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Aging in humid granular media
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Aging behavior is an important effect in the friction properties of solid surfaces. In this paper we investigate
the temporal evolution of the static properties of a granular medium by studying the aging over time of the
maximum stability angle of submillimetric glass beads. We report the effect of several parameters on these
aging properties, such as the wear on the beads, the stress during the resting period, and the humidity content
of the atmosphere. Aging effects in an ethanol atmosphere are also studied. These experimental results are
discussed at the end of the paper.
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[. INTRODUCTION increase of the maximum stability angle of submillimetric
glass beads with the time of rest of the granular heap. Nev-

Granular media have many interesting and unusual propertheless, this temporal evolution is observed only in a hu-
erties[1]. The intrinsic dissipative nature of the interactions Mid atmosphere. This important effect of humidity in the
between the constituent macroscopic particles sets granul@ging properties of friction has also been reported by Diet-
matter apart from conventional gases, liquids or solids. On&'ich and Conrad in rock-to-rock frictiof®], and Crassous
of the most interesting phenomena in granular systems is t al. on paper-to-paper and glass-t_o-glass fric{io@]. This
transition from a static equilibrium to a granular flow. Con- SNOWs that a small amount of liquid in the atmosphere can
trary to ordinary fluids, they can remain static even with andra:té%ﬂ%g:%?'gggﬁt z%lgrriln?gr)]?:ﬁ;/seosft usc(i)i“e?jsfhe effect of
E{Eg'?]%?i;:)eni;u;?;:é di”;‘g:}i” tthhrzshn(%e 3;;:; ?ﬁga&?ewnha small amount of liquid on the maximum stability angle in a

in th ; q f i ranular material. Barabasi and co-workgtd—14 as well
cannot sustain the steep surface and starts to flow until it§¢ \1asoret al. [15], and Halsey and LevingL6] have stud-

angle relaxes under a given angle of repgse _ied the influence of a small quantity of nonvolatile liquid
_The friction properties of grains play an important role in 3qded to a granular medium, and shown an important in-
this transition from static equilibrium to floy2]. Indeed, the  ¢rease of its maximum stability angle. Using water vapor and
phenomenological laws of static friction formulated by Cou-a|cane vapor, Fraysset al. [17] have reported a significant
lomb in 1773 identified the existence of a definite avalanchéncrease in the maximum stability angle with the vapor con-
angle in a granular media to a friction coefficient: g tent of the surrounding atmosphere.
= w. Subsequent works have emphasized the similarities be- These experiments do not explicitly incorporate time as a
tween solid-solid friction and friction in granular media. On parameter for cohesion effects in granular media as studied
the one hand, detailed studies in solid-solid friction haveby Bocquetet al.[8]. More recently, Ovarleet al.[18] have
brought into evidence temporal evolution in friction phenom-shown a humidity-induced aging effect on the dynamical be-
ena between solids. In a number of materials the static frichavior of a granular column pushed vertically. A similar ef-
tion coefficient increases logarithmically with the contactfect has been reported by D'Ania9] in frictional proper-
time, whereas the dynamic friction coefficient decreases aties of granular in a Couette geometry. In this paper, we
the logarithm of the slipping velocity3]. These temporal investigate more precisely the temporal effects on the ava-
evolutions have been shown to be an effect of the evolutiof@"che angle of submillimetric glass beads. For this purpose,

over time of contacts between surfaces asperities—the agi ! elluget a rotatltng drurg ﬁnd %g[rfO(/rvn e;(perlmlents atfa cor;—
of contacts, and result in stick-slip behavior at low-velocity olied temperaturé and humidity. Ve have also periorme

motion[4]. Recently, Nasunet al. [5], and Geminaret al experiments in ethanol vapor. We analyze in detail the effect
[6] have feported rﬁeasuremen.ts df stick-slip transitio.n o] of p_a;jam%terr]s such a.;, tr? N gan%enual hs tress dur|r|1% the rgstlng
granular layers of spherical glass beads. A similar study ha erlod and the wear of the beads on the temporal cependence

. f the avalanche angle. We show that this temporal evolution
been made by Lubert and de RyfR] between silica gel g its” from the increase of the cohesion force between

grains in an annula( geometry. O_n the other hand, the t_e”brains when the beads are in a vapor atmosphere.
poral evolution of friction properties in a granular material

has been studied by Bocquet al. [8], who report a slow II. EXPERIMENTAL SYSTEM

A. The setup

* Author to whom correspondence should be addressed. Present The experimental setup is described in Fig. 1. The granu-
address: Laboratoire des Fluides Orgasjiseollege de France, 11 lar material is inserted in a cylindrical drum of stainless steel
place Marcelin Berthelot, 75005 Paris, France; email addresswith an inner diameter and a length of 10 cm. This geometry
frederic.restagno@college-de-france.fr reduces the influence of the wall on the stability anghe
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lemparabura conbrol

FIG. 1. Experimental setup.

b,
typical length scale on which the wall affects the stability £ig. 2. picture of a sample of glass beads with an optical mi-
angle is on the order of ten bead diame{@@)). The lateral  ¢roscope.
faces of the cylinder are made of glass with an opening at the
center sufficiently large to allow vapor exchange with thevapor pressureg,. The relative humidityHg is often ex-
outer atmosphere. The drum is partially filled with glasspressed as a percentagii(%)=HgXx 100. The relative hu-
beads. In all the experiments we have used the same heightidity is a more pertinent parameter since it is related to the
of glass bead$4 cm). In order to keep the relative humidity thermodynamical properties of the liquid-vapor equilibrium.
of the atmosphere constant during the experiments, the setlpdeed, the undersaturatia¥y = u,ap— usar, defined as the
is placed in a sealed lucite box. The temperature in the box igifference between the chemical potential of the vapy,
controlled by a heating resistor, a fan enclosed in the boxa@nd the chemical potential at the liquid-vapor equilibrium
and a temperature controller. The heating resistor is @tsan Can be expressed §22]
THERMOCOAX heating element connected to a digital tem-
perature controllefREX F400,TcsA Dardilly, France. The
temperature measurement is done with a Pt100 inserted in

the box. The temperature is fixed at (20.2) °C. wherek is Boltzmann’s constant antl is absolute tempera-
The cylinder can rotate around its horizontal axis at at N P

constant speedt controlled with a dc motor. The rotation In the literature, different methods for the control of the

speed can be varied from0.01 to 60 rpm. One of the lateral relative humidity are described. Bocquetal. [8] used the

faces of the cylinder is monitored by a video camera Con.'method of the controlled leak between a water container and

nected to a computer. The maximum slope of the surface i S . . ;
. . . e chamber containing the experiment. This method requires
then directly measured witsBClON Imaging Software. The .
an adjustable control of the flow of vapor between the two

error on the measurements is typicalyl°. The main error .containers and an accurate hygrometer. Fragtsd. [17]
is due to the lack of flatness of the heap surface. This error is . P .
smaller than the dispersion of the measurements, which aruesed a more complicated method consistindiinputting the
P : o beads under vacuum, arfiil) injecting a controlled amount
due to the small differences in the preparation of the . : X
. . . of water (undersaturated vaporThis method is a versatile
samples, small drifts, and unwanted vibrations. We report the . . A
.method that can be implemented with any volatile liquid,
avalanche angle measured on the surface of the glass win-~" ~— " o i :
; . : resulting in a shorter equilibrium time. In our experiments,
dows on the lateral faces of the cylinder. This angle is always
. : we used another method to control the atmosphere. The rela-

greater than the avalanche angle in the middle of the dru

The difference between these two an ically 29 does Mive hum|d|ty is kept constant by using an aqueous solution
- AR ol saturated with inorganic salts. A large beaker of saturated salt
not change with the waiting time.

c9 , . solution is put in the box. Each salt fixes the relative humid-
The glass beads used in this study are industrially used fq{ of the surrounding atmosphere at a given temperature
sandblastingsee Fig. 2and are sold by MatrasuiMarcous- Y 9 P 9 P '

sis, Francg These glass beads are smooth and have 'al'he purlty_of th‘.a used salt gxceeds 99(% fact, a _small
. amount of impurity does not induce a significant drift of the
roughly spherical geometry.

In all the forthcoming experiments, the diameter of thehum|d|ty). Table Il shows that temperature has little influ-

beads is smaller than 0.3 mm. We have found that the tem(?nce on the relative humidity. The relative humidkt, is

poral effects become small for glass beads larger than 0 @easured during the experiments by a capacitive hygrometer
3. . 0
mm. We used three samples of glass bedksreafter with a precision of+2%.

pva") =kTIn(Hg), (1)

Ap= pryap~ Hsa= KT N

sat

A,B,C), with sizes calibrated by siftingsee Table )l TABLE I. Size of the beads in the different samples.
B. Humidity control Sample Min. size gm) Max. size wm)
Two parameters are used to quantify the amount of vapor A 200 250
water in the atmosphere. These are the partial pressure of B 125 160
water p,p, or the relative humidityH g = pyap/Psa, defined c 0 50

as the partial pressure of water divided by the saturating
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TABLE Il. Relative humidity of the air surrounding a saturated salt solution for different salts at different
temperaturegafter the AFNOR norm X15-11[121]).

Saturated salt solution Hg (%)

Temperaturg°C) 5 10 15 20 25 30 35 40 50 60
Lithium chloride (LiCl) 14 14 13 12 12 12 12 11 11 10
Potassium acetate (KGBO,) 21 21 22 22 22 21 20

Magnesium chloride (MgG) 35 34 34 33 33 33 33 32 31 30
Potassium carbonate §KOs) 47 44 44 43 43 43 42 36
Sodium chlorideg(NaCl) 76 76 76 76 75 75 75 75 75 76

C. Procedure with the waiting time. This variation is large; the maximum

Our purpose s to study the aging effects on the avalanchetability angle is about 30° for a short waiting time and ri_ses
angle of the granular medium. Therefore, we measure thelP 10 55° after three waiting days. Even for longer waiting
avalanche angle of the granular heap after a waiting tjme times, no saturation of the maximum stability angle was ob-

the waiting time being defined as the time elapsed betweef®™Ved: ,
the onset of an avalanche and the last overall motion of the As a first approach, we may compare this temporal behav-

grains before the avalanche. The procedure for measuring th@' 10 the aging properties of the static friction coefficient in
avalanche angle after a resting period of lengthis the normal solid to friction. In a number of materials, the static
following. friction coefficient u is found to increase logarithmically
(1) First of all, the beads are introduced in the drum and/ith the waiting time during which the two solids have re-
rotated at a low spee®.01 rpm for 48 h in the controlled Mained at rest with respect to each other:a+b10gsly .
environment. After this preparation, we estimate that the huFollowing the law of Coulomb for the avalanche angle of the
midity and temperature are homogeneous throughout th@ranular heap, one may expect a slow temporal growth for
bulk of the granular medium. tané,,, for instance, as taf,,=a+blog,((t,). However,

(2) The drum is rotated for about one minute at an angulafiS crude analogy is not adequate to describe the aging be-
velocity of about 20 rpm, in order to create an overall motionhavior observed here, since it leads to a saturation value of

in the granular medium. the maximum stability angle equal to 90°. Indeed, in a purely

(3) At time t=0 this quick rotation is stopped. We check friptional granular material, any negative normal stress ap-
that the free surface of the heap obtained is flat enough sdlied on the surface of the heap should destroy the heap. This
that the value of the maximum slope can be measured withi}y@S not observed in our experiments. With large humidities
2°. The position of the drum is adjusted so that the angle of Hr(%)>80%) and long waiting times, we observed a
the free surface of the heap with a horizontal plane has glumping of the granular material. In such a situation the
well-defined value. We call this angle the reference angléurface of the heap reachés 90°. Clearly, cohesion forces
0, The reference angle is always smaller than the maxil€tain the grains of the material together so that the heap can

mum stability angle of the heap.

(4) The granular heap stays at rest ub#t,,. The drum 6SF S
is then set in rotation at very low speed, and the angle of the 60 C 1
free surface of the heap is recorded. The valug,ofnd of 12 E
the maximum stability angle are determined from the last 55 F 1.0 - E
image before the onset of the avalanche. Other experiments -~ .
are then run from step 2. § 50 :_0-8 3

We have probed a large range of waiting times starting = I ]
from t,=10 s tot,=3 days. Experiments with different ® 452_ ]
waiting times are performed in random order. C .

In the case of high humidity or large waiting time, the 402_ - 3
granular heap can be so cohesive that the heap can clump. In C a a"
this case, it is not possible to obtain a flat surface when the 35F .' " E
heap breaks. In the following work, we have restricted our r um 3
study to granular heaps with low cohesion forces so that a R R S e B —
flat surface can be obtained. log, ,(ty)

I1l. HUMIDITY-INDUCED AGING FIG. 3. The maximum stability angl&,, as a function of logt,,

for a sample of glass beads with a diameter between 200 and
We first studied the influence of the resting timgon 250 um. In these experiments the value of the reference angle is
sampleA in an atmosphere of relative humidityg=43%.  4,,=28° and the relative humidity islz(%)=43%. In the inset,
The avalanche angle,, is plotted as a function df, in Fig.  tané,, is plotted as a function of lqgt,, /cosé,,. The dashed line is
3. The data clearly show an increase of the avalanche angtbe best linear fit of the data.
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stay stuck on the upper part of the drum due to this cohesive Q12FTrrrrrrrrrr1rrrH
stress. [ ]
In order to take into account these adhesive forces, one 0.10 | { -
may use a phenomenological extension of the Coulomb [ E,, """"""" L]
analysis. An equivalent formulation is to introduce the Mohr- 008 F .-° E E /} .
Coulomb criterion that relates the normal stressacross L /7 ; ]
some plane interior to the sandpile to the maximum tangen- 0.06 '_/' ) J
tial stresst possible without failure of the pile. In the ab- 3 @ finsing ; ]
sence of cohesive stress, a Mohr-Coulomb criterion for a 0.04 £ A J
granular medium isr=uo. A cohesive stress can be taken [ H ]
into account by a phenomenological criteri®8] 0.02 - —m before rinsing 3
[ —e— after rinsing ]
T=Ctpon, @ 0.00 el

where g, is the normal stress introduced by external fields, 0 200 4;9 0 600 800

andc the normal stress due to attractive interaction between Ng (10° cycles)

grains. The maximum stability angle may then be obtained F|G. 4. Influence of the wear on the amplitudeof the aging

by considering the equilibrium of a layer of thickneBs  pehavior.N, is the number of revolutions of the drum after which
along the surface of the heap. The modified Mohr-Coulomlaging is measured. An arrow indicates that after this experiment the
criterion (2) leads to a failure where beads have been rinsed as explained in the text. The dashed lines

pgD sinf=c+ upgD cosd are only guides to the eye.

pose we have taken 2.5 kg of glass beads directly as bought
S — (3)  from Matrasur, and sifted them to calibrate their diameter in
pgD cosé the 125-16Qxm range (sample B). Then we have per-
formed a first set of measurements of the aging coefficient
of this sample. After this first measurement, we have worn
down the beads by rotating the drum at a higher sgééd
?pm) during a number of revolutions of the drub,=Nj.
Fhen we have produced a set of avalanches to measure the

cohesive stressis strong enqugh to sustain the we!gigD .new value of the aging coefficient. Then we have worn down
of the layer. Halsey and Levine have conducted this analys%e beads again durin, revolutions. The total number of

in more detail, and have predicted that in presence of COherévqutions of the beads is noW, =N, +N,. The evolution

sion forces the failure of the heap should occur at its botto . e :
[16]. Also, the dependence of the avalanche angle with Cg?_)f the aging coefficientr as a function of the total numbers

hesion forces described in E) has been probed recently of re\{olut|on Ne Is pllotted on Fig. 4. Th'$ curve show; a
slow increase ofe with N. and a saturation of the aging
by Forsythet al. [24], who have used well-controlled mag- L .
. . : coefficient. After these five measurements, the glass beads
netic adhesion forces between grains. ) SR
: : were taken out of the drum and rinsed in distilled water
In the inset of Fig. 3 we have plotted the tangentgfas

a function of loa.t.. /cos-.. The data are correctly fitted b several times. After the first rinse, the remaining water was
: 10G0tw m: y Y turbid. We rinsed the beads until the rinsing water is no
the straight line such as

longer turbid. This suppresses all the small particles with a
diameter typically smaller than um. The glass beads were
10g16tw (4) dried, and the amplitude of aging measured again. In Fig. 4,
COSO, ' the rinsing operation is symbolized by the vertical arrow. Just
after rinsing, the aging coefficient has a very small value,
wheref, anda are two adjustable coefficients. According t0 eyen lower than the one obtained for the glass beads as com-
Eq (3), th|5 result means that there iS a COheSion stress in thﬁg from the Supp”er_ We then have worn down the Samp|e
granular media which increases slowly in time according t0;gain, and we observed that the aging coefficient increases
c(tw) = cologso(ty). In the following, we characterize the in- ang comes back to the values obtained before the rinsing
fluence of various parameters on the aging behavior by plotyperation.
ting the experimental data in this representation. We focus Therefore, the amplitude of the aging of the beads de-
mainly on the CoeffiCientr, which measures the the ampli- pends on their wear, but worn-down beads can be regener-
tude of the aging behavior of friction in the granular me- ated by rinsing. This experiment reveals that the effect of
dium. wear is mainly due to the production of glass dust, which
plays an important role in the aging phenomenon. Also, the
IV. PARAMETERS INFLUENCING THE AGING effect of wear is important for “clean” beads but tends to
saturate after a certain number of revolutions of the drum. As
a result, we subsequently have used worn-down beads to
We have studied the influence of the preparation of thestudy the influence of other parameters on the aging behavior
sample of glass beads on their aging behavior. For this pumf the beads.

tanf=pu+

wherep is the specific weight of the pile. This phenomeno-
logical description of the effect of cohesion forces on the
stability of the sand pile explains the fact that the free surfac

tané,,=tanfy+ a

A. The wear
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FIG. 5. Temporal evolution of the maximum stability angle for  FIG. 6. Time evolution of the maximum stability angle, of a
different values of the reference anglg; at which the granular 200 um glass beads heap for various relative humidities.

heap remains at rest. Filled square®,,=0°; open triangles : ) o )
O,er= 28° the aging coefficient of a sampkeof glass beads is plotted

in Fig. 6. The main results are
(i) That no aging is observed in the dry case. It means that
the aging behavior is not due to any slow compaction effect
We also have studied the influence of the reference anglef the heap( [27]). _ _
6, 0N the aging behavior of friction in glass beads. Figure 5 (i) That the magnitude of the aging effect increases dra-
compares the evolution of the avalanche angle for a sampf@atically with humidity. _ _
of glass beads which ages with a horizontal free surface At thiS point, an important question concemns the physical
(6,.=0°) and a sample of glass beads which ages at a refrigin of the slow increase of cohesion forces in an humid
re

' tmosphere revealed by the aging phenomenon. In order to
erence angle close to the first avalanche angle measured a ; . :
LS R ) S ) . ~check whether the influence of the water vapor is physical or
short time: 6,,=28°. The relative humidity in this experi-

. L . chemical, we studied the influence of another condensable
ment isHg=43%. The beads’ size is the same as in th

. . . e\/apor: ethanol.
previous experimentsampleB). One can see in Fig. 5 that
aging is much smaller for beads that rest horizontally than
for beads that rest at an angle close to the avalanche angle.
We believe that this effect is due to very small displace- A. Control of the partial pressure of ethanol

ments occurring in the bulk of the heap when it is raised ypjike the case of water, there is no tabulated value of the
from an horizontal position to the avalanche angle. The efinfluence of a salt dissolved in liquid ethanol on its equilib-
fect of these small displacements is to break cohesive corium vapor pressure. Therefore, we first have designed a
tacts between grains. In their study of granular friction, Na-method to control the partial pressure of ethanol vapor, based
sunoet al. [25] report that in a stick-slip regime, some very on the one used to control water humidifyigs. 7 and 8

small displacement¢creep precede the rapid events. The  The experimental setup is described in Fig. 7. We mea-
same precursors also have been reported in solid friction bgured the absolute pressure over a solution of ethanol satu-
Baumbergeret al. [26]. Those precursors change dramati- rated with different salts at different temperatures. The solu-
cally the history of the adhesive contacts by breaking oldion of ethanol is placed in a bath with a controlled
ones and reforming new ones. To induce such changes, thégmperature. The sensors then where thermalized at the tem-
amplitude has to overcome the range of the cohesive forceperature of the bath to prevent any condensation of ethanol
In our experiment such precursors are much more numerouspor. Because ethanol is a polar liquid, it can dissolve some
and important when the heap is tilted from an horizontal

position up to the avalanche angle, which explains the weak i
aging effect obtained in this case. We will discuss in the last taucel__ |
section the expected range of the cohesion force between the 1\-.H.|

grains. This range must be small because the precursors ob- T e
tained in solid friction or in granular friction are about LN _[ AS . A
1 pm at most.

B. Influence of the reference angle

V. AGING IN AN ATMOSPHERE OF ETHANOL

VLI PressUIng Sensor
| o

.
Rt wales

?"’ T
saluticn of pthanal ———

bath af cantralied emperatune

C. Influence of the surrounding humidity

When the wear of the beads and the reference angle are giG. 7. (Color online Schematic representation of the experi-

conveniently chosen, Fhe amplitude of the aging bEhaVi.OT' i$nental setup used to calibrate the influence of an inorganic salt on
reproducible and the influence of the surrounding humiditythe equilibrium pressure of ethanol vapor in the surrounding atmo-
can be studied. The influence of the humidgty,,/psa ON sphere.
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L it R R R ER AL L) B Bk B el L < fect of ethanol on a sample of smaller glass beads. Fig. 9
i ] shows that aging can be observed for glass beads with a
sl e ] diameter comprised between 0 and &n. On this plot, the
z g i ] data are more dispersed thgn for water vapor because tem-
bt - Lo * perature was not controlled in these experiments for safety
a  F =Ly : reasons.
B I a1
o 40 ]
C ] VI. DISCUSSION
201 - . . ) o
B ——— " These experiments on the aging behavior of friction in a
b | : | ; granular heap of glass beads show that this aging is mainly
10 20 a0 40 50 due to a slow increase in time of cohesion forces inside the

T{°C) heap. As an order of magnitude, we find that the avalanche
angle of a heap of 20Qum diameter glass beads may in-
FIG. 8. (Color onling Evolution of the equilibrium humidity of  crease from 35° to 55° in two days in an ambient atmosphere
ethanol for different saturated solutions as a function of temperagf 40% relative humidity.
ture. The humidity is defined here as the ratig,/ps,; of the equi- We have shown that this aging phenomenon is signifi-
librium pressurep, 5, of ethanol vapor above the saturated SOlunoncantIy increased when the beads are worn down so as to
o the saturating vapor pressupg,, of ethanol vapor above pure contain a certain amount of glass dust. This can be under-
liquid ethanol. . ) o
stood by the fact that glass dust increases the specific area of

. . . . . the granular medium and, thus, the total amount of liquid
inorganic salts. In this study, we used Mg(lliCl, and LiBr. that can condense in it under otherwise fixed conditions.

As for the water solution, this modifies the chemical poten-

tial of ethanol in the liquid phase and, thus, the pressure O@Iso, the aging behavior is very sensitive to the tangential

the vapor in equilibrium with this solution. Indeed, the par- stress applied to the medium when it i$ atrest. In our experi-
tial pressure of ethanol strongly depends on the temperatut[geﬂtS thej.e effe(r:]ts are due to .sr|r|1aI.I dllspldacdemegts r:hat OC;: ur
[28], but we observed that the ratio of the partial pressure of' the medium when It tangentially is loaded and whose ef-
the vapor at a given temperature, divided by the tabulatelfCt iS to break old contacts and to create new ones. We do
saturating pressure, does not really depend on the temper‘&Qt know if it is an intrinsic property of granular friction, or

ture. Typically, we obtainedp,ay/psa=0.84 for MgCh, if it comes from the fact that our granular medium is loaded
Pap/ Psa=0.44 for LiCl, andp,ap/psa=0.16 for LiBr. only by its own weight. Finally, we have not found any satu-
ration of this temporal evolution of the avalanche angle. We
B. Aging in ethanol atmosphere attribute this to the fact that when cohesion effects become

important, clumping and cohesive structures appear in the

In_an atmosphere of ethanol, we studied t_he eVQIUtion_OBulk of the heap, and our experimental setup is not adapted
the first avalanche angle of glass beads with their resting) +he measurement of a maximum stability angle

time. We have not found any aging behavior for glass beads A very important parameter influencing aging is the hu-

of 200 um diameter. Since the surface tension of ethanol is idity content of the atmosphere. Bocquattal. [8] have

lower than the surface tension of water, we checked the e]g]roposed a physical mechanism for this humidity-induced

aging. It is based on the slow increase of the cohesion force
in a granular medium due to the capillary condensation of
small liquid bridges between the grains. It has been shown
both experimentally14] and theoreticallyf16] that the cap-
illary forces created by liquid bridges can very significantly
increase the maximum stability angle of a granular medium.
Hornbakeret al.[11] have also shown by adding mineral oil
to polystyrene beads—a chemically inert system—that the
capillary forces induced by liquid bridges are strong enough
to result in global clumping of the granular heap. In this
approach, time does not appear as a parameter since the lig-
uid is directly added to the granular medium. However, in
2 |0g4 ; /gos 0 8 10 the presence of a condensable vapor, the liquid bridges could
10w m condense in the medium with a slow kinetics. Direct mea-
FIG. 9. tand,, as a function of log,,/cosé,, for a sample of ~ Surements of capillary condensation of a liquid bridge be-
glass beads with a diameter between 0 and 50. The tempera- tween solid surfaces performed with surface forces apparatus
ture is not controlled in this experiment. A vapor pressure[29,30 show that a thin film of vapor confined between wet-
Puap/ Psai=0.84 of ethanol is present in the atmosphere of the boxfing surfaces can be highly metastable, whereas the stable
The straight line is the best linear fit of the data. state is a liquid bridge. Restagmo al. [31] have evaluated
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the energy barrier for the condensation of such liquiddoes not vary much with the size of the beads. Thus, assum-
bridges, and have shown that the activation energy growmg that the kinetics of condensation of liquid bridges is the
like the power 3/2 of the distance between the solid surfacesame in an ethanol or a water atmosphere, one would expect
and may become very large. Bocqeetl.[8] then suggest a similar effects for a ratio of beads radii Ofyate Yethanol
mechanism of thermally activated capillary condensation of=2.8. In our experiment, the beads’ radii ratio in samflle
liquid bridges between random asperities of the contact beand C is more than 5, and aging is observed in an ethanol
tween grains. Assuming a random distribution of the asperiatmosphere for a relative humidity much higher than that in
ties, they obtain a large distribution of activation energiesa water atmosphere. Therefore, it is not possible to conclude
which result in a slow increase in time of the capillary forcethat capillary forces only contribute to the aging phenom-
between grains. enon. In order to more precisely test the physical origin and
The experiments reported here do not allow us to deterthe time dependence of the adhesion force between beads,
mine if the increase in cohesion forces in the heap of glasthis adhesion force should be measured directly between
beads in a humid atmosphere is due to a purely physicalontrolled surfaces and in a controlled atmosphere. The sur-
mechanism, as proposed by Bocqettal, or a chemical face forces apparatus, which directly measures the adhesion
mechanism, such as the sintering of glass beads due tofarce between two macroscopic surfaces, could be an ideal
chemical reaction between of silica and water. We have obway to do these studies, since it has been already used to
served an aging phenomenon in ethanol atmosphere, whigtudy the kinetics of growing of a liquid bridge of capillary
is much less reactive with glass than water. However, agingondensation between ideal surfa¢ag].
in this case is observed only with beads with a diameter
significantly smaller than the one used with water. In order to
guantitatively compare the two systems, one can try to esti-
mate by a dimensional argument the effect of capillary forces We specially thank N. Taberlet for his experimental help.
in the bulk of the heap. The capillary force between twolt is a pleasure to thank L. Bocquet, J. Crassous, and N.
beads of radiusis 27y, r, and the number of bead contacts Fraysse for discussions. We are grateful to F. Vittoz and A.
across a plane in the medium scales ag.1ITherefore, the  Gourinel for their technical help. F.R. thanks Nancy Park for
cohesive stress due to capillary force should scalg aér.  technical assistance. We thank thegi® Rhane-Alps for its
On the other hand, the bulk density of the granular mediunfinancial supporfProgramme Emergence
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