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The effect of cohesion and shear modulus on the stability of a stretched granular layer.

Hector Alarcén, Jean-Christophe Géminard T and Francisco Melo.
Departamento de Fisica, Universidad de Santiago de Chile,
Av.  Ecuador 3493, Casilla 307, Correo 2, Santiago, Chile. and
t Université de Lyon, Laboratoire de Physique, Ecole Normale Supérieure de Lyon,
CNRS, UMR 5672, Laboratoire, ENS, Université, 46 Allée d’Italie, 69007 Lyon, France.

The main mechanism of the cellular pattern which forms at the surface of a thin layer of a cohesive
granular material submitted to in-plane stretching has been identified as the “strain softening” aris-
ing from the features of grain-grain interactions. We perform novel measurements of the strain field
associated with such structures by using a correlation image technique and additionally characterize
the cohesion and shear modulus of the samples. We show that for high cohesion the layer is fragile
and the surface deformation is highly non linear, whereas at low cohesion, a smooth and linearly
growing structure is observed as a function of external stretching. Analysis of the wavelength as
a function of cohesion along with independent measurement of the shear modulus indicate that a
simple model of strain-softening is acceptable if a mechanism of cluster formation due to cohesion

is taking place.

PACS: 89.75.Kd: Pattern formation in complex systems; 83.60.Uv: Rheology: fracture; 45.70.Qj:

Pattern formation in granular matter

I. INTRODUCTION

Wet granular materials are characterized by a network
of liquid bonds inducing attractive capillary forces be-
tween particles [1, 2]. Depending on the liquid content
several regimes are identified leading to different scalings
for the cohesion force [2, 3]. A relevant feature, nearly in-
dependent of the liquid content, is the “strain softening”
due both to a decrease of the associated adhesion force
when a single bridge elongates [4] and to a decrease in
the overall number of bridges which collapse when exces-
sively stretched [5]. This effect can be seen as responsible
for the relatively low plasticity of cohesive granular ma-
terials under tension and provides some clues why struc-
tures made of humid sand, such as sandcastles, generally
break in a catastrophic manner. In practice the softening
behavior is observed above a critical strain which is asso-
ciated with the initial compression of the grains induced
by the suction force due to the capillary bridges [6].

In a recent article [7] we explored the response of a
horizontal thin layer of cohesive material to the simplest
mode of deformation. An extensible membrane provided
a suitable system to introduce an overall homogeneous
deformation on the layer. It was shown that “strain soft-
ening” was responsible of the nearly periodic structure
that develops, modulating the strain field in the layer
along the pulling axis, as soon as the external deforma-
tion was turned on. The measured wavelength of the
structure resulted linearly dependent on the layer thick-
ness, almost independent on particle size and a linear
function of the relative humidity. The fracturing of a co-
hesive granular layer subjected to flexural deformation,
investigated recently [8], has shown similar features.

In the present manuscript, we explore further the
“strain softening” as a mechanism of mechanical insta-
bility in a cohesive layer. We present novel measure-
ments, obtained from an image-correlation technique, of
the strain field associated with the cellular instability and

characterize the cohesion and the shear modulus of the
samples.

Image correlation analysis makes possible to show that
two distinct regimes of layer response appear as a func-
tion of the cohesion. For high cohesion the surface de-
formation is highly non linear whereas at low cohesion
a smooth and linearly growing structure is observed as
a function of the external stretching. Aiming at estab-
lishing a more fundamental connection between the layer
structure and the properties of the granular material, we
develop experimental methods for the assessment of the
cohesion and shear modulus as function of the particles
diameter and of the relative humidity.

The analysis reported in Ref. [7] indicated that the
wavelength, A\, increases with the relative humidity, and
thus with the cohesion, for a given grains size but, sur-
prisingly, that A is nearly independent of the particle di-
ameter at a given relative humidity, even if smaller grains
are more cohesive in the sense that they exhibit larger
angle of avalanche.

In Ref. [7] the results were reported in terms of the rel-
ative humidity or angle of avalanche as the mechanical
properties of the material, especially the cohesion, were
not measured. In the present manuscript, the cohesion
and the shear modulus are directly measured and the
instability is analyzed in terms of the latter mechanical
characteristics of the granular material. Our measure-
ments indicate that the simple model of strain-softening
proposed in Ref. [7] is acceptable if a mechanism of clus-
ter formation due to cohesion is at play.

II. EXPERIMENTAL SETUP AND
PROTOCOLS

The experiment consists in imposing an in-plane defor-
mation at the base of a thin layer of a cohesive granular
material. To do so, the grains are initially spread onto



an elastic membrane to which the deformation is imposed
(Fig. 1). The experimental set up used here has some im-
provement with respect to that described in Ref. [7]. A
cross is cut from a thin latex membrane (thickness 0.5
mm, width 40 cm) and is maintained at its four ends
by four horizontally movable jaws. In the central part
of the set up, the membrane leans on a steady, horizon-
tal, square table (width 10 cm). By displacing the jaws,
whose movement can be prescribed independently by four
computer controlled motors (Thorlabs Z825BV), a wide
variety of planar deformations can be achieved. For the
experiments described here, the jaws are controlled such
that the membrane, which remains in the same horizon-
tal plane above the table, extends along one axis but does
not narrow in the perpendicular direction. We checked,
using a correlation image technique described below, that
the resulting overall strain field is homogeneous in the
test region. As a result, the granular pattern is aligned
perpendicularly to the pulling direction.

The granular material consists of spherical glass-beads
(USF Matrasur, sodosilicate glass). We shall report re-
sults obtained for various samples in a large range of bead
diameters d (0-45, 53-75, 106-125, 150-200 pym). Prior to
each mechanical test, grains where cleaned to remove or-
ganic material and moisture. The mechanical properties
of the granular matter put in contact with a humid at-
mosphere are likely to change with time (ageing) [9, 10].
In order to insure that they reached a nearly stationary
state, the samples were kept in contact with the desired
humidity environment for 1 hour previous to the experi-
ments.

The mechanical properties of the cohesive granular ma-
terial are assessed independently in two additional ex-
periments. The cohesion is characterized by the tensile
stress, o, the force per unit surface one must apply to
separate the material in two parts. In Ref. [7], the co-
hesion was indirectly accounted for by measurements of
the avalanche angle, 8,. However, the functional relation
between o, and 6, is complex and requires a previous
calibration [9]. Aiming at measuring cohesion directly,
we designed an experimental configuration to assess the
pulling force arising when a suitable indenter is pulled
apart from the surface of the granular sample. In sec-
tion IIT A, the cohesion is obtained as the ratio of the
maximum pulling force to the indenter section. In the
theoretical approach, the second important parameter to
compare the weakening to is the shear modulus. We re-
port in section IIIB direct measurements of the shear
modulus G as a function of cohesion in a range of normal
stress which compares with the experimental conditions
encountered in the tensile experiment.

In the tensile experiments, the sample is prepared first
by pouring dry cleaned grains onto the membrane. The
surface of the material is then leveled by means of a cylin-
drical rod guided by lateral spacers, which achieves a
well-defined thickness h (from 1 to 10 mm, to within
0.1 mm). In order to tune the cohesion, the whole exper-
imental device is placed in a chamber at constant humid-

CIRCULAR GRAZING
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FIG. 1. (Color online) Sketch of the experimental setup
— Each of the four arms of the cross-shaped membrane is
independently driven by a computer-controlled motor so that
a wide range of deformation modes can be achieved. For the
reported experiments, uniaxial strain is achieved to better
than 1% over a surface area of 50 cm?. Lower panels: Typical
cellular structures for two distinct values of the cohesion. (a)
Low cohesion: os = 1 Pa. (b) High cohesion: o5 = 4.1 Pa
[h = 3 mm, d = 53 — 75 pm and overall imposed stretching
6 = 0.15].

ity. The atmosphere is equilibrated with saturated salt
solutions and relative humidity is monitored by means
of a humidity meter (Lutron HT-3015). Unless specified,
samples are aged during one hour at constant humidity
prior to imposing the deformation.

The free surface of the sample is imaged from above
by means of a digital camera (Nikon DMX1200). A ring
light-source (home-made arrays of LEDs, Fig. 1) located
around the elastic band, a few centimeters above the ta-
ble plane, provides a good contrast. Quantitative infor-
mation is obtained by extracting the flow fields using an
image cross-correlation technique. In order to assess non
uniform flow fields (we shall see that a cellular insta-
bility indeed develops), we define a sliding window that
scans the whole image and measure the local flow. The
method gives a direct measure of the displacement field
if interpreted as the average displacement of the cluster
of beads enclosed by one subimage corresponding to the
actual position of the sliding window. The size of the slid-
ing window was approximately 1 mm? (containing about
100 particles) and moved at regular horizontal and verti-
cal increments of 0.25 mm. The spacial resolution of the
method is better than 1 mm and the strain sensitivity is
of about 1 mstrain.



III. RESULTS
A. Cohesion Assessment

To characterize the cohesion, we measure the force
needed to pull a flat indenter apart from the free surface
of the granular sample, as depicted Fig. 2. The indentor
surface is coated with a layer of grains identical to the
ones of the granular sample to be analyzed.

The indenter is first gently located in contact with the
sample surface and the contact force (pushing force) is
monitored by a sensitive enough analytical balance (Scal-
tec SBA33, 100 ug resolution). The initial pushing force
is fixed at the same constant value for all samples. A
computer controlled rotation stage (Thorlabs CR1/MZ6)
ensures smooth approach and retraction of the indenter
from the sample. As a check of repeatability, we report
in Fig. 2b several behavior of the retraction forces as a
function of the upward displacement of the indenter per-
formed under nearly equal conditions. All curves present
common features when the indenter is pulled back; first
the weight on the balance quickly decreases, reaches a
minimum and smoothly increases to reach a plateau. The
force plateau is reached when capillary bridges are broken
and the indenter no longer in contact with the sample.
Thus, we identify the force difference between the mini-
mum force and the plateau as the maximum pulling force,
F, and the typical displacement, J for the contact loss as
a measure of a critical deformation for the rupture of the
material (Notice that, given the small values of cohesive
forces and the stiffness of the scale, the displacement of
the sensitive part of the balance can be neglected with
respect to that of the indenter). We consider that Fj
relates with the tensile stress o5 according to Fs = 045
where S is the surface area of the contact between the
indenter and the granular layer. Different surface area
were tested. The results reported in Fig. 2c corroborate
the linear dependence of F; on S and, thus, validate the
measurements of o.

We report in Fig. 3 the tensile stress o, as a function
of the particle size d, for various relative humidities Ry.
Each point in the graph corresponds to the average of
seven retraction trials. The dispersion in o, is of about
5%, the largest for the smallest Ry. The tensile stress
o, decreases quickly when the particle size is increased,
the decrease being faster for the larger humidity.

The rupture distance § (Fig. 4) is also extracted from
the retraction force curves by assuming an exponential
dependence of the pulling force on the indentor displace-
ment. Within the experimental errors, § is almost inde-
pendent of the particle size but is an increasing function
of relative humidity. By plotting 6 vs o5 (since cohe-
sion is a more natural variable in our experiment) for a
given particle size, we observe that § scales roughly as
§ ~ d?0 /s where the experimental constant, which has
the dimension of a surface energy, is 7y ~ 10 mJ/m?
(Fig. 4, inset).

We notice that in our experiments the water content is
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FIG. 2. Cohesion assessment — a) The force of cohesion
F is measured by means of the analytical balance when the
indentor is retracted at constant speed from the surface. The
whole is inside a chamber at constant humidity. b) Several
retraction curves: each curve showing a minimum (F) and
a plateau after complete indenter retraction. Dashed line in-
dicates the averaged force for indentor diameter 7.4mm. c)
Cohesion force, Fs, vs. indenter surface area,S.
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FIG. 3. Tensile stress os vs. grain size d for distinct
relative humidity Ry — [after 1 Hr of ageing].

small even at relatively large humidity and that the mea-
sured tensile stress is small compared to that expected for
a fully developed bridges regime (05 < 7y/d)[3] which
suggests that particle roughness is playing an impor-
tant role in the cohesion observed here. Thus, o4 scales
roughly as 1/d? instead of 1/d as it would occur in the
regime of fully developed capillary bridges. Formally, the



20
l‘c
4
SR, 3% g -
15¢ . (TT, 2l o .‘.""‘ O 150-200 um
o RH 4% 'S5 .‘9"A Vv 106-125 um
. o o A 53-75um
c OR,89% N O 0a5pm
310r 0 50 100 150 1
o o (Pa)
5,
% 60 100 140 180
d (um)

FIG. 4. Rupture distance § vs. particle size d for dis-
tinct values of Ry — Inset: § as function of o for several
values of d.

fully developed bridge regime should be obtained when §
tends to be of the order of d. Interestingly, d is identified
to be proportional to both the number of active sites,
(for water nucleation), and their average radius of curva-
ture. This identification is obtained by simple inspection
of the expression for capillary force (See Eq. 6 in [11]
for details) derived in the roughness regime presented in
Refs. [9, 11].

In order to provide some additional clues for the un-
derstanding of the mechanical behavior of our samples,
we assessed the typical roughness of particles through the
analysis of atomic force images of the particles surfaces
(Fig. 5). Scales of typical height [z and typical width iy
of the roughness are extracted from the images by filter-
ing the asperities, which were less than a few nanometers
in typical size. Table I summarizes our findings which in-
dicate that [r and [y do not systematically depend on
the particle size, d.

FIG. 5. (Color online) AFM images of the particle sur-
face — a) Particle size, d = 53-75 ym b) d = 106-125 pm.

d (um) |0 — 45|53 — 75]105 — 125|150 — 200
In (nm) | 70 50 100 70
Iw (nm)| 270 | 365 680 460

TABLE I. Typical lengths iz and lw.

For the purposes of the present study, we limit ourselves
to the results presented above. A detailed analysis of the
dependence of the cohesion on the experimental parame-
ters such as the particles roughness, the particle size and
the water content will be given elsewhere.

B. Shear modulus assessment

To characterize the shear modulus G, a Rheometer An-
ton Paar MCR-301 is used. It applies controlled shear
stress and normal force to the sample (Fig. 6).

It is important to discuss the range of normal stress
we use for this study. We are interested on the shear
modulus at low confinement pressure. Indeed, given that
the height of the layers is less than h = 0.5 cm, and that
the layer density is of about 10® Kg/m?, the maximum
pressure at the layer base is less than 50 Pa, thus of the
same order as the tensile stress due to moisture.

Humidity-Control Chamber

Light source
o N
Rough plate
Video Ring of grains
Camera gotg
N Rough surface

b)

FIG. 6. Shear modulus measurements — a) Sketch of the
setup. The sample is a ring of internal diameter 18 mm and
of rectangular cross section of 4 mm in width by 1 mm in
height. b) Image from the side of the granular sample. c)
Displacement field, arrows indicating the grains displacement
obtained by means of correlation analysis. d) Displacement
profile. Horizontal lines indicate the top and bottom bound-
aries of the shear cell.

For the test, we build samples having the shape of a
circular annulus with a rectangular cross section as il-
lustrated in Fig. 6. Sand paper is glued to the upper
and lower surfaces to avoid slippage. In order to insure
reliable measurements, the applied shear stress and the
resulting shear deformation in the whole sample thick-
ness are measured independently. To do so, we analyze
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FIG. 7. Shear modulus G vs. o5 + P, for various cohe-
sion — [d = 0 — 45um)].

images of the layer taken from the side (Fig. 6). Image
correlation analysis is used to obtain the shear field on
a squared window of the sample. By plotting the shear
stress against the shear strain, for given normal forces
P,,, we obtained G for various humidity conditions.

Due to the necessity to build annular self-standing
samples, only small particles which are cohesive enough
are tested, d = 30 pum; small particles having highest co-
hesion allow us to scan a relatively wide range of Ry. In
turn, larger particles, at low humidity, exhibit low cohe-
sion which makes samples less stable when the normal
force is increased. Measurements of the tensile stress are
carried out in the same samples as soon as the shear test
concludes to avoid ageing errors.

We report the shear modulus G as a function of the
applied normal stress P, for distinct values of the cohe-
sion in Fig. 7. We notice that when G is plotted against
0s+ P, all results collapse in a single straight line, which
indicates that the proper confinement pressure includes
the additional contribution of the cohesion. This result
is particularly interesting and deserves to be thoroughly
discussed. For spheres interacting through a Hertz po-

tential, G would scale has P%/ } In turn, for a highly co-
hesive ensemble of Hertzian spheres it has been recently
shown [13] that G ~ E?/3(o, + P,)'/3, where F is the
bulk modulus of the material. In our case, the linear de-
pendence of G on P, and the relative low values of the
cohesion suggest that a different kind of elastic interac-
tion is taking place. Let us consider that the contact
between the spherical grains is dominated by rugosities
or even asperities of typical size scale [g. In this case,
Fy+ N,, = JA,, where Fy and N,, are the capillary force
and the applied normal force respectively, J is the yield
stress of the material and A, is the real area of contact.
Consistently, for rugosity dominated contacts, the elas-
tic force exhibits a linear dependence on the local strain,
0/lgr, so that Fo; ~ EA,Ad/lg. Considering that the
shear modulus differs from the effective bulk modulus

Ees. o (Fe./d*)/(Ad/d) only by a factor of the order
of the unity [14] and including the geometric factor [13],
we find,

G~ ——(0s+ P,). (1)

From experimental data, we obtain E/(JIg) ~ 6 x 108 m.
For I =~ 100 nm, a value that is obtained by measuring
the spheres roughness from AFM images, the ratio E/J is
estimated to be of about 40, which is an acceptable value
given that a material deformed a few percents yields. In-
deed, independent measurements for a sodosilicate glass
provide typical values of £ ~ 70 GPa and J ~ 3 GPa
which gives a E/J ~ 25 [15]. In addition, in experiments
of indentation on a plate of soda-lime-silica-glass, a cur-
rent value is F/J = 40 [16]. On the other hand, as a
check of consistency, it is interesting to ask for the frac-
tion 1, of contacts that are actually acting in the plastic
regime with respect to the elastic ones, as given by the
well known Greenwood-Williamson approach [17]. This
is 1 = (Ig/p)*/?E/.J, where p is the curvature radius of
typical asperities, which is approximated to p ~ Z%V /8lR.
With data in table I and taking E/J ~ 40, we find that
1) &~ 20 which is consistent with our hypothesis of plasti-
fied contacts.

C. Pattern characterization

When the membrane is stretched by imposing the ho-
mogeneous strain field of amplitude § = U, at the base
of the granular layer, one observes, provided that the
grains are small enough and/or the relative humidity,
Ry, large enough, the growth of a rather regular pattern
at the free surface (Fig. 1). Domains, made of stripes hav-
ing a rather well-defined width and making an straight
angle with the stretching direction (z-axis, Fig. 1), nu-
cleate and grow.

The Fig. 8 presents the modulation of the displace-
ment fields along the pulling direction (The imposed de-
formation is substracted from the measured displacement
field). For the case of low cohesion, presented in the
uppermost panels, even if the structure is barely visible
from pictures, image correlation analysis reveals a small
modulations whose amplitude increase with §. We point
out that as 6 is increased, the pattern evolves toward a
structure of a relatively well selected wavelength. Right
panels on Fig. 8 include the displacement U, — 0z and its
respective strain dU, /dz —6 along a selected line (dashed
lines) parallel to the pulling direction. The strain varies
smoothly.

By contrast, for relatively high cohesion, Fig. 8 (low-
ermost panels), a rather well-defined wavelength is ob-
served, even at small stretching #. Displacement and
strain profiles indicate a nonlinear behavior since the
early stages of the structure development. Large posi-
tive strains are localized whereas extended region poorly
stretched are observed. As a consequence, when the



Profile

15 20

0 5 10
X (mm)

Profile

10 15
X (mm)

Profile

10 20
x (mm)

FIG. 8. (Color online) Displacement fields for two dis-
tinct values of cohesion at a given thickness— Left:
Modulation of the displacement fields U, (z,y) — fz. Right:
Profiles of the modulation U, (z) — 6z and associated modula-
tion of the strain dU,/dx — 6 (in mstrain) measured along
the dashed lines. Results are reported for low cohesion,
os = 1 Pa (uppermost panel) and relatively high cohesion,
os = 10 Pa (lowermost panel) and for two values of the im-
posed stretching, § = 0.0028 and 6 = 0.127, as indicated on
panels [h = 5 mm, d = 53 — 75um)].

stretching is further increased, the structure develops
with a continuous increase of the strain in localized re-
gions, which leads to the fracture of the granular layer in
these regions of focused dilations.

From now on, it is particularly interesting to consider
the dependence of the amplitude A of the displacement-
field modulation at the free surface as a function of the
average strain imposed at the base plane, . The sen-
sitivity of the image correlation method makes it possi-
ble to accurately determine the RMS amplitude (normal-
ized to the average wavelength), A/, as a function of 6

o =1(Pa)
012V s Fracture
00 = 10 (Pa)
S|
=< 0.08
S
<
0.04¢ L
Undulation
R, 40%
H
o® ‘ ‘ ‘
0 0.05 0.1 0.15

FIG. 9. RMS amplitude of the strain variation along
the stretching direction. [Equal conditions as in Fig. 8].

(Fig. 9). One observes that the amplitude of the modu-
lation starts growing linearly with 6, as soon as the layer
is stretched. Confirming with a much better accuracy a
result obtained in Ref. [7], these experiments prove that
the instability does not exhibit any significant threshold
in terms of deformation.

At this point, we consider the dependency of the typ-
ical wavelength, A, of the fracture pattern on the cohe-
sion. We first mention that A is not strictly selected and
that a large scatter on the stripes width is observed. In
spite of the scatter, we observe that A\ oc h in average.
In Ref. [7], A\ was observed to be almost independent
of d for given relative humidity, Ry, and thickness, h.
Here, our image analysis method allows the assessment of
wavelength at very low cohesion for much lower imposed
external displacement, which in turn minimizes scatter
of the measurements. Fig. 10 presents the wavelength of
the structure as function of relative humidity, Ry, as well
as cohesion, accounted for by the tensile stress o,. For
small Ry, A is nearly independent on Ry but it strongly
increases when Ry reaches a value about 70% (Note that
such a relative humidity is typical of the transition be-
tween the roughness- and the smooth-sphere regimes for
the capillary bridges [3]). However, when A is plotted
against o, only a slow increase is observed. Interestingly,
when o is used as independent variable instead of Ry, a
small but significant dependence of A on particle size, d,
is revealed. In addition, at vanishing cohesion A =~ 0.6 h
independently of d.

IV. THEORETICAL ANALYSIS

In the following, we remind the main ideas presented
in Ref. [7] on the mechanism of pattern formation on the
cohesive layer. As observed in the section IITA, due
to the capillary nature of the interaction between the
grains, the cohesion force decreases when the material is
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stretched and, thus, grains are pulled apart [5, 6]. When
the membrane is elongated, an homogeneous stretching
of the material is imposed in the base plane. However,
due to the “strain softening”, in response to the overall
stretch, the layer tends spontaneously to modulate the
deformation. Indeed, regions of large deformation are
associated with a smaller tensile modulus (cohesion) and
regions of large modulus are associated with a smaller
deformation, which results in an overall decrease of the
energetic cost. Simultaneously, the modulation induces
a shear deformation which is associated to an energetic
cost. Thus, it is expected that the wavelength is governed
by the balance of the gain associated with the modulation
of the horizontal strain and of the loss associated with the
resulting shear. In order to account for the experimental
observations, let us first assume that the normal stress
along the x-axis, 0,;, decreases linearly with the uniaxial
strain ., according to o, = 05(1 — Uz /0,,) when the
material is stretched (ug, > 0) [6]. The relation is no
longer valid for u,, > 6,,, when the elongation is large
enough for the bridges to collapse and, thus, the material
to break apart. Thus, 6., represents the typical strain for
which a significant softening occurs whereas o; denotes
the tensile stress previous to deformation. For the sake
of simplicity, the contribution of the shear shall be ac-
counted for by a simple shear modulus G whose value
shall be discussed later. In this framework, the shear
stress 0., = Gu,, and, accordingly, the energy per unit
volume

2

Uz 1 2

E=o0, (um -

A sinusoidal perturbation of the displacement such
that u, = 6x + f(2)sin(kz) in the horizontal plane
is considered and, to obtain the associated displace-
ment in the vertical direction wu,, dilation is neglected,
Uge + Uz, = 0. The wavelength A = 27 /k is thus
found to be proportional to h, independent of 6, ac-

VItE _p. provided that & > 1,

COrding to A = 2Wm

where £ = 205/(G0,,). Thus, the layer is always unsta-
ble provided that the decrease in the tensile stress is large
enough compared to the shear counterpart, i.e. gm > %

The growth of the instability is limited by the condition
that ug,(z,h) > 0 for all 2 at the free surface and the
amplitude of the vertical displacement, k a, is predicted
to be proportional to 6 h.

V. DISCUSSION

Interestingly, the theoretical analysis, which involves
both a decrease of the tensile stress associated with the
stretching of the material and an energetic cost associ-
ated with the induced shear, predicts that a stretched
layer is always unstable. In agreement with the ex-
perimental observations, the instability does not exhibit
any finite threshold, the amplitude of the modulation in-
creases linearly with 6 (Fig. 9).

One important point is that the effect of the humidity
content on the wavelength is accounted for by the depen-
dence of A on the ratio £ = 205/(G6,,). For instance, in
the limit of large £ (small bridges), one expects

A~ 44/20,/GOph. (3)

As discussed in Ref. [7], the experimental increase of A
with Ry would impose, in the framework of the simpli-
fied model, that G increases slower than the ratio os/6,.
Note that o5 and 6,,, both should increase with Rp.

At the light of the measurements presented in section
III B, the shear modulus G is indeed a linear function of
os. We obtained, G = (054 P, )Ed/6Jlg, which replaced
in Eq. 3, leads to

A~ 4./120,J1r/Edb,, (05 + P,)h. (4)

Notice that, at the thicknesses explored in our experi-
mental conditions, the pressure due to the grain weight
at the base of the layer, P, =~ pgh, is in most cases much
smaller than o, which allows us to neglect P, for small
h and sufficiently high o4. Thus, the dependence of A\ on
o vanishes, indicating that the origin of the dependence
of the wavelength on the humidity is not likely trough
the variables discussed up to now. We notice that, the
only remaining quantity which depends on Ry is 0,,. It
is then natural to take 6,, as the typical strain necessary
for rupture i.e., the ratio of the typical elongation for rup-
ture Js to the typical size of the objet that is stretched
L.. Given the small water content in the system, it is
reasonable to take &5 as the typical size of the asperities,
lr. In addition, the water is likely to be heterogeneously
distributed in the system and, thus, the grains to form
wet clusters [2, 12]. To account for the clustering, we
assume that L. = a,d/2, where ay is the typical size
expressed in number of grains of a typical cluster in the
system. With these assumptions, we get

A~4.\/6Jas/Eh, (5)



Finally, in order to account for the whole dependence of
A on the humidity, a guess for the dependence of the size
of the clusters on the cohesion is necessary. Noticing that
s must tend to one for vanishing o4 and should be an in-
creasing function of o, we then write, ay, ~ 1+0,d*/Blr,
where 8 is a constant with the dimension of surface en-
ergy. The latter choice, which is motivated by the de-
pendence of the elongation distance before rupture, ¢,
observed in the indentor experiment reported in section
IIT A, correctly describes the functional dependence of A
on both o, and d. Indeed, the final expression

A\~ 4.\/6J(1+ 0.d?/BlR)/Eh, (6)

predicts that, in the limit of small o4, independently of
the choice for the scaling for clustering formation, A ~
4,/6J/Eh. Experimentally, we obtain A ~ 0.6h, which
predicts that E/J = 200 which is of the same order but
significant larger than that obtained from shear modulus
measurements (see section IIIB). Solids lines in Fig. 10
correspond to the best fit to A\ using the values of [ given
in Table I and the constant 8 as unique free parameter.
We get B = (0.44 £ 0.03) mJ/m?. This value indicates
that cluster size ranges from d to 10d.

VI. CONCLUSIONS

In conclusion, we have presented novel measurements
of the strain field associated to the instability of a
stretched cohesive granular layer by image correlation
analysis. The wavelength of the structure is an increasing
function of both the cohesion and the particle diameter.
The “strain softening mechanism” proposed in Ref. [7]
along with novel measurements of tensile strength and
shear modulus, lead us to hypothesize that a clustering
effect might be at play.
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