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The long term project :  

Understanding the behaviour of powders 
under low stress conditions: 

Rheology, aeration, compaction, flows,…


The strategy : 

1) to develop and characterize model 

granular materials with controlled 
cohesion 


2) to develop new tools to measure 
the rheology 


3) to study flow in simple configurations


4) to study the coupling with air 




model cohesive materials
the most studied system: capillary bridges.. 

=> migration of liquid, complex dynamics…

Scheel et al Nature material 2008, Badetti et al EPJE 2018….
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Fig. 2. (a-c) Optical microscopy images of alkyne-functionalized µPs MP1. (d) LD size distribution of µPs MP1 

(solid line) as well as µPs MP1 replica (dotted line) and poly(ethylene glycol)-grafted µPs MP3 (dashed line). 

 

 

Fig. 3. (a-c) SEM images of alkyne-functionalized µPs MP1 at different magnifications. 
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Fig. III .10. Images de µPs (a) PIBAI et (b) PEHAI fonctionnalisées alcyne (~0,5 g de particules). 

Fig. III .10. Images de µPs (a) PIBAI et (b) PEHAI fonctionnalisées alcyne (~0,5 g de particules). 

Polymer Coated particles

Silica Microbeads  


+PDMS-OH,


+Boric Acid (H3BO3)

under 


deve
lo

pm
ent

E. Drockenmuller, N. Sintes, K. Haumeer IPM Lyon 



Tailored polymer particles 
Eric Drockenmuller, Nathalie Sintes, Kkishen Haumeer IMP, lyon 

The Click 
Chemistry 
approach

3(7)THE NOBEL PRIZE IN CHEMISTRY 2022  THE ROYAL SWEDISH ACADEMY OF SCIENCES  WWW.KVA.SE

the presence of oxygen and in water, which is a 
cheap and environmentally friendly solvent. 

He also provided examples of several exist-
ing reactions that he believed ful#lled the new 
ideals he had laid out. However, no one yet knew 
of the brilliant reaction that has now become 
almost synonymous with click chemistry – the 
copper catalysed azide-alkyne cycloaddition. This 
was about to be discovered in a laboratory in 
Denmark. 

An unexpected substance in Meldal’s 
reaction vessel
A great deal of decisive scienti#c progress occurs 
when researchers least expect it, and this was 
the case for Morten Meldal. In the early years 
of this century, he was developing methods for 
#nding potential pharmaceutical substances. 
He constructed enormous molecular libraries, 
which could include hundreds of thousands of 
di$erent substances, and then screened them all 
to see whether any of them could block patho-
genic processes.

While doing this, one day he and his colleagues conducted a purely routine reaction. You don’t need 
to remember this bit, but their aim was to react an alkyne with an acyl halide. The reaction usually 
goes smoothly, as long as chemists add some copper ions and perhaps a pinch of palladium as cata-
lysts. But when Meldal analysed what happened in the reaction vessel he found something unex-
pected. It turned out that the alkyne had reacted with the wrong end of the acyl halide molecule. At 
the opposite end was a chemical group called an azide (illustrated above). Together with the alkyne, 
the azide created a ring-shaped structure, a triazole.

This reaction was something special
People who understand some chemistry may know that triazoles are useful chemical structures; they 
are stable and are found in some pharmaceuticals, dyes and agricultural chemicals, among other 
things. Because triazoles are desirable chemical building blocks, researchers had previously tried to 
create them from alkynes and azides, but this led to unwanted by-products. Morten Meldal realised 
that the copper ions had controlled the reaction so that, in principle, only one substance formed. 
Even the acyl halide – which really should have bonded to the alkyne – remained more or less 
untouched in the vessel. It was therefore obvious to Meldal that the reaction between the azide and 
alkyne was something exceptional.

He #rst presented his discovery at a symposium in San Diego, in June 2001. The following year, 
2002, he published an article in a scienti#c journal, showing that the reaction can be used to bond 
together numerous di$erent molecules. 

Azide

Molecule Molecule

Alkyne

Azide Alkyne

Triazole

Click

1

2

3

Molecule Molecule

MoleculeMolecule

The click reaction that 
changed chemistry
Azides and alkynes react very efficiently when copper ions 
are added. This reaction is now used globally to link 
molecules together in a simple manner.



3. Results and discussion

3.1. Synthesis of alkyne-functionalized cross-linked polymer mPs

Alkyne-functionalized mPs MP1 (Scheme 1) were obtained by
suspension free radical copolymerization of styrene (85 mol%),
PMA (10 mol%) and HDDMA cross-linker (5 mol%) using PVA as
stabilizer (0.5 wt% with respect to the water continuous phase)
and LPO as initiator (1 mol% with respect to comonomers). The
monomers/H2O volume ratio was fixed at 1:4 and the polymeriza-
tion was carried out at 80 !C for 3 h. Gravimetric monitoring as a
function of polymerization time has shown that after a ca. 5 min
inhibition period an almost complete conversion of the monomers
was reached after 3 h of reaction at 80 !C (Fig. 1). After elimination
of the surfactant and monomer residuals by centrifugation/disper-
sion cycles using EtOH and deionized water followed by freeze-
drying, alkyne-functionalized mPs MP1 were obtained in 68% yield
as a white powder that could be readily redispersed in water, EtOH,
and CH3CN. DSC analysis of mPs MP1 (Fig. S2 in the Supporting
Information) did not exhibit any polymerization exotherm indicat-
ing the absence of residual comonomers. Besides, a Tg value of
94 !C was measured thus confirming the glassy state of mPs MP1
at r.t.. It is worth mentioning that the obtained Tg value is in good
agreement with the value calculated from the Fox’s law (calculated
Tg = 92 !C) using the molar ratios of each comonomer in the feed
and the Tg values previously reported for the corresponding
homopolymers (Tg = 100, 55 and 28 !C for homopolymers of styr-
ene, PMA and HDDMA, respectively) [53–55].

Optical microscopy confirmed the spherical shape of alkyne-
functionalized mPs MP1 with diameters ranging from ca. 20 to
160 mm (Fig. 2a-c). This was corroborated by LD measurements
(Fig. 2d) as mPs MP1 exhibit a d50 value of 80 mm with a span of
0.74. Replicas of the synthesis of mPs MP1 showed almost identical
size and size distribution (Fig. 2d), attesting for the robust and
highly reproducible mP formation process. The spherical shape
and moderate surface roughness of mPs MP1 was first demon-
strated by SEM (Fig. 3a-b). However, at higher magnification a
low amount of adhered nanoparticles (nPs) with ca. 20–200 nm
diameter could be observed at the surface of the mPs (Fig. 3c). These
nPs, also coined as ‘‘emulsion particles”, result from the decompo-
sition of the initiator and the polymerization of the comonomers
dissolved in the aqueous continuous phase [56]. The formation of
these emulsion particles is heavily dependent on the water solubil-
ity of comonomers and initiator, as well as the concentration of
surfactant [57,58]. Here, using styrene and methacrylate mono-
mers as well as an initiator with very low solubility in water limits
the amount of these ‘‘emulsion particles” (Table S1). DLS of the

water phase remaining after centrifugation of the mPs showed
nPs with dDLS = 175 nm and PDI = 0.115 (Fig. S3). Most of these
‘‘emulsion particles” were discarded by repeated centrifugation/
dispersion cycles in EtOH and water. However, a small number of
them remained permanently tethered to the surface of mPs most
likely due to the difunctional nature of the HDDMA cross-linker
(Fig. 3c). Also, PVA has already been identified as a cause of inter-
particle bridging through physical adsorption between the
hydrophobic acetate blocks and the surface of hydrophobic poly-
mer particles [59,60] or through covalent bonds, in the presence
of free radicals, reactive sites may form on PVA leading to subse-
quent grafting to the particles [61].

Although readily redispersible, mPs MP1 remain insoluble in
water, EtOH, CH3CN and DCM at r.t., attesting for the efficient
cross-linking of the polymer chains. The cross-linking degree of
the mPs, and so their swelling in different solvents, is critical as it
dictates the accessibility of core and surface alkyne groups during
subsequent chemical modifications. The swelling of mPs MP1
(S = VS/VW) was thus calculated by comparing the volume of the
mPs measured by LD after 72 h of soaking in water (VW) and in dif-
ferent solvents (VS). For EtOH and CH3CN the swelling is rather
moderate (S = 112 and 116%, respectively) while for DCM, a good
solvent of PS, the swelling is significantly higher (S = 239%) but typ-
ical of highly cross-linked mPs (Fig. S4). This was corroborated by

Scheme 1. Synthesis of alkyne-functionalized mPs MP1 by suspension free radical copolymerization.

Fig. 1. Monomers conversion as a function of polymerization time at 80 !C during
the synthesis of alkyne-functionalized mPs MP1 by suspension copolymerization
(The solid line is intended only as a guide to the eye).
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d50 values obtained by LD of 80, 83, 84 and 107 mm for swelling
experiments performed in H2O, EtOH, CH3CN and DCM,
respectively.

3.2. Surface modification of alkyne-functionalized cross-linked
polymer mPs

Alkyne-functionalized mPs MP1 were used as clickable scaffolds
for their surface chemical modification by CuAAC using rhodamine
B azide 2 or a-methoxy-x-azidoethoxy-poly(ethylene glycol) 3
(Scheme 2). Since i) alkyne groups are located both in the core
and at the surface of the mPs, ii) azides 2 and 3 are water-soluble,

and iii) mPs MP1 do not swell in water and in EtOH, the CuAAC sur-
face modifications were carried out under hydroalcoholic condi-
tions using CuSO4/AscNa as the catalytic system and a 1:1 (vol/
vol) H2O/EtOH as the continuous phase. These conditions ensured
that the chemical modification almost exclusively occurred at the
mPs surface [62]. In order to maximize the occurrence of the CuAAC
grafting reaction, azides 2 and 3 were introduced in large excess
(i.e. above 100 equiv.) with respect to the amount of alkyne groups
located at the surface of mPs MP1 calculated using Eq. S3 and S5.

A first proof of the CuAAC chemical modification of the surface
of mPs MP1 was provided by confocal fluorescence microscopy of
mPs MP2 after tethering fluorescent azide-functionalized rho-
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Fig. 2. (a-c) Optical microscopy images of alkyne-functionalized mPsMP1. (d) LD size distribution of mPsMP1 (black solid line), a replica of mPsMP1 (red dashed line) and poly
(ethylene glycol)-grafted mPs MP3 (blue dashed line).
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Fig. 3. (a-c) SEM images of alkyne-functionalized mPs MP1 at different magnifications.
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damine B 2. Azide-functionalized fluorescent dye 2 was synthe-
sized through DCC-mediated esterification of rhodamine B and 2-
[2-(2-azidoethoxy)ethoxy]ethanol 1 (Scheme S1). The structure
and purity of 2 were assessed by NMR spectroscopy (Fig. S5 and
Fig. S6) and by electrospray ionization high-resolution mass spec-
trometry. Azide-functionalized fluorescent dye 2 was tethered at
the surface of mPs MP1 by CuAAC to afford mPs MP2 (Scheme 2).
After thorough removal of non-reacted azide 2, analysis of the
equatorial cross-section of mPs MP2 by confocal fluorescence
microscopy showed the presence of a yellow fluorescent ring,
demonstrating an effective surface anchoring of azide 2 (Fig. 4a).
Due to the low swelling of the mPs in the EtOH and water
(Fig. S4), the width of the fluorescent ring (ca. 3 mm) is most prob-
ably due to a ‘‘fluorescence glare” stemming from the curvature of
the 5 mm thick focal plane layer rather than to the actual depth of
the grafting reaction. The Z-stacks obtained by confocal fluores-
cence microscopy were used for the reconstruction and segmenta-
tion of mPs MP2 (Video S1). Finally, the absorption and emission
spectra of 2 (kabs = 560 nm, kem = 586 nm in water) and MP2
(kabs = 564 nm, kem = 586 nm in water) confirmed the occurrence
of the CuAAC reaction but did not show any significant change
after grafting of the fluorescent dye (Fig. S7a).

Poly(ethylene glycol)-grafted mPs MP3 were then obtained by
the CuAAC tethering of a-methoxy-x-azidoethoxy-poly(ethylene
glycol) 3 (Mn = 37 kg mol!1) at the surface of mPs MP1 (Scheme 2).
Both LD (Fig. 2d) and SEM (Fig. S8a-b) analyses of mPs MP3 con-
firmed that size, size distribution and surface morphology were
comparable to those of alkyne-functionalized mPsMP1. The surface
morphology of mPs MP1 and MP3 was investigated in more details
by AFM (Fig. 5). Besides the presence of previously mentioned
‘‘emulsion particles” of ca. 30 nm in diameter, mPs MP1 presented
low surface roughness with a root mean square (RMS) roughness of
2.2 nm (Fig. 5c), consistent with previous SEM observations
(Fig. 3c). However, phase images of MP1 showed a surface with
distinct domains, suggesting areas with different concentrations
of PS, PPMA and PHDDMA (Fig. 5e). Conversely, the surface of
mPs MP3 showed an increased RMS roughness of 3.6 nm and the
apparition of small, globular domains of ca. 20–150 nm in diameter
(Fig. 5d). The low phase contrast between the globular-like mor-
phologies and the background suggests that the entire surface is
homogeneously covered by PEG brushes (Fig. 5f). These features
have been frequently observed in the literature concerning PEG
brushes ‘‘grafted-to” planar silicon substrates [63] attesting to
the successful modification of MP1 by CuAAC Click chemistry.

The scope of this general surface modification process can be
further extended by converting 1,2,3-triazole groups into 1,2,3-

triazolium ones by N-alkylation reaction with the aim of 1) manip-
ulating mPs interactions using surface charges to promote interpar-
ticle electrostatic repulsion and 2) readily introducing functional
groups as counter-anions through anion exchange reaction. There-
fore, a last sequence of surface chemical modifications was applied
to alkyne-functionalized mPs MP1 in order to afford cross-linked
polymer mPs having surface tethered 1,2,3-triazolium-based ionic
liquids (Scheme 3). Initially, CuAAC reaction between 2-[2-(2-azi
doethoxy)ethoxy]ethanol 1 and alkyne functionalities from the

Scheme 2. Synthesis of rhodamine-functionalized mPs MP2 and poly(ethylene glycol)-grafted mPs MP3 by Click modification of alkyne-functionalized mPs MP1.
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Fig. 4. Confocal fluorescence microscopy of equatorial cross-sections (5 mm thick
layer) of (a) rhodamine-functionalized mPs MP2 and (b) (1,2,3-triazolium cresol
red)-functionalized mPs MP6.
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damine B 2. Azide-functionalized fluorescent dye 2 was synthe-
sized through DCC-mediated esterification of rhodamine B and 2-
[2-(2-azidoethoxy)ethoxy]ethanol 1 (Scheme S1). The structure
and purity of 2 were assessed by NMR spectroscopy (Fig. S5 and
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trometry. Azide-functionalized fluorescent dye 2 was tethered at
the surface of mPs MP1 by CuAAC to afford mPs MP2 (Scheme 2).
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low surface roughness with a root mean square (RMS) roughness of
2.2 nm (Fig. 5c), consistent with previous SEM observations
(Fig. 3c). However, phase images of MP1 showed a surface with
distinct domains, suggesting areas with different concentrations
of PS, PPMA and PHDDMA (Fig. 5e). Conversely, the surface of
mPs MP3 showed an increased RMS roughness of 3.6 nm and the
apparition of small, globular domains of ca. 20–150 nm in diameter
(Fig. 5d). The low phase contrast between the globular-like mor-
phologies and the background suggests that the entire surface is
homogeneously covered by PEG brushes (Fig. 5f). These features
have been frequently observed in the literature concerning PEG
brushes ‘‘grafted-to” planar silicon substrates [63] attesting to
the successful modification of MP1 by CuAAC Click chemistry.

The scope of this general surface modification process can be
further extended by converting 1,2,3-triazole groups into 1,2,3-

triazolium ones by N-alkylation reaction with the aim of 1) manip-
ulating mPs interactions using surface charges to promote interpar-
ticle electrostatic repulsion and 2) readily introducing functional
groups as counter-anions through anion exchange reaction. There-
fore, a last sequence of surface chemical modifications was applied
to alkyne-functionalized mPs MP1 in order to afford cross-linked
polymer mPs having surface tethered 1,2,3-triazolium-based ionic
liquids (Scheme 3). Initially, CuAAC reaction between 2-[2-(2-azi
doethoxy)ethoxy]ethanol 1 and alkyne functionalities from the
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red)-functionalized mPs MP6.
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different classes of polymers (e.g. low and high Tg polyacrylates), different cross-link densities, different 
surface functionalities (charged, pegylated or fluorinated surfaces) and surface roughness. Finally, while this 
ending ANR project was mainly devoted to the simulation of NBS, the RHEOCOM project will be extended to 
the rheology of both NBS and solvent-less granular media. The ambitious objectives of this project and the 
involved methodology are developed in the following sections. 

c. Research program, Methodology, and risk management 
 

The main objectives of this ambitious and multidisciplinary research proposal are described in 4 work-
packages (WP), with a strong involvement of all partners in each one of them. The objectives and the 
deliverables along with the risk management for each WP are detailed afterwards. A global view of the timing 
of the project is given as a Gantt chart at the end of this section. 
 

Work Package 1: Elaboration and structural/chemical characterization of 
tailored µPs 

Duration: M1-M36 

Leader: N. Sintes, IMP 

Team: E. Drockenmuller, O. Gain, P. Alcouffe, PhD (IMP) | M. Nicolas (IUSTI) | E. Lemaire (InPhyNi) 

Task 1.1 Synthesis of well-defined µPs 
with tunable composition as well as bulk 
and surface properties. A central part of 
this project will rely on the synthesis of 
tailored functional µPs with precisely 
controlled diameter (in the 0.1-1 mm 
range), chemical nature as well as bulk 
(Tg, cross-link density and modulus at the 
rubbery plateau) and surface (i.e. friction 
and adhesion) properties. The PS-based 
platform previously developed by the 
IMP and InPhyni partners [Moratille 
2022]  will be further extended to reach 
µPs with a better control over the 
granulometry especially targeting µPs 
with significantly distinct diameters for suspensions and granular media studies (ca. 100 and 900 µm, 
respectively). To do so we will use a membrane emulsification setup prior to the free radical suspension 
copolymerization step (Fig.  5). Membrane emulsification consists in passing the organic phase through a 
ringed metallic membrane thus achieving an emulsion with well-defined droplet sizes. The diameter of the 
µPs can be tuned by the pore size, the monomer flow rate through the pores as well as the surface tension 
and interfacial properties of the membrane, the aqueous and the monomer phases.  

Preliminary experiments carried out by IMP (Fig.  6) have shown that clickable PS-based cross-linked µPS with 
diameter of ca. 100 µm and narrow size distribution (span = 0.4) could be obtained using the membrane 
emulsification process. Besides, [Alrohaiti 2016] have demonstrated the formation of uniform polymer beads 
with diameters up to 900 µm by membrane emulsification-assisted suspension polymerization using 
membranes with a high density of pores throughout the surface. Within the RHEOCOM project, the 
membrane emulsification-assisted suspension radical copolymerization process will be further applied to the 
synthesis of a broad variety of (clickable) cross-linked polymer µPs targeting for each variant diameters of 80 
and 900 µm to match the experimental constraints of rheological studies of NBS and granular media, 
respectively 

Fig.  5: membrane emulsification-assisted suspension copolymerization 
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Fig. 2. (a-c) Optical microscopy images of alkyne-functionalized µPs MP1. (d) LD size distribution of µPs MP1 

(solid line) as well as µPs MP1 replica (dotted line) and poly(ethylene glycol)-grafted µPs MP3 (dashed line). 

 

 

Fig. 3. (a-c) SEM images of alkyne-functionalized µPs MP1 at different magnifications. 
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Fig. III .10. Images de µPs (a) PIBAI et (b) PEHAI fonctionnalisées alcyne (~0,5 g de particules). 

Fig. III .10. Images de µPs (a) PIBAI et (b) PEHAI fonctionnalisées alcyne (~0,5 g de particules). 
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FIG. 7. The cohesion force Fc as a function of the particle
diameter d for short (10 s) (circles) and long (10min) (squares)
contact times. The dashed line is the linear expression (2).

polymer entanglement between PDMS polymers and we
did not investigate further the long time correlation be-
tween the cohesion force and the particle radius.

The influence of the coating PBS thickness b on Fc is
studied in Fig. 8 for di↵erent particle diameters d. The
cohesion force normalized by the expression (2) is plot-
ted as a function of b. We first observe that all the data
obtained for di↵erent particle diameters collapse on a sin-
gle curve. The normalized cohesion force starts from zero
when there is no coating, increases and reaches a plateau
equal to 1 when the averaged thickness of PBS is larger
than 1µm. An ad-hoc expression for the cohesion force
can be proposed:

Fc =
3

2
⇡�d

⇣
1� e�b/B

⌘
, (3)

where B ⇡ 230 nm is a characteristic thickness, which is a
few times the particle roughness value (75±25 nm). This
behavior is reminiscent of what is observed with liquid
capillary bridges. In this latter case the cohesion force
increases when increasing the amount of liquid, up to the
point where the liquid screens the surface roughness and
that a single bridge exists, giving rise to the saturated
force given by Eq. 2 [15].

From this expression, we can write the expression for a
Bond number, i.e. the ratio of the weight of the particle
over the cohesion force, a dimensionless number that will
be useful in the following :

Bo =
1

9

⇢Ggd
2

�
�
1� e�b/B

� . (4)

The threshold value Bo = 1 gives a critical particle size
for which the weight is balanced by the cohesion force. A
typical example of Bo ⇡ 1 is given by a coating thickness
b = 2 µm with particles d = 3 mm, as illustrated in
figure 1.

FIG. 8. Cohesion force normalized by 3
2⇡�d as a function of

the mean PBS layer b for short contact times and for di↵erent
particle sizes.

IV. BULK BEHAVIOR OF THE CCGM

The previous sections were dedicated to the measure
of the cohesion force between pairs of particles. In this
section we discuss the collective behavior of the coated
particles in several classical configurations used in the
literature for characterizing granular media. The goal is
to show that the ability to precisely control the cohesion
force between the grains open new perspectives to under-
stand the influence of the inter-particle force in the dy-
namics of cohesive granular media. This section presents
experimental results for the bulk density, for the angle of
repose of static piles, and for the onset of the flow of a
layer of CCGM resting on an inclined plane.

A. Packing fraction

In many industrial processes, the bulk density of a
granular assembly is a qualitative indicator of the cohe-
sive property of the medium [30, 31]. The Haussner ratio
(H = ⇢T /⇢B) or the Carr index (defined as 100(1�1/H))
are often used both implying the measurement of the bulk
density in two di↵erent compaction states: the aerated
density ⇢B (similar to the random loose packing state)
and the tapped density ⇢T / (similar to the random close
packing). In the following we investigated how the loose
packing fraction changes for CCGM batches when vary-
ing the PBS coating. The random loose packing fraction
�rlp was evaluated through mass and volume measure-
ments in a 250 cm3 graduated cylindrical test tube. The
results are presented in Fig. 9 for d = 680 mm parti-
cles and for a coating layer thickness varying from 72

3

assembly. In this section we present the results of di↵er-
ent experiments designed to measure the contact force
between two particles due to the PBS coating. As pre-
sented in the previous section, the control parameters
are: the size of the beads (diameter d), the PBS aver-
aged layer thickness b, and the duration of the contact.
We designed two methods to accurately measure the co-
hesion force. The first method uses the torque-meter
of a commercial rheometer (MCR501 Anton Paar). It
provides accurate measurements but performing a sta-
tistical analysis is tedious to. The second method is a
home-designed force measurement device allowing simul-
taneous measurements on 10 pairs of particles.

A. Role of the pre-compression load

The cohesion force between two CCGM particles has
been first measured using the rotating head of a Anton-
Parr MCR501 rheometer. A sketch of the experimental
set-up is given in Fig. 3a. A coated particle is attached
to a fixed rigid structure through a linear spring and a
similar coated particle from the same batch is glued at
the end of an arm attached to the rheometer head. The
two particles were put in contact and a pre-compression
torque Tpc corresponding to a pre-compression force Fpc

was applied before slowing reversing the applied torque
up to the point when the two particles suddenly detach.
The critical torque when detachment occurs provides the
measurement of the cohesion force Fc. (Fig. 3a).

We measured the cohesion force using d = 10 mm
particles and with a coating b = 5 µm, and the pre-
compression force Fpc was varied from 0.08 N to 2 N.
Fig. 4(a) shows that the cohesion force Fc does not de-
pend on the pre-compression force Fpc, and that the order
of magnitude of the cohesion force is Fc ⇡ 5 mN (dashed
line). This independence of the cohesion with the com-
pression force has been also observed in a di↵erent system
by Kobayashi et al. [28]. With this setup, we also stud-
ied if the cohesion force was a↵ected by the number of
successive contacts. One can wonder if the polymer layer
can be altered after the first sticking contact. Fig. 4(b)
shows for three di↵erent pre-compression forces that the
cohesion force is independent of the number of succes-
sive contacts. We therefore conclude that the PBS layer
is strongly attached to the glass bead surface and that
the stick-pull process occurring for a binary contact is re-
versible. A last important remark is that variation in the
mean cohesion force is observed in Fig. 4(b): the mean
cohesion is Fc = 4.3 mN for the triangle symbols and
Fc = 3.7 mN mean force for the star symbols. This is
an indication that the cohesion force may vary from one
pair of particle to another and that a statistical analysis
is necessary. This has motivated us to develop a second
experimental set-up to measure in parallel the cohesion
force for 10 pairs of particles.

loading

rigid
support

rheometer
axis

spring

unloading
0

0

torque

arm angle

loading
unloading

L

Tpc

cT

g

(a)

(b)
(1)

A B C

α>0

(2)

αc

(3)

αc

FIG. 3. (a) Sketch of the setup to measure the cohesion
force for di↵erent pre-compression force using the rheometer
torque-meter. The two particles are put in contact with a pre-
compression force Fpc = Tpc/L, where L = 3.5 cm is the arm
length and the cohesion force Fc = Tc/L is measured when
the two particles detaches. (b) Sketch of the pendulum ex-
perimental setup. Particle A is attached to a rigid structure,
particle B and C are attached to the two sides of a pendulum.
Fc is measured by inclining the setup. 10 pendulums were
mounted in parallel.

B. Role of the contact waiting time

The second home-made force measurement device is
sketched in Fig. 3b and consists in a set of 10 independent
parallel pendulums. Each pendulum had one particle (B)
attached at the bottom of the arm (Fig. 3b), which came
into contact with a fixed particle (A). A third particle
(C) was also glued on the other side of the pendulum
arm and played the role of a counter-weight. The setup
was mounted on a table that can be inclined. Starting
from a nearly horizontal position (step 1 in Fig. 3, the
table was slowly inclined with a rate 10�·min�1 (step 2)
until all the pairs of particles detached (step 3). The
whole measurement process was recorded with a camera,
and each time a pair of particles was detaching, the angle
↵c was recorded and the cohesion force Fc was computed
from the torque balance.
With this device, the influence of the contact waiting

time between two coated particles has been investigated
from 5 s to 2 hours. We also investigated a 24 hours
waiting time but the results were not significantly dif-
ferent from the 2 hours result. Fig. 5 shows that the
cohesion force varies with contact time tc for tc 6 600 s)
but eventually saturates for long contact times tc > 1000
s. This confirms the qualitative observations made when
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Collapse of a cohesive granular column 5

Figure 2: Three mode of collapse observed in both experiments and numerical
simulations (a) A stable column (0 =??, ✓2 =??)(b) Break-up of only the right corner

(0 =??, ✓2 =??) with a well defined slip plane. (c) Collapse of the column (0 =??, ✓2 =??),
where we observe a ’surfing wedge’ coming from the top right corner being advected

during the flow.

3. Column stability

We first report a simple analysis of the theoretical stability conditions of a cohesive granular
pile under gravity in the framework of the Mohr Coulomb model, which will be useful to
interpret the experimental and numerical observation.

3.1. Theoretical failure conditions

The failure of hills has been the subject of many studies in the soil mechanics litera-
ture(Fredlund & Krahn 1977; Chen et al. 2003; Duncan et al. 2014). Here, we restrict

Collapse of a cohesive granular column 9

Figure 4: Stability diagram in the plane (aspect ratio 0-cohesion level ✓2/�8) for a
cohesive granular column. The black curve is the limit of stability. Circles corresponds to

experiments, squares to simulation and blue (resp. red) symbols correspond to stable
(resp. unstable) columns.

3.2. Experimental and numerical observations

We first investigated experimentally the condition for a collapse of the pile after the opening
of the gate. Numerous experiments were done changing both the aspect ratio 0 and the
cohesive strength ✓2/�8 . The results are plotted in Fig. 4 as circles with the following color
code: red color indicates that a collapse occurs, blue color indicates that the column remains
stable. Experimentally, we were not able to investigate the high aspect ratio and large ✓2/�8

limit, as for the range of ✓2 accessible with our beads, it would correspond to very narrow
pile with only few particles in the width.

The numerical results are data taken from Abramian et al. (2020) and data from new
computations, and the results are plotted as square symbols, with the same color code
as before. Both experimental and numerical results show good agreement with the Mohr-
Coulomb stability criterion showing that the limit of stability of a cohesive granular pile is
well captured by a simple Mohr-Coulomb model.

4. Collapse angles

The above theoretical stability analysis predicts whether a column of aspect ratio 0 and
cohesion level ✓2/�8 between grains is stable or unstable and gives a range of potential
failure angles. However, it does not predict which angle is selected. To characterise how the
column breaks, we identify two di�erent angles in experiments and numerical simulations.
A first angle is the initial angle of failure U8 , which delimits the upper right corner collapsing
at the onset of the flow. Experimentally to determine U8 we compare a reference image of the
static column with the subsequent images at the onset of the flow using an image subtraction
process enhanced with a threshold filter. Numerically, we threshold the velocity field at the
initiation of the flow. A second angle is the final angle U 5 of the plane below which no grain
has moved during the whole flow. This angle is experimentally measured through an image

Failure criterion

cohesive granular collapse

(with A. Sauret, UCSB)

Gans et al, JFM 2023
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Figure 6. Friction and dilatancy laws. (a, c) µ∗(I ) and ν(I ) for η=0 (!), 10 ("), 30 (#),
50 (!), 70 ($); (b) µ∗

min(η) (!) and b(η) ("); (d) νmax(η) (!) and a(η) (").

Dilatancy law is the variations of the solid fraction ν as a function of I and η
(figure 6c). The first general observation is the strong expansion of the material owing
to cohesion. Da Cruz et al. (2005) showed that the solid fraction of cohesionless
granular materials decreases approximately linearly as a function of I , starting from
a maximum value νmax: ν(I ) " νmax − aI . We observe that this law may be extended
to cohesive grains:

ν(I, η) " νmax(η) − a(η)I. (5.3)

Figure 6(d) plots both functions νmax(η) and a(η) which have the same shape. They
strongly decrease for weak cohesion η " 2, then still decrease, but more slowly. On
the one hand, the decrease of νmax(η) means that cohesion tends to dilate the flows,
especially for low η. On the other hand, the decrease of a(η), down to zero for the
highest cohesion, means that the solid fraction no longer depends on the inertial
number I for strong cohesion.

Starting from both variations of solid fraction and apparent friction as functions
of I and η, we show (figure 7) the variation of the apparent friction as a function
of solid fraction instead of I and η. We observe an approximate collapse of the data
on a master curve made of complementary zones of high solid fraction (low η) and
smaller solid fraction (higher η). The apparent friction strongly decreases when the
solid fraction increases. This tendency of the data, which was previously observed for
cohesionless grains by Craig, Buckholz & Domoto (1986) and da Cruz et al. (2005),
appears as a robust feature which shows the importance of the solid fraction in
granular flows and may be of help in rheological models (see for example Josserand,
Lagree & Lhuillier 2004).

The constitutive law is usually written as the dependencies of the pressure and shear
stress on the shear rate and solid fraction. With cohesion, we should also include
the dependency on the cohesion intensity η. From the definition of I (4.1) and the
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Dilatancy law is the variations of the solid fraction ν as a function of I and η
(figure 6c). The first general observation is the strong expansion of the material owing
to cohesion. Da Cruz et al. (2005) showed that the solid fraction of cohesionless
granular materials decreases approximately linearly as a function of I , starting from
a maximum value νmax: ν(I ) " νmax − aI . We observe that this law may be extended
to cohesive grains:

ν(I, η) " νmax(η) − a(η)I. (5.3)

Figure 6(d) plots both functions νmax(η) and a(η) which have the same shape. They
strongly decrease for weak cohesion η " 2, then still decrease, but more slowly. On
the one hand, the decrease of νmax(η) means that cohesion tends to dilate the flows,
especially for low η. On the other hand, the decrease of a(η), down to zero for the
highest cohesion, means that the solid fraction no longer depends on the inertial
number I for strong cohesion.

Starting from both variations of solid fraction and apparent friction as functions
of I and η, we show (figure 7) the variation of the apparent friction as a function
of solid fraction instead of I and η. We observe an approximate collapse of the data
on a master curve made of complementary zones of high solid fraction (low η) and
smaller solid fraction (higher η). The apparent friction strongly decreases when the
solid fraction increases. This tendency of the data, which was previously observed for
cohesionless grains by Craig, Buckholz & Domoto (1986) and da Cruz et al. (2005),
appears as a robust feature which shows the importance of the solid fraction in
granular flows and may be of help in rheological models (see for example Josserand,
Lagree & Lhuillier 2004).

The constitutive law is usually written as the dependencies of the pressure and shear
stress on the shear rate and solid fraction. With cohesion, we should also include
the dependency on the cohesion intensity η. From the definition of I (4.1) and the
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different rates depending on the viscosity and cohesion index.
These differences are observed at both low values (quasi-static
flow) and high values (inertial flow) of I, and the variability of μ
and Φ with the variation of I is of the same order of magnitude as
with the variation of viscous and cohesive parameters.

The issue is whether all these different values of apparent
friction and packing fraction can be expressed as a collapsed
function of a single dimensionless number combining surface
tension, liquid viscosity, confining pressure and shear rate. In
other words, can I be replaced by a more general inertial number
Im that simultaneously accounts for the capillary, viscous and
inertial forces? This is indeed what we observe in Fig. 3,
displaying all the data points of Fig. 2 as a function of a modified
inertial number defined by

Im ¼ I
1þ β=St
1þ αξ

! "1=2

; ð1Þ

The values of μ and Φ are normalized by μc and Φc, respectively,
which design their quasi-static values (Im→ 0) and vary linearly
with ξ, as shown in the two insets to Fig. 3. The parameter values
α≃ 0.062 and β≃ 0.075 were determined from two series of
simulations but we see that they lead to data collapse for all other
simulations, including those of dry cohesionless flows. This
means that α and β depend only on the material parameters
(particle shape and size distribution, friction coefficient between
particles) and not on the cohesive and viscous interactions.

Visco-cohesive inertial number. The physical argument behind
the definition of Im is the following. There are four characteristic
stresses of different origins governing the flow: confining stress σp,
inertial stress σi, viscous stress σv, and capillary stress σc. The key

variable for inertial flows is the shear rate. We thus distinguish the
characteristic stresses that depend on the shear rate, i.e., σi and σv,
from those that are independent of the shear rate, i.e., σp and σc.
By virtue of stress additivity, the total shear-dependent stress is a
linear combination σi+ βσv of the former, and the total shear-
independent stress is a linear combination σp+ ασc of the latter.
Hence, the flow variables (apparent friction coefficient and
packing fraction) are expected to depend on the ratio (σi+ βσv) ∕
(σp+ ασc), which simply represents the relative magnitude of the
two groups of stresses. We define the generalized inertial number
Im as the square root of this ratio, leading to the expression (1) by
setting I ¼ ðσ i=σpÞ

1=2, ξ= σc ∕ σp and St= σi ∕ σv.
These primary dimensionless parameters can be evaluated from

the system control parameters. The order of magnitude of the
viscous stress σv is conveniently evaluated by replacing the average
relative velocity ϑ % _γhdi induced by shearing in Eq. (15) and
considering the dissipated power per unit volume fvδrupt ∕ 〈d〉3,
where δrupt is the debonding distance, yielding σv % η _γ.
The capillary stress is of the order of the capillary force at contact
(δ= 0) in Eq. (11) divided by the cross section 〈d〉2:
σc ~ γs ∕ d〉. Hence, the dimensionless parameters are given by
I ¼ _γhdiðρs=σpÞ

1=2, ξ= γs ∕ (σp〈d〉), and St=ρshdi
2 _γ=η. Note that

all other dimensionless variables can be expressed in terms of
these three independent parameters. For example, the capillary
number is given by Ca= σv ∕ σc = I2 ∕ (ξSt).

Fitting functions for apparent friction and packing fraction.
According to Eq. (1), Im→ 0 only if I→ 0. In this quasistatic
limit, the flow variables may still depend on ξ, which is the only
dimensionless variable in the absence of inertial and viscous
stresses. Accordingly, the rheology is expected to be described by
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Fig. 2 Simulation results for friction and packing fraction. Apparent
friction coefficient μ (a) and packing fraction Φ (b) as a function of the
inertial number I for different sets of system parameters. The data points
are average values over the steady state, and the error bars represent their
standard deviation in each simulation during steady-state flow. For each set
of simulations, the symbols and their colors correspond to the parameters
that are varied with their ranges, all other parameters being kept constant.
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Fig. 3 Rescaled simulation data. Normalized apparent friction coefficient
μ∕μc (a) and normalized packing fraction ϕ∕ϕc (b) as a function of the
generalized inertial number Im defined by Eq. (1) with α≃ 0.062 and β≃
0.075. The error bars represent the standard deviation of the data over the
steady-state flow. The symbols are the same as those in Fig. 2. The black-
solid lines are the analytical expressions of Eqs. (6) and (7). The insets
show the evolution of quasistatic values μc and Φc of the apparent friction
coefficient and packing fraction, respectively, with the cohesion index ξ, and
their linear fits (blue-solid lines).
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In this article, we examine the flow dynamics of cohesive grains
down a rough inclined plane using intensive discrete numerical
simulations to gain physical insights about the “flowability” of
powders. The chosen configuration has inhomogeneous stress
distributions and, hence, turns out to be very rich to explore
the rheology of cohesive granular materials. We perform a
detailed parametric study of the flow to reveal that the flow
is significantly affected by the stiffness and the inelasticity of
the grains, unlike in the case of cohesionless granular media.
We introduce the concept of a dynamic “effective” adhesive
force to take into account the effect of the material proper-
ties, along with the interparticle adhesion, which is shown to
control entirely the flow dynamics. We then define an “effec-
tive” cohesion number based on this force, which replaces the
cohesion number defined above to form a pair of constitu-
tive relations. The rheology is shown to be well described in
this framework.

Results

Simulation of the Flow of Cohesive Grains Down a Rough Inclined

Plane. We investigate the flow of frictional, inelastic, cohesive
grains down a rough inclined plane (Fig. 1A) using three-
dimensional (3D) discrete element method simulations; an in-
house code is used, which is validated by comparing the mean
velocity and volume fraction profiles of (cohesionless) monodis-
perse spheres with those in the study of ref. 17. The grains
are spherical and have an average size d , with a polydisper-
sity of 20% and an average mass m . The rough base (shown
in red in Fig. 1A) comprises a packed bed of the same grains
of height 1.8d . The simulation box has length Lx =20d , width
Ly =20d , and height Lz =40d . Periodic boundary conditions
are applied in the x and y directions. The flow initiates from
the collapse of a cubic array of grains under gravity g over the
base inclined at a high angle ✓=45� and is continued for a short

A B

C

Fig. 1. Simulation of flow of cohesive grains down a rough inclined plane.
(A) Snapshot of a simulation, showing the flow of particles (in brown) under
gravity g over a bumpy base (in red) inclined at an angle ✓. (B) Depiction of
the visco-elastic, frictional, and adhesive interactions between the particles
using a spring-dashpot model with a frictional slider and an interparticle
adhesion Nc. (C) The nonviscous normal contact forces normalized by the
interparticle adhesion as a function of the normalized overlap �/�eq: elastic
part Nel

ij
(green), adhesive part Nad

ij
(blue), and the sum of the two Ntot

ij
=

Nel

ij
+Nad

ij
(red). See the main text for �eq.

duration. The flow then attains a steady state after the inclina-
tion is lowered and maintained at ✓2 (20�, 34�) (the range of
angle for a steady flow depends on the interparticle adhesion).
The flow is controlled by changing the inclination ✓ and four
parameters describing the particle properties: the friction coef-
ficient µp (kept constant at µp =0.5 in this study), the stiffness
kn , the quality factor Q (a measure of dissipation in an inter-
particle collision), and the adhesion Nc . These parameters are
defined below.

The interparticle contact forces were computed by using the
Hookean spring-dashpot model with a frictional slider (Fig. 1B)
and a Johnson–Kendall–Roberts (JKR)-like (31), yet nonhys-
teretic, adhesive force model (24). The normal contact force
(Nij ) between particles i and j comprises three forces: 1) elas-
tic force Nel

ij =�kn�, where kn is the normal stiffness and � is
the normal overlap; 2) viscous force Nvis

ij =��nme↵ cn
ij, where

cn
ij is the normal relative velocity, me↵ =mimj/(mi +mj ) is the

effective mass, and �n is the normal damping coefficient; and 3)
adhesive force Nad

ij =
p
4knNc�, which is assumed to be propor-

tional to the area of contact; Nc , the minimum pull-off force,
is given by the minimum in the plot of the total nonviscous
normal force as a function of the normal overlap (red curve)
in Fig. 1C. Note that the adhesive interaction model is short-
range, meaning that the force vanishes when two grains are
not in contact, unlike in wet capillary bridges. The tangential
contact force (Tij ) comprises only the elastic force Tel

ij =�kts ,
where kt (kt =2/7kn in this study) is the tangential stiffness,
and s is the relative tangential overlap from the beginning of a
contact. It is set as Tij =µp(Nel

ij +Nvis
ij ), where µp is the inter-

particle friction coefficient, to account for the Coulomb yield
criterion. Finally, the total contact force acting on particle i by
particle j is Fij = Nij nij + Tij tij , where nij and tij are nor-
mal and tangential unit vectors, respectively. The details of the
calculation of viscoelastic forces can be found elsewhere (17).
For checking the generality of the results, we also have imple-
mented two other models. One comprises the Hertzian spring-
dashpot model and a Derjaguin–Muller–Toporov (DMT)-like
adhesive force model (32) (SI Appendix, section SI 1), where
the (nonhysteretic) adhesive force is assumed to be indepen-
dent of the area of contact and is constant. The other one
comprises the Hookean spring-dashpot model and a DMT-
like, yet hysteretic (SI Appendix, section SI 2), force model,
where the grains experience a constant attractive force only
during the detachment of a contact, quite similar to a capil-
lary bridge model, but without introducing a finite distance for
the detachment.

Using the Hookean-JKR (first) model, the dynamics of two
identical (me↵ =m/2) contacting particles in the absence of any
external forces is given by the following equation of a nonlinear
damped oscillator:

m

2
d
2�

dt2
=�kn��

m

2
�n

d�
dt

+
p
4Nckn�. [1]

In the static limit, the left-hand side and the second term on
the right-hand side in Eq. 1 are zero, and the balance between
the attractive adhesive force and the repulsive elastic force (Eq.
1) then yields an equilibrium overlap �eq =4Nc/kn . The qual-
ity factor of the oscillator is estimated after linearizing the
equation around �eq as Q =

p
kn/m/�n ; high Q indicates less

collisional dissipation. In the cohesionless case, Q is related to
the restitution coefficient e as Q =

p
(⇡2 +(ln e)2)/ (8(ln e)2)

(17).
All of the equations are made dimensionless by using d as the

length scale, (d/g)1/2 as the time scale, and mg as the force
scale, and the equations of motion are then solved for each par-
ticle by using these interparticle contact forces and gravity. All
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✓
Nc

knd

◆a 1
Qb

�
, [2]

where a and b are unknown constants. The idea behind this
scaling is to check if the influence of adhesion, stiffness, and dis-
sipation can be embedded in a single parameter N

e↵
c , acting as

an “effective” adhesive force in dynamic conditions. We do the
following to test the idea. We systematically carry out simula-
tions by varying Nc , kn , and Q (at a fixed inclination ✓=29�)
and then extract the free-surface velocity v

s and the thickness of
the plug hc from the steady velocity profile in each case. We then
plot v s and hc separately for all of the simulations as a function
of N e↵

c computed from Eq. 2 and look for the best collapse of
the data in each case by trying out different combinations of a
and b. For each chosen combination of a and b, the two master
curves (v s(N e↵

c ) and hc(N
e↵
c )) resulting from the data collapses

are fitted by power laws (only the data corresponding to veloc-
ity profiles with a plug flow are considered), and the quality of
the collapses is determined by the determination coefficients R2

vs

and R
2
hc of the fits. The final values of the constants a =1/2 and

b=1/4 are chosen such that they lead to the highest R2
vs +R

2
hc

(SI Appendix, Fig. S3). Finally, two well-defined master curves,
v
s(N e↵

c ) and hc(N
e↵
c ), emerge (Fig. 3), which implies that the

flow is indeed controlled by an “effective” adhesive force, which
comprises three independent parameters: interparticle adhesion,
stiffness, and dissipation. We have checked that two different sets

A

B

Fig. 3. The flow is controlled by the dynamic “effective” adhesive force.
Variation of the free surface velocity (vs/(gd)1/2) (A) and the thickness of
the plug (hc/d) (B) with the dynamic “effective” adhesive force N

eff

c
at ✓=

29� for different Nc (different symbols; see Fig. 2 for the key), different kn

(different colors), and different Q (different symbol pattern). The dashed
line indicates the transition from a plug-less to a plug-full velocity profile.

of parameters, corresponding to the same value of N e↵
c , not only

give the same free-surface velocity and plug thickness, but also
yield identical velocity, density, and r.m.s. velocity profiles (SI
Appendix, Fig. S4). We notice two distinct regions in the figure,
separated by a vertical dashed line at N e↵

c /(mg)⇡ 0.6: 1) a plug-
less region on the left, where v

s decreases monotonically with
increasing N

e↵
c and yet hc =0; and 2) a plug-full region where v

s

decreases and hc increases monotonically with increasing N
e↵
c .

In order to test the generality of the above result further, we
have carried out additional simulations at a given angle (✓=29�)
in the same spirit using the Hertzian-DMT model. The sensitiv-
ity of the flow to the stiffness and dissipation is recovered, and
the velocity profile is again found (SI Appendix, Fig. S5) to be
controlled by the dynamic “effective” adhesive force given by a
similar equation (SI Appendix, Eq. 4). The origin of the scaling
will be discussed in the last section. We also perform some sim-
ulations using the hysteretic contact model. We again find the
flow dynamics (at a given angle) to be dependent on the stiff-
ness (SI Appendix, Fig. S6), signifying that in this case as well,
the contact parameters, along with the interparticle adhesion,
determine the bulk cohesion. We examine below if this dynamic
“effective” adhesive force is relevant in the description of
the rheology.

Flow Cessation Is Controlled by the “Effective” Adhesive Force, but

Flow Initiation Is Controlled by the “Actual” Adhesive Force. A first
step toward exploring the rheology is to study the yield criteria
of our model cohesive material, i.e., to study the stress condi-
tions under which the flow stops (dynamic yielding) or starts
(static yielding). The yield criteria are usually described by using
a cohesive Mohr–Coulomb model stipulating that, on the plane
of incipient failure, the shear stress ⌧ yield

xz is related to the normal
stress �yield

zz by ⌧ yield
xz = ⌧ stat,dyn

c +µstat,dyn
s �yield

zz , where µstat,dyn
s

is the static (respectively Q:19[resp.] dynamic) friction coefficient,
and ⌧ stat,dyn

c is the static (resp. dynamic) cohesive stress. We
first focus on the dynamic yielding by considering the data of
the velocity profiles in the previous section. The dynamic yield
criterion is satisfied at the intersection of the plug and sheared
regions, denoted by “yield point” in Fig. 2A. The location of the
“yield point” shifts with changing the inclination angle. Thus,
a yield locus for a given set of particle properties (Nc , kn , and
Q) is obtained by noting a series of points (⌧ yield

xz and �yield
zz ),

each corresponding to a “yield point” at a given angle. Fig. 4
A, Inset shows different yield loci (shown by symbols; only a few
are shown for clarity) for different sets of particle properties. All
of the yield loci are well approximated by straight lines, which
are the best fits of the Mohr–Coulomb model. The slope of each
straight line gives the dynamic friction coefficient µdyn and the
intercept with the y axis, the dynamic cohesive stress ⌧dyn

c . We
have systematically extracted µdyn

s and ⌧dyn
c for all of the cases

mentioned in Fig. 3. The dynamic friction coefficient µdyn
s ⇡ 0.44

is found to be constant and to be independent of the particle
properties. On the other hand, the dynamic cohesive stress ⌧dyn

c

increases with increasing Nc and decreasing kn or Q . However,
they all collapse on a single master curve if plotted against the
“effective” adhesion N

e↵
c (Fig. 4A), showing again that N e↵

c is
the only variable controlling the dynamic yielding. A linear fit
through the data gives

⌧dyn
c ⇡ 1.31N e↵

c /d2. [3]

We next study the static yielding from the initiation of the flow.
We initially bring a steady flow of a given pile thickness H to a
halt by gradually lowering the inclination angle. We then grad-
ually increase the inclination by a step of 0.2� (a steady state
in the kinetic energy profile is ensured after each increment)
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FIG. 1. (a) Sketch of the experimental apparatus. (b) Microscopic image of slightly and highly

roughened polystyrene spheres. (c) Image of the top permeable plate showing the corrugated strips.

enabling fluid to flow through it but is also covered by a 0.24 mm nylon mesh designed to stop

particles. This top plate can be moved vertically by using a linear positioning stage (Physics

Instrumente M-521) and fits into the cylindrical annulus with a precision of 280µm. Both

the top and bottom plates are also roughened by positioning corrugated strips of height and

width 0.5 mm onto their surfaces, as seen in Fig. 1(c). This apparatus was initially built to

study suspension rheology [17, 19] and has been adapted to make possible the investigation

of dry granular material. An important ingredient was to create appropriate roughnesses

on the top and bottom plates to enable bulk granular motion. Another important point

was to operate the rheometer in an air-conditioned room (at 25� Celcius) with a high level

of humidity (at a relative humidity of 80%) to avoid electrostatic e↵ects between the dry

polystyrene particles.

The shear stress, ⌧ , is deduced from the torque exerted on the top plate measured by

a torque transducer (TEI - CFF401) connected to the top plate. The component of the

normal stress perpendicular to the top plate, simply referred as the particle pressure P ,

is given by a precision scale (Mettler-Toledo XS6002S) attached to the translation stage.

The bulk packing fraction of the sample, �, can be adjusted by displacing the top plate.

The plate position, h, is continuously measured by a position sensor (Novotechnik T-50).

A feedback control system connects the positioning stage and the precision scale in order

4
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(see poster) 



design of a new pressure imposed shear cell 
for small particles (50µm < d < 200µm)

To analyse the influence of cohesion on the 
rheology  =>    small particles
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Perspectives…

- fabrication and characterisation of cohesive 
polymer particles with tailored properties 


- Role of coating in lubricating the contact and 
modifying the rheology at high stress


- Rheology at low stress level


- flow properties…
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