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Microscopic and macroscopic aspects of stick-slip motion in granular shear
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An annular shear cell has been used to investigate a number of factors known to influence stick-slip motion
in an assembly of near monosized, spherical glass beads. In this paper, both the sample shear stress and
volumetric strain were recorded, allowing new insights into the possible mechanics of stick-slip motion in a
granular body. Rather than the commonly presented mechanism of sample dilation and fluidization accompa-
nying the slip events, in the material studied here, sample dilation occurred during the preslip deformations of
the granular body, while the slip event was accompanied by assembly contraction. Drive velocity and applied
normal pressure were both found to influence the magnitude of the stick-slip spikes in a manner analogous to
previous studies of stick-slip in assemblies of confined, near-spherical lubricant systems. Finally, atmospheric
relative humidity was found to have a marked effect on the magnitude of the stick-slip motion. To investigate
this mechanism more fully, the atomic force microscopy was employed to measure the particle-particle inter-
action forces as a function of atmospheric relative humidity. A water meniscus was found to form under all
humidities, from less than 5% to greater than 95%. However, its influence on the adhesive forces varied by an
order of magnitude. While most previous studies of stick-slip phenomena have attempted to remove atmo-
spheric humidity as a variable, here we present a useful link between the role of relative humidity on particle-
particle interaction forces and the macroscopic response of the granular assembly.
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I. INTRODUCTION stiffness, and environmental conditiojgd—7]. Recently,
measurements of this type were also reported with granular

In recent years, there has been a heightened interest in tineaterials. Nasunet al. [2] reported measurements of stick-
stick-slip shear response of assemblies of discrete particleslip motion on granular layers of spherical glass beads
These studies have been conducted on a range of materiatheared between roughened glass plates. They measured the
including granular materialg1,2], boundary lubricants effects of variations in the drive stiffness and velocity, de-
[3-7], and foamd8]. Interestingly, these materials share ascribed the creep before and after the slip event in some
number of common traits during stick-slip motion, including detail, and measured the instantaneous frictional force during
the shapes of the stick-slip friction spikes, the existence of @he slip events themselves.
critical velocity for the disappearance of stick-slip motion, In the current paper, the aim is to investigate the under-
and pre- and postcursors to slip. Accordingly, the suggestiotying mechanics driving stick-slip motion in systems of dis-
has been made that the physical processes occurring in theseete media. First the role of drive velocity and applied pres-
systems may be quite general, and may even apply on sure on the magnitude of the stick-slip friction spikes are
much grander scale, to earthquakes and the motion of teexamined, allowing a number of comparisons with previous
tonic plates[9]. Indeed, it may happen that the stick-slip studies. Secondly, the influence of the atmospheric condi-
response of spherical molecules has more in common with tions on the stick-slip response are monitored and found to
spherical granular material than with another boundary lubrihave a significant effect on the magnitude of the stick-slip
cant made up of chain molecules. For example, Yoshizaweesponse. To better understand the origins of this behavior,
and Israelachvil[4] found that the critical velocity increases the atomic force microscopAFM) colloidal probe tech-
with increasing load for OMCT $octamethylcyclotetrasilox- nique has been used to measure the particle-particle interac-
ane, a nonpolar silicone liquid whose quasispherical moltion forces as a function of atmospheric humidity. Finally, by
ecules have a diameter 6f0.8 nm), a result also seen here sensitive monitoring of the volumetric strain during stick
in spherical granular materia(Sec. Ill), while for chainlike  slip, the relationship between sample dilation and shear
molecules, such as hexadecare2 nm long and 0.4 nm strength and the failure properties have been investigated.
wide), the critical velocity decreases with increasing load. A commonly held view is that shear induced “fluidiza-

In the present paper, some of these similarities are extion” and pressure induced “solidification,” accompany
plored in more detail. In studies of the shear properties ostick-slip motion in systems of discrete particles. For ex-
lubricant films confined between molecularly smooth micaample, in computational modeling of stick slip in granular
surfaces, considerable progress has been made mapping thaterials, Thomson and Grest report that the material dilates
stick-slip response as a function of load, drive velocity, driveas slip starts, then collapses as the material comes to rest

[10]. This is consistent with the mechanism illustrated in Fig.
1. During sticking, the material is “solidlike,” the particles
* Author to whom correspondence should be addressed. Email aét the interface are closely packed and have a high shear
dress: npage@mail.newcastle.edu.au strength. Periodically however, the material dilates and be-
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taken in discrete element modeling of granular materials, in
which particles are defined with size, shape, and interaction
properties. However, this approach faces a significant hurdle
since there is very little experimental data describing the
particle-particle interactions, or what links these properties
with those of the bulk material. The present paper is distin-
guished from earlier studies of stick slip in granular materials
solidlike liquidlike solidlike in that AFM studies of the particle-particle adhesional prop-
. _ ) erties as a function of atmospheric humidity, were performed
FIG. 1. The transition from static to dynamic states, adapteq:0 complement the macroscopic studies. The AFM approach
from Berman, Ducker, and Israelachvi6]. In the static state, the provides a deeper understanding of surface interactions ef-
material in the shear zone, whether a granular material, a confineﬁects as distinct from the global interactions of assemblies of
boundary lubricant, or a foam, is dense and solidlike. To allow S"pparticles studied in macroscopic experiments. In this way we
this material must dilate, becoming more liquidlike. - e . . : -
gain new insight into our understanding of the macroscopic
response of the assembly under shear.

haves like a fluid, allowing the slider to slip. Note, a mecha-
nism of this type(although with variations in terminology
has been used to explain stick slip in both granular materials || £ypERIMENT—APPARATUS AND MATERIALS
and boundary lubricants. Interestingly though, the results of
Nasunoet al. cast some doubt on the details of this mecha- A. Materials
nism, .sin'c'e in thgir gxperiments on sheared granular materi- |n the current paper, the effects of atmospheric relative
als, 3|gn|f|car_1t dilation occurs prior to the slip eve[mj-_ _ humidity on the particle level adhesive forces were studied
However, their measurements of volume change were similgising the standardized geometry of a single glass bead on a
in magnitude to the signal noise level limiting the conclu-fia¢ syrface, while the bulk shear properties were studied us-
sions that could be drawn from this measurement. _ing assemblies of near-monosized, spherical glass beads. The
Nasunoet al, also report on the results of microscopic pegds were sievetl50—180m) near-spherical soda-lime
imaging of creep before and after a major slip e@jt The 555 (Polysciences, USA The silica plates used in the
accumulated precursors were generally found to produce di%pM were Suprasil silica, supplied polished to optical
placements of 1%, those which occurred during a slip eve”%moothnessGroiss, Australia AFM images of the surfaces
and most of this occurred immediately before the macroieyegled that in a 2:62.5-um scan, the standard deviation
scopic failure of the sample. It has been suggested that thegg ihe height within the scan area around the mean value was
local rearrangement events are a result of breaking f@ce 5 g+021m. In a 1 10m scan, the standard deviation
stres$ chains. It is a well-known property of many granular was 1.2 0.4 nm.
material_s t.hat applied Iogds_, are not distributed unifqrmly. The glass surfaces used in the AFM experiments were
The majority of the load is instead supported by chains Ofjeaned in sulphochromic acid then rinsed in M@ifiltered
approximately linearly aligned particles. There has been sigyater Contact angle measurements on the cleaned surfaces
n|f|c§1nt progress in characterizing th? st'a{tilc'i] and dy- . revealed that water formed a wetting film. After 30 min ex-
namic[12] properties of these stress distributions. Breakin osure to the atmosphere, the contact angle rose 1525

str((ajss cr;]ams result in red;}strlbuttl)onskof ﬂ:je grfanular paC"k:c? care was therefore taken to control the environment for the
Under shear, as stress chains break and reform, small flugieoration and testing of all samples in the AFM experi-

tuations in the macroscopic stress occur as the sampi§enis (Sec. 11Q. In contrast, there was no provision for

creeps, a l'kely mechanlsm .for the precursor to sllp'm & ntrolling the test environment in the annular shear cell. In
granular material. The sensitive measurements of strain a ese experiments the approach taken was to monitor the
dilation obtained in this paper helps our understanding o revailing temperature and humidity conditions during each

these processes. . . xperiment. No significant variations in atmospheric condi-
We note that these irregular displacements before and af:

: : X ) ons were detected through the course of the 30—45 min
ter a major sllp event, have also bee_n report_ed in s’gudles c(\{ncluding preparation timeof each experiment.
thin lubricant films. Demirel and Granick applied oscillatory
sliding forces, the amplitudes of which were sufficient to
pass from rest to sliding, but small compared to the dimen-
sions of the contact zone. In these experiments, each major A Wykham-Farrance annular shear cell was used to mea-
slip event was surrounded by erratic minor slip evdifis  sure the response of the granular material under shear. This
These qualitatively similar results suggest the presence of atevice was designed by Bromhead primarily for geotechnical
analogous mechanism to the stress chains of granular mateesearct13], a field in which significant emphasis is placed
rials may also occur in confined lubricant films. on the measurement of the sustained yield locus. As the
The significance of these results is to demonstrate theame suggests, this describes the yield behavior of a granular
complexity of stick-slip motion in systems of discrete par- material under large strains. The device, therefore, also lends
ticles. One approach is to consider the properties of the initself to the study of stick-slip motion in which the unlimited
dividual particles, in an attempt to link these with the mac-strain allows statistically significant experimental runs to be
roscopic properties of the bulk material. This is the approactperformed. The experimental apparatus is illustrated in Fig.

B. Annular shear cell
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FIG. 2. Schematic of the annular shear cell. A normal Ibad
applied to the lid and the torqud necessary to restrict the lid from
rotating is recorded. Changes in the height of the &igl, are also
monitored. Dimensions are in millimeters.

2. The sample is poured into the annulus, then scraped level
with the edge. The result was a random packing of particles
in the test zone. Variations in sample preparation from ex-
periment to experiment did not appear to affect the stick-slip o _ ) )
response. A load is applied to the lid, and the torque neces- FIG._S. Schematic dl'agram of the region of co_ntact in _the atqmlc
sary to restrict the lid from rotating is measured. Any force microscope showmg the pargmeters used in the dlSCUfEIOﬂ.
changes in the height of the lid are also monitored using B the radlus_of the beaa,ls_ the radius of the area of the meniscus
linear variable differential transformdt.VDT). The noise " contact with the bead, is the concave radius of the meniscus,
level of the LVDT as used here wass mV while full range andd is the height of the meniscus relative to the end of the bead.

(10 V) was amplified to give 2-mm travel. The resolution of . L :
ensure no ingress of atmospheric air. Experiments were con-

the height measurement is thereforé um. . ; . .
g r a(ijucted in an air-conditioned room and the temperature did

This apparatus allowed us to study the effects of she L .
velocity, normal load, and atmospheric conditions on stick 1ot vary significantly over the course of the testing program.

slip behavior. However, because it was a constant stiffness
device, it could not be used in standard form to investigate IIl. RESULTS
the effects of drive stiffness, a feature also known to influ-
ence stick-slip behavidr2].

A. Factors influencing stick-slip motion
1. Velocity

C. Atomic force microscopy Figure 4 shows the resultshear stress versus drive dis-

The atomic force microscop@anoscope Ill, Multimode ~Placementof two annular shear cell experiments conducted
AFM from Digital Instrumentswas used to provide a better under the same applied load and with identical atmospheric
understanding of the role of atmospheric humidity on theconditions. The difference in these experiments was the drive

. . ; . e i i i —1 :
forces of interaction at the points of contact in the granulavelocity; in the first experiment . 25ms ~and in the
body. Individual beads were attached with a two part epoxyp€cond experiment it was 2ms ~. The shear response of
resin to the end of single beam, etched silicon cantileverghe first experiment was essentially steady, while the second
(Digital Instruments, Model TESP The geometry of the €xperiment showed significant stick-slip motion, indicating a
contact region is illustrated in Fig. 3. The experiment in-drive velocity dependence of the shear response. The average
volved recording the deflections of the cantilever as a func-

tion of relative tip-sample separation as the atmospheric rela- 30
tive humidity was varied. The resulting plots contain o5 -
information about(i) the thickness of the wetting films on E
the two interacting surfacesj) the capillary effect of those < 20 1
films, and(iii ) the magnitude of the adhesive forces between §
the surfaces. & 157

The cantilever probes were mounted in a Digital Instru- 10 1

. . . (]

ment’s fluid cell in a clean laminar flow cupboard and the s
assembly was then installed in the AFM. High-purity nitro- 51
gen (nitrogen>99.99%, moistur€12ppm, o0xygen . .
<10 ppm; BOC gas code #0Bwas passed through the fluid 0 ! ; '\‘O’ A 2’

cell for approximately 30 min prior to an experiment. The
relative humidity was then varied by bubbling a proportion

of the incoming nitrogen through MillR filtered water. The FIG. 4. The shear stress during stick-slip motion plotted against
system was then allowed to equilibrate for 30 min at thegrive displacement for portions of two shear experiments. In the
given relative humidity. The relative humidity was deter- first test, at 25qums %, there is no stick-slip during shear, while
mined at the outlet of the fluid cell using a Thermo- there is in the second test at@n s . The two tests were done in
Hygrometer(Hanna Instruments, HI 91610yCA slight posi-  identical atmospheric conditions, and the applied normal pressure in
tive pressure was maintained throughout the experiment tboth tests was 62 kPa.

Drive Displacement (mm)
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30 kinetic shear strength, i.e., the shear strength at the interface
during slip. Furthermore, for a wide range of drive velocities,
this material property is constant.

However, Nasunet al.were able to determine the instan-
taneous shear stress at the interface during the slip gZent
They found that it was, in fact, a multivalued function of the

N
(4]
mx0O
n
L]
-

ny
(=]

Shear stress (kPa)
e

10 slider velocity, depending on the acceleration as well as the
5 instantaneous velocity. By contrast, the “true kinetic shear
) ) strength” to which Berman, Ducker, and Israelachvili refer,
0 ' ' and with which we see parallels in the current paper, is an
1 10 100 1000 averagekinetic interface strength.
Velocity (um s™')
(a) 2. Atmospheric conditions
35 In earlier studies of stick-slip motion in granular material,
a0 2] o - the effects of variations in the atmpspherig: conditions have
S 25 N x % g b_een removed_ by perfo_rmmg expgrlments ina contro_lle_d en-
X ™ vironment. Without this precaution, significant variations
ﬁ 2 —® " were found to occur from run to rufi,2]. In the present
Z 15 paper, we have taken an alternative approach; in order to
§ 0 investigate the role of adsorbed moisture in the stick-slip
= mechanism, the atmosphere was monitored rather than con-
5 trolled.
0 ' t The two sets of data shown in Fig. 5 also give an indica-
1 10 100 1000 tion of the role of atmospheric humidity on the shear re-
Velocity (um s™) sponse of the material studied here. In Fi@) 5the tempera-
() ture and relative humidity were 231 °C and 23 4%,

while in Fig. 5b) they were 2& 1 °C and 38 4%. In Fig.

FIG. 5. Maximum (open squargsand minimum (closed  5(a), the critical velocity is around 100m s L while in Fig.
squarep shear stresses during stick-slip motion versus drive veloc5(b) it has increased to above the range of the experiments,
ity for testing in two atmospheric conditions. These results areto approximately 100Q:m s 1 These results are typical of
analogous to those of Berman, Ducker, and Israelachvili who investhe experiments conducted here. Over the range of atmo-
tigated the shear behavior of OMCTS confined between mica SuUrspheric humidities recorde@vhich varied between 20% and
faces(Sec. ) [5]. They also illustrate the strong dependence On5504) any testing below the critical velocity gave larger am-
atm_ospheric conditions of the peak_ shear s_tr_engths during stick-inB”tude stick-slip motion with higher atmospheric relative hu-
motion. The temperature and relative humidity werddn23=1°  gity These results give an indication of the relationship
and 23-4%, and in(b) 28+ 1° and 38-4%. The crosses are the onyeen stick-slip amplitude and atmospheric conditions, al-
average of the maximum and minimum shear stresses. The apphq ough more testing is required to map the response outside
normal pressure during all tests was 62 kPa. this range of relative humidities, and also to further investi-
gate effects of testing machine stiffness and inertia on these
results.

Interestingly, the change in atmospheric conditions from
Fig. 5 to Fig. 5b) alters the amplitude of the stick-slip
response, but not the average of the peak shear stresses. This
(i'ndicates that films arising from adsorbed water on the sur-
face of the particleswhich is a function of both the tempera-

ure and the relative humiditchange only certain aspects of
he assembly strength. That is, the assembly property that

together. The velocity at which this occurs is known as th&jetermines the amplitude of the stick-slip motion, is altered,

critical velocity, V [5]. . . although not that which determines the average kinetic shear
The average of the maximum and minimum shear,

: : . strength.
stresses, £+ 7)/2, as a function of drive velocity are also
shown in Fig. 5. For the range of drive velocities investi- .
gated, these were found to remain relatively constant. The 3. Applied load
shape of these profiles, and the constant value of the average The load applied during shear is known to affect the am-
shear stress is analogous to the results reported by Bermaplitude of stick-slip motion[2]. Figure 6 shows the maxi-
Ducker, and Israelachvili, who investigated the shear behayvnum and minimum shear stresses recorded at a range of
ior of OMCTS confined between mica surfad&ec. ) [5]. applied loads for a given atmospheric condition. As the ap-
Berman, Ducker, and Israelachvili suggest that the averagglied load increases, the amplitude of the stick-slip motion
of the peak shear stresses is an approximation of the trusso increases. In Sec. |, we noted that the critical stick-slip

maximum and minimum shear stresseg,and 7, of the
stick-slip response, are also shown in Fig. 4. In Figrsand

7, are plotted against the drive velocity for two different
atmospheric conditiongThe role of atmospheric conditions
will be discussed shortly; for the moment we are intereste
only in the effects of variations in the drive velocitAs the
drive velocity was increased, the amplitude of the variation
in the shear stress decrease until stick-slip motion stops
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30 o the changes in the sample height are plotted for “large am-
= 25 plitude” stick-slip motion. This result was recorded for a
s 20 o " constant drive velocity of 5&m s * and an applied pressure
§ g . of 298 kPa. In any one stick-slip cycle, three stages can be
£ i identified, as shown in Fig. 7:
5 10 . | (@ An initial, approximately linear increase in the shear
% 5 stress occurs as the sample resists all movement, both verti-

cal and horizontal. This is similar to the “sticking” phase
0 ‘ ’ ’ illustrated in Fig. 1.
0 20 40 60 80

Normal Stress (kPa)

FIG. 6. The average maximum shear strégsen squargsand
the corresponding minimum shear stresg#ssed squaresiuring
stick-slip motion at a range of applied loads. Each point is the
average of two tests. The temperature and relative humidity wer

24° and 35%.

(b) The sample creeps as the shear zone dilates. Note,
creep is defined here as any shear strain in the sample other
than that of the macroscopic slip event.

(c) Eventually, the material dilateggnd weakensto such
an extent that it can no longer resist the shear stress and the
gample slips. The shear stress and sample height return to
their original values.

This result is significantly different to previously pub-

velocity increases with load for spherical molecules but nofished descriptions of the stick-slip process. Rather than a
chain molecule$4]. As expected, the results presented heresimple transition between *“solidlike” and “liquidlike,” a

for spherical granular materials resemble those of the sphersignificant proportion of the process is taken up in a transi-
cal molecules. Whether a flexible, chainlike granular matetion state, in which creep occurs both horizontally and verti-

rial would respond to shear in a fashion similar to the chaincally. That is, dilation does not accompany the slip event in

like molecules of Yoshizawa and Israelachvili remains to bea transition to a “liquidlike” state. Rather, dilation occurs

investigated.

B. Volumetric strain

with creep as the sample weakens under strain.
The creep that occurs in a sample before and after a slip
event, has been well documented. Nasahal. report imag-

An advantage the annular shear cell possesses over otHg@ the microslip events in granular materigly, Demirel
techniques for studying stick-slip motion in granular materi-and Granick report a similar phenomenon occurring in
als, is the ease with which sample volume changes may beheared lubricant filmf7], and parallels to the precursors of
measured. It is known that sample dilation and contractiorearthquakes have also been drg@h A mechanism for this
play a significant role during stick slip. In this section, this process has also been suggested: they are thought to be the

process is examined in detail.

result of stress-chain failuf@]. If this explanation were cor-

In Fig. 7, the variations in the measured shear stress anect, there should be a simple relationship between stress-

chain strength and stick-slip amplitude. To this end, in the

160 -70 following section an AFM study of particle interaction
140 T vem 72 z strength as a function of atmospheric conditions is described.
5120 1 L 74 2 This comparison is therefore based on the reasonable as-
2 004 L 76 £ sumption that granular stress-chain strength is a function of
§ 80 + al b |c L g K} the interparticle forces maintaining contact between the par-
b £ ticles.
= 60T 80 g
2 404 g2 § , :
» 0 2 C. Atomic force microscopy
20 1 M -84 © . . .
. . Figure 8 shows the force acting on the cantilever probe as
0 ' ' 86 the sample surface approaches, comes in contact with, and
2.65 2.85 3.25

then recedes from the bead for interactions at 14%, 30%, and
>95% relative humidity. Referring to the lettering in Fig.
8(b) (recorded at 30% relative humidjtghere is no detect-
able force on the cantilevelA) until contact is made be-
trace, corresponding to the axis on the)leftd the change in height twee_n the liquid films(B). When th_'s occurs, the resultln_g
(lower trace, corresponding to the axis on the fighte plotted ~MenNIScus leads to a sudden attractive force. The separation at
against the drive displacement. Note that the result shown is just 0.¢hich this occurs is the combined thickness of the films on
mm of travel, recorded after the sample had already sheared 2.65€ two surfaces. At 14% relative humidity, this interaction
mm. At this point, the material has undergone consolidation of(if present is too small to distinguish. However, at 30% and
more than 78wm, and the sample is varying in height by approxi- >95% relative humidity, the |IC{LIId films are sufficiently
mately 6um with each slick-slip cycle. The drive velocity was 50 large to result in attractive jumps of 60 and 120 nN, at sepa-
ums 1 and the applied pressure was 298 kPa. The significance dgfations of 120 and 230 nm, respectively. This is a typical
the lettering is explained in the text. result: as the atmospheric relative humidity increased, the

Drive Displacement (mm)

FIG. 7. A portion of an experiment in which the assembly dis-
played large amplitude stick-slip motion. The shear stfesper
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200 1 1 Y .
0 P= r—+r—) =L (since ry>ry), (1)
" 1 2 1
% 2003 wherer,; andr, are the concave and convex radii of the
73' -400 meniscus, respectively, and is the surface tension of water
5 x (=72 mNm%). Using the parameters defined in Fig. 3, this
- -600 pressure acts over an areaa’~2wRd. For d<R, d
800 A ~2r cos6, whered is the contact angle between the surface
and a droplet of watef15]. Hence, the Laplace pressure
-1000 : = : : contributes an adhesive force
0 50 100 150 200 250
Separation (nm) F=4mRy, cosé. 2)
(@
200 In the present system, if we use as an example the largest
B A jump-in force,F=120nN from Fig. 8b), and wetting angle

0=0°, Eq.(2) gives a radius for the bead of 133 nm. This is
two orders of magnitude smaller than the bead radius of 15.5
um. As will be discussed below, it is not until the surfaces
are pulled apart that forces of the order predicted by(Eq.
are encountered.

Force (nN)
AN
o o
S &

-600 Returning to Fig. 8, after jump-in the net force on the
800 bead increaseC) primarily as a result of the Laplace pres-
sure. Other forces including van der Waals, electrostatic, sol-
-1000 4 : : s : vation, and hydrodynamic forcg46] also act on the bead.
0 100 200 300 400 500 However, the analysis of this region of the force-separation
Separation (nm) curve is beyond the scope of the current discussion. Eventu-

ally, solid contact is made between the sample and the bead

b
®) (D) and the force quickly becomes positii#FM cantilever
200 forced up as the two surfaces are pushed hard against one
0 another.

On sample retraction, the solid surfaces do not separate
until a certain “pull-off” force has been applie(E). In Fig.

z ) ) e .
£ -600 é Sample movement 8(c), this load is beyond the limits of the detection system.
§ -800 2 However, as the inset in Fig(@ illustrates, an approximate
S -1000 ° — Off scale pull-off force can be determined.
-1200 2 = : . ) . i
= Following solid-solid separation, the force-separation
-1400  Estimated characteristics also vary with relative humidity. At or below
1600 y y
:1:80 _ pulloff ~30% relative humidity, the forces on the tip slowly de-

crease as the sample is retracted until the meniscus breaks at

0 200 400 600 800 1000 a separation significantly greater than the original combined
Separation (nm) water film thicknesgF). However, at or above-70% rela-
(c) tive humidity, separation is a two-step process. Initially,

) _ there is a sudden jump out of solid-solid contact, followed by
FIG. 8. Force separation curves recordedat14% relative stretching and final breakage of the meniscus.
h_umldlty,_(b_) 30% relatlye h_umldlty, andc) grea_ter than 95% rela- In Fig. 9, pull-off forces are plotted as a function of hu-
tlvef humldlty.t)Theh.:,(?Il? C|rcltestared(iﬁta points recotrr(]ied as th%ﬁijdity' At or below 30% relative humidity, the pull-off
2s they are separated, Artows also indicate the direction of ravel 0| CCS WET approximately independent of variations in rela-
y =paratec. oo - tive humidity, varying from 510 to 1290 nN with an average
(a). The lettering in(b) is described in the text. The schematidan . o
S . ) f 860 nN. At or above~70% relative humidity, the pull-off
indicates the method used to determine the pull-off force in case . imatelv ind dent of it .
where the trace went off scale. orces were again approximately independent of variations in
relative humidity, varying now from 3940 to 7080 nN with
thickness of the water films on the two surfaces and the&n average of 5590 nN. Substituting this value into &j.
magnitude of the initial jump-in also increased. gives a radius of 6.2um, two and a half times smaller than
Mate et al. found that for an AFM tip interacting with the bead used in the experiments. However, this is not an
deposited liquid polymer films, the jump-in force could be unusual result. For a number of reasons, including surface
approximated as the Laplace pressure acting over the area edntamination and roughness, and the possibility that the
the meniscu$14]. The Laplace pressure for a meniscus be-bead slips or rolls as the contact is broken, pull-off forces
tween a sphere and a smooth surfacgly measured with the AFM are invariably smaller than theory
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8000 3 seen that there is an order of magnitude increase in the
7000 + 8 i strength of particle-particle adhesion in the regie80% to
S 5000 + 5 ~70% relative humidity, corresponding reasonably well to
£ 1 3 § o the humidities at which the shear cell experiments were con-
g S000 ducted. Hence the result that even quite small variations in
£ 4000 t ° atmospheric relative humidity had a dramatic affect on the
& 3000 + magnitude of the stick-slip response, is not unexpected.
= Finally, the assembly dilates and weakens to such an ex-
d 2000 "2 1 5 tent that the shearing force can no longer be supported. The
1000 74 $ $ extent of the resulting failure is then a function of the energy
04 } : : : absorbed by the assembly. The failure is largest at low ve-
0 20 40 60 80 100 locities and in humid environments.

Relative Humidity (%)
V. CONCLUSIONS
FIG. 9. Variations in pull-off force with relative humidity. At or ) ) o ) ) ]
below 30%, the pull-off force remains relative constant at around Stick-slip motion in a granular material was studied using
860 nN, while at or above 69%, the pull-off force again remainsan annular shear cell in which both the shear stress and the

relative constant, but with an average of 5590 nN. The numberyolumetric strain were recorded simultaneously. The stick-

indicate the order in which the experiments where done, and indislip process could be broken down into three stagisan

cate that there was no history effect in the transition from the lowelastic loading stagd?) a plastic strain stage, ari@) mac-

pull-off to the high pull-off regime. roscopic failure. Rather than dilation accompanying failure
and a transition to a liquidlike state, the granular material

suggest$17]. Of more significance to the current study is the studied here dilated during the plastic strain stage. It was not

result that the pull-off force increases by an order of magni-until the material had weakened considerably that failure oc-

tude with relative humidity. cured.
In the current paper, the effect of changes in atmospheric
IV. DISCUSSION humidity were also recorded. It was found that an increase in

relative humidity resulted in an increase in the magnitude of
The measurements of volume change reported here allowe stick-slip response. The AFM colloidal probe technique
new insights into the role of sample dilation and contractionwas employed to investigate variations in the strength of the
during stick-slip motion. Rather than dilation accompanyingparticle-particle interactions as a function of atmospheric
the onset of slip, with a transition to a liquidlike state, it relative humidity. It was found that the adhesion increased
occurs with sample creep prior to the slip event. During thishy an order of magnitude as the relative humidity was in-
process, the assembly gradually weakens until failure finallyreased. This result fits the conceptual model that it is the
occurs. Therefore, rather than a simple transition from solidstrength of the load carrying stress chains within the granular
like to liquidlike, there are in fact three stages to the stick-assembly that determines the magnitude of the peak-to-peak
slip cycles reported here. A more appropriate description oftress fluctuations during stick slip. Increasing the relative
the process may be to consider the elastic loading, plastisumidity increases the adhesion between the particles, in-
creep, and brittle failure of the assembly. creasing the strength of the stress chains, and hence the stress
During elastic loading, interparticle relative movement isrequired to cause a macroscopic slip event. However, this
minimal. Instead, most of the drive displacement is taken ugtrengthening appears to plateau at relative humidities of
in elastic loading of the drive and the granular assembly. Agyreater than about 70%.
this progresses, stress chains will form and strengthen. How-
ever at some point, the assembly begins to creep, and as it ACKNOWLEDGMENTS
does so, it dilates. Conceptually, this process may involve
stress chains rotating into an orientation more aligned with This research was supported by the Australian Research
the normal stress. This transition point and the duration ofCouncil through its individual research grants scheme, the
this stage will therefore be functions of the strength of theCenter for Bulk Solids and Particulate Technologies and the
particle-particle interactions. From the AFM results, we haveCenter for Multiphase Processes.
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