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tools to explore the granular rheology: 
DEM simulations Shear cell  

(adapted for steady shear!)

Three different shearing protocols are then followed, main-
taining a constant confining vertical stress σextzz on the topwall
and keeping the bottom wall fixed. In the first one, named
here as steady shear rate up sweep, the shear rate is gradually
increased by increasing the topwall velocityU in a small step
ΔU and allowing the system to reach a steady state after each
increment. A steady state is signified by a constant gap H
between the twowalls and a constant vertical stress σzz across
the gap, equal to σextzz ; three different numbers of grains yield
differentH:H=d ≈ 8 forn ¼ 2400,H=d ≈ 15 for n ¼ 4800,
and H=d ≈ 34 for n ¼ 12 000 at a low shear rate for the
largest value of Nc used (given below). In the second
protocol, named here the shear rate jump, a particular shear
rate is directly reachedbymoving the topwallwith a constant
velocity U, skipping the intermediate steady states at lower
shear rates. After reaching a sufficiently high shear rate, the
third protocol, named here the steady shear rate down sweep,
is followed where the shear rate is gradually decreased by
decreasingU in a similar stepΔU and allowing the system to
reach a steady state after each decrement. The steady velocity
[vxðzÞ], volume fraction [ϕðzÞ], and stress [τxzðzÞ, σzzðzÞ]
profiles are recorded in bins of 20d (in x)×20d (in y)×1d (in
z) over a strainwindow of 2. The inertial number IðzÞ and the
friction coeffcient μðzÞ ¼ τxzðzÞ=σzzðzÞ are extracted from
these raw data. The data are averaged over four sets and are
reported in dimensionless forms, considering d as the length
scale, ðm=σextzz dÞ1=2 as the timescale, and σextzz as the stress
scale. Some additional stress-imposed simulations are per-
formed to measure the (flow) starting (μstart) and (flow)
stopping (μstop) friction coefficients, and the details are
given below.

Unless otherwise specified, the model parameters used in
the simulations are normal spring constant kn=ðσextzz dÞ ¼
2 × 105, tangential spring constant kt ¼ 2=7kn, and quality
factor Q ¼ 0.94 (Q ¼

ffiffiffiffiffiffiffiffiffiffiffi
kn=m

p
=γn is a function of the

restitution coefficient in the cohesionless case [13]; the
higher the Q, the lesser the inelastic dissipation), sliding
friction coefficient μp ¼ 0.5, and various adhesion
Nc=ðσextzz d2Þ from 0(cohesionless) to 17.1.

III. RESULTS

A. Typical flow curves and preliminary observations

Figure 2 shows the two classical rheological curves, as
generally used for the characterization of the rheology of
dry granular materials, namely the macroscopic friction
coefficient μ and the volume fraction ϕ as a function of the

Homogeneous flow

(a)

(b)

FIG. 2. Typical flow curves. Variation of (a) the friction
coefficient μ and (b) the volume fraction ϕ with the inertial
number I for “effective” cohesion number Ceff ¼ 0.06 for three
different sets of model parameters ðNc; kn;QÞ. Data are obtained
using n ¼ 12 000 grains during the steady shear rate up sweep.
Error bars show the standard deviations over four sets. The solid
lines are guides to the eye. The dashed line, corresponding to a
critical inertial number Ic, demarcates the regime of steady,
homogeneous flows from the regime of shear-banded flows.
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FIG. 1. Numerical model. (a) The normalized nonviscous
normal contact forces (N$

ij=Nc) as a function of the normalized
overlap δ=δeq: elastic component Nel

ij (green line), adhesive
component Nad

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

line). Nc is the pull-off force, and δeq is the equilibrium overlap,
as in Ref. [13]. (b) A simulation snapshot, showing a homo-
geneous flow in the normal-stress-imposed plane shear cell. Red
particles constitute the rough boundaries.
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Fig. 2. (a) Experimental set-up of the pressure-imposed rheometer. (b) Bulk friction coefficient µ and (c) solid volume fraction ω as function of the inertial number I for a
material composed of glass beads of size d = 0.8 mm, three different coating thickness b, and subjected to constant pressures P = 1100 (↭), 1300 (↭), 1500 (↭), 1600 (↭)
Pa. (d) µ(I) and (e) ω(I) for d = 3.0 mm, different coating thickness, imposed pressures P = 1600 (↭), 2100 (↭), 2600 (↭), 4100 (↭) Pa. Markers represent experimental
data, whilst solid lines are constitutive relations fitted using Eqs. (2) and (3).

individual particles, Fc, is a function of the average coating
thickness b (25). It has since been used to investigate the
role of cohesion in several configurations, including granular
collapse (26, 27), silo discharge (28), and rotating drums (29).
In all these applications cohesion was important, as Fc was
not negligible compared to the typical stress level. In other
words, the cohesion number defined as C = Fc/P d2, where P
is the typical confining pressure and d the particle size, was
greater than 1.

In this study, we focus on the e!ect of the polymer coating
on the frictional properties of the material, rather than
adhesion. By using coarse particles, we explore a regime
where the characteristic external normal force is at least three
orders of magnitude greater than the interparticle adhesion,
resulting in a typical cohesion number C → 10→3. Under
these conditions, interparticle adhesion becomes negligible,
allowing us to isolate and investigate the e!ect of the coating
on interparticle friction. We begin in the next section by
examining the bulk rheology of the coated particles.

Pressure-imposed rheology

A schematics of the pressure-imposed rheometer used to
access the rheology of the coated particles is shown in Fig. 2(a).
The grains are confined within an annular shear cell of inner
and outer radii, Rin = 4.4 cm and Rout = 9.0 cm, respectively.
To guarantee closest to no-slip boundary conditions, the
top and bottom plates of the cell are roughened by glueing
3D-printed plates with randomly distributed pilars of 3 mm
thick pilars of 3mma

!
a
!

random roughness typically 3mm
thick. The top plate of the cell is connected to a torquemeter,
which gives access to the average shear stress applied by the

material on the plate, ω = ”/(εr̄(R2
out ↑ R2

in)), where ” is
the measured torque and r̄ = (Rout + Rin)/2 the mean radial
position. The whole axis is supported by a scale connected to
a translating stage, which adjust the top position to assure
!!!!!
ensure

!
a constant pressure P throughout the experiments. A

position sensor is placed at the top plate of the cell, which
measures the gap between the top and bottom plate, h. The
base of the cell rotates with a constant angular velocity ϑ,
which determines the shear rate through the granular layer,
ϖ̇ = ϑr̄/h. The volume fraction at each time can be computed
as ϱ = (mg/ςg)/Vtotal, where mg is the total mass of grains,
ςg = 2500 kg/m3 the intrinsic density of the glass particles,
and Vtotal = ε(R2

out ↑ R2
in)h the total volume within the cell.

Each experimental run is performed at constant pressure
P and a fixed rotation speed is maintained for a su#ciently
long duration to ensure the system reaches a steady state.
For each applied pressure, experiments are performed for
di!erent speeds to create an increasing sweep in inertial
number I = ϖ̇d/

√
P/ςg. For each value of I, the bulk

friction coe#cient µ = ω/P and the solids volume fraction
ϱ are measured to determine the constitutive relations µ(I),
ϱ(I) of the granular medium. Experiments are performed
with two grain diameters d = 0.8 and 3.0 mm, di!erent
coating thickness b, and di!erent imposed pressures P . The
constitutive laws µ and ϱ are plotted in Fig. 2(b)–(e).

In the absence of coating, i.e. b = 0, the constitutive laws
collapse onto single master curves µ(I), ϱ(I) for dry granular
materials, whose expression are well captured by (4, 31)

µ(I, µp) = µc(µp) + µd(µp) ↑ µc(µp)
1 + I0(µp)/I

, [2]

ϱ(I, µp) = ϱc(µp) + (ϱm(µp) ↑ ϱc(µp)) I, [3]

Rocha et al. PNAS — November 10, 2025 — vol. XXX — no. XX — 3

A New Pressure-imposed Rheometer for Powders
Validation with Dry Grains Initial Tests with Coated Particles

Big cell  
(for d>800 m)μ
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(for d>150 m)μ



ϕc

800µm glass beads

μc

rigid, non adhesive grains : the  rheology μ(I)

a single  
dimensionless number

Yamada  et al 2017,

inertial regime

applications:  
silos, avalanches, drums, ..

Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 2. Different flow regimes for 1.45 rad/s, 4.08 rad/s, 8.91 rad/s, and 16.4 rad/s. Filling degree of 31.40%. (a) Experimental results of Santos et al. [Reproduced with
permission from Santos et al., “Experimental and CFD study of the hydrodynamic behavior in a rotating drum,” Powder Technol. 250, 52–62 (2013). Copyright 2013 Elsevier
B.V.] (b) Our simulation results.

made this choice because we have imposed a no-slip condition on
all internal walls, whereas Santos et al.22 reported that the two end
plates were made from transparent glass, with a low friction coeffi-
cient, to ease the flow pattern observations. As remarked by Santos
et al.,22 however, the observed velocities at the ends of the drum
are very close to those at the middle of the drum; such veloci-
ties are decreased using a no-slip condition on the end wall, of
course.

The succession of flow configurations identified by Mellmann
with increasing drum rotational velocity and reproduced in San-
tos experiments, i.e., rolling, cascading, and centrifuging, is cor-
rectly captured by our simulations. At the lowest angular velocity
(1.45 rad/s), rolling motion takes place, where a uniform particle
layer (flowing layer) continuously flows in the upper part of the bed,
while the beads in the bulk essentially follow the rigid rotation of the
cylinder (plug region). The shape of the free surface in this rolling
regime is nearly flat. As the rotational speed increases (4.08 rad/s
and 8.91 rad/s), the bed surface begins to arch and assumes an
S-shape that defines the cascading regime. Indeed, the main differ-
ence between rolling and cascading regimes in Mellmann’s catego-
rization is the shape of the free surface. Our simulations demonstrate
an excellent quantitative agreement between the predictions based
on the JFP constitutive equation and the experimental results in
these regimes. As illustrated in Fig. 3, the predicted and observed

free surfaces essentially coincide. A small discrepancy is observed in
the “tail” of the bed (leftmost part near to the drum wall), where
our interface is systematically, though slightly, below the actual one.
We believe that such a discrepancy is due to a local variation of the
packing fraction in the experiments. Indeed, in the experiments, one
can notice a reduction in intensity in the tail of the granular bed,
corresponding to a kind of “rarefaction” of the bed; this scenario
is obviously out of reach in our simulations as we assume that the
packing fraction is strictly constant.

It remains true, however, that simulations reproduce the exper-
iments both in the sequence of regimes and in their range of occur-
rence in terms of rotational velocity. Such predictive capability is
worth stressing since rolling and cascading regimes are thought to
ensure the best degree of mixing and heat transfer, and for this rea-
son, such flow configurations are themost frequently encountered in
industrial applications.3 Simulation results, of course, are very rich
in details and give the possibility of quantifying fields of interest,
e.g., the pressure field and velocity fields both at the interface and in
the bulk of the bed (see Subsection III B). Thus, simulations would
ensure proper design solutions in terms of mixing capability in the
rotating drum. Finally, at the largest rotational speed, a uniform
layer of grains covers the internal walls, in a centrifuging motion
[see Fig. 2(a–4), at 16.4 rad/s], both in experiments and in simula-
tions. “Bubbles,” i.e., trapped air, near drum walls can be addressed

FIG. 3. Comparison between interfaces
from experiments and simulations for
1.45 rad/s, 4.08 rad/s, and 8.91 rad/s.

Phys. Fluids 32, 093305 (2020); doi: 10.1063/5.0018694 32, 093305-5
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Fig. 8 Runout extent of the landslides. Left: deposit in the DEM, right: result of simulation. The white dashed line shows the extent of the landslide source and red dotted
line shows the landslide dam
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ϕc

800µm glass beads

μc

rigid, non adhesive grains : the  rheology μ(I)
inertial regime

 influence of particles properties ? 

- interparticle friction coefficient ? 

- adhesion between particles ?  

- + stiffness, shape of the particles… 

μ ϕ
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a single  
dimensionless number



Role of interparticle friction  using DEMμp

-  changes mainly at low   

  when   

- frictionless particles ( =0)  

=>low, but non zero bulk friction  

=>denser packing  

μ(I) μp

μc ↘ , ϕc ↗ μp ↘

μp

Dumont et al PRL, 2025, Chialvo et al PRE 2012 …

in experiments ?  

difficult to control μp

μ

I

ϕ

I

μc

μp μp

ϕc



FIG. 2. (a) Top: Sketch of the particle roughening apparatus. Bottom: Confocal image of the

upper rough surface. (b) Microscopic images of typical slightly (right) and highly (left) roughened

spheres. Bottom: Corresponding confocal images of the particles surface.

Fig. 2(b), these spheres are not perfectly smooth but possess some small surface roughnesses.

The particles labeled “Highly Roughened” (HR) are produced by further roughening these

polystyrene spheres, see the left panel of Fig. 2(b).

The roughening procedure consists in forcing a continuous motion of the particles between

two parallel rough plates resulting in a mechanical erosion of the particle surfaces. The

particle-roughening apparatus is sketched in Fig. 2(a). Sandpapers (Walfcraft 80) cover

both the top and bottom circular plates (20 cm in diameter) to avoid slippage. The bottom

circular plate is fixed while the displacement of its top counterpart is driven by an electrical

stirring device having a shifted rotational-axis (� = 5 mm) with respect to the bottom-plate

axis. Two rolling bearings transfer rotation into translation resulting in a circular movement.

Circular translation instead of rotation ensures that the particle trajectory is independent

of its location. Each particle thus experiences the same mechanical erosion. In addition, the

top plate exerts a static load (1200 g) in order to amplify the impact on the particle surface.

A toothed soft foam is also used to transfer the motion of the stirring device to the top plate

while avoiding particle fracturing.

A typical protocol consists in spreading 1 g of polystyrene spheres onto the bottom plate.

Fixing the stirring frequency at 1.2 Hz results in a relative velocity between the plate of
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FIG. 7. Rheological data in the dry case: (a) ⌘I = ⌧/⇢pd2�̇2 and (b) ⌘II = P/⇢pd2�̇2 versus

�/�c as well as (c) µ = ⌧/P = ⌘s/⌘n and (d) � versus I. The insets of graphs (a,b) and (d) are

log-log and linear plots, respectively. The dashed lines correspond to the best fits using the models

summarized in Table II and the linear variation µ(�) = µc + ai(1 � �/�c) as a leading expansion.

The inset of graph (c) shows the rescaled friction coe�cient, µ � µc, versus the rescaled volume

fraction, 1 � �/�c, together with this leading expansion.

(�c � �) / J1/2 evidenced in Fig. 5(b) for the immersed case. The shear viscosity, ⌘s, is

determined by the rheological law ⌘s(�) = µ(�)⌘n(�), where µ(�) is given by the leading

expansion µ(�) = µc + av(1 � �/�c) introduced in Fig. 5(d). The divergence in (1 � �/�c)�2

dominates close to jamming.

An analogous data representation for the inertial (dry) case is displayed in Fig. 7 and

shows a decent collapse of the data when rescaling � by �c. While the collapse is excellent
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increasing friction using roughness 

 
 

 

d = 540μm
μp = 0.37
μrol = 0.007

 
 

 

d = 580μm
μp = 0.23
μrol = 0.004

Tapia et al PRF, 2019,  …

-  not affectedμ(I)
-  is shifted… 

 but can be renormalised by   
ϕ(I)μ

ϕ
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decreasing friction with a coating 

Silica Microbeads   
+PDMS-OH, 
+Boric Acid (H3BO3) 

silica particles coated  
with a pinch of polymers (PBS)

Gans et al, PRE 2020 Rocha et al, 2026

<latexit sha1_base64="aDEHYp6OIOPkk343oSYO3Etmf3Y="></latexit>

b

Control parameter:   
coating thickness b
10nm < b < 1000nm

coated particles 
= 

a frictionless  
granular medium? 

(adhesion negligible for )d ≳ 600μm

but not so simple: 
a complex lubrication transition

highly coated (b=110nm)

no coating (b=0)

μ

I

ϕ

I

d = 800μm



changing friction:  with coating. 

P

P

at intermediate coating (b=35nm):  
a complex transition from frictionless 
to frictional curves which depends on  

- pressure P 
- shear velocity 
- coating thickness b 

   depends on : 

- normal force Fn 
- sliding velocity V 
- coating thickness b 

μpTribology

Rheology

« a kind of Stribeck effect »

μ ϕ

I I

μp

Rocha et al, 2026



Role of adhesion

τ
P

= τc

P
+ μ(I)

μ = C + μ(I)

cohesion number, ,  
a new dimensionless number

C = τc/P

τ = τc + μ(I)P

cohesive stress ∝ Fc/d2

I

μ

C = 0

C ↗

Fc detachment force

What we may expect….

a more general approach 

<latexit sha1_base64="y49ruxaXdWpAC4i9VQ3H9utMUI0="></latexit>

� = �(I, C)

<latexit sha1_base64="twoBzDhbMe4y9YGsB5DHB4mho9E="></latexit>

⌧ = µ(I, C)P

Rognon et al JFM 2008, 
 Berger et al EPL 2015,  
Kamshed PRE 2015, 
 Roy et al NJP 2019,   
Vo et al Nature Com, 2020… 



Role of adhesion :  DEM 

-different adhesion models: 
DMT, JKR, capillary… 

We have a problem !!  difficult to compare the different studies  … 

C not enough to describe the data :   
 same C => different rheological curves…) 

Rheologica Acta

Fig. 5 The friction law µ(I )
and volume fraction law φ(I )
obtained in DEM simulations
for different values of the
cohesion number C , in 3D
simulations from Mandal et al.
(2021) and Khamseh et al.
(2015), and 2D simulations
from Berger et al. (2016) and
Macaulay and Rognon (2021)

The case of adhesion with zero interaction length Let us first
consider simulations using simplified interactions with zero
interaction length, where the attractive force depends solely
on particle overlap. In this case, Mandal et al. (2020, 2021)
andMacaulay andRognon (2021) demonstrated that, in addi-
tion to the attractive force, particle stiffness plays a significant
role in determining the dynamics (The influence of particle
inelasticity, which is less critical, will not be discussed here.)
This finding contrasts with the cohesionless case, where rhe-
ology becomes independent of particle stiffness when the
particles are sufficiently rigid (Silbert et al. 2001). When an
adhesive force Fadh exists between particles, varying parti-
cle stiffness dramatically affects the material’s bulk cohesion
(Mandal et al. 2020, 2021). This effect is observed regardless
of whether the normal contact force model is linear, defined
by a spring constant k or Hertzian. For the same detachment
force Fadh , stiff particles behave almost like cohesionless
granular media, while softer particles exhibit strong cohesive
behavior. In other words, the rigid limit does not seem to exist
for attractive interactions with zero interaction length, con-
trary to the cohesionless case. However, this might no longer
be true when the interaction range is non zero. These obser-
vations suggest that rheology is governed not only by the
inertial number I and cohesion numberC , but also by a third

dimensionless parameter, the stiffness number K , defined as
K = σd/k, where σ is the confining pressure, d the particle
diameter, and k the stiffness for a linear normal force model.

However,Mandal et al. (2020, 2021) demonstrated in their
simulations that only two dimensionless numbers might be
sufficient to describe the rheology, as the effects of cohesion
and stiffness on the rheology can be combined into a single
effective cohesion number, Cef f , defined as

Cef f = C
√

δeq/d. (5)

Here, δeq is the equilibrium overlap at which elastic deforma-
tion balances the attractive force (δeq = Fadh/k for a linear
model). This relationship can also be expressed in terms
of the other dimensionless numbers as Cef f = C3/2K 1/2.
When the adhesive force Fadh and stiffness k are variedwhile
maintaining a constant Cef f , the flow properties remain the
same, whether in plane shear or on an inclined plane (Mandal
et al. 2020, 2021). This implies that the rheology is gov-
erned by a friction lawµ(I ,Cef f ) and a volume fraction law
φ(I ,Cef f ).

A simple explanation for this scaling can be provided by
considering the work required to tangentially detach two par-
ticles with no external load. The work equals the tangential

123

5 dimensionless numbers!! 

μ(I, C, W, Q, λ) ϕ(I, C, W, Q, λ)

C = Fc /Pd2

W = Fcδeq /Pd3

Q = E2/3R1/6/ηF1/6
c

I = ·γ/ Pρinertial number
cohesion number
adhesive energy

quality factor 

Elasticity, E 
adhesion Fc 

dissipation (viscosity)    

interaction length 

η
δ

relative detachment length λ = δ/d

-role of the different parameters ? 

Roy et al, CPM 2016, Mandal et al, PRX 2020,…. 



Role of adhesion :  experiments 

Viscous effects in sheared unsaturated wet granular materials 5

dimensionless reduced viscosity !→ correspond to viscosities
! f equal to 20, 53, 110, 550 and 1100 mPa.s. For each couple
I-P→, Iv takes all values I!→/

↑
P→ corresponding to the five

different values of !→. With five values of P
→ and 11 values of

I this results in 275 different simulations.

IV. MACROSCOPIC RHEOLOGY

A. Experimental and numerical results

A first outlook of the rheological behavior deduced from the
experiments is presented in Figure 3 showing typical exam-
ples of macroscopic friction coefficient µ→ and solid fraction
! variations versus inertial number I for a given reduced pres-
sure P

→. The liquid content of the wetting liquid and the re-
duced pressure are respectively fixed at ∀ = 0.03 and P

→ = 2.3.

(a)

10-5 10-4 10-3 10-2 10-1
0.4

0.5

0.6

0.7

0.8
 η∗

1

 η∗
2

 η∗
3

 η∗
5

µ
*  

I 

(b)

FIG. 3. Experimental results for reduced pressure P
→ = 2.3: friction

coefficient µ→ (a) and solid fraction ! (b) versus inertial number I,
for different values of the wetting liquid viscosity.

For low inertial number, the friction coefficient tends to a fi-
nite value µ→ ↓ 0.40 and increases with I whatever the viscos-
ity of the wetting liquid. The corresponding variation of solid
fraction ! with inertial number I is shown in Fig. 3. At low I,
! is quasi-constant, ! ↓ 0.603: this is the quasistatic regime,
which is by nature rate-independent, driven by static interac-
tions (elastic, frictional and adhesive forces) and not sensitive
to the liquid viscosity. In faster flows, dynamical features start
influencing the flow and the system becomes rate dependent:

µ→ increases, and ! decreases. This is analogous to the dense
flow regime of dry, cohesionless granular materials. The ma-
terial dilates15,18,20,47 as a consequence of steric hindrance,
which it has no time to accommodate as #̇ increases, and the
shear resistance, as expressed by the macroscopic friction co-
efficient, increases. The principal new observation obtained
here from the flow curves shown in Fig. 3 is that the transition
from quasistatic to dense flow regimes depends on the viscos-
ity of the wetting liquid, except for the low values !→

1 and !→
2 .

A further increase of !→ causes a very notable increase of the
macroscopic friction coefficient, while the solid fraction ! de-
creases. Because of this effect of the viscosity, the rheological
behaviour at given P

→ is no longer determined by the sole in-
ertial number I, and Fig. 3 shows as many curves for µ→ and !
as the different values of the reduced viscosity !→. One may
also note that for large viscosity values, the departure from the
quasistatic plateau values takes place in too small ranges of I

to be attributed to inertial effects.

As shown in Fig. 4, the numerical simulation results show
the same behavior, with, for larger viscosities, faster variations
with shear rate away from the common quasistatic limit. Just
like in the experimental results (Fig. 3), curves corresponding
to the two lowest values of the liquid viscosity very nearly
coincide, while larger values of !→, corresponding to larger
liquid viscosities, for the same I, increase the shear stress and
decrease the solid fraction.

The graphs correspond here to all investigated values of re-
duced pressure P

→. In all cases, through the range of !→ given
in Tab. I, the viscous effect greatly enhances the resistance to
shear and the shear-induced dilation.

A direct comparison between numerical and experimental
results for P

→ = 2.3 is presented in Fig. 5. In agreement with
the results of Ref.8, all curves, showing both numerical and
experimental results, coincide in the quasistatic limit of small
inertial numbers,with µ→ ↓ 0.40 and !↓ 0.603. The results of
Fig. 5a suggest a fair agreement between simulations and ex-
periments for the shear resistance expressed by apparent fric-
tion coefficient µ→, although for the lower values of !→ the
experimental values increase with shear rate somewhat faster
than numerical ones. (Comparisons of numerical results for
µ→ at different confining stresses P

→, as we shall see, confirm
such a discrepancy). As to the variations of ! for larger shear
rates, the numerical model gives correct qualitative tenden-
cies, but underestimates the effects of a viscosity increase on
the solid fraction, which are significantly larger in the experi-
ments. The lubrication cut-off distance hlub is admittedly too
large in the simulations, compared to estimated relevant val-
ues (of order 10↔4

dp) in experiments, whence smaller viscous
forces between contacting pairs and in narrow intergranular
gaps. As a lower value of hlub is adopted, Fig. 6 shows that
viscous effects are slightly enhanced. On further reducing pa-
rameter hlub, one may hope to bring simulation results in bet-
ter quantitative agreements with experimental ones – although
quite a few other simplifying assumptions of the simulation
model could be discussed.

Viscous effects in sheared unsaturated wet granular materials 3

uniform consistency is visually obtained. Then the sample is
poured into the shear cell (Figure 2) and compacted by im-
posing a normal force of 10 N for about 30s. This compaction
process ends when the normal force is well imposed that cor-
responds to a constant gap size. Then a 1 Hz oscillation cycle
with an angular displacement of ! is imposed; allowing thus
a good filling of the annular shear cell. To vary the liquid vis-
cosity, we used silicone oils with a density of ∀ f = 950kg/m

3

and viscosities # f that cover a range of 9-5535 mPa.s at 20→C,
along with a surface tension of ! = 20.4±0.2 mN/m (Fig. 1).
Surface tensions are measured with an automatic single drop
tensiometer (TRACKER

TM, by Teclis Scientific). The wetting
angle ∃ is very small, estimated to 5 degrees, and thus (with
cos∃ ↑ 0.996) one may assume perfect wetting for all practi-
cal purposes. We define the liquid content as % =Vl/Vs, where
Vl and Vs respectively denote the volumes of liquid and of
solid beads. % is fixed at value 3% in the present study, well
below the limit 7.5% observed in previous measurements9 for
the onset of drainage. Particular care is taken with the silicone
oils of largest viscosities, due to enduring inhomogeneities in
the form of oil-rich lumps.

Granular materials must be confined to carry out rheometric
experiments, and are conveniently characterized in shear flow
under controlled normal stress18,29. Normal stress-imposed
rheological measurements are carried out using a home-made
annular shear device (Figure 2), as in our recent publica-
tions9,36. The inner and outer radii of the annular cell are
Ri = 21 mm and Ro = 45 mm (thus Ri/Ro ↑ 0.4, and the width
of the annular trough is about 48dp). The filling height H of
the annular box is adjustable from a few (typically 5) to 100
particle diameters. To avoid wall slip, both the rotating, ver-
tically mobile upper boundary and the static lower substrate
are serrated, with 0.5 mm ridges to which the grains may
fit. Steady shear experiments are carried out using a stress-
controlled rheometer (Anton Paar MCR 502).

In shear flow experiments we start out with a gap H0, be-
tween 10dp and 45dp. We impose a constant angular ve-
locity ∀ and apply a constant normal force Fn to the rotor.
Then we measure the torque T and the gap H as functions
of time. Rheometric interpretations in terms of shear stress
& , shear rate ∋̇ and normal stress (n are obtained on writing
& = 3T/2!(R3

o
↓ R

3
i
), ∋̇ = ∀(Ro + Ri)/2H and (n = (Fn +

mg/2)/!(R2
o
↓R

2
i
) (in which m denotes the sample mass). Af-

ter a large enough interval of shear strain ∋ = )(Ro +Ri)/2H,
where ) is the angle of rotation of the moving plate, the sys-
tem reaches a steady state, with state variables assuming con-
stant values, independent of the initial condition.

The spaces between the moving upper plate and the vertical
side walls of the annular shear cell are below 100 µm, which
is five times as small as the grain diameter. Particles cannot
escape from the shear cell, and solid fraction # is deduced
from the varying cell height H as # = m/!∀pH(R2

o
↓R

2
i
)9,36.

We define the macroscopic friction coefficient µ↔ of the un-
saturated granular material as the time average, in the steady
state, of the ratio of the shear stress & to the confining pressure
(n, µ↔ = &/(n.

FIG. 2. [(a) and (b)] Cross section of the annular plane shear flow.
The shear and pressure are provided by a ring which is assembled
on the rheometer that is free to move vertically while maintaining a
constant rotation rate or shear rate and imposed pressure

III. NUMERICAL MODEL

The numerical simulation procedure and the model ingre-
dients, except for viscous forces introduced in this study, are
identical to the ones used in previous publications8,9,15. Read-
ers are referred to these publications for more detailed infor-
mation. This section provides a brief, self-contained presen-
tation of the general aspects of the numerical model, with ad-
ditional details on the viscous forces.

We simulate wet granular material at a given liquid con-
tent % under simple shear flow. We consider fully periodic
cuboidal samples (comprising, most often, 4000 beads) sub-
jected to steady simple shear flows along direction 1 with ve-
locity gradient ∋̇ in direction 2, while the normal stress in
the gradient direction, (22, is maintained constant. This con-
trol of the normal stress is achieved via an adaptation of the
Parrinello-Rahman constant stress simulation method, letting
the simulation cell size L2 in direction 2 fluctuate accordingly,
as described in37 and used in a number of previous numerical
studies38,39. The Lees-Edwards boundary conditions in the
steady flow conditions are implemented15,40 to conveniently
enable arbitrarily large shear strains.

The spherical grains, all of diameter dp, interact in their
contacts by elastic and frictional forces as in standard DEM37.
Contact elasticity, chosen of the Hertz type suitable for spher-
ical objects38, does not affect the material rheology41 pro-
vided elastic deflections remain small enough (here, of order
10↓4

dp or 10↓3
dp). Similarly, the viscoelastic terms which

determines the coefficient of restitution in binary collisions
are quite irrelevant in the modeling of dense flows41. The in-
tergranular friction coefficient µ , on the other hand, strongly
influences the material rheology, and the appropriate value al-
lowing to reproduce the properties of the material used in the
laboratory was shown to be µ ↑ 0.09, yielding quantitative
agreement between the measured and the simulated rheolog-
ical properties of the dry and the wet materials8,9, in the ab-
sence of sizable viscous effects. (The friction coefficient is
therefore not modified in the presence of the wetting liquid).

To model capillary interactions, we restrict ourselves to the
pendular regime of isolated liquid bridges, as in most pub-
lished numerical studies of partially saturated granular mate-
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-wet granular medium (capillary interaction)  
-small adhesion  C<0.5 

results:   
-quasi static controlled by C,  
-viscosity of the fluid changes the inertial regime… 

changing the viscosity
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2.3.2 Système ouvert

Figure 2.7: Photo du système ouvert
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Role of adhesion :  experiments 

Low pressure accessible ( ),  small grains  d=200µm  =>  up to P ≳ 100Pa C ≈ 5
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- quasi-static  Mohr Coulomb≠

Results on the compaction

•  Issue in the gap : wrong 
 at high P…


•  For low P, good 
behaviour :  rises with P

ϕ

ϕ

ϕ

pressure (Pa)

Mohr Coulomb P-ramp with sandpaper

•  Similar results than the 
PDMS membrane


•  Higher torque than 
before



- a challenge:  to play with interactions in granular media… 
(we are far from what is done in suspensions…  ) 

- role of friction : complex lubrication but understood 

- role of adhesion : what control the flow regime (not just interparticle adhesion)? 

- beyond rheology: other flow geometry to understand what is measured in 
powders rheometers…  ? 

- fracture, tensile stress,  localisation ….? 

Conclusions and open questions…
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