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General introduction

In this dissertation I expose my main works of research since my obtention of a position as an
Assistant Professor at the Institut de Physique de Rennes in 2004. My research activities during
this period can be divided in three main themes: propagation of waves in heterogeneous materials,
mechanical properties of granular media and nonlinear dynamics. I will focused more particularly
in this dissertation on the two first sujects which correspond to my more recent works and which
underlie my research projects for the next few years.

Actually, since the beginning of my PhD in 2000, I have worked in fields as diverse as non-
linear optics, light scattering, granular materials or microfluidic. This diversity is the result of
a combination of curiosity, pleasure to work with different people and above all an interest for
subjects not connected to a very high degree of specialization but rather implying experiments
“at the human scale” where theoretical and numerical modeling can be done simultaneously with
the experiment. It is exactly the suitable turn of mind to explore the field of the mechanics of
granular materials. Indeed, even if large advances have been done since the renewed interest that
the physicist community as shown for this field in the 90’s, large parts of the mechanical properties
of granular materials are still to be understood.

The document is divided in two main parts. The first one (Part I, Scientific career) gathered
factual data concerning my scientific career: a brief historical overview, my Curriculum Vitæ and
my list of publications. The second and main part of this dissertation (Part II, Research works &
Projects) is the presentation in three chapters of my main axes of research. Chapter 1 concerns
wave propagation in heterogeneous materials and scattering. Chapter 2 is about the plasticity
of granular materials. Both of those chapters begin with a short state of the art. Each of their
central parts are a presentation of my works in those fields. The second chapter, about granular
materials, is concluded by a section concerning my future projects, which are in the continuity
of my present works in the field. The last chapter (Chap. 3) is a brief overview of my recent
activities linked to nonlinear dynamics.
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Part I

Scientific career
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Chapter 1

Short overview & CV

My research career can be roughly decomposed in two parts. From 2000 to 2007 I have worked in
the field of nonlinear optics, first during my PhD in the laboratory PhLAM (Physique des Lasers,
Atomes et Molécules, UMR 8523, Université de Lille 1) from 2000 to 2003, then, from 2004 to
2007, as an Assistant Professor at IPR1 (Institut de Physique de Rennes, UMR 6251, Université
de Rennes 1). My principal research interest was the study of the temporal dynamics of several
nonlinear optical systems: optical parametric oscillators and lasers, with a particular interest for
temporal instabilities and chaos. Between the end of my PhD thesis and my recruitement in a
permanent position, I spent one year at IRPHE (Institut de Recherche sur les Phénomènes Hors
Equilibre, UMR 6594, Marseille) where I have studied instabilities in flame fronts and familiarized
with spatio-temporal instabilities.

At the beginning of the year 2007, I began a collaboration with Jérôme Crassous who had then
recently obtained a Professor position at IPR. In the following years, we developped a method
of measurement of small deformation in scattering material which principle is detailed in chap-
ter 1. This method has allowed us to study the mechanical response of granular materials, which
has became my principal research interest during the past few years. Those studies are exposed
in chapter 2. In parallel, I have worked on the theoretical and numerical modeling of different
nonlinear systems in collaboration with experimentalists. Those works, concerning respectively
traffic in micro-fluidic networks and gene regulation are summerized in chapter 3.

During all those fourteen years, I had a continuous teaching activity. The detailed discussion
of this part of my work is out of the scope of this dissertation but it does not mean that it is
an insignificant part of my job. My involvement as a teacher led me to set up new lab works
experiments, to write detailed lectures notes for my master students, to supervise internships of
undergraduate students but also to participate to science popularization campaigns and pedagog-
ical activities.

The highlights of my career are summerized in the following four-pages Curriculum Vitæ.

1In fact, first in the laboratory PALMS (Physique des Atomes, Lasers, Molécules et Surfaces, UMR 9927) which
has merged in 2008 with the GMCM (Groupe matière condensée et matériaux, UMR 6626) to form the Institut
de Physique de Rennes.

13
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Chapter 1

Multiple scattering of light

Jérôme Crassous and myself have developed the past few years at the Institut de Physique de
Rennes a method of measurement of heterogeneous deformations in scattering materials. This
work has been first initiated by J. Crassous in Lyon [Djaoui and Crassous, 2005] and its de-
velopment and implementation has marked the beginning of our collaboration in Rennes from
2007 and has been the subject of the PhD thesis of Marion Erpelding [Erpelding, 2010] that we
co-supervized from 2007 to 2010.

The method is based on Diffusing-Wave Spectroscopy (DWS) [Pine, 2000] and aims at the
visualization of heterogeneous minute deformation in athermal scattering materials, i.e. when
the brownian motion of the scatterers is negligible. Spatial resolution is obtained in near field by
taking advantage of the peaked statistical distribution of the light paths lengths around a typical
length in the backscattering configuration.

In this chapter, I will first present the general principles of DWS. In a second part I detail
our method and give some examples of the tests we have performed to validate the measure-
ments. Finally, I give a brief overview of some of our other works linked to waves propagation in
heterogeneous materials.

1.1 State of the art

The study of the rheology of soft matter (dense colloidal suspensions, emulsions, foams, gran-
ular materials) have benefited from recent advances in diverse optical technics [Cipelletti and
Weeks, 2011]. As all those materials strongly scatter light because of their heterogeneous nature,
light scattering techniques have became favored non-intrusive methods of measurement of their
structure and dynamics [Pine, 2000]. The development of those methods, first in the case of
single scattering in dilute suspension leading to the development of Dynamical Light Scattering
(DLS) and then its extension to the case of multiple scattering with Diffusing-Wave Spectroscopy
(DWS) [Weitz and Pine, 1993; Maret, 1997] have led to large advances in the understanding of
the dynamics first of dense colloidal suspensions [Maret and Wolf, 1987; Pine et al., 1988, 1990],
and then of other materials [Durian et al., 1991; Menon and Durian, 1997; Hébraud et al., 1997].

27
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1.1.1 Diffusing-Wave Spectroscopy

Numerous disordered media, as foams, grains or concentrate colloidals suspensions, because of
their heterogeneities, strongly scatter light. Light rays follow different paths in the material, each
path being composed of numerous scattering events (see Fig. 1.1). When the source is coherent, the
transmitted and backscattered light give rise to interferences and the collected intensities display
fluctuations corresponding to interferences originating from a disordered system: a speckle figure
(see Fig. 1.1). Those scattered light rays have performed a random walk inside the material and
thus have explored a part of the bulk of the material. The method discussed here consequently
differ from technics based on speckles arising from mere surfacic irregularities which provides only
surfacic information [Dainty, 1984].

Figure 1.1: Left: an example of a scattering material, here glass beads. Light rays inside the material follow complicated
paths made of numerous reflection and refraction events. Right: the collected rays interfer resulting in a speckle image.

If the system has an internal dynamics (typically brownian motion for a colloidal suspension)
the speckle figure will change with time. The principle of the Diffusing-Wave Spectroscopy (DWS)
is to analyse the fluctuations of the scattered intensity to extract information about the structure
or dynamics of the system [Pine, 2000; Weitz and Pine, 1993].

The principle of the analysis is based on the calculation of the auto-correlation function gI of
the scattered intensities. The correlations are calculated between two states of the sample we will
call 1 and 2 in the following1:

gI(1, 2) =
〈I1I2〉
〈I1〉 〈I2〉

(1.1)

The average operation 〈·〉 in Equation 1.1 can be performed over time (it is then supposed that
the phenomenon studied is ergodic), or over an ensemble of speckles [Scheffold and Cerbino, 2007].
In the multi-speckles method [Viasnoff et al., 2002], light intensity is collected on a CCD camera,
each speckle being an independent representation of the same random process and an ensemble
average is obtained by averaging over the pixels of the camera.

Because of the inner dynamics, a loss of correlation between two speckle figures corresponding
respectively to two different states of the material is measured (see Fig. 1.2). As strong scattering
is at play, no information on the details of the scattering process inside the material can be infered,
contrary to single scattering technics. Nevertheless, informations can still be extracted through a

1To avoid confusion with the designation of the states (1 and 2), I will use the notations gE and gI to designate
the correlations calculated respectively on the amplitudes E and intensities I of light instead of the usual notations
g1 and g2.
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Figure 1.2: From [Erpelding, 2010]: principle of Diffusing Wave Spectroscopy. Because of some inner dynamics, a
relative modification of the positions of the scatterers occur during time. Each configuration of the structure of the
material gives a different speckle image. The calculated correlation function of the transmitted intensity gI(τ) between
the intensities I1 = I(t) and I2 = I(t + τ) decreases with the time lag τ . The curve has been obtained during the
ageing of a shaving foam.

modeling of the propagation of light in the material. In the case of strong scattering, the models
describing the light propagation in the sample are based on the hypothesis that the propagation of
the light inside the sample can be described as a diffusion process [Ishimaru, 1978]. Although the
diffusion process causes the loss of most of the detailed information about the material in which it
propagates, this process is also at the origin of the unmatchable sensitivity of the method. Usually,
the sensitivity of an interferometric method is of the order of the wavelength of the coherent source
used. Indeed, a loss of correlation between two interferometric figures corresponds typically to
the change from constructive interferences to destructive ones, i.e. to a change between the
ray paths of the order of the wavelength. But as multiple scattering implies a large number of
scattering events, decorrelation will occur when the scatterers will have move only of a fraction
of the wavelength. Consequently, relative displacements of a few nanometers of the scatterers are
measurable [Weitz and Pine, 1993].

The calculation of the theoretical gI and gE can be rather complicated. The outline of such a
calculation in the case of interest for our method will be given in the next section. In this general
section, I will just expose here an important feature of the correlation calculation common to DLS
and DWS. Consider the field at a point on a sensor, its amplitude E is the sum of a large number
of rays E(t) =

∑

α Eα(t). The cross term of the amplitude correlation is:

E(t1)E
∗(t2) =

(

∑

α

Eα(t1)
)





∑

β

E∗
β(t2)





=
∑

α

Eα(t1)E∗
α(t2) +

∑

α 6=β

Eα(t1)E∗
β(t2)

When averaging, the contribution from
∑

α 6=β

〈

Eα(t1)E∗
β(t2)

〉

will vanish because the fields E
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originating from different paths (α 6= β) can be considered as uncorrelated. Consequently:

〈E(t1)E
∗(t2)〉 =

∑

α

〈Eα(t1)E∗
α(t2)〉

=
∑

α

〈

Ae−jφα(t1)Aejφα(t2)
〉

∝
∑

α

〈

ej∆φ
〉

(1.2)

which means that the statistical properties of the fluctuations depend only of the phase variation
of each paths. Consequently, understanding the form of the correlation function necessitate to
calculate the typical phase variations.

1.1.2 Transport mean free path

An important quantity that characterizes the random propagation of light in a scattering material
is the transport mean free path which is usually noted l∗. In an ideal random process where each
scattering event has no memory, l∗ is the same as the usual mean free path (see Figure 1.3(a) and
(b)). Such isotropic scattering is tyical of the Rayleigh scattering, i.e. the scattering of light by
particles much smaller than the wavelength λ. But when the scatterers have a size of the same
order than λ, the scattering process is describe by the Mie theory [van de Hulst, 1981]: light is not
scattered isotropically but follow preferentially the incident direction (see Figure 1.3(c)). Several
scattering events are then needed for the light to forget its incident direction (see Figure 1.3(d)).

Figure 1.3: From [Erpelding, 2010]. (a) Isotropic scattering. (b) Light propagation can be modeled as a random walk
of step l = l∗ with no correlation of orientation. (c) Mie scattering: anisotropic scattering. Because of the preferential
direction of scattering, the random process has a persistent length and the total loss of memory is done on a length l∗

which counted several scattering steps l.

In our works, the scattering materials are collections of glass beads of diameter d typically
between 100 µm and 500 µm. The scattering process consists then in a succession of refractive or
reflective events at the glass/air interfaces. The study of such scattering process has been done
numerically by J. Crassous [Crassous, 2007]. He has shown that for glass beads l∗ ≃ 3.3d.
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Experimentally, measurements of the transport length l∗ can be done by measuring the in-
tensity transmitted by slabs of different thicknesses of the scattering material and comparing it
to the transmission of a calibrated dispersion of latex spheres. The transmission as a function
of the thickness depends then on two parameters: the absorption length and the transport mean
free length l∗ [Leutz and Rička, 1996]. In the following, all the values of l∗ that are given for the
materials we use in different experiments (Teflon, sand) have been measured using this procedure.

1.2 Measurements of minute deformation

Main associated publications:

• M. Erpelding, A. Amon, and J. Crassous, “Diffusive wave spectroscopy applied to the spatially resolved
deformation of a solid”, Phys. Rev. E 78, 046104 (2008).

• M. Erpelding, B. Dollet, A. Faisant, J. Crassous and A. Amon, “Diffusing-Wave Spectroscopy Contri-
bution To Strain Analysis”, Strain 49, 167 (2013).

Our method provides spatially-resolved measurements of small deformations in a scattering
materials. Compared to the general framework that has been described in the previous section
and which was intially based on the description of the brownian motion of colloidal suspensions,
two features have to be included.

The first problematic is to take into account a deterministic displacement of the scatterers.
Indeed, DWS technics have very soon included inhomogeneous flow in the scattering system [Wu
et al., 1990; Bicout et al., 1991; Bicout and Maynard, 1993; Bicout and Maret, 1994]. The loss of
correlation comes then both from the brownian motion of the particles and of the inhomogeneous
flow field. Our modeling of the loss of correlation in our systems is based on those works. The
second point is the possibility to obtain spatially-resolved measurements. We will see in the follow-
ing how in backscattering and near-field configuration such a measurement is possible [Erpelding
et al., 2008; Duri et al., 2009; Zakharov and Scheffold, 2010; Sessoms et al., 2010b].

1.2.1 Modeling of the autocorrelation function

1.2.1.a Principle

If experimentally the correlation is calculated over the intensities, which are indeed the quanti-
ties measured on a camera, the modeling is done by calculating the correlation function of the
amplitudes:

gE(1, 2) =
〈E1E

∗
2〉

〈|E1|〉 〈|E2|〉
(1.3)

When the scattered field E has a gaussian distribution, the correlation functions on amplitudes
and intensities are linked by the Siegert relation [Berne and Pecora, 2000]:

gI(1, 2) = 1 + βe|gE(1, 2)|2 (1.4)

where βe is an experimental constant of order unity depending on the details of the experimental
setup [Berne and Pecora, 2000].

http://pre.aps.org/abstract/PRE/v78/i4/e046104
http://onlinelibrary.wiley.com/doi/10.1111/str.12024/abstract;jsessionid=E7712F6609DD257C11F49069344110DA.f01t01
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The scattered electric field E results from the superposition of contributions from different
optical paths. As we have seen in the previous section (Eq. 1.2), the function gE(1, 2) depends on
the phase variation on each of those paths between the states 1 and 2. A variation of length ∆s
of a path of length s leads to a phase variation ∆φs = k∆s for the light ray following this path,
with k = 2π/λ the wavevector of the light, and λ its wavelength. In the multiple scattering limit,
the correlation function of the scattered field may then be expressed as [Weitz and Pine, 1993;
Pine et al., 1990]

gE(1, 2) =

∫

s

P(s)
〈

ej∆φs(1,2)
〉

ds (1.5)

where P(s) is the probability for an optical path to have the length s. This distribution can be
calculated from the diffusive equation knowing the boundary conditions of the experiment [Ishi-
maru, 1978]. The quantity

〈

ej∆φs(1,2)
〉

is the contribution of a path of length s to the variation
of the electric field between the states 1 and 2 and the average 〈·〉 is done over all the paths of
length s.

All the information about the deformation or dynamics of the material is contained in the
term

〈

ej∆φs(1,2)
〉

. The number of scattering events in each paths is large so that by the central
limit theorem, ∆φs is a random variable, and:

〈exp (j∆φs)〉 = exp (j〈∆φs〉) · exp
(

−〈∆φ2s〉 − 〈∆φs〉2
2

)

1.2.1.b Phase variation due to affine deformation

The calculation of ∆φ can be done by considering the displacements of the scatterers between the
two states (see Fig. 1.4):

∆φ = φ2 − φ1 =
∑

ν

k
(2)
ν ·

[

r
(2)
ν+1 − r

(2)
ν

]

−
∑

ν

k
(1)
ν ·

[

r
(1)
ν+1 − r

(1)
ν

]

where r
(α)
ν is the position of the νth scatterers and kν = keν is the wavevector after the νth

scattering event in the state number α (see Fig. 1.4).
If the scatterers move because of a displacement field u(r), we can write:

∆φ =
∑

ν

kν · [uν+1 − uν ]

where the change of direction of kν between the two states is neglected at the first order and

uν = r
(2)
ν −r

(1)
ν . When the deformation can be considered as affine, we obtain [Bicout et al., 1991;

Bicout and Maynard, 1993; Bicout and Maret, 1994]:

∆φ = k
∑

ν

lν
∑

i,j

eν,ieν,jUij(rν)

where U is the strain tensor: Uij = 1
2

(

∂ui

∂j
+

∂uj

∂i

)

and eν,i are the components of the unitary

vector eν .
The averages 〈∆φs〉 and 〈∆φ2s〉 are then calculated over the paths of same length s. For strong

scattering, those averages will depend respectively on the first and the second invariants of the
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Figure 1.4: Details of the modification of the path of a light ray because of the displacement field u(r). The vectors

r
(α)
ν indicate the positions of the scatterers with respect to an arbitrary origin O. The vector eν is an unitary vector

giving the direction of the wavector kν .

strain tensor U [Bicout et al., 1991; Bicout and Maynard, 1993; Bicout and Maret, 1994; Crassous,
2007]:

〈∆φs〉 =
1

3
ksTr(U) (1.6)

〈∆φ2s〉 − 〈∆φs〉2 = k2s
(

(β − χ)Tr2(U) + 2βTr(U2)
)

(1.7)

where β and χ are constants of the dimension of length which depend on the details of the
propagation of light in the material. They have been calculated explicitely by Bicout et al. in the
case of Mie diffusion (β = 2l∗/15 and χ = 0).

1.2.1.c Theoretical correlation function

When calculating the integral 1.5 weighted by the length distribution of the paths, the function
gE can be obtained in the backscattering configuration:

|gE(1, 2)| ≈ exp(−ηkl∗
√

3f(U)) (1.8)

where η is a numerical factor of order 1 taking into account polarization effects [MacKintosh et al.,
1989], and:

f(U) =
β − χ

2l∗
Tr2(U) +

β

l∗
Tr(U2) (1.9)

Consequently we await for the dependence of gI :

gI(1, 2) ≈ exp(−cǭ) (1.10)

where the order of magnitude of the constant c can be estimated depending on the knowledge of
the scattering process in the material, and ǭ is a scalar representative of the amount of deformation
in the material and linked to the quadratic invariants of the strain tensor. In the experiemnts
with glass beads, we use c = 8π

√
3l∗/λ to estimate a value of ǭ from the normalized intensity

correlation [Erpelding, 2010].
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1.2.1.d Taking into account plasticity

The previous calculation applies in the case when the displacement of the scatterers only originate
from an affine deformation. In several of our works, the question of the quantification of a plastic
part has to be discussed [Crassous et al., 2009; Erpelding, 2010]. For example, in cyclic loading,
it is possible to measure the unrecovered correlation when coming back in the initial state after a
complete cycle, which gives the amount of irreversible processes.

Considering that the overall deformation ǫ results from the superposition of an elastic part U
and a plastic part P, we write [Erpelding, 2010]:

gI(1, 2) ≈ exp
(

−c
(

Ū + P̄
))

(1.11)

1.2.2 Spatial resolution

Spatial resolution can be obtained in spite of the strong scattering because in the backscattering
configuration, the distribution P(s) is peaked around l∗: in this geometry, most of the paths only
explore a small volume characterized by l∗ in a sample before to leave it. As a consequence, the
part of the sample that has been typically scanned by the rays emerging from the sample at a
given position is a small volume (l∗)3 [Baravian et al., 2005]. This property can be exploited
to obtain spatial resolution in the backscattering geometry by imaging the sample on a CCD
camera 1.5(a). Then, the rays interfering on the sensor are coming from the same location of the
sample and carry information about a small volume of the sample. Dividing the speckle image in
areas of size γl∗, we obtain subimages which we call metapixels, and which we can use individually
for the multi-speckles calculation of the correlation function. We see immediately that the spatial
resolution of the method is necessarily limited by l∗.

Figure 1.5: (a) Schematic of the imaging setup. Coherent light coming from an expanded laser beam (not represented)
illuminates the sample. A lens L conjugates the front of the sample and the CCD sensor with a magnification γ. An
aperture A allows to control independently the size of the speckles. A polarizer P can be inserted to ensure the collection
of only depolarized light. (b) The speckle image obtained on the camera is divided in metapixels containing typically N
speckles of typical size lc.

Each metapixel must contain enough speckles for the multi-speckles average calculation. The
control of the size of the speckles is done by inserting a diaphragm which aperture will determine
the size of the speckles lc. This size must stay large enough for the speckles to be clearly identified
once pixelated [Viasnoff et al., 2002]. The resulting optical setup is represented in Figure 1.5(a).
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An example of a raw experimental picture and of a correlation map from the experiment
described in section 2.2.1.b are shown on Figure 1.6. On the raw image, the glass beads are

Figure 1.6: Left: raw experimental speckle image (the sample is constituted of glass beads of diameter d = 90µm,
indicated in the inset in red). Right: corrrelation map. Each pixel, as the one colored in blue is obtained from a
multispeckle average on small zone from two raw images. The order of magnitude of the deformation indicated on the
colorscale is obtained from Equation 1.10.

not visible (a red circle in the inset indicates the size of the glass beads in this experiment), the
granular pattern of the image being only due to the speckles. The correlation maps presented
in the next chapter will generally have the same kind of colorscale: light color (white or light
yellow) corresponds to a correlation close to 1, i.e. deformation smaller than 10−6; dark color
(black) corresponds to a correlation close to 0, i.e. deformation larger than 10−4. The use of this
colorscale will always correspond to maps of incremental deformation, i.e. correlation calculated
between successive speckle images. When the correlation is calculated in reference to a constant
image, another colorscale will be used, which will be shown in the next section.

The high sensitivity of the method results in a total loss of correlation for too large deformation.
But as in this higher limit classical methods as particle tracking are available, it is possible to shift
to more classical method of measurement to follow such deformation. An experiment where the
complementarity of DWS and particle tracking is demonstrate can be found in [Crassous et al.,
2008].

1.2.3 Validation of the method

We have tested and validated our method by performing experiments in well-controlled configu-
rations of mechanical sollicitation on two kinds of materials [Erpelding et al., 2008, 2013]. Firstly,
we used Teflon slabs, which can be considered as perfectly elastic at the deformation of interest
in our studies but for which the detailed mechanisms of the scattering process are unknown. Sec-
ondly, we used dispersions of 1 µm latex beads in gelatin, which corresponds to Mie scatterers in
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an homogeneous matrix but which displays ageing during our experiments so that it was more
difficult to procede to “model” mechanical experiments on it.

An exemple of such a test is shown in Figure 1.7. We have applied a ponctual force on a Teflon
slab in a plane stress configuration and we have exerted a cyclic force on it. The experimental
correlation maps obtained during the cycle are shown on the upper line of Figure 1.7(c). From

Figure 1.7: (a) Mechanical conditions of loading of the sample. (b) Ratio between the force exerted and the thickness of
the sample, as deduced from a fit of the correlation maps

(

F
e

)

mes
as a function of the same ratio measured independently

(

F
e

)

app
. (c) Upper line: maps of correlation during a cyclic charge. Lower line: one-parameter fits of the experimental

maps using the analytical model.

the exact solution of elasticity of a ponctual force on an half-infinite plane, we can calculate the
analytical form awaited for the spatial dependency of gI . We can then fit this analytical form to
the experimental map with a unique parameter (∝ c coefficient in Equation 1.10). The theoretical
maps thus obtained are shown on the lower line of Figure 1.7(c). The comparison between the
values of the parameter obtained by the fit ((F/e)mes) and the independent measurment of this
quantity experimentally ((F/e)app) shows that the linearity and reversibility obtained by the local
measurement are very good and the order of magnitude of the local measurement correct.

We have extensively discuss the residual discrepancy between the local measurement of the
strain and the awaited one in [Erpelding et al., 2008]. We have shown that for a material where
the diffusion process is well-known (latex beads in gelatine, i.e. Mie scatterers) and when the
limited size of the sample is taken into account in the modeling, a good quantitative agreement
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is acheived. We are thus very confident in our method, which we have mainly used as a probe of
the local deformation and reversibility for the study of the mechanical response of heterogeneous
materials, generally without the intent of precise quantitative deformation measurements.

1.3 Other studies concerning scattering

In parallel to the development of the method of measurement of deformation, we have been
interested in problematics linked to the propagation of waves in heterogeneous materials and to
more fundamental questions linked to scattering.

In the following I will present briefly two studies. In the first one, we consider the possibility
to compensate isotropic deformation by changing the wavelength of the light. In this experiment
a granular material is used as a scattering media but we will consider it here as an “ideal” het-
erogeneous material, i.e. we will be interested in this section only in questions linked to light
propagation, keeping the observations linked to granular materials for the next chapter. The
second work presented here concerns the propagation of waves in a chiral scattering.

1.3.1 Wavelength as a tunable parameter

Main associated publication: J. Crassous, M. Erpelding, and A. Amon, Phys. Rev. Lett. 103,
013903 (2009).

This particular work had initially a rather fundamental motivation but we will see in the
next chapter that it can have in fact very practical application. An interferometric process can
be viewed as the measurement of lengths in units of the wavelength of the light probe. If we
consider a speckle figure obtained after the propagation of a coherent light through a scattering
material, a uniform modification of the paths length in the material should be compensable by a
modification of the wavelength (see Fig. 1.8). In spite of the linearity of the Maxwell equations,
this result is not trivial as each speckle is the result of the superposition of numerous waves which
have followed different paths in the material.

Figure 1.8: Principle of the compensation of an homogeneous deformation by a change of wavelength of the laser source.
(a) Simple diffraction: a dilation of a diffraction grid will change homothetically the diffraction pattern. A change of
the wavelength of the source allows to recover the initial diffraction pattern. (b) Schematic of the simultaneous dilation
of the scatterers (glass beads) and of the wavelength. (c) Principle of our experiment.

http://prl.aps.org/abstract/PRL/v103/i1/e013903
http://prl.aps.org/abstract/PRL/v103/i1/e013903
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We have shown that such an optical compensation of an isotropic deformation of a material
is indeed possible when strong scattering is at play. We have used a tunable laser as source and a
granular sample submitted to well-controlled thermal expansion to obtain a uniformly deformed
material (see Fig. 1.9). The transmitted scattered light is collected in the far field on a CCD
camera and the correlation of intensities are calculated over the whole images, as in standard
multispeckle methods.

Figure 1.9: (a) Photography of the regulated temperature cell showing the granular sample illuminated by the laser. (b)
Schematic of the experiment. The transmitted scattered light is collected on a CCD camera. The ensemble averages
for the calculation of the correlation function are obtained using all the pixels of the camera.

As shown in Figure 1.10(a), we were able to recover almost entirely the initial speckle pattern
by changing simultaneously the state of deformation of the material and the wavelength of the
light probe. The relative wavelength variation and temperature variation at the maximum of
recovery of the correlation are proportional (Fig. 1.10(b)), which shows that indeed a wavelength
variation is equivalent to a volumic deformation of the scattering material. This affirmation holds
in fact whatever the value of the resulting total phase is and not only when the two effects conceled
each other. It is what is shown in Figure 1.10(c) where all the values of the correlation measured
are represented as a fonction of the relative expansion factor of the optical path: we observe
that all the data corresponding to varous temperature and wavelengths collapse then on a unique
master curve, which analytical expression can be obtained (blue line in Fig. 1.10(c)).

Figure 1.10: (a) Top: temperature variation and modulation of the wavelength of the laser. Bottom: correlation obtained
using t = 0 s as reference. Thick line: temperature variation alone; Fine line: combination of temperature variation and
wavelength modulation. (b) Relationship between the relative wavelength variation and the temperature variation when
the maximum of correlation is recovered. (c) Correlation as a function of the relative expansion. Dots: experimental
data, blue line: fit from the theoretical expression.
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This experiment is not only a beautiful experimental test of some theoretical idea. We will see
in the next chapter how it can be used as a tool for the measurement of non-isotropic deformation.

1.3.2 Scattering and chirality

Main associated publication: J. Crassous, A. Amon and J. Crassous, “Circular differential scattering of
polarized light by a chiral random medium”, Phys. Rev. A 85, 023806 (2012).

We have studied the differential scattering between left- and right-handed circularly polarized
waves propagating in a chiral diffusive material. When this media is almost transparent, we have
shown experimentally that the ellipticity of the transmitted wave can be tuned independently
from the rotation of the polarization. It is a counterintuitive effect when only the contribution of
the differential absorption is considered in the circular dichroism: ellipticity and rotary power are
then related by a Kramers-Kronig type relationship and cannot be adjusted independently. We
have explained our observation by taking into account the differential scattering contribution in
the circular dichroism and we have given a theoretical model and analysis for our experiments in
the first Born approximation.

Figure 1.11: (a) Principle of the experiment: a chiral scattering medium differentially transmits right- and left-handed
circular waves. If we change the chiral material in (I) by its enantiomer in (II), the difference of transmission between
the two opposite circular waves is inverted. If now, keeping the enantiomer (I), we invert the contrast of indices between
the two phases that constitutes the heterogeneous material, we can reverse the differential scattering between the two
waves. (b) Dotted line, transmission of the scattering material as a function of the refractive index difference between
the two phases. Solid line, difference of transmission between left and right circular polarization.

Experimentally, we observe that the difference of scattering cross sections between polariza-
tions of opposite handedness propagating in a dense scattering chiral material can be largely
adjusted. Indeed, by tuning the refractive indices of the materials composing the scattering
medium around the phase-matching condition, the scattering difference can be varied and even
inverted (see Fig. 1.11(b)).

To conclude this chapter, an important part of the research activities of our group in Rennes
is related to the propagation of waves in heterogeneous materials. We have demonstrated several

http://pra.aps.org/abstract/PRA/v85/i2/e023806
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remarkable and elegant effects as the optical compensation of mechanical expansion or the tunabil-
ity of the differential scattering of circularly polarized waves in materials lacking space-inversion
symmetry. In parallel to those fundamental questionning, our works concerning scattering have
been motivated by the developpement of a method of measurement of small deformation, with
the aim of studying heterogeneous minute deformation in soft matter and disordered materials.



Chapter 2

Plasticity in granular materials

My recent research activities have been mainly devoted to the study of the mechanical behavior of
granular materials. Most of the experimental results we have obtained the past few years on this
subject have benefited from the use of the method of measurement of small deformation based
on DWS exposed in the previous chapter. Such a method has given new insights in the granular
matter field because it gives spatially-resolved measurements of strain at a range of deformation
(10−6 to 10−4) where only scarce information were available before. The spatial resolution of
the method (a few sizes of grains) provides a mesoscopic measurement at a scale small enough
to understand the local processes at play but large enough to have a continuum mechanics point
of view on the system. Because of all those features, the experiments I describe in the following
have provided new understanding of elasticity, plasticity and rupture in granular materials.

The chapter is organized as followed. First, a state of the art is given, trying on the one
hand to underline the main questions shared by the people working on plasticity of soft glassy
material and on the other hand to give briefly some specificities of the mechanical response of
granular materials. In a second part, I describe our works on plasticity in granular materials.
First I present our studies concerning local rearrangements and their coupling, then I discuss the
formation of micro-ruptures in sheared granular materials and finally I expose our works linked to
the question of an elastic limit in a granular material. The last part of this chapter is dedicated
to my research projects for the next few years.

2.1 State of the art

2.1.1 Disordered materials

Granular matter belongs to the class of soft glassy materials, and shares with those systems
several features. They can behave as solids or liquids depending on their loading and they display
localization of the deformation. On a general point of view, a whole range of materials (glasses,
colloids, foams, granular materials...) shares some properties that are still not well understood, as
for example the glass transition, the shear-band formation or the so-called jamming/unjamming
transition. Those materials, characterized by their disorder, have common points in their behavior
although they are rather different concerning the size of their components and the interactions
between the constituants. Nevertheless, as they share several common features, the theoretical
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frameworks for their description have numerous overlappings and connections. Among those
features are:

• The transition from the unjammed state (“liquid” state) to the jammed state (“solid” state)
is not connected to a transition from disorder to order. An amorphous solid is disordered.
The definition and identification of that transition are still unclear [Berthier and Biroli,
2009].

• During the transition, the slowing down of the system is not spatially homogeneous. Dynam-
ical heterogeneities are observed linked to collective behavior of the components [Dauchot
et al., 2005; Duri and Cipelletti, 2006; Keys et al., 2007].

• Amorphous solids display an excess of low-frequency modes of vibration, the so-called boson
peak [Xu et al., 2007].

• When submitted to a deformation, glassy solids tend to display localization of the deforma-
tion and exhibits shear bands [Desrues and Viggiani, 2004; Schuh et al., 2007].

• On the side of the unjammed, liquid, state, those materials are complex fluids. Their
rheology is often described by a Herschel-Bulkley law. Those threshold fluids exhibit shear
bands formation [Schall and van Hecke, 2009].

All those features make the description of these materials difficult. A unified point of view
based on a synthetic diagram underlining the universality of a transition between two states,
jammed and unjammed, depending on three parameters, temperature, density and load, for a
whole class of materials, has been proposed [Liu and Nagel, 1998]. Such a unified point of view
motivates to share the tools that have been developped for the understanding of those different
materials but the use of the same words to designate analoguous phenomenon have limits. For
example, concerning what is called the “jamming transition”, the difference between the slowing
down of the inner dynamics has to be distinguished from the apparition of the mechanical rigidity
in the system [Lechenault et al., 2008]. Another example could be found in the expression “shear
bands” which both designates the apparition of a plane of rupture in an amorphous solid and the
spatial inhomogeneity of the flow rate in a complex fluid. In the two cases the system indeed
exhibits localisation of the deformation or of the strain rate when submitted to an homogeneous
stress, but does that mean that there are similarities in the underlying mechanisms at play for
the formation of those bands ?

Among the existing frameworks developed for the understanding and description of those
systems, we can mention:

• The characterization of the transition point using for example the divergence of the length
of the dynamical heterogeneities or the study of the critical slowing down of the dynam-
ics [Berthier and Biroli, 2009].

• The study of the elastic limit of amorphous solids and of the boson peak, including the
analysis of the normal modes of the system, their heterogeneities, their destabilization and
their link with the non-affine response of the material [Tanguy et al., 2002; Tsamados et al.,
2009] as well as the study of the geometrical and isostatic conditions of the jamming tran-
sition [Wyart et al., 2005; Van Hecke, 2010].
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• The description of the plasticity of amorphous solids based on the existence of “Shear Trans-
formation Zones” where plastic rearrangements take place. Those events can then trigger
other rearrangements in a cascade of plastic events which is supposed to lead to shear bands
formation [Falk and Langer, 1998; Maloney and Lemaître, 2006].

• Phenomenological models developed for the description of complex fluids, introducing a
variable describing the dependency of the viscosity on the ageing and deformation of the
system [Sollich et al., 1997; Sollich, 1998; Hébraud and Lequeux, 1998; Derec et al., 2001;
Bocquet et al., 2009].

Those different approaches are motivated by the study of specific systems (glass transition,
plasticity of metallic glasses, numerical simulation of Lennard-Jones glasses, threshold fluids de-
scription...) and address in different ways the same class of problems. Nevertheless the differences
between some models are far from obvious. All those questions are actively debated issues and ex-
perimental results from diversified systems are crucially needed to go further in the understanding
of the elasticity and plasticity of disordered materials.

2.1.2 Elasticity and plasticity of amorphous materials

One of the issue of the description of plasticity in amorphous systems is the fact that the tools that
have been developed for crystals are useless. Those theories are based on the existence of defects
in regular lattices and plasticity is described in terms of mobility and nucleation of those defects.
The intrinsic disorder of amorphous systems prevents to use such an approach. The works of A.
S. Argon [Argon, 1979] and F. Spaepen [Spaepen, 1977] for the description of plasticity in metallic
glasses introduce a description based on the existence of local plastic events, i.e. rearrangements
implying a few elements of the system (Fig. 2.1). The sites where those local rearrangements
will take place are soft spots of the disordered system. The stress redistribution after such an
event can trigger other rearrangements at some other location in the system (see Fig. 2.2). An
avalanche-like process can then take place which is supposed to lead to the formation of a shear
band.

Figure 2.1: From [Argon, 1979].
Schematic representation of a lo-
cal rearrangement.

Figure 2.2: From [Maloney and Lemaître, 2006], principle of the avalanche-
like process of triggering of rearrangements: the stress field after the change of
configuration in a© trigger a rearrangement in b©.

Such plastic rearrangements have been identified in several experimental systems for which the
size of the components allows a direct visualization of the events. In foams [Kabla and Debrégeas,
2003], they correspond to T1 event, i.e. a change of neighbors between four adjacent bubbles
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(Fig. 2.3). In colloidal glasses, they can be visualized using confocal microscopy [Schall et al.,
2007] (Fig. 2.4).

Figure 2.3: From [Kabla et al., 2007], T1 event in a
bidimensional foam.

Figure 2.4: From [Schall et al., 2007], local plastic rearrange-
ment in a colloidal glass.

On the numerical side, simulations of several types of amorphous materials have studied such
local rearrangements, as, for example, in bidimensional foams [Kabla and Debrégeas, 2003] or
Lennard-Jones glasses [Falk and Langer, 1998; Maloney and Lemaître, 2006; Tanguy et al., 2006;
Tsamados et al., 2008]. The stress redistribution generated by an event (see Fig. 2.5 and 2.6)
has been studied, showing its quadrupolar nature. Avalanche-like processes forming transient slip
lines have been evidenced [Maloney and Lemaître, 2006]. Such transient micro-bands have also
been observed in numerical simulation of frictional granular materials [Kuhn, 1999], but their link
with the final, permanent shear-band is still not well understood [Gimbert et al., 2013].

Figure 2.5: From [Kabla and Debrégeas, 2003], stress redis-
tribution after a T1 event in a simulation of a bidimensional
foam.

Figure 2.6: From [Tsamados et al., 2008], stress field
associated to a local rearrangement in a Lennard-
Jones glass.

On the theoretical side, the description of the plasticity in amorphous materials often relies on
an energy landscape point of view [Sollich et al., 1997; Falk and Langer, 1998] in which a jump of
a potential barrier corresponds to a local rearrangement. In those mean-fields models, the stress
redistribution in the disordered system after a platic event is described as a mean mechanical noise.
The activation of the barrier jump leads to the introduction of an effective temperature, which
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can be indeed the temperature of the system, but can also describe the previously mentioned
mechanical noise [Sollich et al., 1997] (especially in the case of athermal systems as granular
media) or be linked to the local configuration, through for example the local free volume [Falk
and Langer, 1998]. Those models have similar basis but I will separate two approaches in the
following that I understand as being motivated by a point of view on the system as being either
more “solid” or more “liquid”.

In the case of the “Shear Transformation Zones” theories
(STZ) [Falk and Langer, 1998; Bouchbinder et al., 2007], mod-
els are based on the pre-existence of a scarce population of
spots, the STZ, included in an otherwise elastic medium. In
the simplest point of view, those STZ corresponds to bistable
sites which can take two configurations depending on the di-
rection of the shear. Such feature leads to two characteristics:
reversibility when the shear is reversed in direction and satu-
ration after their commutation in the direction of the shear.

Figure 2.7: From [Lemaître, 2002],
schematic representation of a reversible
STZ.

Those models lead to kinetic equations for the density of the two types of configuration of STZ,
including the creation and annihilation of zones during the loading of the material. The activation
of the defects is described by a term including an effective temperature which is linked in [Falk
and Langer, 1998] to the excess of local free volume. Such hypothesis imply a possibility to
identify experimentally the location where the STZ should take place. Such measures are for
example possible in colloidal glasses using confocal microscopy. Yet, no conclusive experimental
link between the local structure of the material (free volume, number of contacts...) and the
location of the rearrangements has been given for the moment [Manning and Liu, 2011].

Going towards the elastic limit, several works have tackled the issue of the specificities of the
elastic response of amorphous solids because of their intrinsic disorder: the validity of the defini-
tion of elasticity in a continuum mechanics point of view depending on the coarse-graining used
to describe the system [Goldhirsch and Goldenberg, 2002; Tsamados et al., 2009], and its link
with the non-affine response of disordered materials [Barrat, 2006] (see Fig. 2.8). Works based on
numerical simulations of Lennard-Jones glasses [Tanguy et al., 2002; Tsamados et al., 2009] have
shown that it was possible to define a Hooke law from a characteristic size of several diameters of
grains for the coarse-graining scale. The map of the local elastic moduli is heterogeneous (Fig. 2.9)
and soft spots can be identified where the local rearrangements are expected to happen. The ob-
served non-affine displacement for very small deformation is link to the local value of the elastic
modulus and displays vortex figures showing concentration of displacement (Fig. 2.9) [Radjai and
Roux, 2002]. Numerical simulations on discs interacting through Hertz potential [Manning and
Liu, 2011] confirm that the identification of the most unstable elastic modes, of quasi-localized
structure, are good candidates for the experimental identification of the potential zones of rear-
rangements. Those results pave the way for an experimental recognition of the soft spots in the
materials before their failure but a clear picture is still missing [Tan et al., 2012; Chen et al., 2011].

Another class of models are gathered under the terminology of “Soft Glassy Rheology” (SGR) [Sol-
lich et al., 1997; Sollich, 1998; Hébraud and Lequeux, 1998]. Those theories are motivated by the
description of the rheology of complex fluids. In the energetic landscape description, mesoscopic
elements are considered in order to describe a cage dynamics [Sollich et al., 1997], the jump of a
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Figure 2.8: From [Maloney and Lemaître, 2006], non-
affine response in a disordered system. (a) to (b): an
homogeneous shear is applied to an ensemble of parti-
cle, but in (b) the particles are then not in mechani-
cal equilibrium. The mechanical equilibrium is obtained
through correction in (c). The difference between (c)
and (b) gives the non-affine field of displacement (d).

Figure 2.9: From [Tsamados et al., 2009], in gray levels:
map of the local shear moduli, (stiff: black; soft: white).
Arrows: non-affine displacement.

potential barrier corresponding to a local rearrangement. Equations in that class of models are
expressed in terms of probability distribution in the energetic landscape. Bistability and satura-
tion of the mesoscopic elements are not considered: in a fluid-like point of view, when a particle
has jumped outside a cage, it can not come back to the initial cage when the shear is reversed.

In the continuation of the SGR point of view, a more phenomenological approach consid-
ers constitutive equations for the stress and a phenomenological variable called “fluidity” [Derec
et al., 2001]. That fluidity corresponds to the rate of relaxation of the stress and is considered
as dependent on the ageing of the system and of the rejuvenation generated by the deformation.
While the previously mentioned mean-field theories do not include explicitly the spatial coupling
between the rearrangements, several fluidity models include a non-local term with a correlation
length in their equations [Picard et al., 2005; Bocquet et al., 2009; Kamrin and Koval, 2012]. The
requirement of such a nonlocal law has been demonstrated through the analysis of experiments
of confined flows of concentrated emulsion displaying cooperativity in the flow [Goyon et al., 2008].

I have attempted to give a broad picture of different models aiming at the description of
amorphous glassy systems which will be used in the following for the understanding and the
modeling of our experiments. As the experiments I will discussed here have been conducted on
granular materials, I will end this state of the art by some aspects specific to granular materials.
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2.1.3 Granular materials: common points and specificities

As amorphous materials, dry granular media have specificities such as [Andreotti et al., 2012]:

• Granular materials are athermal. As will be seen in the following, it rises some questions
when using SGR models to describe creep processes in granular media [Nguyen et al., 2011].

• The preparation of a granular system before an experiment is crucial. The observed behavior
is dependent on the preparation, which can lead to a texture in the pile [Vanel et al., 1999;
Atman et al., 2005].

• The local description of the interactions between the grains have several specificities linked
to the frictional contact. In the absence of cohesion, the local tensile force is null while the
compressive force is large (hard spheres) and describe by a nonlinear, hertzian, contact. The
local shear can be described by a local Coulomb friction law.

• Because of the nature of those interactions, stress transmission in a granular packing is
inhomogeneous and imply a network of contact called force chains [Liu et al., 1995; Radjai
et al., 1996; Majmudar and Behringer, 2005].

I will now focus on some aspects of the behavior of a granular sample quasi-statically loaded
until failure.

2.1.3.a Elastic limit

Because of the nature of the interaction between grains, the existence of a domain of elastic
response for a granular material may be questioned: even for very small deformation, some local
irreversible rearrangements take place [Divoux et al., 2008; Divoux, 2009] and because of force
chains, a small localized rearragement can lead to a collapse of a part of the force network [Cates
et al., 1998].

From a theoretical point of view, the equations giving the response of granular materials in an
elastic limit is a debated issue [Herrmann et al., 1998]. In the soil mechanics community, models
coming from continuum mechanics as elasto-plasticity [Nedderman, 2005] are used to describe the
response of a granular pile. A part of the physicists community has questioned the validity of the
use of such elliptics equation and have proposed other models taking into account the existence
of force chains for the stress repartition [Bouchaud et al., 1995; Coppersmith et al., 1996]. Yet,
when some features as disorder [Bouchaud et al., 2001] or as the lengthscale at which the system
is probed [Goldenberg and Goldhirsch, 2005], are taken into account, the difference between those
points of view become unclear. The experimental investigations done by G. Reydellet [Reydellet,
2002] during is PhD on tridimensional [Reydellet and Clément, 2001] and bidimensional [Geng
et al., 2001] packings have shown that the spatial response of the system to a ponctual force can
be interpreted in the framework of anisotropic elasticity.

Another class of experimental works that have shown that elasticity (possibly anisotropic and
nonlinear) can be used to describe a granular material at very small deformation are acoustical
measurements, which have shown that an effective medium point of view is relevant [Jia et al.,
1999; Makse et al., 2004; Somfai et al., 2005]. Yet, when the confinment is weak, especially near
the free surface, the existence and definition of an elastic response is still problematic [Bonneau
et al., 2008].
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2.1.3.b Elasto-plasticity and failure criteria

When considering the loading of a granular material, the simpliest description of the behavior is
an elasto-plastic model (see Fig. 2.10). A criterion is then needed to predict the critical stress σc
at which the failure occurs. The most known and used is the Mohr-Coulomb criterion which gives
a threshold value as a function of an internal friction µ = tanφ of the material and predict the
inclination of the slipping planes [Nedderman, 2005]. When an angle θ exists for which the ratio of
the shear stress and normal stress τf/σf reaches µ, the material breaks along the plane determined
by θ (see Fig. 2.11). Most of the studies in soil mechanics are done in biaxial configuration (see
Fig. 2.11) where two principal stresses are imposed on the material. In those kind of experiments,
the relevant stress for the stress-strain curve is then the difference σ1−σ3, which is usually called
deviatoric stress, and the relevant deformation is the axial strain. The Mohr-Coulomb failure
occurs when σ1−σ3

σ1+σ3
= sinφ and the angle of failure is given by θf = π

4 + φ
2 .

Figure 2.10: Ideal response of an elasto-plastic
solid, σ is the stress applied to the system and
γ its deformation. Inset: figure from [Desrues
and Chambon, 2002], sample after failure showing
shear planes.

Figure 2.11: Left: principle of a biaxial test. Right: Mohr-Coulomb
failure.

If a lot of experiments are in agreement with this theory, other angles of shear planes are also
observed in soil mechanics loading tests [Bésuelle and Rudnicki, 2004; Hall et al., 2010], and other
predictions for the angle of the failure plane exists [Bésuelle and Rudnicki, 2004]. In particular,
K. H. Roscoe [Roscoe, 1970] proposed that the planes of failure in some geometries of loading
will correspond to zero extension lines of the deformation, giving a predicted angle generally
smaller than the Mohr-Coulomb one. Ultimately, the observed angle in a given experiment is
always justified a posteriori, and, as the same apparatus can lead to the observation of different
angles [Hall et al., 2010], the situation remains rather unclear. Finally, other modes of rupture
exists in the materials, as diffuse modes of rupture [Desrues and Georgopoulos, 2006] and transient
modes of localization [Hall et al., 2010].

2.1.3.c Critical state theory

In the previously described elasto-plastic model, no plasticity is considered in the granular material
before the failure. Yet, the description of the change of volumic fraction during a test leads to
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the necessity to describe the yield process, i.e. the plastic deformation that occurs inside the
sample before the failure. The critical state theory [Schofield, 1968] is based on the experimental
observation that loose and compacted samples both converges to a similar state, called the critical
state, at the end of a test (see Fig. 2.12). The final volumic fraction converges at the end of a
test towards a value which is independent of the preparation of the sample. However, it has to
be underlined that the measurements underlying this theory are global, averaged on the whole
sample, while the final localization of the deformation leads to large heterogeneities of volumic
fraction in the sample.

Figure 2.12: Schematic mechanical response of respectively a loose granular sample and a compacted one submitted to
a biaxial test.

Specifically in the critical state theory, when the granular material is initially dense, the pic-
ture coming from elasto-plasticity is still valid: the response of the system is elastic until failure,
after which dilatancy occurs. If the granular material is initially loose, an elastic response is still
awaited at first, but there will be a plastic behavior between the end of the elastic response and
the failure: some plastic deformation corresponding to a slow compaction of the sample occurs un-
til a threshold depending on the confining pressure. At this threshold failure of the sample occurs.

The recent progresses in full-field measurements and X-ray tomography [Viggiani and Hall,
2004] is leading to a growingly detailed description of all those processes, with the hope to a
progressive connection between micro-mechanical descriptions [Rechenmacher, 2006; Tordesillas,
2007] and continumm mechanics models. In this context, our works on granular materials are a
physicists approach for the understanding of the basic mechanisms at the heart of the processes
previously described.

I have presented here several theories and frameworks without aiming at a comprehensive
review but trying to give the main models that will be used in the following to interpret our
observations on granular materials. The principal results from those experiments are detailed in
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the next section. We will see that the picture of local rearrangments and their coupling is indeed
accurate to understand and describe the plasticity of granular material but that the process of
formation of ruptures still need to be understood.

2.2 Mechanical response of granular materials

In this section, I expose our works of the past few years concerning the mechanical response of
granular materials. The experimental configurations I will discuss in the following are gathered
in Figure 2.13. Those studies are the result of a joint work between J. Crassous and myself and
imply several collaborators as explained in each sections. The two first set-ups have allowed us to
visualize the localized rearrangements at the origin of plasticity in granular materials. In partic-
ular, with the biaxial test, we have evidenced the coupling between the rearrangements and the
structuration of the plastic flow during the yield process. Those two experiments are the subjects
of the subsection 2.2.1. The formation of the final shear-band is still largely a work-in-progress,
yet we have studied micro-ruptures formation during a loading process. I detail in subsection 2.2.2
those experimental studies of micro-ruptures formation in different configuration and chiefly in
the case of the tilted box. Finally, I will expose in the last subsection 2.2.3 our works linked to
the question of the elastic response of granular materials through two set-ups: thermal expansion
and cyclic localized force.

Figure 2.13: Experimental set-ups studied and main collaborators.

In all those experiments, the granular material consists of monodisperse glass beads. The
diameter d of the beads used in the various experiments is in the range 100 µm to 500 µm. Piles
of such grains strongly scatter light in the visible range and are consequently typically the kind of
materials on which the method of measurement of minute deformation presented in the previous
chapter can be used. For some of the set-ups we also did experiments with white sand, for which
our method is still accurate if the absorption is small enough [Amon et al., 2013]. The details of
the optical set-ups and of the obtention of the deformation maps are not recalled as the general
principle has been already described in section 1.2. Except in the case of the experimental results
presented in subsection 2.2.3, all the deformation maps are incremental, i.e. they correspond to
correlation calculated between consecutive speckle images, with a colorscale where the darkest
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color correspond to large deformation and the lighter color to small deformation.

2.2.1 Plastic flow in a granular sample at small deformation

2.2.1.a Local plastic events

Main associated publication: A. Amon, V. B. Nguyen, A. Bruand, J. Crassous and E. Clément, Phys.

Rev. Lett. 108, 135502 (2012).

The confrontation at the local scale between theories coming from soft glassy models and the
behavior of a real granular material has first been done during a collaboration with E. Clément
(PMMH, ESPCI, Paris) during the PhD of V. B. Nguyen (PMMH, ESPCI, Paris). They developed
in their laboratory a well-controlled rheometer where the global measurements available are the
torque exerted on the rotating vane immersed in the granular material and the rotation of that
vane (see Fig. 2.14). They studied the response of the system at imposed stress and imposed
strain rate [Nguyen et al., 2011]. In the case of stress imposed experiments, they evidenced a creep
process that they have interpreted in the framework of a model from Soft Glassy Rheology [Derec
et al., 2001]. A local measurement of the deformation in the sample was lacking to fully understand
and interpret the global mechanical response of the system. Our interferometric measurements
allowed us to identify localized rearrangements during the deformation of the sample.

Figure 2.14: Experimental setup. The shear cell is a scissometer, i.e. a four-blade vane inserted in a granular material
(glass beads, diameter 200 µm). The granular material is carefully prepared at controlled volumic fraction using a
fluidization device which is shut down during the mechanical test. The cell can be used either at imposed rotation rate
or at imposed shear stress. The vizualisation device, here on two tripods (one for the laser, the other one for the camera
and its optics), is now installed on permanent structures.

We have evidenced plastic events which have a typical size of ten grains and a duration of
typically less than the inverse of the frame rate, 1 s, i.e. they ususally are observed only on
one correlation map (see Fig. 2.15). Those spots have been seen in the strain imposed and in
the stress imposed experiments. To understand the link between those local rearragnements and

http://prl.aps.org/abstract/PRL/v108/i13/e135502
http://prl.aps.org/abstract/PRL/v108/i13/e135502
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Figure 2.15: (a) Correlation map obtained from imaging the top of the shear cell showing a local rearrangement (light
yellow: correlation close to 1 (no deformation), black: correlation smaller than 0.95). (b) 3-D representation of the
correlation at the spot location. (c) Size distribution of the spots in units of bead diameter. (d) Histogram of spots
duration in units of the inverse frame rate.

the macroscopic deformation we have studied in detail the stress imposed experiments and the
relationship between the observed macroscopic creep and the local deformation. The results of
that comparison are gathered in Figure 2.16(a). Blue triangles correspond to the macroscopic
measurement of the deformation through the slow rotation of the vane when a shear stress is
imposed. The blue line is a fit based on a model coming from a SGR model [Derec et al., 2001]:

Figure 2.16: Stress imposed experiments. (a) Comparison of global measurement of the deformation based on the
rotation of the vane (blue triangles) and of the number of spots that have appeared since the beginning of the creep
process (red circle). (b) Number of spots N in function of ∆γ for different values of σ. Insert: σN in function of ∆γ
for two values of the shear modulus G.

∂σ

∂t
= −fσ +Gγ̇

∂f

∂t
= −af2 + rγ̇2

where f is a phenomenological variable called fluidity which characterizes the stress relaxation
rate and G is the shear modulus (measured independantly in the experiment). The difference with
a Maxwell model [Oswald, 2005] comes from the phenomenological equation on f which includes
ageing (−af2), and rejuvenation caused by the shear rate (rγ̇2). For stress imposed conditions,
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the awaited behavior for the shear rate is then:

1

γ̇
− 1

γ̇0
=
G

σ
aeqt (2.1)

where γ̇0 and aeq are fitting parameter. This expression leads to the logarithmic curve in Fig-
ure 2.16.

The red dots in Figure 2.16(a) correspond to the counting of spots during the creep process. We
observe a proportionality between the accumulation of the local spots and the global deformation.
Such a proportionality can be interpreted in the framework of the SGR model by supposing that
the phenomenological variable f corresponds experimentally to the occurence rate of the local
events. That assumption leads to the following relationship:

G∆γ(t) ∝ σN(t) (2.2)

The study of that proportional relationship can be done by studying the evolution of the global
deformation ∆γ with the number of spots N for different values of the imposed stress σ and of
the shear modulus G as shown on Figure 2.16(b).

The fact that there is a correlation between the number of spots and the global deformation
does not prove that the global deformation is the result of the accumulation of the spots. We have
thus calculated the energy released by a spot using the measurement of the local strain obtained
by the optical measurement. Supposing that the density of spots is uniform in the system, we
have shown that the total energy released by all the spots is indeed of the order magnitude of the
total work done by the vane during the creep process.

As we have seen in the previous section, such local plastic events are at the basis of several
theories describing plasticity in amorphous materials (see section 2.1.2). In those theories, the
stress redistribution induces by one event can trigger other rearrangements and a cascade of such
events is supposed to lead to the formation of shear bands. I present in the following recent results
evidencing such coupling but showing that this scenario is not sufficient to explain the final shear
band formation.

2.2.1.b Coupling between the local rearrangements

Main associated publications:

• A. Le Bouil, A. Amon, S. McNamara, and J. Crassous, submitted to Phys. Rev. Lett.

• A. Le Bouil, A. Amon, J.-C. Sangleboeuf, H. Orain, P. Bésuelle, G. Viggiani, P. Chasle, and J. Crassous,
Gran. Matt. 16, 1 (2014).

In the study we have done in collaboration with E. Clément and V. B. Nguyen, we observed
in strain rate imposed experiments, avalanche-like behavior of local events correlated to micro-
ruptures observed on the stress curve (see Fig. 2.17). Those observations are in agreement with
the scenario of a cascade of local rearrangements leading to shear band formation. Nevertheless,
the small size of the region of interest of that study prevented a quantitative study of the spatio-
temporal correlations between the spots.

http://arxiv.org/abs/1402.7304
http://link.springer.com/article/10.1007/s10035-013-0477-x
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Figure 2.17: From [Amon et al., 2012]. Strain rate imposed experiment in the shear cell of Figure 2.14. Left: loading
curve. The rotation rate is of the order of 10−3 rad.s−1. Right: successive correlation maps showing the accumulation
of spots building up in a micro-rupture. The most decorrelated map correspond to the stress drop on the loading curve.

We were able to complete such an analysis using a biaxial setup we have built in Rennes
during the PhD thesis of Antoine Le Bouil [Le Bouil et al., 2014b] and shown on Figure 2.18. The
conception of this device has been made in collaboration with P. Bésuelle and C. Viggiani (L3S-R,
UJF, Grenoble) and H. Orain and J.-C. Sangleboeuf (IPR, Université Rennes 1). The mechanical
configuration corresponds to a standard plane-strain biaxial setup: the two principal stresses in the
plane of visualization are controlled while displacements in the orthogonal direction are impeded
by solid walls. The stress σxx (see Fig. 2.18(c)) is imposed by a controlled depressurization of
the sample while in the other direction a quasi-static displacement is imposed (1µm/s) and σyy
deduced from the measurements.

Figure 2.18: (a) Photograph of the optical setup seen from above. (b) Side photograph of the biaxial test. (c) Schematic
of the mechanical conditions imposed to the sample. At the front of the sample, the glass window through which the
observation is done is not represented.

During the loading of the sample, we observe successively three typical behavior shown in
Fig. 2.19(a). First, we observe isolated events of the same type as the ones which have been
described in the previous section. Then we observe a structuration of the flow which take the
form of transient micro-bands, and finally, two permanent shear bands are visible after the failure
of the sample. The nature of the micro-bands on the one hand and of the final shear bands on the
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second hand is very different. Firstly, the micro-bands are transient while the final shear bands
are persistent, secondly, their respective angles of inclination are clearly different.

Figure 2.19: (a) Stress-strain curve during a biaxial test. Insets: three typical correlation maps corresponding to the three
stages of the deformation. (b) A correlation map showing micro-bands and the region of interest for the quantitative
study. The incremental axial deformation between the speckle images is ∼ 3×10−5. The difference in resolution between
the maps in (a) and this one has been obtained by using a camera with better resolution (number of pixels ×9). (c)
Region of interest. (d) Spatial correlation of the map of correlation (c) after averaging.

To characterize quantitatively the micro-bands, we calculate the spatial correlation on a cen-
tral square part of the correlation maps far from the boundaries of the system as indicated on
Figure 2.19(b) and (c). A spatial correlation Ψ(ǫ, r, θ) for ǫ = 3.30% is shown on Figure 2.19(d),
after averaging over 100 map, i.e. for a cumulated δǫ = 3.2× 10−3. The evolution of this spatial
correlation during the loading is shown on Figure 2.20(a). We see that very early in the loading
curve, correlation along two symetrical directions appear, given by θE ≃ 53◦. This direction is
almost constant during the loading and clearly different from the angle of the final permanent
shear bands (θMC ≃ 66◦).

If the direction does not vary, the length of correlation along the directions ±θE increases
on average during the loading. To measure that length and to obtain its dependence with the
deformation, we extract the profile of the correlation along those preferential directions. More
precisely, we calculate the anisotropic part of the spatial correlation along the directions ±θE :

χ(ǫ, r) =
1

2
[Ψ(ǫ, r, θE) + Ψ(ǫ, r,−θE)]−

1

2π

∫ 2π

0
Ψ(ǫ, r, θ)dθ (2.3)

The functions χ(ǫ, r) are plotted in function of r/d for different values of ǫ on Figure 2.20(c).
The position ξ of the maximum of each curve, obtained by a quadratic fit, are calculated. The
values of ξ/d as a function of the axial deformation ǫ are the red squares in Figure 2.20(d). We
observe that this length increases until the rupture indicated by the vertical dashed line. We have
also studied the persistence of those structures and have shown that this persistence tends also
to increase when going closer to the failure [Le Bouil et al., 2014a].
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Figure 2.20: (a) Spatial correlations of the maps of deformation for increasing axial strain ǫ. (b) Stress-strain curve
indicating the deformation of the sample for each of the spatial correlations of (a). ǫc indicates the rupture. (c)
Anisotropic part of the spatial correlation along the preferential directions as a function of r/d for different values of
the axial strain ǫ. (d) Position ξ/d of the maxima of fits of the curves shown in (c) and area A under those curves as a
function of ǫ.

To understand the orientation of those micro-bands, which is clearly different from the Mohr-
Coulomb angle, we have built on the models exposed in the state of the art (section 2.1.2). We
consider that the material surrounding an isolated rearrangement can be considered as elastic (see
Fig. 2.21(a)). We can then solve analytically the problem of an inclusion experiencing a plastic
deformation in an homogeneous material [Eshelby, 1957]. The calculation of the deviatoric stress
σ̃xx − σ̃yy induced in the elastic surrounding medium because of the isolated rearrangement is
proportional to:

f(θ) = (e∗xx − e∗yy)

[

−15

4
cos(4θ) +

8ν − 7

4

]

− 9

2
(e∗xx + e∗yy) cos(2θ),

where e∗xx and e∗yy are the only non-null components of the strain tensor characterizing the plastic
event and ν is the Poisson ratio of the elastic matrix.

If σ̃xx − σ̃yy > 0, the redistributed stress adds to the applied one (see Fig. 2.21(b)), increas-
ing the strain in those direction. When the transformation is isovolumic, those directions are
θ∗E = ±π/4 (case of Fig. 2.21(b)), while, for the geometry of our experiment, θ∗E increases (resp.
decreases) for a dilating (resp. contracting) rearrangement, with a largest value of 54◦, which is
close to the measured direction of the micro-bands in our experiment.

In parallel to the experiments and to the analytical calculation, Sean McNamara (IPR,
Rennes) has performed numerical bidimensional Discrete Element Method simulations of a bi-
axial compression test using a visualization method inspired by the experimental technique (see
Fig. 2.21(c)). His simulations has shown that the quadrupolar structure of the reorganizations
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Figure 2.21: (a) Schematic representation of a local plastic event. e∗ is the strain characterizing the plastic transformation
and σ̃ the stress redistributed in the elastic surrounding because of this plastic transformation. (b) Angular distribution of
σ̃xx − σ̃yy ∝ f(θ). (c) Example of a deformation map from a DEM simulation displaying a local event and micro-bands.

evidenced in numerical simulation of numerous systems interacting with various potentials [Mal-
oney and Lemaître, 2006; Kabla et al., 2007; Tsamados et al., 2008] still hold in the case of
frictional contact. The resulting images display the same phenomenology as the experimental
results, showing deformation concentrated along micro-bands, probably similar to those reported
in other studies [Gimbert et al., 2013; Kuhn, 1999]. The micro-bands observed in the DEM sim-
ulations are transient, as was reported in other numerical works [Maloney and Lemaître, 2006]
where they were qualified of self-healing micro-cracks and distinguished from the final persistent
shear-band.

If the nature of the transient micro-bands is understood,
the picture of the formation of the final rupture is still incom-
plete. The permanent shear bands observed at the end of the
loading do not correspond to a coalescence of the micro-bands
until the size of the system is reached, nor to the growth
of a particular micro-band, for example locked on a defect.
Nevertheless, the formation of the final rupture plane is neither
decorrelated of this process as we can see in Figure 2.22.
There is a hierarchical imbrication of the two processes which
still need to be unravelled. We will come back to those ques-
tions in the last section about my projects for the next few years.

We analyzed in this part the plastic flow observed during the
quasi-static loading of a granular material. But in certain condi-
tions, we have also observed during the loading micro-ruptures
which behavior is closer to the phenomenology of the failure than
of the micro-bands as they correspond to large collective rear-
rangements. I present the study of such micro-ruptures in the
next section.

Figure 2.22: Correlation map near
the rupture showing the hierarchical
interaction between the fine struc-
ture due to the transient micro-
bands and the premise of the future
rupture planes.
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2.2.2 Micro-ruptures

Main associated publication: A. Amon, R. Bertoni, and J. Crassous, Phys. Rev. E 87, 012204
(2013).

During the quasi-elastic loading of a granular material, several micro-ruptures can be observed
before the global rupture of the material, forming stress drops along the loading curve (see Fig. 2.23
for an example of such drops in the ESPCI shear cell). Such micro-drops have been observed in
different loading configurations [Nguyen et al., 2011; Le Bouil et al., 2014b] and are reminiscent of
analogous behavior observed in metallic glasses [Klaumünzer et al., 2011] and to the precursors ob-
served in studies of the onset of frictional sliding [Rubinstein et al., 2007]. A well-known granular
material set-up where such regular micro-ruptures are observed is the progressively inclined box
filled with sand [Nerone et al., 2003; Kiesgen de Richter, 2009; Duranteau, 2013]. In this system,
the micro-ruptures occuring before the avalanche have been called precursors of the avalanche
and have been shown to occur at regular angle increments until the destabilization of the pile. To
our knowledge, in the case of the pre-avalanche behavior, no explanation of the regularity exists
in the litterature, nor any numerical observation of the phenomenon [Staron et al., 2002, 2006;
Welker and McNamara, 2011].

In the case of a sheared granular material in a scissometer (see subsection 2.2.1), our colleagues
from ESPCI [Nguyen et al., 2011] have shown that micro-ruptures are observed during strain-rate
imposed experiments along the otherwise quasi-elastic loading of the material (see Fig. 2.23(a)).
The first micro-rupture is observed for a stress σr which is roughly the quarter of the stress σM at
which the final rupture occurs, independently of the packing fraction of the preparation. In their

Figure 2.23: From [Nguyen et al., 2011]. (a) Loading curve of a granular material submitted to a shear ramp in a
scissometer. Black line: shear stress σ as a function of time. Red line: derivative of the shear stress. σr is the first
rupture observed along the loading curve, σM is the stress at which the failure occurs. (b) Rescaled effective ageing
parameter characterizing the creep process in stress imposed experiments as a function of the imposed stress rescaled
by σr. The red dashed line correspond to an interpretation in the framework of a SGR model; φ is the packing fraction.

interpretation of the behavior of the system in the framework of a SGR model, they have shown
that this threshold σr corresponds to a minimum of the parameter characterizing the ageing of

http://pre.aps.org/abstract/PRE/v87/i1/e012204
http://pre.aps.org/abstract/PRE/v87/i1/e012204
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the fluidity ((see Fig. 2.23(b)). The authors interpret this slowing down of the creep dynamics to
large scale reorganization in the granular pile.

The input of our method of observation for the interpretation of the behavior of the shear
material in the vicinity of a micro-rupture has been rather qualitative. We have evidenced an
accumulation of spots just before stress drops and have shown that the stress drops correspond to
micro-ruptures in the sample (see Fig. 2.17) [Amon et al., 2012]). A further study of the position
of the rupture planes and the quantitative analysis of the spatio-temporal dynamics of the spots
before the rupture was impeded by the smallness of the region of interest, although we had some
clues that the radius of the rupture area increses with shear stress, as can be seen on Figure 2.24.

Figure 2.24: (a) Loading curves of a granular material submitted to a shear ramp in the scissometer of subsection 2.2.1:
stress ramp as a function of time. (b) Spatio-temporal response of the granular: the average value of the correlation at
a radial distance r from the middle of the cell is represented in grey levels as a function of r and time. (c) Correlation
map of the surface of the scissometer. The region of interest is delimited by a black line. The values of the correlation
are averaged over angle arcs at a given r. The position of the four-blades vane can be seen as well as the arm used for
the angle measurements.

A better understanding of the micro-ruptures formation phenomenon has been achieved through
the study of a progressively inclined granular pile. As said before, this configuration is rather
standard in granular matter for the study of pre-avalanche phenomenology. The main previous
experimental studies are of two types: direct imaging of the top free surface of the sample [Nerone
et al., 2003; Kiesgen de Richter et al., 2012] and acoustic measurements [Zaitsev et al., 2008; Gib-
iat et al., 2009]. Those studies have shown the existence of two kind of movements in the sample:
small rearrangements, implying only a few number of grains and large amplitude periodic events
which have been called precursors. In order to give a new insights on this phenomenon, we de-
signed an experimental setup allowing a visualization of the behavior of the grains in the depth of
the sample by imaging the side of a box containing the granular material 2.25. Our observations
evidenced that localized rearrangements, of the same type of those discussed in the previous sec-
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Figure 2.25: (a) Schematic of the experiment: the lightening and imaging setup as well as the granular sample are fixed
on an rotating optical board. (b) The correlation maps correspond to a visualization of the deformation on the side of
the sample. The angle increment between the images used for the correlation calculation is 0.08◦.

tion and implying typically ten grains, are present from the very beginning of the tilting process
and occur at all depths in the sample (see Fig. 2.25(b) at 10◦). The density of rearrangements can
be measured at a given depth under the surface as a function of the tilt angle θ (see Fig. 2.26(a)).
At a given depth, the density of the spots increases with the shear, while at a given angle the
density of the rearrangements decreases with the depth.

Figure 2.26: (a) Density of spots during the tilting process for different depths indicated in number of beads diameter
under the free surface. (b) Successive correlation maps showing the formation of a micro-rupture.

We have also observed large events implying typically a layer of material parallel to the surface.
Such micro-rupture can be seen in Figure 2.26(b) at 22.32◦. The micro-rupture phenomenenology
is mainly a function of the depth z under the free surface so that a spatio-temporal representation
obtained by averaging the values of the correlation at each depth z allows a good visualization
of the behavior of the sample during the quasi-static tilting of the pile (see Fig. 2.27(b)). We
observe regularly spaced large events. The depth of those events increases linearly with the angle
of inclination until the avalanche (see Fig. 2.27(a)). Those events occur from an angle θr typically
around 15◦, independently from the type of material, revealing an internal threshold well below
the avalanche angle. It is striking to observe that while the slope of this linear behavior is material
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Figure 2.27: (a) Depth of the micro-ruptures as a function of the tilt angle for several experiments done with sand
(black lines) and glass beads (green line). Inset: gathering of numerous experiments with linear fits. (b) Spatio-
temporal diagram obtained from the correlation maps by averaging the correlation at constant depth z. (c) Density of
spots as a function of the angle distance from the rupture.

dependent, the threshold is roughly the same for sand and glass beads. This linear relationship
allows to shift the curves corresponding to the densities of rearrangements at different depths
on a unique master curve (see Fig. 2.27(c)), showing that the critical number of spots before a
micro-failure is the same independently of the depth. As that density decreases with depth, the
angle at which a micro-rupture occurs increases with depth.

This phenomenology is coherent with the observations and analysis coming from the ESPCI
setup, but also with our recent observations from the biaxial test [Le Bouil et al., 2014b]. Indeed,
in the previous subsection ( 2.2.1.b) we have roughly described the deformation observed during
a biaxial test as constituted of three phases: at first isolated rearrangements dominate, then (at
about half the loading curve) intermitttent micro-bands appear and finally permanent shear-bands
are observed after the rupture (see Fig. 2.19(a) in subsection 2.2.1.b). We can then understand the
internal threshold (σr or θr) as the stress above which the coupling between the rearrangements
can not be neglected. It is then logical that under this threshold a description using a “local”
fluidity model which does not take into account the coupling is accurate but that it fails to describe
the internal dynamics above σr when the coupling has to be taken into account (see Fig. 2.23(b)
and [Nguyen et al., 2011]). In the continuity of our analysis of the coupling between the local
rearrangements, we await this threshold to be determined by the elastic properties of the material,
which should not depend a lot of the surface properties of the grains, explaining that we found
a similar angle θr for the sand and the glass beads. On the contrary, the deformation induced
by the micro-ruptures shear a few layers of grains on a characteristic depth which depends of the
material [Komatsu et al., 2001], explaining the dependence of the depth of the micro-ruptures on
the nature of the material [Amon et al., 2013].

Finally, what is really surprising is that a model developped to describe fluids, i.e. systems
for which the temperature or a source of noise is an essential hypothesis, works so well for the
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description of a granular system so far from its flowing state in experiments well isolated from
mechanical noise sources. The study of the influence of noise in this context is a work-in-progress
as will be seen in the last section.

2.2.3 Towards elasticity

I will now discuss two experiments where the issue of the elastic limit of the granular material
is adressed. In the first experiment, we study the response of a granular pile to a homogeneous
deformation obtained by thermal expansion. The second experiment concern an heterogeneous
field of deformation: the response of a granular pile to a localized force.

2.2.3.a Homogeneous deformation: thermal expansion

Main associated publication: J. Crassous, M. Erpelding, and A. Amon, Phys. Rev. Lett. 103,
013903 (2009).

The study I present now is based on a method of measurement slightly different from the
one used in the works discussed hitherto. Here, we do not seek for any spatial resolution but we
take into account a parameter which can be changed in our interferometric technics but which is
usually considered as a constant: the wavelength of the coherent light used to probe the sample.
This experiment has been discussed previously in subsection 1.3.1 from the point of view of waves
propagation in scattering materials. In the present part, I discuss how we can use this method to
measure non-isotropic deformation in a granular material.

We have shown, in the case of multiple scattering, that an isotropic deformation can be
compensated optically by tuning the wavelength. The experimental measurement is recalled in
Figure 2.28(a): by modulating the wavelength of the coherent source during a thermal ramp,
a correlation close to 1 can be recovered when the change of the wavelength compensates the
isotropic deformation of the material. What was not specified when the scattering aspects of the

Figure 2.28: (a) (a) Top: temperature variation and modulation of the wavelength of the laser. Bottom: correlation
obtained using t = 0 s as reference. Thick line: temperature variation alone; Fine line: combination of temperature
variation and wavelength modulation. (b) Correlation recovered during expansion for two different preparations of the
granular sample. Inset: non-isotropic part of the deformation obtained from the unrecoverable loss of correlation.

http://prl.aps.org/abstract/PRL/v103/i1/e013903
http://prl.aps.org/abstract/PRL/v103/i1/e013903
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experiment has been discussed in subsection 1.3.1 is that those experimental results were obtained
after a preparation of the granular material of several thermal cycles. When the material is not
prepared in that way, less correlation is recovered (see Fig. 2.28(b)). At the maximum of recovered
correlation the volumic deformation is always fully compensated, consequently the remaining part
of the correlation loss can be directly connected to the non-isotropic part of the displacement.
By considering that this nonisotropic part of the deformation originate from uncorrelated dis-
placements, we obtain a measurement of the quadratic mean non-isotropic deformation (Insert of
Fig. 2.28(b)). The result is in agreement with measurements reported in the literature of granular
compaction provoked by temperature variation [Divoux, 2010].

This work needs to be pursued to obtain an extensive study of the non-isotropic part of the
deformation with several underlying questions, such as the issue of the reversibility of that non-
homothetic deformation when the thermal ramp is reversed: is there a part of the deformation
which is not compensable, and consequently not isotropic, but which is fully reversible, and
consequently elastic ? Such experiment is a part of the project I expose in the last section of this
chapter.

2.2.3.b Heterogeneous deformation: response to a localized force

Main associated publication: M. Erpelding, A. Amon, and J. Crassous, Europhys. Lett. 91, 18002
(2010).

The question of the elastic limit of a non-cohesive granular material and of the response of
this material when submitted to cycles of force of very small amplitude is in fact one of the first
question we adressed with our spatially-resolved method of measurement of small deformation.
During the PhD thesis of Marion Erpelding, we have studied the mechanical response of a granular
pile to a localized force and we have characterized experimentally the main differences between
the response of a granular sample and of an elastic reference media. The experimental setup
is shown on Figure 2.29(a) and (b): it is our typical setup to obtain spatially resolved map of
deformations. We used a vibrator to exert the localized force on the material but the frequency
used for the force ramps was very small in order to stay in a quasi-static limit.

Figure 2.29: (a) Schematic of the setup. (b) Details of the granular sample. (c) Typical force ramp, note the small
ampitude of the maximal force and the large value of the period of the cycle.

http://iopscience.iop.org/0295-5075/91/1/18002/
http://iopscience.iop.org/0295-5075/91/1/18002/
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First, we have studied the spatial repartition of the deformation of a granular material submit-
ted to a localized force. Figure 2.30(a) shows the observed spatial repartition of the deformation
using always the initial speckle image from the unloaded sample as a reference for the calculation
of correlation in order to observe the response of the system to a varying force increment and its
reversibility. We do not observe any large heterogeneities or a directivity in the deformation as
was proposed in some models [Bouchaud et al., 1995]. The response qualitatively resembles to an
elastic response with a smooth, bulbous form.

We have studied the response of the system as a function of the number of cycles. The first
cycle is characterized by a large amount of irreversibility (see Fig. 2.30(b)) while from the fourth
cycle, the curve is almost closed: the response can be considered as reversible (see Fig. 2.30(c))
and studied as an elastic response.

Figure 2.30: (a) Correlation maps for the first force cycle using the begining of the cycle as image reference. (b) and (c)
thick line and filled circles: logarithm of the correlation for one pixel of the map as a function of the force increment;
dotted line and open circles: displacement of the tip exerting the localized force. (b) first cycle, (c) fourth cycle.

As we are in a case of an heterogeneous apply stress, the question of the separation of the
spatial dependency from the force increment dependency may be adressed. We have found that
for two different force increments, ǫ(∆F1, r)/ǫ(∆F2, r) does not depend of the position r, which
means that we can indeed write:

ǫ(∆F, r) = ψ(∆F )ζ(r), (2.4)

where we determine ψ(∆F ) by considering that ǫ(∆Fmax, r) = ζ(r). The curve in Figure 2.31(a)
shows ǫ(∆F, r)/ψ(∆F ) from all the points of maps corresponding to five different values of the
force increment ∆F collapse on the line of slope 1, confirming this decomposition.

The spatial depedence is not ∝ 1/r as awaited for the Boussinesq solution for an elastic sample.
This observation is not so surprising as even for an elastic material the friction on the glass wall
would create a screening of the force because of the friction [Ovarlez and Clément, 2005]. The



2.2. MECHANICAL RESPONSE OF GRANULAR MATERIALS 65

Figure 2.31: (a) Validation of the decomposition of Eq. 2.4 using all the values of the metapixels of maps corresponding
to five force increments. (b) Dependency on the force increment in Eq. 2.4 as a function of the force increment ∆F .

dependence of ψ(∆F ) with the force increment ∆F is shown in Figure 2.31(b). We have no
interpretation of this nonlinear dependence, which is incompatible with a nonlinear dependence
which would be caused by the Hertz law.

In fact, when studying the response of the system to a large number of cycles as shown on
Figure 2.32(a), we observe that apart from the first one, the following cycles are indeed almost
closed, but we can notice that the maximum of the deformation reached for the same force
increment decreases with the number of cycle: the stiffness increases with the number of cycles.
It suggests a slow compaction of the material. Moreover, when the cycles are rescaled (see

Figure 2.32: From [Erpelding, 2010]. (a) Logarithm of the correlation measured for one pixel of the correlation map as
a function of the force increment for different number of force cycles. (b) Rescaling of the closed cycles. Inset: scaling
factor as a function of the cycle number.

Fig 2.32(b)), even if the reversibility is good, the cycles are open. The presence of that area
could originate from some dissipative process large enough to result in an open cycle but which
does not lead to irreversible plastic deformation measurable by our method. But the curvature of
the cycle could also perhaps be linked to some optical effect we have neglected so far.

This work let consequently open several questions and it is the reason why I ended the presen-
tation of our works on granular material with this study although it was historically one of our first
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work on granular material using the spatially-resolved method of measurement of the deformation.

In conclusion, the scenario coming from soft glassy theories describing the plasticity in amor-
phous materials as coming from local plastic events interacting through elasticity is in agreement
with our experimental observation in granular materials. Nevertheless, a lot of questions are still
open. First, this coupling between the local events need to be further studied, in order to un-
derstand the conditions of apparition of cooperative effects in the material. Moreover, we have
seen that the formation of the final shear-band as well as the phenomenology of micro-ruptures
preceding it are still unclear. To finish with, the characterization of the response of a granular
material to a cyclic load in the reversible limit is still largely to be understood.

2.3 Work-in-progress and projects

I will now describe my research projects for the next few years which concern mainly questions
linked to the plasticity of granular materials. Following the conclusion of the previous part, my
projects aim at moving from very small deformation and the study of the elastic limit to large
deformation with well-established shear-bands.

I present the different steps of that project in the following parts: first, I discuss the exper-
iment we have begun to develop in order to study the response of granular materials submitted
to small thermal cycles. Secondly, we will persue our work of characterization of the local rear-
rangements. Finally we have begun to work on sheared granular materials where shear bands are
well established and study the mechanical noise generated outside the shear band [Nichol et al.,
2010; Reddy et al., 2011].

2.3.1 Elastic limit, cycles and contact plasticity

The first part of my project is devoted to the study of the response of a granular sample sub-
mitted to thermal cycles in the small deformation limit. The goal is to combine the method of
compensation of volumic deformation by tuning of the wavelength to the spatial resolution which
can be acheived in backscattering. Our previous experiment of thermal expansion [Crassous et al.,
2009] was also limited by the small range of tunability of the laser. Indeed, lasers emitting in
the visible range are not widely tunable without mode hop contrary to infrared source. In col-
laboration with Julien Fade from the “Optics and Photonics” group at IPR, we have acquired
an infrared camera and built a bench for DWS using a widely tunable infrared laser. The first
measurements we have done confirm the feasibility of the method in the near infrared range to
obtain spatially-resolved maps of deformation. The goal is then to explore the limit of a large
number of thermal expansion cycles, using noise-reduction schemes to acheive measurements of
very small decorrelation [Skipetrov et al., 2010].

Granular materials display small rearrangements when submitted to small temperature vari-
ations [Divoux, 2010] and we await contact plasticity even for very small thermal cycles. A study
of the influence of cohesive forces will be done to understand if the limit of dry granular materials
has remarkable characteristics, especially concerning the residual plasticity observed during cyclic
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forcing of very small amplitude and the fragility of the pile. Our set-up should allow us to explore
experimentally the reversible non-isotropic part of the deformation. As discussed in the state
of the art, specific features of this response is awaited for disordered materials because of the
non-affine displacement and we intend to measure that part of the deformation in our system.

2.3.2 Coupling of local rearrangements and shear-band formation

The second part of the project will be dedicated to the pursuit of the characterization of local,
isolated plastic events depending on the preparation of the sample. In particular, the influence of
parameters as cohesion or volumic fraction will be analyzed as well as the conditions of apparition
of coherent structures. This part of the project will be done in close collaboration with Sean
McNamara from the “Discrete Media Group”. The parallel study of DEM simulation and of
experiments in similar systems has indeed proven to be very inspiring for the understanding of
our observations in recent works [Le Bouil et al., 2014a].

We also continue our collaboration with Eric Clément from PMMH and the study of local
rearrangements in sheared granular materials. Our main interests are for the spatio-temporal
dynamics of the appearance of the spots and the influence of noise on the fluidity [Espíndola
et al., 2012]. A post-doctoral fellow, Adeline Pons (PMMH, ESPCI, Paris), is presently working
on this project.

Those works linked to the triggering and coupling of local rearrangements from an experimental
and numerical point of view should lead to a better understanding of the process of the building-up
of the plastic flow during the deformation of a granular pile and of the final shear-bands formation.
The analysis of the hierarchical structure we observed at the transition between the structuration
of the plastic flow and the rupture, as has been shown in Figure 2.22 is a work-in-progress.
Notably, this work has led us to work on methods of characterization of the spatial structuration,
such as multiscale analysis [Gimbert et al., 2013]. In this context, we have contributed to a study
concerning image analysis tools for the characterization of textures in images [Lehoucq et al.] and
we are collaborating with Jérôme Weiss (LGGE UMR 5183, UJF, Grenoble) and David Amitrano
(ISTerre UMR 5275, UJF, Grenoble) on this side of the project, and more generally on the problem
of rupture [Gimbert et al., 2013].

2.3.3 “Mechanical noise” and fluidity

The last part of the project is dedicated to the understanding of the behavior of the system
when it is flowing. When a granular system is submitted to a large enough shear rate, the
flow localized in a shear band while the rest of the system displays much smaller, creep-type,
displacements [Komatsu et al., 2001; Chambon et al., 2003]. Because of the shear band, the rest
of the system is fluidized by a “mechanical noise” [Nichol et al., 2010; Reddy et al., 2011], and
nonlocal fluidity models integrating this noise have been proposed [Kamrin and Koval, 2012].

We have done experiments with Olivier Pouliquen and Yoël Forterre from IUSTI in Marseille
who have built a Couette cell for a granular material [Reddy et al., 2011]. In such a rheometer, at
constant shear rate, a shear band with a spatial extension of tens of grain diameters forms near
the rotor. It leads to a spatial separation of a granular flow and a granular creeping solid in the
same rheometer. We have begun to study the part of the system outside the shear band with our
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measurement method. Our first observations are very promising.

To conclude this part, I have presented here what I considered as the most important part of my
work of the past few years. I think those experimental studies have allowed a great improvement
in the understanding of the plasticity of granular materials. I have replaced those findings in the
present context of research in the field of soft glassy materials to underline the generality of those
results.

To summerize those works, we have shown experimentally that plasticity in sheared granular
materials occur in the form of local plastic events which coupled through elasticity. This coupling
lead to the structuration of the plastic flow with the formation of transient micro-bands of growing
size during the loading. This coupling is also connected to the occurence of micro-ruptures in
the material, the condition of formation of which are still unclear. The transient structuration
of the flow progressively couple to a larger-scale mechanism which lead to the formation of the
final shear-band in a process still not understood. Finally, our works have risen several new and
exciting issues while answering to old questions.



Chapter 3

Nonlinear dynamics

In this chapter, I will briefly described my other research interests, all connected to nonlinear
dynamics. Indeed, from the beginning of my PhD thesis in 2000 until 2007, my research activities
were dedicated to nonlinear optics. I studied the temporal dynamics of several nonlinear optical
systems, mainly optical parametric oscillators. Those works were experimental, numerical and
theoretical. I am still having a research activity connected to nonlinear dynamics through collabo-
rations with experimentalists from several fields. My work in this domain is now solely theoretical
and numerical and concern the modeling of two very different systems. The first collaboration is
internal to the Soft Matter Group. It is a project initiated by Pascal Panizza in collaboration with
Laurent Courbin, for the study of traffic of droplets in microfluidics networks. The second collab-
oration is with Denis Michel from the Biology Departement of Université Rennes 1 (“Interactions
Cellulaires et Moléculaires”, UMR 6026) and is connected to genetic regulation.

In the following I will not present my works concerning nonlinear optics1, because most of
those studies are directly linked to my PhD thesis. I will rather expose my recent collaborations.
Nevertheless, I would like to underline here the continuity in this branch of my researchs. As an
example, I will mention my collaboration with Thomas Erneux (“Optique Nonlinéaire Théorique”
group, ULB, Bruxelles), in the group of whom I spent a month the first year of my PhD and
who I invited in Rennes few years ago to give lectures about delay equations and discuss of such
delay models for microfluidic networks. The universality of the mathematical tools explain the
possibility to have a theoretical contribution in widely different fields.

The outline of the chapter is the following: the first section concerns traffic in microfluidics
devices and the second section genetics.

1Publications concerned: [Amon et al., 2003; Amon and Lefranc, 2004; Brunel et al., 2005; Amon and Lefranc,
2007; Amon et al., 2009].
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3.1 Traffic and microfluidics

Main associated publications:

• D. A. Sessoms, A. Amon, L. Courbin, and P. Panizza, “Complex dynamics of droplet traffic in a
bifurcating microfluidic network: Periodicity, multistability, and selection rules”, Phys. Rev. Lett.

105, 154501 (2010).

• A. Amon, A. Schmit, L. Salkin, L. Courbin, and P. Panizza, “Path selection rules for droplet trains in
single-lane microfluidic networks”, Phys. Rev. E 88, 013012 (2013).

Understanding the flow of discrete elements through networks is of importance for numerous
phenomena, as for example diphasic flows in porous media, cells in blood flows [Carr and Lacoin,
2000], microfluidic devices [Stone et al., 2004; Joanicot and Ajdari, 2005] or even car traffic.
Addressing this issue requires a description of the mechanisms that govern flow partitioning at a
node. In the case of diluted flows of droplets in microfluidic networks, a droplet reaching a node
will flow in the arm having the smaller hydrodynamic resistance [Engl et al., 2005]. Despite this
robust and simple rule, a system as simple as a regular train of droplets reaching an asymmetric
loop exhibits complex dynamics [Jousse et al., 2006; Fuerstman et al., 2007; Schindler and Ajdari,
2008; Sessoms et al., 2009; Cybulski and Garstecki, 2010]. Periodic and aperiodic behaviors have
been observed with complex patterns of the repartition of the droplets (see Figure 3.1).

Figure 3.1: Examples of repartition of droplet trains in asymmetric loops. (a) Filter regime: all the droplets flow through
the shortest arm. (b) Repartition regime: the droplets are choosing one or the other arm depending on the number of
droplets already present in each arms of the loop. Complex patterns of repartition are then observed.

Such complexity emerges from time-delayed feedback: the presence of droplets in a channel in-
creases its hydrodynamic resistance, so that the path selection of successive droplets at the node
is affected by the trajectories of the previous droplets currently in the loop [Engl et al., 2005;
Jousse et al., 2006]. We can then understand the behavior observed in Figure 3.1. When the
train of droplets is very diluted, the hydrodynamic resistance of the shorter arm, even containing
droplets, stays smaller than the hydrodynamic resistance of the long arm and the droplets suc-

http://prl.aps.org/abstract/PRL/v105/i15/e154501
http://prl.aps.org/abstract/PRL/v105/i15/e154501
http://pre.aps.org/abstract/PRE/v88/i1/e013012
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cessively choose the short arm when reaching the node (filter regime, case of Fig.3.1(a)). When
the distance between the droplets decreases, the hydrodynamic resistance of the short arm full of
droplets will exceed the hydrodynamic resistance of the empty long arm and then each incoming
droplet will choose one or the other arm depending on the paths followed by all the droplets still
present in the system. The resulting pattern of repartition is complex (repartition regime, case of
Fig.3.1(b)) [Engl, 2006].

From the point of view of nonlinear dynamics, this system is governed by delay equations,
typical of systems with feedback loops. When nonlinear interactions are at play together with
delays, complex dynamics can be observed [Erneux, 2009].

I have worked on the numerical and theoretical part of this project. We were able to propose
for the first time a complete description of the response of this system allowing a full understanding
of its dynamics [Sessoms et al., 2010a]. This description is based on a model leading to a discrete
dynamics of a binary variable, and thus belongs to the class of cellular automata. We have shown
that the dynamics is periodic and that it can be characterized by two quantities invariant for
a set of parameters. We have predicted theoretically the bifurcations between different regimes
and account for the values of the invariants in function of the relevant physical parameters of the
system. The comparison between the theoretical predictions and numerical simulations are shown
in Figure 3.2(a) and (b). The figures give this period Tcyc in function of the inter-droplets distance
λ in fine line. Numerical simulations taking into account the fluctuations of the velocity in the
system at each coming in and out of droplets also lead to periodic regims. The periods observed
numerically are the black dots in Figure 3.2(a) and (b). The analytical model accurately accounts
for the main trend of the behavior. The very long periods observed numerically correspond to set
of parameters near the bifurcations between two well-defined plateau.

Figure 3.2: (a) Period of the pattern of repartition observed as a function of the distance λ between the droplets. The
time is in unit of the inverse droplet rate at the node, the lengths have arbitrary units. The solid line is calculated using
the discrete theoretical model. Filled circles stand for numerical results. (b) Enlargissement of the bifurcation diagram
in rescaled unity: λf characterizes the transition between the filter regime and the repartition regime, T1 is the time
needed for a droplet to go through the short arm, Λ2 is the ratio of the lengths of the two arms.

The experimental observations are well described by our predictions [Sessoms et al., 2010a]. In
particular, we have observed experimentally a phenomenon called multistability between different
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periodic regimes that we were able to reproduce numerically by taking into account noise in
numerical simulation. We have also studied more complex networks [Amon et al., 2013], showing
that the analytical results obtained for the asymetric loop can be generalized to more complex
geometries. For particular classes of network topology, we have rationalized the existence of
partial filter regimes for which only some branches of the network are explored while other paths
are never taken. In contrary to the “simple” asymetric loop for which we were able to extract
invariant quantitites characterizing the period and the spatial pattern of the regime, the dynamics
of higher level networks is dependent of the initial conditions because of extra degrees of freedom,
limiting the possibility of extension of the discrete model, while a continuous approach leads to
the prediction of the fraction of droplets taking the different paths.

3.2 Gene regulation

Main associated publications:

• F. Nicol-Benoit, A. Amon, C. Vaillant, P. le Goff, Y. le Dréan, F. Pakdel, G. Flouriot, Y. Valotaire,
and D. Michel, “A Dynamic Model of Transcriptional Imprinting Derived from Vitellogenesis Memory
Effect”, Biophys. J. 101, 1557 (2011).

• S. Lecomte, L. Reverdy, C. Le Quement, F. Le Masson, A. Amon, P. Le Goff, D. Michel, E. Chris-
tians and Y. Le Dréan, “Unravelling Complex Interplay Between Heat Shock Factor 1 And 2 Splicing
Isoforms”, PLoS One 8, (2) e56085 (2013).

Collaborations between physicists, in particular of the same field, is rather easy in the sense
that we have the same language and we share common appraches facing a phenomenon to study
and interpret it. Collaborations between scientists from very different fields is much more difficult.
I have worked with Denis Michel, Professor in the Biology Departement of the University, and he
has needed a lot of patience and perseverance to explain to me the basics of modeling in biology.
My work on those projects was purely on the mathematical part and I will give here only the
general framework of the problematic, which is link to epigenetic memory.

Information transmission in living systems does not rely only on the sole genetic material
but also on epigenetic mechanisms governing the gene expression. The present understanding
of those mechanisms of regulation relies on the existence of static markers specifying if the gene
must be expressed or repressed. The possibility of dynamical mechanisms underlying this ex-
pression instead of static markers is rarely considered in experimental studies even though such
interpretations are rather common in theoretical biology. In those models the current expression
is understood as an equilibrium state of a complex dynamical system, i.e. an attractor for the
gene expression in the complex networks of interaction of the machinery of gene regulation.

In this context, we have proposed a dynamical mechanism explaining a memory effect observed
in vitellogenesis, in which the expression of a gene is modified by a past exposition to hormons.
This model has been confronted to experimental measurements quantifying the variables of the
considered dynamical system.

http://www.sciencedirect.com/science/article/pii/S0006349511008319
http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0056085
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In this chapter, I have summarized some of my recent works connected to nonlinear dynam-
ics. This field of research used to be my main specialty, hence my participation to the organizing
committee of the summer school “Nonlinear Dynamics in Peyresq” and my M2 lectures “Nonlinear
dynamics and chaos”. My past works in this field has given me a good knowledge of the mathe-
matical tools that have been developped in this research field and which are not so widespread. I
have still many interests in this field, which allow enriching transversal collaborations as the ones
described in this chapter.
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General conclusion

In this dissertation, I gave a general overview of my scientific career and I presented the main
research works I have undertaken since my nomination as an Assistant Professor at the Université
de Rennes 1 in 2004.

I gave a synthetic description of the results and highlights of my research activities in the
respective fields of light scattering, granular materials and nonlinear dynamics. I replaced all
those works in the context of the research advances in each of those fields and I gave the main
progresses that our studies have allowed. I more particularly detailed my works linked to the
plasticity of granular materials. This field has became by now my principal subject of research
and I gave a description of my projects for the next few years in this domain. Those projects still
concern the plasticity of granular media and the localization of the deformation in heterogeneous
materials as those issues are still challenges for the understanding of the unjamming transition
and the failure process in granular materials.
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