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Mechanisms for slow strengthening in granular materials
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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 forceFmax experienced by a shearing plate in contact with wet or dry
granular material after the layer has been at rest for a waiting timet. The layer strength increases roughly
logarithmically witht 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 number~s!: 83.70.Fn, 81.40.Pq, 45.70.Cc, 62.40.1i
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I. INTRODUCTION

The strength of granular matter is an important mac
scopic property. Under many circumstances a layer of gra
lar material at rest can sustain a load, i.e., it behaves lik
solid. However, applied shear forces can lead to partial
idization, a phenomenon that has no direct analog in ho
geneous materials@1#. The threshold shear stresssMax
needed to initiate flow also determines when a granular
terial will lose much of its ability to sustain loads, and
therefore a good measure of strength.

The shear strength of a granular layer is of great inte
in geophysical applications, due to the granular composi
of earthquake faults. Various studies~described in Sec. II!
have shown a gradual strengthening of a granular laye
geophysical pressures, as the time between stress relie
events is increased. Since strengthening of geophysical fa
can affect the temporal distribution of earthquakes~see Ref.
@2# for references!, understanding the underlying mech
nisms and developing appropriate models is of practical
terest@3#.

In previous studies by our group@4–6# the frictional prop-
erties of wet and dry sheared granular materials at low p
sures were determined in detail by shearing the layer
means of a plate resting upon it. At small applied stres
high resolution stress and displacement measurements
provide an accurate determination of the instantaneous
tional force experienced by the plate. The static friction c
efficientms ~the ratio of the threshold static shear stresssMax
to normal stress! was found to be reproducible under give
experimental conditions. However, changes in the exp
mental history influencems . In this paper we study the effec
of the experimental history on the threshold static sh
stress of granular material at low applied normal stress. O
central parameter of the experimental history is the wait
time t for which the layer has been at rest. In addition, t
shear stress and humidity during the waiting time are var
and measurements are made in fluid saturated material.
PRE 611063-651X/2000/61~4!/4060~9!/$15.00
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effects of applied stress reversal are also studied.
In order to determine mechanisms for strengthening,

measure the instananeous frictional force and the insta
neous vertical dilation of the layer during waiting and duri
motion. We also image a cross section of the granular la
in some experiments, and track the motion of individu
grains during waiting and during motion of the plate. O
results indicate that several different mechanisms are nee
to account for the observed strengthening. We find t
granular matter can strengthen due to a slow shift in
particle arrangement under shear stress. This observatio
consistent with a model for granular matter consisting o
fragile network of stress chains that adjusts to the app
stress @7#. Strengthening is also influenced by humidit
since condensation of liquid bridges adds an attractive
face tension force between grains@8#. We show clearly that
this cannot be the only cause of strengthening by carry
out experiments under water, where liquid bridges canno
formed. Finally, strengthening may occur by the evolution
individual microcontacts through slow creep@9,10#. Our ex-
periments are not sufficiently sensitive to determine whet
creep on length scales of the size of microcontacts actu
occurs. However, strengthening of individual contacts alo
cannot account for the experimental results. In addition
these slow time-dependent effects, the static friction coe
cient can also be increased by compaction of the gran
material under some circumstances, and by cycling of
applied shear stress.

Relevant work on friction and work related to propos
strengthening mechanisms are discussed in Sec. II. The
perimental results are described in Sec. III, and discusse
Sec. IV.

II. BACKGROUND

A. Strengthening in solid-on-solid friction

In friction between dry solid surfaces~solid-on-solid fric-
tion! the static friction coefficientms is determined by the
4060 © 2000 The American Physical Society
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PRE 61 4061MECHANISMS FOR SLOW STRENGTHENING IN . . .
number and strength of microcontacts that support the
plied stress~for recent reviews on friction, see Refs.@11,12#!.
Since the strength of microcontacts changes with time
applied stress, and since their number also changes thr
stress-induced creep,ms is not a constant, but is influence
by the state of the system. The static friction coefficient—
ratio of the shear force needed to initiate sliding to the n
mal force—has generally been found to increase appr
mately logarithmically with the time of~quasi!stationary
contact between materials.

The static strength of a glass-on-glass interface was
cently investigated experimentally by Berthoud and c
workers@9,10#. In addition to logarithmic strengthening, th
authors found that the rate of increase grows with the te
perature of the material. The strengthening rate is twice
high when a shear stress is applied during the waiting ti
but strengthening persists without an applied shear str
This strengthening was found to be a result of an increas
the load bearing area through load-induced creep of in
vidual microcontacts.

B. Strengthening in geophysical experiments

In studies at geophysical pressures (;20 MPa) using
simulated fault gouge~granular quartz powder! Marone and
co-workers @13,35# found logarithmic strengthening of
granular layer with time, if shear stress is applied during
waiting time. On the other hand, when the shear stres
removed, an immediate strengthening of the material is
served followed by a slow weakening with waiting tim
Nakatani @14# showed that the magnitude of the instan
neous strengthening is proportional to the amount by wh
the applied shear stress is reduced. These effects were
gested to be a consequence of ‘‘overconsolidation,’’ i.e.,
arrangement of particles into a more compact configurat

C. Rate and state theories

In order to describe the dependence of the frictional fo
on the state of the system, rate and state theories were d
oped by Dieterich@15# and Ruina@16#, which introduce an
additional variableQ that characterises the system state.
general, several variables might be necessary to describ
state of the system, but the two models focus on the simp
possible case of one state variable determining the sys
state. In both theories the frictional force is given by

m5m01a ln
V

V0
1b ln

V0Q

Dc
, ~1!

where m0 , V0, and Dc are characteristic constants of th
materials, andV is the instantaneous sliding velocity. In th
approach one does not distinguish between static and
namic cases. The models differ in the differential equat
for the state variableQ. In the Ruina model, for which
dQ/dt52VQ/Dcln@V/QDc#, creep is necessary (VÞ0) to
changeQ. On the other hand, time of contact alone increa
Q, and therebym in the Dieterich model, wheredQ/dt51
2V/QDc . Different equations were also proposed
Nielsen, Carlson, and Olsen@17# to describe earthquak
faults. In their model,Q changes both with the time of con
tact and with creep using a characteristic strengthening t
p-
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tc and a characteristic weakening length of contactsl c

@dQ/dt5(12Q)/tc2QV/ l c#. The friction coefficient is
determined byQ, and increases with velocity with a viscou
coefficient h (m5Q1hV). While they successfully ex-
plain important earthquake characteristics@3#, these rate and
state models do not describe the instantaneous strengthe
when the shear stress is released during a waiting t
@2,14#.

D. Force transmission in granular media

In solid-on-solid friction, the microcontacts form a two
dimensional disordered array at the interface between
solids. In granular materials, however, simulations indic
that several layers of grains move during the shearing p
cess@18–21#. This is not entirely surprising, given that th
interior of the material is not stronger than the surface
gion, as long as there are no cohesive forces between
ticles. In order to study granular friction theoretically, on
therefore must analyze a three-dimensional network of
crocontacts. The failure of a subset of those contacts all
motion of the shearing plate. Distinct element method sim
lations by Morgan and co-workers@21,22# indicated that the
grain size distribution and interparticle frictional properti
can strongly affect the shear stress necessary for a failur
that contact network and thus for granular flow.

Microcontacts can be characterized by the total force
shear force on the contact, and the orientation of the mic
contact relative to the total applied stress. Recent exp
ments have shown that the distribution and orientation
individual particle contacts is highly nonuniform and hyste
etic. Shear and normal stresses are transmitted along s
chains, as, for example, demonstrated in recent simulat
by Radjaiet al. @23# and in experiments using birefringen
disks by Howellet al. @24#. The magnitude of stress betwee
particles follows an exponential probability distribution@22#
unless the packing fraction exceeds a critical threshold.
arrangements of stress chains strongly depends on the hi
of the sample. Small particle rearrangements, e.g., thro
heating of an individual particle, can alter the stress tra
mission @25#. Recent experiments by Vanelet al. @26# re-
vealed that the stresses at the bottom of a sandpile can
either a maximum or a local minimum at the center, depe
ing on the preparation procedure. This experiment indica
that even the preferential direction of stress chains may
affected by the history of the sample. One model of str
transmission by Cateset al. @7# does not try to develop a
stress-strain relation, but instead relates different compon
of the stress tensor to each other. The granular materia
described as a fragile network of stress transmitting conta
If the direction of the applied stress changes, the netw
breaks. Simulations by Radjaiet al. @23# suggest that the
network of stress chains can be separated into a strong
network in which most contact surfaces are perpendicula
the direction of total stress, and a weak subnetwork of c
tacts oriented preferentally perpendicular to it. The we
subnetwork sustains shear stress and breaks through
tional sliding between bead surfaces. The strong subnetw
sustains the normal load, and its contacts change mo
through rolling.
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E. Role of dilation

It has been known since Reynolds@27# that shearing a
granular material produces dilation, i.e., an expansion of
material in the direction perpendicular to the motion. In w
granular materials, our group found that a granular layer
lates by 10% of one grain diameter while the top layer
translated by one grain diameter@6#; this observation sug
gests that at most a few layers are involved in the dilati
Computer simulations by Thompson and Grest@19# and
Zhang and Campbell@28# have indicated that dilation is
prominent in stick-slip motion. A region of about 6–12 gra
diameters typically dilates and starts to flow in the simu
tions at small normal forces. Zhang and Campbell found
approximately linear decrease in particle velocity with de
at high normal forces, and a faster than linear decrease a
normal forces.

Experiments at geophysical pressures by Marone h
shown that the granular layer becomes compacted during
waiting time at high normal stresses@2#. Marone noted that
compaction increases in proportion to the frictional stren
of the material; this indicates a close relation between co
paction and strength. The role of dilation therefore should
investigated in connection with measurements of the f
tional strength.

F. Role of humidity

Experiments in a rotating cylinder@8# have indicated tha
strengthening of granular material~indicated by an increase
critical angle of repose! might be due to the formation o
liquid bridges, which introduce attractive capillary forces b
tween grains. A logarithmic increase of the critical angle
repose of the pile with waiting time was observed. The r
of increase was found to depend strongly on humidity, a
no strengthening occurred for bead diametersd.500 mm or
for vanishing humidity. This behavior is consistent with li
uid bridges being the sole cause of strengthening in
study, but angle of repose experiments only look at stren
ening in the limit of very small stress, where the role of oth
strengthening mechanisms might be diminished. We va
the humidity in some experiments and carried out exp
ments under water, where liquid bridges cannot form, in
der to distinguish this mechanism of strengthening fr
other possibilities.

G. This work on strengthening in granular materials

Judging from the three-dimensional nature of the shea
region, the role of dilation and humidity, and the nonunifo
and hysteretic transmission of stress through a granular
terial we cannot expecta priori that the laws that govern
strengthening of solids will hold for granular materials.
our experiments a small, but non-negligible, normal force
applied to the granular material, in contrast to the streng
ening studies based on the critical angle of repose. On
other hand, the applied normal force is smaller than the
used in geophysical experiments by a factor of about 16.
The threshold stress for plastic deformation of the glass
ticles is reached for an approximate area for individual m
crocontacts of the order of 25 nm2 per particle in our experi-
ments @29#. Creep of individual microcontacts woul
e
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therefore be at the nm scale, which cannot be resolved w
our apparatus. Particle fracture—which occurs in geoph
cal experiments and yields characteristic grain s
distributions—plays no role in our studies. With the abili
to image the motion of particles and to measure creep
dilation on themm scale, our experiments focus on the ro
of the arrangement of microcontacts~the fabric of the granu-
lar material! in determining its shear strength.

III. EXPERIMENTAL RESULTS

A. Apparatus

The experimental setup shown in Fig. 1 was describ
previously @4#, including the modifications for experiment
under water@6#. Our experiments were carried out in a th
3-mm layer of 103614-mm diameter glass beads~Jaygo
Inc.! in a 11318.5-cm tray. A transparent acrylic plat
(5.2838.15 cm) of weight 26.7 g is placed on top of th
granular material. Good contact between plate and laye
assured either by etching grooves or gluing a layer of be
to the plate’s lower surface. The plate is pushed across
granular material by a spring that touches only a small s
ball glued to the plate; this allows for vertical motion of th
plate. The spring’s fulcrum is moved toward the plate
constant speed by a microstep stepper motor. Bending o
spring is measured with a displacement sensor, which in
cates the force applied to the plate by the spring with a re
tive precision of better than 0.1%. The vertical position
the plate is measured with a second displacement sensor
ing a resolution of;0.1 mm. As indicated in Fig. 1, the
granular material and the plate are kept under water in so
experiments. The motion of particles is imaged from the s
with a fast camera~Kodak Motioncorder SR-500!.

B. Particle motion in sheared granular layers

In order to establish how deeply the motion of the t
plate penetrates into the granular material, we image the
sition of glass beads at the side of the cell. A 5.3318.5-cm
tray—slightly wider than the plate—was designed w
smooth glass sidewalls to allow for optimal visualizatio
Through direct illumination we obtain small circular brigh
spots for all beads close to the wall. We track the motion
all particles in the layer closest to the wall from images tak
at 500 frames per second during motion of the plate.~The
motion is captured during one slip in the stick-slip regim
which is described in Sec. III C!. The changes in bead pos
tions between frames are used to calculate the particle tr
and instantaneous velocities. Since the conditions at the
are not identical to the inside of a granular material, mot

FIG. 1. Schematic diagram of the experimental setup for stu
ing shear in a granular layer, with sensitive measurement of h
zontal and vertical positions under water and in air.
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of particles near the side yield only an approximation
particle motion in the interior. However, the observatio
regarding the depth profile and nonuniformity of motion a
unlikely to be qualitatively different for the interior.

One measurement, where'2000 glass beads are tracke
during a short~40 ms! slip, is shown in Fig. 2. Individual
particle velocities and directions of motion are indicated
the direction and length of individual lines. Approximate
five layers of beads are moving. The particle velocity d
creases more strongly with depth than would be the case
a fluid, but qualitatively very similar to simulations@19#. The
motion of neighboring particles is not perfectly correlate
but differs in direction and velocity. This indicates that t
material cannot be described as a solid with a single frac
plane, but that most individual particle contacts are brok
up. Slip of the plate therefore involves the breakup of m
particle contacts within about five layers close to the pla
this process is quite different from the breakup of a tw
dimensional array of contacts that occurs when a solid st
sliding on another solid. A more detailed study of partic
motion is in progress and will be reported elsewhere@30#.

C. Strengthening in dry granular materials

In dry granular materials stick-slip motion with lon
sticking times and short, fast slips is the prevalent beha
at constant motor speed in our experiments. The strengt
the material was therefore measured from the spring
placement, i.e., the maximum spring displacement prior t
slip. In the steady state, the slip reproducibly starts at
same spring displacement, but the first slip after the moto
started can be different. In the first set of experiments to
considered, the motor is stopped during stick-slip motion a
restarted after a waiting timet. The applied stress durin
waiting varies by roughly 30%~depending on how long afte
a slip event the motor is stopped!. Figure 3 shows the spring
displacement vs time, with the motor started att51.19 s
after a waiting timet522 s~dotted line!, t51130 s~dashed
line!, or t526,400 s~solid line!. The total spring displace
ment before the first slip increases with waiting time, b
after at most two slips a steady stick-slip motion is reach

FIG. 2. Motion of'2000 particles during a short~40 ms! slip.
Particles in approximately five layers are moving, but the part
speed decreases strongly with depth~in units of pixels; 1 pixel
.30 mm).
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with the same maximum spring displacement for all waiti
times ~the curves are offset by 150mm).

In some experiments no shear stress was applied du
the waiting time by moving the motor backward prior
waiting. The spring displacement when the motor star
with a completely unbent spring att58.2 s, after a waiting
time of 37 213 s, is shown in Fig. 4. After several slips t
motor direction is reversed att550 s. In this case, the stres
just before the first slip is not enhanced. At low normal stre
in the stick-slip regime, the strength of dry granular mater
therefore only increases with waiting time if a shear stres
applied during the waiting time.

The ratio of the maximum spring displacement prior
the first slipFmax to the average maximum spring displac
ment Fnorm of all except the first two slips indicates th
relative strengthening of the material with waiting time. Th
ratio is shown in Fig. 5 for the stressed case. The wait
time strengthening under shear stress appears to be f
than logarithmic when the full range of waiting timest is
included. On shorter time scales the material becom
roughly 2% stronger~compared to continuous stick-slip mo
tion! per decade increase int. On longer time scalest
.1000 s, the strengthening is roughly 10% per decade w
a characteristic initiation timet0 ~the time before which little
strengthening occurs based on an extrapolation of the
proximately logarithmic increase! of roughly 6006300 s.

D. Role of dilation

The vertical positionh(t) of the plate indicates the dila
tion or compaction of the granular material. Due to sm
deviations from perfect flatness of the target plate for

e

FIG. 3. Spring displacement vs time atv528.7mm/s andk
5189.5 N/m. The motor is stopped during stick-slip motion a
restarted att51.19 s after a waiting time of 22 s~dotted line!, 1130
s ~dashed line, offset by 150mm), or 26400 s~solid line, offset by
300 mm). The maximum spring displacement prior to the first s
increases with the waiting time. This indicates an increase in
friction coefficient with the waiting time, when the layer is contin
ously held under stress.
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4064 PRE 61LOSERT, GÉMINARD, NASUNO, AND GOLLUB
vertical displacement sensor and slow fluctuations in the s
sor readout due to small variations in temperature, the a
lute dilation cannot be computed to better than 1mm over
long times or over horizontal plate movements long co
pared to the particle diameter.

Figure 6 shows the vertical plate position after a waiti
time under shear stress for the experiments described in
3. After the motor is started, a gradual dilation of the gran
lar material during the sticking time takes place, followed
rapid dilation as the slip starts and compaction immedia
following the slip. The first slip after a long waiting tim

FIG. 4. Spring displacement vs time without initial applie
stress (v528.7mm/s andk5189.5 N/m). The motor started with
completely unbent spring att58.2 s after a waiting time of 37213
s ~solid line!. The motor is reversed att550 s. The maximum
spring displacement does not change with waiting time.

FIG. 5. Strengthening: Ratio of maximum static friction for
Fmax after a waiting time compared to the maximum static fricti
force Fnorm during continuous stick-slip motion atv528.7mm/s
andk5189.5 N/m. The strength increases roughly logarithmica
with waiting time for longer times. Each point is an average o
several runs.
n-
o-

-

ig.
-

ly

~solid line! is followed by especially strong compaction.
The vertical dilationwithout applied shear stress durin

waiting is shown in Fig. 7, which corresponds to the spri
displacement data of Fig. 4. As the plate starts to move,
layer gradually dilates. The gradual dilation does not infl
ence the maximum frictional force, which is comparable
all slips as shown in Fig. 4. As soon as the shear stres
released att.60 s, the layer compacts almost instan
neously.

E. Strengthening under water

Since the formation of liquid bridges between particl
could be the cause for the observed strengthening of gran
material, as described in Ref.@8#, a second set of experi
ments was carried out under water, where liquid bridges
absent. Continuous sliding is prevalent under water beca

r

FIG. 6. Dilation during stick-slip motion~dry!. Vertical plate
displacement vs time atv528.7mm/s andk5189.5 N/m. The mo-
tor is stopped during stick-slip motion and restarted att51.19 s
after a waiting time of 22 s~dotted line!, 1130 s~dashed line!, or
26400 s~solid line!. The compaction following the first slip in-
creases with waiting time; this indicates that dilation occurred d
ing the waiting time.

FIG. 7. Vertical displacement vs time~solid line! and spring
displacement~dotted line! for the data of Fig. 4 (v528.7mm/s and
k5189.5 N/m). The motor started with a completely unbent spr
at t58.2 s after a waiting time of 37213 s. The material dilat
when motion starts. The reduction of the applied stress is accom
nied by compaction.
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PRE 61 4065MECHANISMS FOR SLOW STRENGTHENING IN . . .
the fluid lubricates the contacts. Figure 8 shows the typ
behavior of the spring displacementd(t) @Fig. 8~a!# and of
the vertical positionh(t) @Fig. 8~b!# as functions of timet in
two different cases:~1! The horizontal stress is released b
fore the experiment.~2! The horizontal stress is continuous
applied. In both cases the spring displacement during
transient~which is proportional to the frictional force at th
small accelerations considered here! is larger than the fric-
tional force during steady sliding. The force reaches a ma
mum Fmax at the maximum dilation rate. At later times th
material continues to dilate and approaches a steady
dilation, while the frictional force decreases toward a stea
sliding frictional force. In case~2!, the layer is initially less
packed and the total dilationDh observed during the exper
ment is smaller.

As observed for the dry granular material, we find that
maximum frictional forceFmax depends on the resting tim
t, and on the horizontal stress applied during this interval
shown in Fig. 9. The experimental procedure is as follow
The plate is initially pushed at constant veloci
(28.17mm/s) until the steady state regime is reached wit
dynamic friction forceFd . Then the motion of the translato
is suddenly stopped and the plate stops at a well-defi
horizontal applied stress (F53.231022N.Fd) @31#. The
translator motion is started again after a delayt. As for dry
granular materials, we find that the maximum value of
frictional force Fmax depends on the waiting timet: The
maximum frictional force increases by roughly 10% ofFd
for each order of magnitude increase in waiting time with
characteristic initiation timet050.660.2 s, a factor of

FIG. 8. ~Wet friction! Behavior~a! of the spring displacemen
d(t) and ~b! of the vertical positionh(t) as functions of timet in
two different cases:~1! The horizontal stress is released before
experiment.~2! The horizontal stress is continuously applied. In t
second case, the layer is initially less packed because of the ap
shear stress; as a consequence, the total dilationDh observed dur-
ing the experiment is less (k5189.5 N/m, M514.5 g, andV
528.17mm/s) ~from Ref. @6#!.
al
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;103 faster than for a dry granular material. The maximu
frictional forceFmax increases by about 40% in 10 h. On th
other hand, if no horizontal stress is applied during the w
ing time t ~the spring is pulled back!, no increase of the
maximum frictional force is measured. For short waitin
times Fmax is found to be larger when no stress is applie
this result is in agreement with the fact that the maximu
frictional force increases with the total dilation of the lay
Dh in the continuous sliding case for a wet granular mate
@6#. The two curves for strengthening with and without a
plied shear stress intersect fort.104 s. For longer waiting
times Fmax becomes larger for waiting under an applie
shear stress, while the dilation following the waiting (Dh)
remains larger when no stress is applied.

A careful study of the behavior of the vertical position
the plateh as a function of its horizontal positionx, shown in
Fig. 10, indicates thath reaches a maximum during the tra
sient regime when a horizontal stress is applied during
waiting time. The distance over which the vertical positi
of the plate reaches its maximum is about one particle rad
R, comparable to the distance over which the system reac
the steady state regime in experiments starting without
plied shear stress@6#. However, after a waiting time unde
stress, the vertical position of the plate decreases for a slid
distance of a few particle diameters. The frictional for
reaches its asymptotic value over the distanceR, and appears
not to be affected by this decrease of the vertical position
the plate.

Creep during the waiting time can be directly observed
the plate is kept under a shear stress comparable to the s
sliding value, it creeps slowly (dx/dt.1 mm/h) and goes
up ~Fig. 11!. Such strong creep has not been observed in
granular materials. The vertical velocitydh/dt of the plate is

ied

FIG. 9. ~Wet friction! Maximum frictional forceFmax as a func-
tion of the waiting timet (k5189.5 N/m, M514.5 g, andV
528.17mm/s). Empty circles: no horizontal stress is applied d
ing the waiting timet. Filled circles: the plate is submitted to
horizontal stress (F.Fd) during the waiting timet.
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of the same order of magnitude as the horizontal velo
dx/dt. Moreover, the whole vertical displacement of t
plate dh after 7 h is about 20mm, much larger than any
vertical displacement of the plate observed in the dynam
regime.

IV. DISCUSSION AND CONCLUSION

The main results of this investigation of the shear stren
of a granular material at low normal forces are as follow

FIG. 10. ~Wet friction! Vertical position of the plateh as a
function of its horizontal positionx during a transient. The vertica
position overshoots when the plate was subjected to a horizo
stress during the waiting timet (k5189.5 N/m, M514.5 g, V
528.17mm/s, andt526000 s).

FIG. 11. ~Wet friction! Horizontal and vertical positions of th
platex andh as functions of timet when the system is submitted t
a static horizontal applied stressF.Fd . Creep of about 1mm/h is
clearly evident (k5189.5 N/m andM514.5 g).
y

al

h

~a! The strength of a granular material increases roug
logarithmically with the time of stationary contactt ~waiting
time! in both dry material~Fig. 5! and wet material~Fig. 9!,
if a shear stress is applied during the waiting time. The ch
acteristic initiation timet0 is roughly three orders of magni
tude smaller for wet granular material.

~b! In both dry and wet granular matter, the strength do
not increase witht if no shear stress is applied during th
waiting time ~Figs. 4 and 9!.

~c! In both the dry and wet granular materials, the lay
compacts immediately, when the shear stress is relea
This compaction leads to an instantaneous increase in
strength of the wet granular material, but not in the dry ca
~Figs. 4 and 9!.

~d! Particle tracking reveals that in a region of appro
mately five particle layers below the sheared surface, p
ticles move and lose contact with each other during stick-
motion ~Fig. 2!. The particle velocities within this fluidized
region decrease faster than linearly.

~e! Dilation or compaction often influences the strength
the material. However, gradual slight dilation in a dry ma
rial ~Fig. 7! and gradual slight compaction in a wet mater
~Fig. 10! do not necessarily influence the frictional forces

In order to understand these results we need to go bac
the main question: What are the microscopic mechanisms
strengthening? In the following paragraphs we look at in
vidual mechanisms and the experimental results that sup
them or show their limitations.

The gradual strengthening of individual microcontac
through creep on the level of microcontacts has been fo
in other work to lead to a strengthening in solid-on-so
friction. The microcontact size is determined by the yie
stress of the material. Unless the contact area is flat,
material deforms until the microcontact is just large enou
to support the stress. Strengthening of microcontacts sh
therefore be present for granular materials with nm sc
contact areas, just as it is for solid-on-solid friction.

Another mechanism that can strengthen microcontact
an attractive surface force, created by gradually develop
liquid bridges between particles at rest. This mechanism
counts for the observed increase in strengthening at hig
humidity, but cannot explain why strengthening also occ
for a granular layer under water. Other mechanisms
strengthening must therefore be present.

No strengthening is observed in the absence of an app
shear stress even though the absence of applied shear
only decreases the total stress on microcontacts by 10–2
In addition, the observed creep distance under water~Fig.
11! is several orders of magnitude larger than the charac
istic microcontact length; this suggests that microconta
break rather than strengthen during the time at rest. Mic
contact strength can therefore not account for strengthe
under water or the lack of strengthening in the absence o
applied shear stress in both dry and wet material.

The large creep under water suggests that grains rearr
more easily in wet than in dry granular matter. One possi
explanation is that water lubricates individual contacts
tween grains, which allows grains to slip past each other w
significantly smaller frictional force. Lubrication is also ev
dent in the reduced friction coefficient of a wet granular m
terial @6#. Even though large creep decreases the contact

tal
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of microcontacts, strengthening occurs at the same rate,
with a much smaller characteristic initiation timet0 in wet
granular matter. This indicates that rearrangments in the
work of contacts contibute significantly to strengthenin
The rigidity of the network of contacts can influence t
frictional strength of the material, since direct observatio
indicate that a three-dimensional network of contacts is b
ken ~and a fluidized region of several layers close to
sheared surface forms! when sliding starts.

The observation of strengthening solely under shear st
differs from results in solid-on-solid friction, but is similar t
results at geophysical pressures@13,35#. This implies that the
contact network changes in response to an applied s
stress regardless of how the contacts themselves evolve.
is consistent with the description of a granular material a
fragile network that breaks if the direction of the appli
stress changes. Recent experiments in a Couette cell, w
will be reported in detail elsewhere@32#, support the conclu-
sion that the direction of the applied stress matters. In
Couette cell a clockwise shear stress that is less than the
threshold is first applied for a waiting timet. If the granular
material is subsequently sheared clockwise, a roughly lo
rithmic increase in the strength witht is observed, as for the
flat layer studied in this paper. On the other hand, if
subsequent shear is counterclockwise, no strengthenin
observed.

The density of the granular material is a rough indica
of the density of the contact network, as more grains ten
touch each other in denser configurations. However, com
tion and dilation are not always correlated with friction
strength in our experiments, possibly because we are lim
to measuring the mean density, not the local density of
surface region, where the network of microcontacts fails. T
possibility that the orientation of microcontacts could be
important for the strength of the material as the density
contacts should also be explored further.

When the shear stress is completely released, a signifi
density change occurs. This suggests that the granular m
rial under normal stress can only compact if the exist
contact network breaks—which in our case happens w
al
o
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the shear stress is removed. Recent experiments in a Co
cell @32#, showed that changing the direction of shear str
can be used to strengthen the granular material rapidly.
inner cylinder of the Couette cell is connected to a mo
through a soft spring, which allows for variations in the a
plied shear force at forces below the frictional strength of
granular material. When the direction of the applied sh
stress is reversed periodically at stresses below that ne
sary to initiate sliding, the strength of the material can
increased rapidly in proportion to the number of directi
reversals.

In conclusion, strengthening in these experiments can
explained by two fundamentally different phenomena. On
a strengthening of individual microcontacts due to time
contact or slow creep—or due to the formation of liqu
bridges. The other fundamental strengthening mechanis
related to the spatial arrangement of beads, and hence
arrangement and orientation of microcontacts. The stren
of the contact network~sometimes called the fabric of th
granular material! can be related to the compaction of th
granular material, but our experiments indicate that comp
tion is not the only determinant of the strength of the n
work.

Strengthening due to rearrangements alone can also
related to a wide range of other systems that can jam, suc
molecules in a glass. It has recently been suggested@33,34#
that some aspects of the jamming behavior, or the ‘‘unja
ming’’ which we study, might have a common theoretic
description, so a good understanding of the strengthen
might eventually be useful for a description of the propert
of these other systems as well.
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