of relating local friction models
with experimental observations and measurements.
Regarding this difficulty, both models and experi-
ments are to blame. Indeed, most quantitative the-
ories of dry friction do not include the presence of
a third body, and are therefore only applicable in
very controlled lab conditions. Numerical models of
contact interfaces including a third body are rare,
and they remain quite idealized. Limitations arise
from their limited scale (see section I11.ii) and from
their computational cost (see section ITLiii), but
more importantly from the limited set of physical
assumptions on which they rely. We can mention
two important bottlenecks:

(1) The flow of third body occurs in a largely
out-of-reach area: a mechanical contact. Of course,
observation and even characterization [4,5] of an
interface can be performed post-mortem by vari-
ous means, after the end of a tribological experi-
ment. But what is observed and characterized is
not, strictly speaking, a third body: it is merely a
layer of wear debris. Indeed, mechanical and phys-
ical conditions drastically change when one stops a
sliding experiment and opens a contact: removal of
the normal stress, absence of a shear rate, temper-
ature drop, exposition to the external atmosphere
(oxidation, etc.), destruction of the possibly loose
fabric, release of residual stresses, etc. The ex-
perimentalist thus only has a very partial view of
what the third body was when it was active within
the tribological contact. Despite the best efforts of
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the tribological community, there is today a lack of
in situ third body characterization, essentially be-
cause this task appears extremely challenging from
a practical point of view. Similar limitations ex-
ist in earthquake science, where field observation is
generally limited to geologically exhumed and long
inactive faults, and where lab experiments meet the
same limitations as tribological tests.

(2) In a mechanical contact, solid matter is sub-
mitted to extreme conditions. Consider for exam-
ple a typical contact between metallic parts. The
normal stress of a Hertzian contact between two
centimetric spheres under common industrial load-
ing can reach several GPa, a stress for which mate-
rial characterization is indeed challenging. Now, if
we consider in addition that a typical sliding speed
is of the order of 1 m/s, and that a typical thickness
for the third body layer is seldom above 10 pm, it
means that a typical shear rate in this layer is at
least of the order of 10° s~1. It also means that high
temperature increase can be expected, at least lo-
cally. Theoretical models for the rheology of solid
flows have been proposed and enriched with new
physics, based for example on the kinetic theory or
on the u(7) rheology [19-52]. But such theories are
lacking in the range of loads, of temperatures and
of shear rates that exist in the systems at stake here
(not even mentioning the fact that the third body is
a highly transformed and heterogeneous material,
and therefore very different from that composing
the first bodies). This leads to the somewhat para-
doxical fact that the only way to characterize the
interfacial layer of a friction test is to run a fric-
tion test. Without rheological laws established on
independent characterization tests, the modeller is
left with a lot to speculate upon when it comes to
choosing the constitutive and contact laws to intro-
duce in numerical models.

Apart from the constant improvement of in situ
contact probing and of material characterization
under extreme conditions, a possible way to indi-
rectly link experiments and models is to rely on
the concept of morphology. Tribologists with a
large experience in post-mortem interface obser-
vation have indeed developed empirical knowledge
which often allows them to infer meaningful tri-
bological scenarios solely from the visual aspect of
the contact observed, for example, through Scan-
ning Electron Microscopy. This clearly indicates
that a large part of the contact behaviour and rhe-

ology is coded in this visual aspect,whether in the
form of certain shape properties or localization pat-
terns of wear particles, or textural characteristics
of the wear track at various scales, for example.
Now, if third body models based on confined shear-
ing of complex (e.g. cohesive, deformable, poly-
disperse) grains are able to reproduce such mor-
phologies, it might indicate that they are getting
more reliable and closer to the physical reality of
the third body. A good way to build this miss-
ing link through morphology is to employ Machine
Learning techniques, which are designed for such
tasks where human intuition can hardly be written
in explicit algorithms. Several recent [53] and ongo-
ing [54] research projects have been following this
avenue, and it is likely that this trend will increase
in the years to come.

ii Multiscale aspects

A very comprehensive conceptualization of tri-
bological contacts is offered by the “tribological
triplet” approach [55]. This representation states
that one cannot fully understand and predict the
behavior of a contact without considering three dif-
ferent scales: the scale of the two bodies in contact,
including their deformability and their response to
the extreme loads applied to them in the vicinity
of the contact (plasticity, fracturation, etc.); the
(upper) scale of the loading system which contains
these bodies, including its own actuators, stiffness,
inertia, damping, etc.; and the (lower) scale of the
third body layer, including all the complexities de-
scribed in the previous section. Some orders of
magnitude of typical tribological experiments are
useful: a typical contact area is expressed in mm?,
the typical length of a wear track is a few cm,
and the typical thickness of the third body layer is
hardly more than a few tens of um, meaning that
the typical volume of a third body can be approx-
imated to about 107° m3. If we approximate the
volume of an atom to 1 nm?, and the volume of a
third body particle to 1 um?3, we must thus deal,
in atomistic or discrete simulations, with a number
of at least 10° to 10'® objects. Time scales are in-
teresting as well. The typical duration of a friction
test is a few minutes, and a wear test can extend
to several hours. Typical time steps in atomistic
or discrete simulations are of the order of 1 fs and
1 ns respectively, which means that we must ex-
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Figure 4: A model for laboratory earthquakes combining several relevant scales [59]. A: Full view of the model
with a precut deformable rock sample submitted to a confining lateral stress and placed between two deformable
blocks (mimicking the compliance of the loading system), submitted to vertical compression; B: View of the mesh
of the upper area of the system (notice the refined mesh in the vicinity of the contacting surfaces); C: Zoom
on the initially intact interface, composed of rigid conforming polygons linked by a Cohesive Zone Model which
can damage and break during sliding; D: Typical loading curve showing alternating stick (elastic increase of the
load) and slip (sudden stress drop) periods of various durations and intensities, in good synchronicity with the
average profile of damage in the fault; E: Snapshot of a small area of the contact showing the layer of granular
gouge released in the interface, the damage distribution of the surfaces, and fracture patterns.

pect between 10'2 and 10%° time steps if such tests of tribological experiments. There is thus a need
are to be entirely simulated. Considering that cur- to establish a solid link between local particulate
rent models can deal with 10° to 107 objects during models (practically valid only on limited time and
10 to 108 time steps, it is clear that particle-based space scales) and the rest of the tribosystem. We
methods will never be used for the full simulation can mention here three possible avenues to estab-
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lish this link:

(1) A link could be made through rheological
laws. The concept of inertial number [1, 2] has
proved a valuable tool for the quantitative descrip-
tion of sheared granular materials, albeit in a cer-
tain range of conditions only. Recent progress was
made to extend this formalism to the case of cohe-
sive materials [56], but this theoretical framework
remains quite far from the complexity of tribologi-
cal third bodies and of fault gouge, two domains of
application for which it was not designed. This lack
of applicability has two major bases, the first be-
ing that u(I) rheologies rely on the concept of rigid
grains, which provide a characteristic spatial scale
on which shearing is accommodated between rigid
objects. When the grains can easily deform (and
thus accommodate shear in another manner than
interparticle relative motion) and when the granu-
lar population is extremely polydisperse (such as in
granular gouges with fractal particle size distribu-
tions), this characteristic scale disappears. The sec-
ond reason is the fact that this rheology is mostly
based on statements related to inertia, while tribo-
logical and fault-related confined flows are, rather
counter-intuitively, quasi-static. Any computation
of the inertial number of such flows, with appro-
priate guesses on the typical space scale, leads to
I < 1073, ie. to dense quasi-static flows [41].
This is mostly because of the very large confining
stresses applied to these flows. Hence, any rhe-
ological law to be developed in these frameworks
should be based on other criteria than inertia. As
demonstrated in [35], future scaling laws able to
discriminate between the extremely various kine-
matic regimes of shearing accommodation might
be related to (i) the contact interaction between
the grains, especially their cohesion, (ii) the con-
stitutive behavior of the material composing the
grains, including stiffness, ductility, and viscosity,
(iii) shapes and sizes of the grains, and (iv) inter-
actions between these three classes of properties.
From rheology, friction laws might be developed
and readily introduced in large scale models.

(2) Another possible link between the different
scales of a tribosystem could be built through nu-
merical models containing physical insights from
several scales at the same time. This is only par-
tially possible in practice, essentially for compu-
tational reasons, and implies simplifying much of
the physics considered at each scale. The purpose

of such models is therefore not to describe each
scale accurately, but to observe their interactions.
In [57], for example, the focus was put on the in-
teraction between the flow of an abrasive granular
layer of debris in an interface, the subsequent fields
of velocity and pressure in this flow, the wear rate
of the surfaces of the first bodies confining this flow,
and the feedback of this wear on the topographical
evolution of these surfaces and therefore on the flow
patterns. Hence, it used a Generalized Reynolds
Equation [58] combined with a non-Newtonian rhe-
ology (of the Hershel-Buckley type) for the granular
layer in order to derive the kinematic fields of the
third body flow, which was then combined with an
Archard-like wear law enriched with the statistical
properties of the grains’ morphologies to predict
the rate of wear, resolved in space and time. This
model successfully predicted the wear rate and the
wear profile after a completely independent calibra-
tion. It follows therefore that even highly simpli-
fied laws can be used if carefully chosen and cali-
brated, and coupled effectively. This model, how-
ever, can hardly be extended directly to other con-
figurations than that for which it was designed. In
a different framework, the fault model presented
in [59] offers a direct coupling between the com-
pliance of the loading system, the deformability of
the contacting bodies, the degradation of the two
surfaces in contact, the emission of granular gouge
in the interface, and the subsequent modification
of its rheology (Fig. 4). Based on a continuum-
discrete direct coupling implemented in MELODY,
this model aims to reproduce numerically the main
features of laboratory earthquake experiments [60],
and indeed it succeeds in spontaneously nucleat-
ing typical seismic instabilities and stick-slip pat-
terns. These patterns require both the compliance
of the two contacting bodies and an interface prone
to frictional weakening. While highly simplified in
the representation of each scale, the model succeeds
in reproducing these dynamics because it contains
the right physical ingredients both in the contin-
uum and discrete zones.

(3) A last class of multiscale coupling is that re-
lated to REV-scale discrete simulations embedded
as an alternative to constitutive laws in system-
scale continuum-based simulations, as developed in
the field of soil mechanics and geotechnical engi-
neering (e.g. DEMXFEM, DEMxMPM, etc. [61,
62]). This interesting class of models is, to our
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best knowledge, unused in tribology and in fault
mechanics, and could constitute an interesting re-
search avenue in the future.

Such dialogue between scales (following, for
example, the main guidelines presented in this
section) will be necessary in order to elucidate
the complex interactions between confined sheared
granular flows and their environment. The com-
pliance of the two walls represented in Fig. 1, for
example, is highly interesting in the frameworks
of tribology and of fault mechanics because it is
prone to control the scale of heterogeneities along
the contact interface or along the fault. This in-
cludes heterogeneities in stress, in sliding velocity,
in third body thickness, etc. By modifying the stiff-
ness, we can imagine covering the whole spectrum
of loading conditions, from the very compliant (no
spatial correlation of the tangential motion along
the interface) to the very stiff (infinite spatial cor-
relation of the tangential motion). This variability
is likely, for example, to strongly affect the scal-
ing laws describing the statistics of sliding events
in analogue seismic faults [46]. The deformability
of the first bodies is also a necessary condition for
the dynamic triggering of sliding events, in close
connection with the concepts of fracture mechan-
ics, but with the added complexity of enriched fric-
tion laws arising from the lower scale. In future
years, we can certainly expect a large number of
studies in this area, since contact heterogeneity is
often mentioned as an important feature [63] but
rarely studied in detail.

iii Computational aspects

Because of the experimental limitations exposed in
section IIl.i, an important part of the future of
studies on sheared confined flows dedicated to tri-
bology and fault mechanics lies in numerical simu-
lation. Obvious difficulties related to the breadth of
the scales involved and to the associated computa-
tional costs have been covered in section I11.ii. But
they are not the only challenges to be expected in
the numerical simulation of such granular systems.
We can mention two major ways current numerical
tools could be improved to increase our understand-
ing of the physics and kinematics of these flows:
(1) As mentioned in section 11, the deformability
of the grains is essential in all cases where the third
body is submitted to large enough stress levels and

is not prone to grain breakage. This includes, for
example, tribological contacts in ductile materials
such as metals or polymers, and fault gouges sub-
mitted to a temperature- and/or pressure-related
brittle-ductile transition. As we pointed out, sev-
eral simulation tools already exist for this task [24—
30], including the Multibody Meshfree Approach
implemented in MELODY [33,34]. Most of these
methods, however, rely on a discretization of each
grain, in order to provide much more kinematic
freedom and to make its deformability possible,
while coupling this deformability with the equa-
tions of continuum mechanics. This constraint con-
siderably increases the computational cost of these
methods when compared to classical DEM, because
the number of degrees of freedom is typically mul-
tiplied by a factor ~ 100 and the critical timestep
of explicit solvers is reduced by a similar amount.
Such methods can therefore handle, at most, about
102-103 grains, while current DEM simulations can
typically deal with more than 10°-10° grains. To
overcome these limitations, the Soft Discrete Ele-
ment Method (SDEM) was recently proposed [64].
This novel approach relies on the fact that, to a
first order, the physics of collections of deformable
grains can be considered as fairly simple. When
compared with rigid grains, two main phenomena
seem to be primarily important. The first is the
closure of the pore space, associated with the flat-
tening of the grains around their contacts, and with
the presence of contact segments/surfaces instead
of quasi-point contacts (Fig. 5a). The second is the
general ovalization of the grains when submitted to
a deviatoric loading (Fig. 5b). The SDEM is based
on two main ideas aiming at dealing with these two
observations: large interpenetrations corrected by
volumetric strain in the grains (Fig. 5c-e), and re-
duced kinematics based on rigid-body motion and
on a homogeneous strain tensor in each grain. This
simplification presents the interest of limiting the
number of degrees of freedom (6 DOF per grain in
the 2D case), and of keeping a rather large critical
time step. It was shown in [64] that this method
could reproduce fairly well some theoretical and nu-
merical results in the case of the isotropic or oe-
dometric compression of frictionless elastic discs.
Thanks to its simplicity and versatility, it is likely
that SDEM is prone to implementation in large-
scale optimized DEM codes, and we can expect it
to be used in large scale simulations of collections
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Surfaces Sj

Surfaces Sj

Figure 5: Towards a less costly way to simulate soft grains [64]. a: Snapshot of a Multibody Meshfree simulation
of soft grains under isotropic compression, showing the contact flattening and the pore space closure; b: A
similar simulation but with a deviatoric loading, showing the general ovalisation of the grains; c: The classical
DEM point contact between discs with a sufficiently large contact stiffness; d: The SDEM segment-contact
between ellipses with a large local deformation; e: Correction of the surface deficit associated with the large
interpenetration through an additional term on the volumetric strain of the grain.

of soft grains. The applications in tribology will be
straightforward. Apart from the implementation
effort we just mentioned, there are, however, sev-
eral technical obstacles to overcome. More complex
contact laws (e.g. friction, adhesion, etc.) and con-
stitutive laws (e.g. plasticity, viscoelasticity, etc.)
must be implemented, calibrated, and validated.
The complexity lies in the fact that, since contacts
involve deformation, a large part of the contact laws
must be related to the constitutive laws of the ma-
terial composing the grains. These complex topics
are expected to be tackled in the near future.

(2) In the contexts of tribology and fault mechan-
ics, a large effort must be undertaken to enrich the
physics of such simulations. Such an effort was al-
ready undertaken by several authors [19,20,66,67],
and needs to be pursued. This is the case, in par-
ticular, of thermal effects. As we mentioned in
section I, MELODY can monitor the mechanical

energy dissipation in each grain during a confined
shear flow and compute the associated creation of
thermal energy. At the moment, no heat diffusion
has been implemented in the code, and this phe-
nomenon is accounted for in an approximate man-
ner, as a second pass on stored numerical results.
Future versions of the code will need to natively
handle thermo-mechanical coupling in order to deal
“on the run” with (i) heat creation by interparti-
cle and intraparticle anelastic phenomena, (ii) heat
diffusion between grains and in the surrounding
medium, and (iii) temperature-related changes in
the rheology of each grain, either through its con-
tact laws or through its constitutive behavior. This
will enable improvements in our understanding of,
for example, melt-related ultra-localization in fault
gouge [40] or tribological flash-heating in the pres-
ence of a third body.

140012-11



PAPERS IN PHYSICS, VOL. 14, ART. 140012 (2022) / G. Mollon et al.

IV  Conclusion

This short paper presents an overview of some re-
cent results regarding the simulation of confined
sheared granular flows dedicated to applications in
tribology and fault mechanics. After describing
the recently observed complexity that can arise in
such flows if some common assumptions (samples of
quasi-monodisperse circular/spherical rigid grains)
are partially or completely relaxed, we propose sev-
eral research avenues that are likely to be tackled
by the scientific community in the coming years.
If sufficient effort and resources are dedicated to
this task, we may expect a better understanding
of tribological systems, including seismic fault sys-
tems, with possibly large scientific, environmental,
economic, and human implications.

[1] GDR MiDi. On dense granular flows, Eur.
Phys. J. E 14, 341 (2004).

[2] O Pouliquen, Y Forterre, A non-local rheology
for dense granular flows, Phil. Trans. R. Soc.
A 367, 5091 (2009).

[3] M Godet, The third-body approach: A mechan-
ical view of wear, Wear 100, 437 (1984).

[4] Y Berthier, L Vincent, M Godet, Velocity ac-
commodation in fretting, Wear 125, 25 (1988).

[5] G Golas, A Saulot, C Godeau, Y Michel, Y
Berthier, Describing third body flows to solve
dry lubrication issue - MoSs case study under
ultrahigh vacuum, Wear 305, 192 (2013).

[6] Exp observation 3¢ corps — D. Bonn

[7] K Holmberg, A Erdemir, Influence of tribol-
ogy on global energy consumption, costs and
emissions, Friction 5, 263 (2017).

[8] H Haddad, M Guessasma, J Fortin, A
DEM-FEM coupling based approach simulat-
ing thermomechanical behaviour of frictional
bodies with interface layer, Int. J. Solids
Struct. 81, 203 (2016).

[9] S Descartes, Y Berthier, Rheology and flows of
solid third bodies: Background and application
to an MoS1.¢ coating, Wear 252, 546 (2002).

[10] K A Kounoudji, M Renouf, G Mollon, Y
Berthier, Role of third body on bolted joints’
self-loosening, Tribol. Lett. 61, 25 (2016).

[11] R H Sibson, Fault rocks and fault mechanisms,

J. Geol. Soc. 133, 191 (1977).

[12] J R Rice, J W Rudnicki, J D Platt, Stabil-

ity and localization of rapid shear in fluid-

saturated fault gouge: 1. Linearized stability

analysis, J. Geophys. Res. Solid Earth 119,

4311 (2014).

J D Platt, N Brantut, J R Rice, Strain localiza-
tion driven by thermal decomposition during
seismic shear, J. Geophys. Res. Solid Earth
120, 4405 (2015).

H Rattez, I Stefanou, J Sulem, M Veveakis,
T Poulet, The importance of Thermo-Hydro-
Mechanical couplings and microstructure to
strain localization in 3D continua with applica-
tion to seismic faults. Part II: Numerical im-
plementation and post-bifurcation analysis, J.
Mech. Phys. S. 115, 1 (2018).

[15] C Scholz, The mechanics of earthquakes
and faulting (2nd ed.), Cambridge University
Press, Cambridge (2002).

[16] N Fillot, I Tordanoff, Y Berthier, Modelling
third body flows with a discrete element method
— A tool for understanding wear with adhesive
particles, Tribol. Int. 40, 973 (2007).

[17] T Iordanoff, Y Berthier, S Descartes, H Hesh-
mat, A review of recent approaches for mod-
eling solid third bodies, J Tribol. 124, 725
(2002).

G Mollon, A numerical framework for discrete
modelling of friction and wear using Voronoi
polyhedrons, Tribol. Int. 90, 343 (2015).

M Renouf M, N Fillot, Coupling electrical and
mechanical effects in discrete element simula-
tions, Int. J. Numer. Methods Eng. 74, 238
(2008).

J Riviere, M Renouf, Y Berthier, Thermo-
mechanical investigations of a tribological in-
terface, Tribol. Lett. 58, 48 (2015).

140012-12


https://doi.org/10.1140/epje/i2003-10153-0
https://doi.org/10.1140/epje/i2003-10153-0
https://doi.org/10.1098/rsta.2009.0171
https://doi.org/10.1098/rsta.2009.0171
https://doi.org/10.1016/0043-1648(84)90025-5
https://doi.org/10.1016/0043-1648(88)90191-3
https://doi.org/10.1016/j.wear.2013.06.007
https://doi.org/10.1007/s40544-017-0183-5
https://doi.org/10.1016/j.ijsolstr.2015.11.026
https://doi.org/10.1016/j.ijsolstr.2015.11.026
https://doi.org/10.1016/S0043-1648(02)00008-X
https://doi.org/10.1007/s11249-016-0640-8
https://doi.org/10.1144/gsjgs.133.3.0191
https://doi.org/10.1002/2013JB010710
https://doi.org/10.1002/2013JB010710
https://doi.org/10.1002/2014JB011493
https://doi.org/10.1002/2014JB011493
https://doi.org/10.1016/j.jmps.2018.03.003
https://doi.org/10.1016/j.jmps.2018.03.003
https://doi.org/10.1017/CBO9780511818516
https://doi.org/10.1017/CBO9780511818516
https://doi.org/10.1016/j.triboint.2006.02.056
https://doi.org/10.1115/1.1467632
https://doi.org/10.1115/1.1467632
https://doi.org/10.1016/j.triboint.2015.04.011
https://doi.org/10.1002/nme.2157
https://doi.org/10.1002/nme.2157
https://doi.org/10.1007/s11249-015-0523-4

[21]

[25]

[26]

[27]

[28]

PAPERS IN PHYSICS, VOL. 14, ART. 140012 (2022) / G. Mollon et al.

Y Guo, J Morgan, Fault gouge evolution
and its dependence on normal stress and rock
strength — Results of discrete element simula-
tions: Gouge zone properties, J. Geophys. Res.
Solid Earth 112, B10403 (2007).

S Abe, K Mair, Effects of gouge fragments
shape on fault friction: New 3D modelling re-
sults, Geophys. Res. Lett. 36, L.23302 (2009).

O Dorostkar, R A Guyer, P A Johnson, C
Marone, J Carmeliet, Cohesion-induced stabi-
lization in stick-slip dynamics of weakly wet,
sheared granular fault gouge, J. Geophys. Res.
Solid Earth 123, 2115 (2018).

D T Gethin, R W Lewis, R S Ransing, A
discrete deformable element approach for the
compaction of powder systems, Model. Simul.
Mater. Sci. Eng. 11, 101 (2003).

F Giiner, O Necati Cora, H Sofuoglu, Numer-
ical modeling of cold powder compaction us-
ing multi particle and continuum media ap-
proaches, Powder Technol. 271, 238 (2015).

T H Nguyen, S Nezamabadi, J Y Delenne,
F Radjai, Compaction of granular materi-
als composed of deformable particles, Powders
and Grains 2017, EPJ Web Conf. 140, 05013
(2017).

D Cantor, M Cardenas-Barrantes, 1
Preechawuttipong, M Renouf, E Azéma,
Compaction model for highly deformable
particle assemblies, Phys. Rev. Lett. 124,
208003 (2020).

N Brodu, J A Dijksman, R P Behringer,
Multiple-contact discrete-element model for
simulating dense granular media, Phys. Rev.
E. 91, 032201 (2015).

M Asadi, A Mahboubi, K Thoeni, Dis-
crete modeling of sand—tire mizture consider-
ing grain-scale deformability, Granul. Matter
20, 18 (2018).

A Platzer, S Rouhanifar, P Richard, B Caza-
cliu, E Ibraim, Sand-rubbermiztures undergo-
ing isotropic loading: derivation and experi-
mental probing of a physical model, Granul.
Matter 20, 81 (2018).

140012-13

[31]

[38]

T L Vu, J Bares, S Mora, S Nezamabadi, Nu-
merical simulations of the compaction of as-
semblies of rubberlike particles: A quantita-
tive comparison with experiments, Phys. Rev.
E 99, 062903 (2019).

J A Dijksman, N Brodu, R P Behringer, Re-
fractive index matched scanning and detection
of soft particles, Rev. Sci. Instrum. 88, 051807
(2017).

G Mollon, A multibody meshfree strategy for
the simulation of highly deformable granular
materials, Int. J. Numer. Methods FEng. 108,
1477 (2016).

G Mollon, A unified numerical framework for
rigid and compliant granular materials, Comp.
Part. Mech. 5, 517 (2018).

G Mollon, Solid flow regimes within dry sliding
contacts, Tribol. Lett. 67, 120 (2019).

O Bouillanne, G Mollon, A Saulot, S
Descartes, N Serres, K Demmou, G Chassaing,
Detecting wvorticity in cohesive deformable
granular material, Powders and Grains 2021,
EPJ Web Conf. 249, 08005 (2021).

Y Zhang, G Mollon, S Descartes, Significance
of third body rheology in friction at a dry slid-
ing interface observed by a multibody meshfree

model: Influence of cohesion between particles,
Tribol. Int. 145, 106188 (2020).

N Casas, G Mollon, A Daouadji, DEM anal-
ysis of cemented granular fault gouge at the
onset of seismic sliding: Peak strength, devel-
opment of shear zones and kinematics, Pure
Appl. Geophys. 179, 679 (2022).

N Casas, G Mollon, A Daouadji, Shear bands
in dense fault gouge, Powders and Grains 2021,
EPJ Web Conf. 249, 11006 (2021).

G Mollon, J Aubry, A Schubnel, Simulating
melting in 2D seismic fault gouge, J. Geophys.
Res. Solid Earth 126, €2020JB021485 (2021).

J R Rice, Heating and weakening of faults dur-
ing earthquake slip, J. Geophys. Res. Solid
Earth 111, 1 (2006).


https://doi.org/10.1029/2006JB004524
https://doi.org/10.1029/2006JB004524
https://doi.org/10.1029/2009GL040684
https://doi.org/10.1002/2017JB015171
https://doi.org/10.1002/2017JB015171
https://doi.org/10.1088/0965-0393/11/1/308
https://doi.org/10.1088/0965-0393/11/1/308
https://doi.org/10.1016/j.powtec.2014.11.008
https://doi.org/10.1051/epjconf/201714005013
https://doi.org/10.1051/epjconf/201714005013
https://doi.org/10.1051/epjconf/201714005013
https://doi.org/10.1103/PhysRevLett.124.208003
https://doi.org/10.1103/PhysRevLett.124.208003
https://doi.org/10.1103/PhysRevE.91.032201
https://doi.org/10.1103/PhysRevE.91.032201
https://doi.org/10.1007/s10035-018-0791-4
https://doi.org/10.1007/s10035-018-0791-4
https://doi.org/10.1007/s10035-018-0853-7
https://doi.org/10.1007/s10035-018-0853-7
https://doi.org/10.1103/PhysRevE.99.062903
https://doi.org/10.1103/PhysRevE.99.062903
https://doi.org/10.1063/1.4983047
https://doi.org/10.1063/1.4983047
https://doi.org/10.1002/nme.5258
https://doi.org/10.1002/nme.5258
https://doi.org/10.1007/s40571-018-0187-6
https://doi.org/10.1007/s40571-018-0187-6
https://doi.org/10.1007/s11249-019-1233-0
https://doi.org/10.1051/epjconf/202124908005
https://doi.org/10.1051/epjconf/202124908005
https://doi.org/10.1016/j.triboint.2020.106188
https://doi.org/10.1007/s00024-021-02934-5
https://doi.org/10.1007/s00024-021-02934-5
https://doi.org/10.1051/epjconf/202124911006
https://doi.org/10.1051/epjconf/202124911006
https://doi.org/10.1029/2020JB021485
https://doi.org/10.1029/2020JB021485
https://doi.org/10.1029/2005JB004006
https://doi.org/10.1029/2005JB004006

[42]

[43]

[44]

[45]

[46]

[49]

[50]

PAPERS IN PHYSICS, VOL. 14, ART. 140012 (2022) / G. Mollon et al.

D L Goldsby, T E Tullis, Flash heating leads to
low frictional strength of crustal rocks at earth-
quake slip rates, Science 334, 216 (2011).

G Di Toro, T Hirose, S Nielsen, G Pennac-
chioni, T Shimamoto, Natural and experimen-
tal evidence of melt lubrication of faults during
earthquakes, Science 311, 647 (2006).

V Gardien, A B Thomson, P Ulmer, Melting
of biotite + plagioclase + quartz gneisses: The
role of HyO in the stability of amphibole, J.
Petrol. 41, 651 (2000).

G Mollon, Mizture of hard and soft grains:
Micromechanical behavior at large strains,
Granul. Matter 20, 1 (2018).

V Levy dit Vehel, T Hatano, L. Vanel, K J
Maloy, O Ramos, Dilation as a precursor in a
continuous granular fault, Powders and Grains
2021, EPJ Web Conf. 249, 15006 (2021).

C Marone, Laboratory-derived friction laws
and their application to seismic faulting,
Annu. Rev. Earth P1. Sc. 26, 643 (1998).

E Ando, S A Hall, G Viggiani, J Desrues, P
Bésuelle, Grain-scale experimental investiga-
tion of localised deformation in sand: a dis-

crete particle tracking approach, Acta Geotech.
7,1 (2012).

J T Jenkins, M Larcher, Segregation in a
dense, inclined, granular flow with basal lay-
ering, Granul. Matter 22, 1 (2020).

I Preechawuttipong, R Peyroux, F Radjai, Mi-
croscopic features of cohesive granular media,
In: Powders and Grains 2001, Ed. Y Kishino,
Pag. 43, CRC Press, London (2020).

H Shi, S Roy, T Weinhart, V Magnanimo, S
Luding, Steady state rheology of homogeneous
and inhomogeneous cohesive granular materi-
als, Granul. Matter 22, 1 (2020).

S Mandal, M Nicolas, O Pouliquen, Rheol-
ogy of cohesive granular media: Shear banding,
hysteresis, and nonlocal effects, Phys. Rev. X
11, 021017 (2022).

140012-14

[53]

[58]

[61]

[62]

R Jaza, G Mollon, S Descartes, A Paquet, Y
Berthier, Lessons learned using machine learn-
ing to link third body particles morphology to
interface rheology, Tribol. Int. 153, 106630
(2021).

A Bouchot, A Ferrieux, J Debayle, G Mollon,
S Descartes, Image processing applied to tribo-
logical dry contact analysis, Wear 476, 203748
(2021).

Y Berthier, Ezperimental evidence for friction
and wear modelling, Wear 139, 77 (1990).

A Gans, O Pouliquen, M Nicolas, Cohesion-
controlled granular material, Phys. Rev. E
101, 032904 (2020).

A Quacquarelli, G Mollon, T Commeau, N Fil-
lot, A dual numerical-experimental approach
for modeling wear of Diamond Impregnated
Tools, Wear 478-479, 203763 (2021).

D Dowson, A generalized Reynolds equation
for fluid-film lubrication, Int. J. Mech. Sci. 4,
159 (1962).

G Mollon, J Aubry, A Schubnel, Reproduc-
ing laboratory earthquakes with o discrete-
continuum model, Powders and Grains 2021,
EPJ Web Conf. 249, 02013 (2021).

J Aubry, F X Passelegue, D Deldicque, F Gi-
rault, S Marty, A Lahfid, H S Bhat, J Escartin,
A Schubnel, Frictional heating processes and

energy budget during laboratory earthquakes,
Geophys. Res. Lett. 45, 274 (2018).

M Nitka, G Combe, C Dascalu, J Desrues,
Two-scale modeling of granular materials: A
DEM-FEM approach, Granul. Matter 13, 277
(2011).

N Guo, J Zhao, A coupled FEM/DEM ap-
proach for hierarchical multiscale modelling of
granular media, Int. J. Num. Meth. Eng. 99,
789 (2014).

Y Caniven, J K Morgan, D G Blank, The
role of along-fault dilatancy in fault slip be-
havior, J. Geophys. Res. Solid Earth 126,
e2021JB022310 (2021).


https://doi.org/10.1126/science.1207902
https://doi.org/10.1126/science.1121012
https://doi.org/10.1093/petrology/41.5.651
https://doi.org/10.1093/petrology/41.5.651
https://doi.org/10.1007/s10035-018-0812-3
https://doi.org/10.1051/epjconf/202124915006
https://doi.org/10.1051/epjconf/202124915006
https://doi.org/10.1146/annurev.earth.26.1.643
https://doi.org/10.1007/s11440-011-0151-6
https://doi.org/10.1007/s11440-011-0151-6
https://doi.org/10.1007/s10035-020-0996-1
https://doi.org/10.1201/9781003077497
https://doi.org/10.1201/9781003077497
https://doi.org/10.1007/s10035-019-0968-5
https://doi.org/10.1103/PhysRevX.11.021017
https://doi.org/10.1103/PhysRevX.11.021017
https://doi.org/10.1016/j.triboint.2020.106630
https://doi.org/10.1016/j.triboint.2020.106630
https://doi.org/10.1016/j.wear.2021.203748
https://doi.org/10.1016/j.wear.2021.203748
https://doi.org/10.1016/0043-1648(90)90210-2
https://doi.org/10.1103/PhysRevE.101.032904
https://doi.org/10.1103/PhysRevE.101.032904
https://doi.org/10.1016/j.wear.2021.203763
https://doi.org/10.1016/S0020-7403(62)80038-1
https://doi.org/10.1016/S0020-7403(62)80038-1
https://doi.org/10.1051/epjconf/202124902013
https://doi.org/10.1051/epjconf/202124902013
https://doi.org/10.1029/2018GL079263
https://doi.org/10.1007/s10035-011-0255-6
https://doi.org/10.1007/s10035-011-0255-6
https://doi.org/10.1002/nme.4702
https://doi.org/10.1002/nme.4702
https://doi.org/10.1029/2021JB022310
https://doi.org/10.1029/2021JB022310

PAPERS IN PHYSICS, VOL. 14, ART. 140012 (2022) / G. Mollon et al.

[64] G Mollon, The soft discrete element method, [66] W L Vargas, J J McCarthy, Heat conduction in

Granul. Matter 24, 1 (2022). granular materials, AIChE J. 47,1052 (2001).

[65] J Aubry, Séismes au laboratoire: Friction, [67] E JR Parteli, T Poschel, Particle-based simu-
glasticité et bilan énergétique, PhD Thesis, lation of powder application in additive manu-
Ecole Normale Supérieure, PSL Université facturing, Powder Technol. 288, 69 (2016).
(2019).

140012-15


https://doi.org/10.1007/s10035-021-01172-9
https://tel.archives-ouvertes.fr/tel-03126632
https://tel.archives-ouvertes.fr/tel-03126632
https://tel.archives-ouvertes.fr/tel-03126632
https://doi.org/10.1002/aic.690470511
https://doi.org/10.1016/j.powtec.2015.10.035

	Introduction
	State of the art and recent numerical findings
	Numerical tools
	An unexpected variety of kinematic regimes

	Some challenges
	Experimental validation
	Multiscale aspects
	Computational aspects

	Conclusion

