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FIG. 1. Example of a cohesion-controlled granular material: a
pile of glass beads d = 3 mm with a PBS coating layer of thickness
b = 2.2 µm

cross-linked with boric acid (H3BO3) [26,27]. Each batch
of CCGM is prepared with a mass mg of spherical glass
beads (diameter d and density ρG = 2600 kg m−3) with a
small polydispersity, a mass mP of PDMS (density ρP =
970 kg m−3, viscosity 750 mPa s, and gyration radius rg =
17 Å), and a mass mA of boric acid. We kept a constant
mass ratio of boric acid over PDMS mA/mP = 0.14. The boric
acid is first dissolved in a small volume (50 ml) of purified
water heated at 60 ◦C. The particles, the PDMS, and the
H3BO3 solution are then mixed together in a heating mixer
(Kenwood Cooking Chef) at 110 ◦C over 90 min to ensure
the evaporation of the water and a homogeneous PBS coating
of the spherical particles. After cooling, the batch is ready
to use for experiments. The PBS has been characterized in
a rheometer using a plane-plane geometry, and the real and
imaginary part of the shear modulus are G′ = 35 kPa and
G′′ = 7.5 kPa with a relaxation time constant of 3.8 s.

The range of particle size was d = [0.8–10] mm in ex-
periments of Sec. III concerning the measurement of the
interparticle force, and d = [0.2–1.4] mm in the macroscopic
experiments of Sec. IV. From atomic force microscopy imag-
ing, the average roughness of 0.8 mm particles was 30 ± 2
nm. The effect of the PBS coating is qualitatively illustrated in
Fig. 1, where a sample of 3-mm-diameter coated glass beads
reveals the cohesive nature of the material. The parameter
controlling the cohesion in our study is the averaged thickness
b. Assuming an homogeneous coating of a "P = mP/ρP
volume of PBS over perfectly spherical particles of volume
"G = mG/ρG gives an average thickness

b = d
2

[(
1 + "P

"G

)1/3

− 1

]

. (1)

In the limit of a small coating averaged thickness (b $ d), the
PBS volume ratio "P/"G ≈ 6b/d . An attempt to visualize
the PBS layer is presented in Fig. 2. In the pictures, the
PBS appears as a gray and foamy fluid, which is optically
different from the clean glass surface. The pictures of the
clean surfaces have been obtained after a careful removal of
the PBS with a spray of heptane without touching or moving
the particle. The iridescence seen in Fig. 2(a) indicates that

FIG. 2. Close-up visualization of the PBS coating on two dif-
ferent sample glass beads (d = 10 mm) with an optical microscope
(magnification ×700). (a) An irregularly coated area of particle 1 and
(c) the same area after leaning with heptane. (b) A well coated area of
particle 2 and (d) the same clean area. Iridescence can be seen where
the PBS layer is not homogeneous.

the PBS layer is not perfectly uniform and may suffer from
thickness variation, and that some “holes” in the coating layer
may also exist [Fig. 2(b)]. However, a statistical analysis of
the interparticle force discussed later in the paper (see Sec. III)
shows that the presence of defects weakly affects the cohesion
between two particles. Since the coating layer is very thin, no
capillary structure has been observed in optical microscopy
when putting two beads in contact.

A last important remark is that the strong Si-OH link
between the polymer and the glass bead surface helps the PBS
to stick permanently on the particles. No drainage of the fluid
was observed even for a very long time (on the timescale of
a year), making the material very stable in time, as will be
discussed in Sec. IV.

III. INTERPARTICLE COHESION FORCE
MEASUREMENTS

The cohesion force between two particles is a key pa-
rameter to control the macroscopic cohesion of a granular
assembly. In this section we present the results of different
experiments designed to measure the contact force between
two particles due to the PBS coating. As presented in the
previous section, the control parameters are the size of the
beads (diameter d), the PBS averaged layer thickness b, and
the duration of the contact. We designed two methods to
accurately measure the cohesion force. The first method uses
the torque-meter of a commercial rheometer (MCR501 Anton
Paar). It provides accurate measurements but performing a
statistical analysis is tedious too. The second method is a
home-designed force measurement device allowing simulta-
neous measurements on 10 pairs of particles.

A. Role of the precompression 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 setup is
given in Fig. 3(a). 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
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FIG. 5. Cohesion force as a function of the duration of the con-
tact. The dashed line is a qualitative trend illustrating an exponential
relaxation with time.

the packing which renews all the contacts seems to diminish
the cohesive nature of the sample. In the following, we now
refer to “short” waiting time experiments when tc = 10 s, and
“long” waiting time experiments when tc = 10 min.

The cohesion force distribution has been measured for 100
pairs of particles out of the same batch (d = 5 mm, b = 2
µm). The probability distribution function p(Fc) is shown in
Fig. 6 for short and long contact time. The averaged cohesion
force is 0.56 ± 0.1 mN and 1.14 ± 0.3 mN for short and long
contact time, respectively. For tc = 10 s the cohesion force
distribution is narrower than for tc = 10 min. We have not
investigated in more detail the influence of the contact time
and the origin of the force distribution, which are certainly
related to the coating property of the particle and to the
entanglement dynamics of the polymer chains.

C. Scaling of the cohesion force

To understand the physical origin of the cohesion force,
we have systematically studied how it varies with the particle
diameter d and the averaged PBS coating thickness b. In Fig. 7
the cohesion force is plotted as a function of the particle

FIG. 6. Probability distribution function of the cohesion force
measured for approximately 100 pairs of particles, for two different
contact times (tc = 10 s and tc = 10 min) and for d = 5 mm, b = 2
µm coated particles.

FIG. 7. The cohesion force Fc as a function of the particle diam-
eter d for short (10 s) (circles) and long (10 min) (squares) contact
times. The dashed line is the linear expression (2).

diameter d for a constant layer thickness b = 2 µm, and for
the short and long waiting contact times. In the range 0.8 <
d < 7 mm the cohesion force increases with the particle
diameter. The cohesion force varies linearly with the diameter
for short contact time but exhibits a more rapid increase for
long contact time. The linear variation can be well described
by a capillary model at contact [29]

Fc = 3
2πγ d, (2)

where the surface tension γ ≈ 24 mN m−1, a relevant order of
magnitude for PDMS. For long contact times, other molecular
phenomena may occur, such as a slow polymer entanglement
between PDMS polymers, and we did not investigate further
the long-time correlation between the cohesion force and the
particle radius.

The influence of the coating PBS thickness b on Fc is stud-
ied in Fig. 8 for different particle diameters d . The cohesion
force normalized by the expression (2) is plotted as a function
of b. We first observe that all the data obtained for different
particle diameters collapse on a single curve. The normalized
cohesion force starts from zero when there is no coating,
increases and reaches a plateau equal to 1 when the averaged

FIG. 8. Cohesion force normalized by 3
2 πγ d as a function of the

mean PBS layer b for short contact times and for different particle
sizes.
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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
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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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fn ⇠ b1/2d5/2

FRICTIONLESS to FRICTIONAL transition as 
the confining pressure is increased!

Reversible lubrication 
transition  at the grain 

scale leads to the 
FRICTIONLESS to 

FRICTIONAL transition in 
the bulk rheology. 
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