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Several mechanisms cause a granular material to strengthen over time at low applied stress. The strength is
determined from the maximum frictional for€g,,,, experienced by a shearing plate in contact with wet or dry
granular material after the layer has been at rest for a waiting timEehe layer strength increases roughly
logarithmically with 7 only if a shear stress is applied during the waiting time. The mechanisms of strength-
ening are investigated by sensitive displacement measurements, and by imaging of particle motion in the shear
zone. Granular matter can strengthen due to a slow shift in the particle arrangement under shear stress.
Humidity also leads to strengthening, but is found not to be its sole cause. In addition to these time dependent
effects, the static friction coefficient can also be increased by compaction of the granular material under some
circumstances, and by a cycling of the applied shear stress.

PACS numbe(s): 83.70.Fn, 81.40.Pq, 45.70.Cc, 62.40.

[. INTRODUCTION effects of applied stress reversal are also studied.
In order to determine mechanisms for strengthening, we

The strength of granular matter is an important macro-measure the instananeous frictional force and the instanta-
scopic property. Under many circumstances a layer of granuieous vertical dilation of the layer during waiting and during
lar material at rest can sustain a load, i.e., it behaves like gnotion. We also image a cross section of the granular layer
solid. However, applied shear forces can lead to partial fluin some experiments, and track the motion of individual
idization, a phenomenon that has no direct analog in homograins during waiting and during motion of the plate. Our
geneous material§1]. The threshold shear stressy results indicate that several different mechanisms are needed
needed to initiate flow also determines when a granular malo account for the observed strengthening. We find that
terial will lose much of its ability to sustain loads, and is granular matter can strengthen due to a slow shift in the
therefore a good measure of strength. particle arrangement under shear stress. This observation is

The shear strength of a granular layer is of great interestonsistent with a model for granular matter consisting of a
in geophysical applications, due to the granular compositiofiragile network of stress chains that adjusts to the applied
of earthquake faults. Various studiédescribed in Sec. )l ~ stress[7]. Strengthening is also influenced by humidity,
have shown a gradual strengthening of a granular layer &ince condensation of liquid bridges adds an attractive sur-
geophysical pressures, as the time between stress relievifigce tension force between graif®. We show clearly that
events is increased. Since strengthening of geophysical faultis cannot be the only cause of strengthening by carrying
can affect the temporal distribution of earthquakese Ref. ~out experiments under water, where liquid bridges cannot be
[2] for referencel understanding the underlying mecha- formed. Finally, strengthening may occur by the evolution of
nisms and developing appropriate models is of practical inindividual microcontacts through slow creg10]. Our ex-
terest[3]. periments are not sufficiently sensitive to determine whether

In previous studies by our groyig—6] the frictional prop- ~ creep on length scales of the size of microcontacts actually
erties of wet and dry sheared granular materials at low pregccurs. However, strengthening of individual contacts alone
sures were determined in detail by shearing the layer bgannot account for the experimental results. In addition to
means of a plate resting upon it. At small applied stressedhese slow time-dependent effects, the static friction coeffi-
high resolution stress and displacement measurements ci¢nt can also be increased by compaction of the granular
provide an accurate determination of the instantaneous frignaterial under some circumstances, and by cycling of the
tional force experienced by the plate. The static friction co-applied shear stress.
efficient u (the ratio of the threshold static shear stregg, Relevant work on friction and work related to proposed
to normal stresswas found to be reproducible under given strengthening mechanisms are discussed in Sec. Il. The ex-
experimental conditions. However, changes in the experiperimental results are described in Sec. I, and discussed in
mental history influencg. In this paper we study the effect Sec. IV.
of the experimental history on the threshold static shear
stress of granular material at low applied normal stress. One Il. BACKGROUND
central parameter of the experimental history is the waiting
time 7 for which the layer has been at rest. In addition, the
shear stress and humidity during the waiting time are varied; In friction between dry solid surfacésolid-on-solid fric-
and measurements are made in fluid saturated material. Thien) the static friction coefficienjug is determined by the

A. Strengthening in solid-on-solid friction
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number and strength of microcontacts that support the apr, and a characteristic weakening length of contacts
plied stresgfor recent reviews on friction, see Refd1,12).  [d®/dt=(1-0)/7,—0OV/I.]. The friction coefficient is
Since the strength of microcontacts changes with time otletermined byd, and increases with velocity with a viscous
applied stress, and since their number also changes throug@efficient 5 (xw=©+ 7V). While they successfully ex-
stress-induced creep, is not a constant, but is influenced pjain important earthquake characteris{igg these rate and

by the state of the system. The static friction coefficient—thestate models do not describe the instantaneous strengthening
ratio of the shear force needed to initiate sliding to the Noryyhen the shear stress is released during a waiting time

mal force—has generally been found to increase approxi[2 14]
mately logarithmically with the time oflquas)stationary T
contact between materials.

The static strength of a glass-on-glass interface was re-
cently investigated experimentally by Berthoud and co-
Workers[g,lo]_ In addition to |Ogarithmic Strengthening, the In solid-on-solid friction, the microcontacts form a two-
authors found that the rate of increase grows with the temdimensional disordered array at the interface between the
perature of the material. The strengthening rate is twice asolids. In granular materials, however, simulations indicate
high when a shear stress is applied during the waiting timethat several layers of grains move during the shearing pro-
but strengthening persists without an applied shear stressess[18—21]. This is not entirely surprising, given that the
This strengthening was found to be a result of an increase imterior of the material is not stronger than the surface re-
the load bearing area through load-induced creep of indigion, as long as there are no cohesive forces between par-

D. Force transmission in granular media

vidual microcontacts. ticles. In order to study granular friction theoretically, one
therefore must analyze a three-dimensional network of mi-
B. Strengthening in geophysical experiments crocontacts. The failure of a subset of those contacts allows

In studies at geophysical pressures 20 MPa) using mqtion of the shearing plate. Distinct elgmgnt method simu-
simulated fault gougégranular quartz powdgMarone and  lations by Morgan and co-workef&1,22 indicated that the
co-workers[13,35 found logarithmic strengthening of a 9rain size distribution and interparticle frictional properties
granular layer with time, if shear stress is applied during thecan strongly affect the shear stress necessary for a failure of
waiting time. On the other hand, when the shear stress ifat contact network and thus for granular flow.
removed, an immediate strengthening of the material is ob- Microcontacts can be characterized by the total force and
served followed by a slow weakening with waiting time. shear force on the contact, and the orientation of the micro-
Nakatani[14] showed that the magnitude of the instanta-contact relative to the total applied stress. Recent experi-
neous strengthening is proportiona| to the amount by Whicrments have shown that the distribution and orientation of
the applied shear stress is reduced. These effects were sugdividual particle contacts is highly nonuniform and hyster-
gested to be a consequence of “overconsolidation,” i.e., re€tic. Shear and normal stresses are transmitted along stress
arrangement of particles into a more compact configurationchains, as, for example, demonstrated in recent simulations
by Radjaiet al. [23] and in experiments using birefringent
disks by Howellet al.[24]. The magnitude of stress between
) o particles follows an exponential probability distributif2]

In order to describe the dependence of the frictional forcqnjess the packing fraction exceeds a critical threshold. The
on the state of the system, rate and state theories were devekrangements of stress chains strongly depends on the history
oped by Dieteric{15] and Ruina[16], which introduce an of the sample. Small particle rearrangements, e.g., through
addltlonal Var|ab|@ that CharaCtel‘IseS the System state. Inheating of an individual partic|e, can alter the stress trans-
general, several variables might be necessary to describe thﬂssion[ZS]. Recent experiments by Vanet al. [26] re-
state of the system, but the two models focus on the simplegfealed that the stresses at the bottom of a sandpile can have
possible case of one state variable determining the systeglther a maximum or a local minimum at the center, depend-
state. In both theories the frictional force is given by ing on the preparation procedure. This experiment indicates
Vv that even the preferential direction of stress chains may be

0 ' (1) affected by the history of the sample. One model of stress
D transmission by Catest al. [7] does not try to develop a

stress-strain relation, but instead relates different components

where uo, Vo, and D, are characteristic constants of the of the stress tensor to each other. The granular material is
materials, and/ is the instantaneous sliding velocity. In this described as a fragile network of stress transmitting contacts.
approach one does not distinguish between static and dyf the direction of the applied stress changes, the network
namic cases. The models differ in the differential equatiorbreaks. Simulations by Radjait al. [23] suggest that the
for the state variable®. In the Ruina model, for which network of stress chains can be separated into a strong sub-
dO/dt=-VO/D.In[V/IGD.], creep is necessary/¢0) to  network in which most contact surfaces are perpendicular to
change®. On the other hand, time of contact alone increaseshe direction of total stress, and a weak subnetwork of con-
®, and therebyu in the Dieterich model, wherd®/dt=1  tacts oriented preferentally perpendicular to it. The weak
—V/O®D,. Different equations were also proposed bysubnetwork sustains shear stress and breaks through fric-
Nielsen, Carlson, and Olsefl7] to describe earthquake tional sliding between bead surfaces. The strong subnetwork
faults. In their model® changes both with the time of con- sustains the normal load, and its contacts change mostly
tact and with creep using a characteristic strengthening timgrough rolling.

C. Rate and state theories

Y,
pu=pgtaln—+blin
Vo
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E. Role of dilation Horizontal displacement Vertical
. . el sensor
It has been known since Reynolfia7] that shearing a Frame |~ Spring %""_ iensor
granular material produces dilation, i.e., an expansion of the LA /S?i;?:t o
material in the direction perpendicular to the motion. In wet / ap

granular materials, our group found that a granular layer di-

lates by 10% of one grain diameter while the top layer is

translated by one grain diametg]; this observation sug-

gests that at most a few layers are involved in the dilation. FIG. 1. Schematic diagram of the experimental setup for study-

Computer simulations by Thompson and Grg®] and ing shear in a _granular _Iayer, with sensitive meas_,urement of hori-

Zhang and Campbell28] have indicated that dilation is zontal and vertical positions under water and in air.

prominent in stick-slip motion. A region of about 6—12 grain

diameters typically dilates and starts to flow in the simula-therefore be at the nm scale, which cannot be resolved with

tions at small normal forces. Zhang and Campbell found arfur apparatus. Particle fracture—which occurs in geophysi-

approximately linear decrease in particle velocity with depthc@l experiments and yields characteristic grain size

at high normal forces, and a faster than linear decrease at lofiStributions—plays no role in our studies. With the ability

normal forces. to image the motion of particles and to measure creep and
Experiments at geophysical pressures by Marone havgilation on theum scale,_ our experiments _focus on the role

shown that the granular layer becomes compacted during t the arrangement of_mmrqcontaaﬁtbe fabric of the granu-

waiting time at high normal stressg2|. Marone noted that ar materig) in determining its shear strength.

compaction increases in proportion to the frictional strength

of the material; this indicates a close relation between com- lll. EXPERIMENTAL RESULTS

paction and strength. The role of dilation therefore should be A. Apparatus

investigated in connection with measurements of the fric-

tional strength.

The experimental setup shown in Fig. 1 was described
previously[4], including the modifications for experiments
under watelf6]. Our experiments were carried out in a thin
3-mm layer of 103 14-um diameter glass beaddaygo

Experiments in a rotating cylind¢8] have indicated that Inc.) in a 11x18.5-cm tray. A transparent acrylic plate
strengthening of granular materi@ghdicated by an increased (5.28x8.15 cm) of weight 26.7 g is placed on top of the
critical angle of repogemight be due to the formation of granular material. Good contact between plate and layer is
liquid bridges, which introduce attractive capillary forces be-assured either by etching grooves or gluing a layer of beads
tween grains. A logarithmic increase of the critical angle ofto the plate’s lower surface. The plate is pushed across the
repose of the pile with waiting time was observed. The ratggranular material by a spring that touches only a small steel
of increase was found to depend strongly on humidity, andall glued to the plate; this allows for vertical motion of the
no strengthening occurred for bead diametErs500 um or  plate. The spring’s fulcrum is moved toward the plate at
for vanishing humidity. This behavior is consistent with lig- constant speed by a microstep stepper motor. Bending of the
uid bridges being the sole cause of strengthening in thispring is measured with a displacement sensor, which indi-
study, but angle of repose experiments only look at strengtheates the force applied to the plate by the spring with a rela-
ening in the limit of very small stress, where the role of othertive precision of better than 0.1%. The vertical position of
strengthening mechanisms might be diminished. We variethe plate is measured with a second displacement sensor hav-
the humidity in some experiments and carried out experiing a resolution of~0.1 um. As indicated in Fig. 1, the
ments under water, where liquid bridges cannot form, in orgranular material and the plate are kept under water in some
der to distinguish this mechanism of strengthening fromexperiments. The motion of particles is imaged from the side
other possibilities. with a fast camer@Kodak Motioncorder SR-500

F. Role of humidity

G. This work on strengthening in granular materials B. Particle motion in sheared granular layers

Judging from the three-dimensional nature of the sheared In order to establish how deeply the motion of the top
region, the role of dilation and humidity, and the nonuniform plate penetrates into the granular material, we image the po-
and hysteretic transmission of stress through a granular maition of glass beads at the side of the cell. A>618.5-cm
terial we cannot expea priori that the laws that govern tray—slightly wider than the plate—was designed with
strengthening of solids will hold for granular materials. In smooth glass sidewalls to allow for optimal visualization.
our experiments a small, but non-negligible, normal force isThrough direct illumination we obtain small circular bright
applied to the granular material, in contrast to the strengthspots for all beads close to the wall. We track the motion of
ening studies based on the critical angle of repose. On thall particles in the layer closest to the wall from images taken
other hand, the applied normal force is smaller than the onat 500 frames per second during motion of the plétde
used in geophysical experiments by a factor of abot 10 motion is captured during one slip in the stick-slip regime,
The threshold stress for plastic deformation of the glass pamwhich is described in Sec. IlI)CThe changes in bead posi-
ticles is reached for an approximate area for individual mi-tions between frames are used to calculate the particle tracks
crocontacts of the order of 25 Rrper particle in our experi- and instantaneous velocities. Since the conditions at the wall
ments [29]. Creep of individual microcontacts would are not identical to the inside of a granular material, motion



PRE 61 MECHANISMS FOR SLOW STRENGTHENING IN . .. 4063

oL o o o o : ) ! ! ! Waiting time

e Y A N RS 22s
--- 1130s
—— 26400s

700 -

2000 o )

150 600

€

=

i S
100 500
50l .1 ..-‘."'.‘.:.‘lya‘-...-V.‘.~."..'.".:|:'.‘;'. i .'.';'1v~.']-.'j.‘.-‘.i'. L e ] 400

0 100 200 300 400 500

FIG. 2. Motion of~2000 particles during a shof#0 ms slip.
Particles in approximately five layers are moving, but the particle
speed decreases strongly with degih units of pixels; 1 pixel
=30 um).

time (s)

of particles near the side yield only an approximation of
particle motion in the interior. However, the observations
regarding the depth profile and nonuniformity of motion are

unl(ll;ely to be qualltatlvelry]/ dlf;%rggt flor ths |n(tjer|or. ked s (dashed line, offset by 15@m), or 26400 gsolid line, offset by
ne measurement, where glass beads are tracke 300 xm). The maximum spring displacement prior to the first slip

during a short(40 ms slip, is shown in Fig. 2. Individual  jhcreases with the waiting time. This indicates an increase in the
particle velocities and directions of motion are indicated byfriction coefficient with the waiting time, when the layer is continu-
the direction and length of individual lines. Approximately ously held under stress.

five layers of beads are moving. The particle velocity de-

creases more s_tro_ngly with d(_ap'gh than .WOUId_ be the case f%th the same maximum spring displacement for all waiting
a fluid, but qualitatively very similar to simulatiof$9]. The times (the curves are offset by 150m).

motion of neighboring particles is not perfectly correlated, |, some experiments no shear stress was applied during
but differs in direction and velocity. This indicates that the he \ajting time by moving the motor backward prior to
material cannot be described as a solid with a single fracturgaiting. The spring displacement when the motor started
plane, but that most individual particle contacts are brokeryjth a completely unbent spring &&8.2 s, after a waiting
up. Slip of the plate therefore involves the breakup of mostime of 37213 s, is shown in Fig. 4. After several slips the
particle contacts within about five layers close to the platemotor direction is reversed &t50 s. In this case, the stress
this process is quite different from the breakup of a two-just before the first slip is not enhanced. At low normal stress
dimensional array of contacts that occurs when a solid starts the stick-slip regime, the strength of dry granular material
sliding on another solid. A more detailed study of particletherefore only increases with waiting time if a shear stress is

FIG. 3. Spring displacement vs time at28.7 um/s andk
=189.5 N/m. The motor is stopped during stick-slip motion and
restarted at=1.19 s after a waiting time of 22(glotted ling, 1130

motion is in progress and will be reported elsewhe&@). applied during the waiting time.
The ratio of the maximum spring displacement prior to
C. Strengthening in dry granular materials the first slipF,,ax to the average maximum spring displace-

n d | ial ick-sli . ih | ment F,om Of all except the first two slips indicates the
In dry granular materials stick-slip motion with 1ong |44jye strengthening of the material with waiting time. This
sticking times and short, fast slips is the prevalent behaviof i is shown in Fig. 5 for the stressed case. The waiting
at constant motor speed in our experiments. The strength ¢hyo grengthening under shear stress appears to be faster
the materla! was theref_ore meas_ured_ from the spring dls‘fhan logarithmic when the full range of waiting timesis
plgcement, l.e., the maximum spring d|spla9ement prior 10 &,cjuded. On shorter time scales the material becomes
slip. In th_e stgady state, the slip rgprod_umbly starts at th_(?oughly 2% strongefcompared to continuous stick-slip mo-
same spring displacement, but the first slip after the motor %on) per decade increase in. On longer time scales

start(_aéj cag ?he dlﬁetrent. I? the :;lrst set oi_e;pelz_rlmentt_s tob 1000 s, the strengthening is roughly 10% per decade with
considered, th€ motor 1S Stopped during SUCK-SIp MOON and, ., 54 cteristic initiation time, (the time before which little

\r/ssitt?r:tge\(ja?izirbs IYc\)liigtil‘r]]I?I g&ge—g;i d?rﬁ)g”oendh?)t\;velsé)snglgfitg? strengthening occurs based on an extrapolation of the ap-
a slip event the motor is stoppedFigure 3 shows the spring proximately logarithmic increasef roughly 600-300 s.

displacement vs time, with the motor startedtat1.19 s
after a waiting timer=22 s(dotted ling, 7=1130 s(dashed
line), or 7=26,400 s(solid line). The total spring displace- The vertical positiorh(t) of the plate indicates the dila-

ment before the first slip increases with waiting time, buttion or compaction of the granular material. Due to small
after at most two slips a steady stick-slip motion is reachedleviations from perfect flathness of the target plate for the

D. Role of dilation
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100 L ' L l l FIG. 6. Dilation during stick-slip motior(dry). Vertical plate
10 20 30 40 50 60 displacement vs time at=28.7 um/s andk=189.5 N/m. The mo-

tor is stopped during stick-slip motion and restarted-atl.19 s

after a waiting time of 22 gdotted ling, 1130 s(dashed ling or
FIG. 4. Spring displacement vs time without initial applied 26400 s(solid ling). The compaction following the first slip in-

stress { =28.7 um/s andk=189.5 N/m). The motor started with a Ccreases with waiting time; this indicates that dilation occurred dur-

completely unbent spring @4t=8.2 s after a waiting time of 37213 ing the waiting time.

s (solid line). The motor is reversed d@=50s. The maximum

spring displacement does not change with waiting time. (solid line) is followed by especially strong compaction.

The vertical dilationwithout applied shear stress during

vertical displacement sensor and slow fluctuations in the sefY@iting is shown in Fig. 7, which corresponds to the spring

sor readout due to small variations in temperature, the abs(?i_isplacement data of Fig. 4. As the plate starts to move, the

lute dilation cannot be computed to better thaant over  @Y€r graduall_y diIate_s. _The gradual di_Iatic_)n does not influ-
long times or over horizontal plate movements long com-E"C€ the maximum frictional force, which is comparable for

pared to the particle diameter. all slips as shown in Fig. 4. As soon as the shear stress is
Figure 6 shows the vertical plate position after a waiting'€/éased att>60's, the layer compacts almost instanta-

time under shear stress for the experiments described in FigeOUS!Y-

3. After the motor is started, a gradual dilation of the granu-

lar material during the sticking time takes place, followed by E. Strengthening under water

rapid dilation as the slip starts and compaction immediately Since the formation of liquid bridges between particles

following the slip. The first slip after a long waiting time could be the cause for the observed strengthening of granular

material, as described in Rdi8], a second set of experi-

time (s)

L e L L L ments was carried out under water, where liquid bridges are
absent. Continuous sliding is prevalent under water because
120
I 500

115 .
4 (23
. 0 §
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3 110f — - 300 &
ue g %
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<
{ } 100 2
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FIG. 5. Strengthening: Ratio of maximum static friction force  FIG. 7. Vertical displacement vs timgolid line) and spring
F max a@fter a waiting time compared to the maximum static friction displacementdotted ling for the data of Fig. 4¢{=28.7 um/s and
force F,,o;m during continuous stick-slip motion at=28.7 um/s k=189.5 N/m). The motor started with a completely unbent spring
andk=189.5 N/m. The strength increases roughly logarithmicallyat t=8.2 s after a waiting time of 37213 s. The material dilates
with waiting time for longer times. Each point is an average overwhen motion starts. The reduction of the applied stress is accompa-
several runs. nied by compaction.
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FIG. 9. (Wet friction) Maximum frictional forceF ,,,, as a func-
tion of the waiting timer (k=189.5 N/m, M=14.5 g, andV
=28.17 um/s). Empty circles: no horizontal stress is applied dur-

ing the waiting timer. Filled circles: the plate is submitted to a
q) during the waiting timer.

FIG. 8. (Wet friction) Behavior(a) of the spring displacement
d(t) and(b) of the vertical positiorh(t) as functions of time in
two different cases(l) The horizontal stress is released before the
experiment(2) The horizontal stress is continuously applied. In the 'Y
second case, the layer is initially less packed because of the applidtprizontal stressR=F
shear stress; as a consequence, the total dilattombserved dur-
ing the experiment is lesskE189.5 N/m, M=14.5g, andV  ~10® faster than for a dry granular material. The maximum
=28.17 um/s) (from Ref. [6]). frictional forceF ., increases by about 40% in 10 h. On the

other hand, if no horizontal stress is applied during the wait-
the fluid lubricates the contacts. Figure 8 shows the typicaing time 7 (the spring is pulled bagk no increase of the
behavior of the spring displacemett{t) [Fig. 8&] and of  maximum frictional force is measured. For short waiting
the vertical positiorn(t) [Fig. 8(b)] as functions of tim& in  timesF,,,, is found to be larger when no stress is applied,;
two different cases(l) The horizontal stress is released be-this result is in agreement with the fact that the maximum
fore the experimen{2) The horizontal stress is continuously frictional force increases with the total dilation of the layer
applied. In both cases the spring displacement during théh in the continuous sliding case for a wet granular material
transient(which is proportional to the frictional force at the [6]. The two curves for strengthening with and without ap-
small accelerations considered hei® larger than the fric- plied shear stress intersect fer=10* s. For longer waiting
tional force during steady sliding. The force reaches a maxitimes F,,, becomes larger for waiting under an applied
mum F,,, at the maximum dilation rate. At later times the shear stress, while the dilation following the waitingH)
material continues to dilate and approaches a steady statemains larger when no stress is applied.
dilation, while the frictional force decreases toward a steady A careful study of the behavior of the vertical position of
sliding frictional force. In cas€2), the layer is initially less  the plateh as a function of its horizontal position shown in
packed and the total dilatiohh observed during the experi- Fig. 10, indicates thet reaches a maximum during the tran-
ment is smaller. sient regime when a horizontal stress is applied during the

As observed for the dry granular material, we find that thewaiting time. The distance over which the vertical position
maximum frictional forceF,,, depends on the resting time of the plate reaches its maximum is about one particle radius
7, and on the horizontal stress applied during this interval, aR, comparable to the distance over which the system reaches
shown in Fig. 9. The experimental procedure is as followsthe steady state regime in experiments starting without ap-
The plate is initially pushed at constant velocity plied shear stresfs]. However, after a waiting time under
(28.17 um/s) until the steady state regime is reached with astress, the vertical position of the plate decreases for a sliding
dynamic friction forceF 4. Then the motion of the translator distance of a few particle diameters. The frictional force
is suddenly stopped and the plate stops at a well-definegkaches its asymptotic value over the distaRcand appears
horizontal applied stressF3.2x10 2N=Fy) [31]. The not to be affected by this decrease of the vertical position of
translator motion is started again after a detayAs for dry  the plate.
granular materials, we find that the maximum value of the Creep during the waiting time can be directly observed. If
frictional force F,,x depends on the waiting time: The the plate is kept under a shear stress comparable to the steady
maximum frictional force increases by roughly 10%Ff  sliding value, it creeps slowlydx/dt=1 um/h) and goes
for each order of magnitude increase in waiting time with aup (Fig. 11). Such strong creep has not been observed in dry
characteristic initiation timery=0.6-0.2 s, a factor of granular materials. The vertical velocity/dt of the plate is
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1.0 (a) The strength of a granular material increases roughly
logarithmically with the time of stationary contactwaiting
time) in both dry materialFig. 5 and wet materia(Fig. 9),

if a shear stress is applied during the waiting time. The char-
acteristic initiation timery is roughly three orders of magni-
tude smaller for wet granular material.

(b) In both dry and wet granular matter, the strength does
0.0 not increase withr if no shear stress is applied during the
waiting time (Figs. 4 and @

(c) In both the dry and wet granular materials, the layer
compacts immediately, when the shear stress is released.
05k This compaction leads to an instantaneous increase in the
strength of the wet granular material, but not in the dry case
(Figs. 4 and @

(d) Particle tracking reveals that in a region of approxi-

-1.0 L L L mately five particle layers below the sheared surface, par-
0 200 400 600 800 ticles move and lose contact with each other during stick-slip
motion (Fig. 2). The particle velocities within this fluidized
X (um) region decrease faster than linearly.

FIG. 10. (Wet friction) Vertical position of the plateh as a © Dila_tion or compaction often_ influe_nc_es t_he strength of
function of its horizontal positiox during a transient. The vertical the mgtenal. However, grgdual slight d_|Iat|(_)n in a dry ma_te-
position overshoots when the plate was subjected to a horizontd]2! (Fig. 7) and gradual slight compaction in a wet material
stress during the waiting time (k=189.5 N/m, M=14.5¢g,v  (Fig. 10 do not necessarily influence the frictional forces.
=28.17 wm/s, andr=26000 s). In order to understand these results we need to go back to

the main question: What are the microscopic mechanisms for
of the same order of magnitude as the horizontal velocitystrengthening? In the following paragraphs we look at indi-
dx/dt. Moreover, the whole vertical displacement of the vidual mechanisms and the experimental results that support
plate sh after 7 h is about 20um, much larger than any them or show their limitations.
vertical displacement of the plate observed in the dynamical The gradual strengthening of individual microcontacts
regime. through creep on the level of microcontacts has been found
in other work to lead to a strengthening in solid-on-solid
IV. DISCUSSION AND CONCLUSION friction. The microcontact size is determined by the yield
stress of the material. Unless the contact area is flat, the

The main results of this investigation of the shear strengtfinaterial deforms until the microcontact is just large enough
of a granular material at low normal forces are as follows. to support the stress. Strengthening of microcontacts should
therefore be present for granular materials with nm scale

h (um)

12 contact areas, just as it is for solid-on-solid friction.
10k Another mechanism that can strengthen microcontacts is
—_ - an attractive surface force, created by gradually developing
= 81 liquid bridges between particles at rest. This mechanism ac-
3 6 counts for the observed increase in strengthening at higher
% 4 humidity, but cannot explain why strengthening also occurs
Al for a granular layer under water. Other mechanisms for
- strengthening must therefore be present.
0 No strengthening is observed in the absence of an applied
20 | shear stress even though the absence of applied shear stress
I only decreases the total stress on microcontacts by 10—20 %.
- 16_' In addition, the observed creep distance under wéEay.
£ 12t 11) is several orders of magnitude larger than the character-
=, L istic microcontact length; this suggests that microcontacts
E 8 break rather than strengthen during the time at rest. Micro-
4 [ contact strength can therefore not account for strengthening
L under water or the lack of strengthening in the absence of an
0 ) | | . | applied shear stress in both dry and wet material.
0 5 10 15 20 25x10 > The large creep under water suggests that grains rearrange

1 (S) more easily in wet than in dry granular matter. One possible
explanation is that water lubricates individual contacts be-
FIG. 11. (Wet friction) Horizontal and vertical positions of the tween grains, which allows grains to slip past each other with
platex andh as functions of time when the system is submitted to significantly smaller frictional force. Lubrication is also evi-
a static horizontal applied strefs=F,. Creep of about zm/his  dent in the reduced friction coefficient of a wet granular ma-
clearly evident k=189.5 N/m andV =14.5 g). terial[6]. Even though large creep decreases the contact time
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of microcontacts, strengthening occurs at the same rate, aride shear stress is removed. Recent experiments in a Couette
with a much smaller characteristic initiation timg in wet  cell [32], showed that changing the direction of shear stress
granular matter. This indicates that rearrangments in the ne¢an be used to strengthen the granular material rapidly. The
work of contacts contibute significantly to strengthening.inner cylinder of the Couette cell is connected to a motor
The rigidity of the network of contacts can influence thethrough a soft spring, which allows for variations in the ap-
frictional strength of the material, since direct observationgPlied shear force at forces below the frictional strength of the
indicate that a three-dimensional network of contacts is brodranular material. When the direction of the applied shear
ken (and a fluidized region of several layers close to thestress is r_e_versegl _perlodlcally at stresses below_that neces-
sheared surface formsvhen sliding starts. sary to initiate sliding, the strength of the material can be

The observation of strengthening solely under shear Streégcreased rapidly in proportion to the number of direction
differs from results in solid-on-solid friction, but is similar to reversals. . N .
results at geophysical pressufé8,35. This implies that the in _conclusmn, strengthening n these experiments can Ipe
contact network changes in response to an applied Sheggplamed by_two fur_1da_n*!entally _d|fferent phenomena._One IS
stress regardless of how the contacts themselves evolve. THisStrengthening of individual microcontacts dge to time .Of
is consistent with the description of a granular material as ontact or slow creep—or due to the formatlon of |I(?1UId.
fragile network that breaks if the direction of the applied ridges. The other fundamental strengthening mechanism is

stress changes. Recent experiments in a Couette cell, whiéﬁlawd to the Spa"?' arrangement of beads, and hence the
will be reported in detail elsewhef&2], support the conclu- arrangement and orientation _of microcontacts. The strength
sion that the direction of the applied stress matters. In th@f the contact networksometimes called the fabric of the

Couette cell a clockwise shear stress that is less than the sl anular materllal can be relateq to thg cc_)mpactlon of the
threshold is first applied for a waiting time If the granular ranular material, but our experiments indicate that compac-

material is subsequently sheared clockwise, a roughly Ioga{[-'%r;k's not the only determinant of the strength of the net-

rithmic increase in the strength withis observed, as for the .
Strengthening due to rearrangements alone can also be

flat layer studied in this paper. On the other hand, if the lated t id f oth : that . h
subsequent shear is counterclockwise, no strengthening j§'ated lo a wide range ot other systems that can jam, such as

observed molecules in a glass. It has recently been suggdsig®4]
The density of the granular material is a rough indicatort'2 SOME aspects of the jamming behavior, or the “unjam-

of the density of the contact network, as more grains tend g"ng which we study, might have a common theoretical

touch each other in denser configurations. However, compacg—e.scr'pt'on’ so a good understandmg .Of the strengther_nng
tion and dilation are not always correlated with frictional might eventually be useful for a description of the properties

strength in our experiments, possibly because we are Iimi'[e8f these other systems as well.
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