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Amplification of stick-slip events through lubricated contacts in consolidated granular media
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The influence of lubricated contacts on the stick-slip behavior of a granular system is investigated. Samples
of cylindrical shape made of glass spheres confined at a constant pressure and subjected to gradual deformation
along their main axis are considered. Under constant axial deformation, the granular compact exhibits a regular
stick-slip regime, in which gradual stress loading (stick) is followed by rapid relaxation events or failure (slip).
The amplitude of stress drops (slips) and their recurrence time are investigated as a function of the amount of
lubricant fluid. In the absence of lubricant, stress drops are very frequent but their amplitude is relatively small.
However, the addition of a minute volume of lubricant into the granular packing, increases both the amplitude
of stress drops and their recurrence time, following a saturating exponential loading curve with the lubricant
volume. We show that the typical volume at which saturation occurs corresponds to the amount of fluid required
to completely cover the surface of the spheres, with the thickness of the coat corresponding to the size of the
asperities. These results support the idea that, to a certain extent, adding lubricant reduces sliding friction, as

well as synchronously mobilizes a set of contacts.
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I. INTRODUCTION

Stick slip, the intermittent sliding motion between solid
surfaces in contact, is a common frictional phenomena ex-
pressed over distinct spatial scales, ranging from atomic [1] to
geological scales [2,3]. For instance, elastic energy accumu-
lated during tectonic plate drift is released during the slipping
phase, when the tectonic plates yield, in the form of seismic
waves or earthquakes [4].

In the context of granular media, frictional phenomenon
is important in the study of earthquakes, landslides, and
avalanches. Sufficient loading leads to the sudden release
of stored elastic or potential energy, potentially leading to
catastrophic consequences. The frictional features of the gran-
ular layer, created by fragmentation and wear between two
tectonic plates, play a pivotal role in the characteristics of
earthquakes. Indeed, scaled laboratory experiments have led
to an improved understanding of the physical process behind
cyclic sliding within a granular fault of geological settles, and
its role in the earthquake nucleation and dynamical rupture
[5-8].

Often, granular faults contain interstitial fluid that can
greatly modify their rheology. However, studying the influ-
ence of interstitial fluid on the mechanisms controlling stick-
slip events is challenging due to complex laboratory scale
experiments, as well as the lack of theoretical models able
to explain interactions between grains and effects of pore
pressure [9]. The case of a granular fault under conditions
of saturated interstitial fluid has been addressed in laboratory
experiments; results suggest that fluid-particle interactions
may influence the shear stress drop and the recurrence time
of stick-slip events, as well as creeplike behavior and strain
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transients [10—12]. In a sheared quasi-two-dimensional gran-
ular system made of elliptical particles, the presence of an
interstitial viscous fluid strongly affects the stick-slip behavior
and the localization of the deformation [12]. Compared to dry
granular conditions, increasing the interstitial fluid viscosity
leads to a stronger damping of the stick-slip events as well
as a more localized deformation. Recently, further analysis on
the effect of fluids on stick-slip behavior has been carried out
through three-dimensional (3D) discrete element simulations
of dry and fluid-saturated granular fault gouges [13]. Com-
pared to dry conditions, the presence of an incompressible
fluid amplifies the drops in shear stress, compaction of gran-
ular layer, and kinetic energy release during slip. It was also
corroborated that the recurrence time between slip events is
longer for fluid-saturated granular fault gouge compared to
the dry case.

It is expected that the pore fluid pressure influences the
effective normal stress, thus affecting the fault strength. Sev-
eral mechanisms have been proposed to capture the relation
between pore pressure and fault strength during the seismic
cycle (see, for instance, [10]). Frictional strength and slip
stability on a hydraulically isolated fault is suggested to
be controlled by pore pressure fluctuations, resulting from
compaction during the interseismic stage of the seismic cycle
[14,15]. Conversely, shear induced dilatancy causes pore fluid
depressurization and enhances effective normal stress, leading
to an apparent hardening. However, to our knowledge, the
case of nonsaturated pore has not previously been systemat-
ically considered in vanishing added fluid regimes.

This work presents an experimental study of the influence
of lubricant on both the amplitude and recurrence time of
stick-slip events. Experiments are performed by adding an
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FIG. 1. Experimental setup for a triaxial test on granular samples
made of glass beads enclosed in a cylindrical latex membrane. This
is closed at both ends by two cylindrical components, containing a
flat ultrasonic transmitter (HFE, 25 mm of diameter) and a miniature
coda wave receptor (HFR, 2 mm of diameter), which is placed
obliquely. Both ultrasonic transducers are hermetically placed inside
the cylindrical components ensuring effective pressure confinement.
A precision step motor together with a ball bearing screw control
axial deformation (y = vt/L), whereas a stress gauge and pressure
sensors are used to determine total axial stress, o, = Py + F/A.

increasing amount of silicon oil to glass beads, ensuring the
beads are covered with fluid films with a thickness of the
order of asperity size. We use compacted cylindrical samples
of granular media confined at controlled pressure [16,17] and
subjected to uniaxial compression at a constant strain rate.
This type of confinement allows for decoupling of the axial
from the radial stress, which is appropriate for modeling the
geological fault scenario.

Amplification of the stick-slip behavior is observed, with
a sharp increment in the amplitude of the stress drops and
their recurrence time. A single slider model, formed of a
block-spring system, characterized by two friction coefficients
describing the static and the sliding motion, indicates that
contact lubrication may considerably reduce kinetic friction,
leading to the synchronized mobilization of a glass bead
ensemble. These results are consistent with recent numerical
studies [18,19].

II. EXPERIMENTAL SETUP

The experimental setup consists of a cylindrical latex mem-
brane hermetically closed by two cylindrical components at
each extremity, and filled with glass beads with a mean diam-
eter d; see Fig. 1. Different quantities of lubricant (silicon oil
Rhodorsil 47 V 5000), with a cinematic viscosity of 5000 cSt
and a dynamic viscosity of 4850 cp at room temperature,
are added to the granular packing. This ranges from O (dry)
to 260nL/g of glass beads (0.043%). A given volume of
lubricant and glass beads is vigorously agitated to ensure
thorough mixing and that the lubricant is homogeneously
distributed. Before pouring the lubricant, glass beads were
cleaned by using a Piranha solution, followed by a rinse, first,
with abundant distilled water and then with ethanol. Lastly,
beads were kept in an oven for one hour to evaporate the
residual water and ethanol. This process ensures that the glass
beads are free from organic matter and that packing has a
minimal humidity. It is important to realize that special care
should be taken to fully eliminate residual moisture since it

has been reported that the friction coefficient may depend
on adsorbed water layers, even after prolongated outgassing
[20]. Subsequently, the membrane containing the lubricated
beads are placed in a cylindrical acrylic mold of diameter D =
40 mm and height L. This mold ensures that both cylindrical
components, acting as lids, are parallel to the initial sample
shape. The latex membrane assures the lateral expansion of
the sample, keeping its volume nearly constant during the
axial compression. This was confirmed by measuring the
sample mantle through a fringe projection method (data not
shown). A constant hydrostatic pressure Py is maintained by
evacuating the interstitial air through a vacuum pump. Note
that Py is kept fixed for each experiment but it varies from run
to run. This pressure is directly measured by a pressure sensor
connected to the vacuum pump. A predetermined quantity of
glass beads is set in order to ensure a constant initial packing
fraction, ® = 0.63. Once the mold is removed, the sample is
mounted in the triaxial test system, where a stepper motor
(Parker Compumotor model S106-178MO) is used to apply
a constant deformation speed v through a ball bearing screw,
which gives the longitudinal strain, y = vt/L. The reaction
force F produced in response to the imposed deformation,
is measured by a strain-gauge sensor, resulting in a stress
along the sample axis, o, = Py + F/A, where A = n(D/2)?
is the sample section. In order to visualize the changes on the
structural contact force network, which confirms the stick-slip
phenomena, a high frequency emitter ultrasound transducer
(HFE) is used to send a two-cycle pulse centered at 320 kHz
every 1 s. Under these conditions, acoustic signals of small
wavelengths (A/d = 1) diffuse along different paths of the
contact force network. These incoherent transmitted waves,
referred to as coda wave signals [see Fig. 3(c)], are very
sensitive to contact rearrangements [21] and can be captured
by a miniature transducer (HFR) placed to the left side of the
sample. The self-demodulated coherent component, described
in Ref. [21], is filtered with a high-pass frequency filter with a
cutoff frequency of 200 kHz. The global correlation between
consecutive coda wave signals is calculated as previously
described in [16,17].

III. RESULTS

Prior to investigating the effect of lubrication on stick-slip
behavior, we characterized the response of dry glass beads
upon compression. First, a triaxial test was performed for
incremental levels of confining pressures, ranging from Py =
18 to 98 kPa [Fig. 2(a)]. Results show that for all confining
pressures and for deformations above 5%, the average axial
stress o, saturates to o, [Fig. 2(a)]. This saturation confirms
that in large deformations, there is relative movement in grain
contact and frictional forces are fully mobilized. o, increases
proportionally to hydrostatic pressure Py [Fig. 2(b)]. During
axial compression we observe a rather homogeneous increase
of the sample mantle without the presence of shear banding,
indicating that the plastic deformation is not concentrated
spatially but rather distributed in the sample, consistent with
previous studies [22]. The linear variation of saturation stress
value (0,,) with the confining pressure (Py) is then used
to estimate the internal friction through the Mohr-Coulomb
criterion [23], which gives u; = 0.33.
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FIG. 2. (a) Stress-strain curves for dry glass beads of d = 1 mm
and sample length L = 60mm at different levels of hydrostatic
pressure, Py = 18 to 98 kPa, are controlled through the vacuum
pump. (b) Saturation stress level o as a function of hydrostatic
pressure. The continuous line indicates a linear fit, which yields to
an internal friction angle ¢ = 18 &£ 2°. (c) Strain rate dependency of
the stress-strain curve for the case P, = 98 kPa. The vertical dashed
lines limit zones with different deformation speed v, which ranges
from 12.5 to 87.5 um/s.

In order to evaluate the dependence of axial stress on strain
rate, experiments were performed over various deformation
speeds v, ranging from 12.5 to 87.5 um/s, mainly within
the saturation regime and for Py = 98 kPa. These changes
of speed were performed in sifu during the same experiment.
The speed was changed with a constant acceleration in such
a way that the time of accelerating movement is negligible
with respect to the sampling time of the strain-gauge sensor.
We observe that under our experimental conditions, the stress-
strain curve remains independent of the compression speed
[Fig. 2(c)], which is consistent with previous works [24-26].
However, several studies have shown that macroscopic vari-
ables, such as sample size, strain rate, and confining pressure,
may significantly influence the stick-slip pattern [10,26-29].

We first investigate the stick-slip behavior under dry condi-
tions. The stress strain curve [Fig. 3(a)] shows low fluctuations
in stress and stick-slip events, with stress drops of around
20kPa. Since these events are relatively small, in order to
visualize the impact of slip events on the structural network
within the granular packing, we used correlation of coda
waves propagating through the structural network of contacts.
Correlations between two consecutive ultrasonic signals cap-
tured with a given delay At (corresponding to At = Ay L/v)
are depicted in Fig. 3(b). Increased decorrelations (down to
0.5) between consecutive ultrasonic signals correspond with
the slip events, which are clearly visible through a drop in
stress. This is consistent with scenarios where the slip event
corresponds to significant structural changes along the entire
contact network [16,17,21,30]. These structural changes may
be the result of buckling, experienced by the force chains, and
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FIG. 3. Stick-slip behavior for the dry contact structural network,
visualized using the ultrasonic coda waves correlation coefficient.
Experiments performed with glass beads of d = 2 mm at a confining
pressure of Py = 93kPa, in a sample with a length L =20 mm
and constant deformation speed v = 12.5 um/s. (a) stress-strain
curve showing stress fluctuations and stick-slip events. (b) Overall
correlation between consecutive ultrasonic coda wave signals within
a selected zone, as in (c) and typical stick-slip events labeled with
(1), (2), and (3). (c) Typical coda wave after propagation through the
material, detected by the HFR.

sustained by the glass bead contacts, as previously described
for creep experiments in similar systems [17].

Figure 4(a) presents the result in the strain-stress curves
when lubricant is added during triaxial experiments. It is noted
that even a small amount of lubricant generates considerable
effects on the stick-slip events. Both a significant increase in
the amplitude of the stress drop and the recurrence time are
observed, even with a minute volume of lubricant [Fig. 4(a)].
A detailed observation of the stress curves [Fig. 4(b)] reveals
that immediately following the stress drop, the local slope
remains almost unchanged, indicating that the effective elastic
modulus of the material is unaffected by the lubricant. Consis-
tently, the granular compact tends to deform plastically prior
to each stress drop, thus triggering an increase in recurrence
time. Moreover, a slight hardening is observed with lubricant
volume, noted by the increase on yield stress [Figs. 4(a) and
4(b)].

In order to quantify the above effects, the respective aver-
ages were measured for stress drop, yield stress, and recur-
rence time over a sequence of stick-slip events (see Fig. 5).
First, the lubricant causes a rapid increase in the amplitude
and recurrence time of the stick-slip events, subsequently a
saturation occurs for lubricant concentrations above 65nL/g.
It is instructive to express the fluid content as an equivalent
thickness of a layer of liquid that would homogeneously cover
each particle. Figures 5(a) and 5(b) show that an increase
in stress drop and recurrence time reach saturated conditions
with a fluid layer thickness within the order of 70 nm. AFM
measurements of the surface topography [Fig. 5(c)] reveal
that the bead asperity height is dominated by variations lower
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FIG. 4. Stick-slip behavior of lubricated glass bead contacts of
d = 2mm at a confining pressure Py = 93 kPa for a sample length
of L = 60 mm and constant deformation speed v = 12.5 um/s. (a)
Stress-strain curves for different concentrations of lubricating oil,
ranging from O (dry) to 260nL/g. (b) Detailed view (zoomed in)
of central zone between 10% and 11% strain, showing the amplitude
and recurrence time of stick-slip events.

than approximately 70 nm. The asperity height distribution
[Fig. 5(d)] was obtained from AFM images [Fig. 5(c)] by
selecting a square area with a side of 20 um, consistent
with the contact area estimated from the lubrication criterion
(see discussion section). The dashed line emphasizes the
plateau observed in Figs. 5(a) and 5(b) above 70nm and
show the preponderance of height variations below this value
in Fig. 5(d). Thus, the highest fluid volumes in this study
produce a sufficient lubricant layer to cover the asperities on
the bead surface, which confirms that the frictional features
are controlled by the lubricant. Despite the addition of a
relatively small amount of fluid, the increased slip amplitude,
above 50% of the total stress, indicates that the lubricant
significantly modifies friction between contacts, leading to
an enhanced energy released. Moreover, the increase in yield
stress observed in Fig. 4(a), is summarized in Fig. 5(a) leading
to relative variation, Aoyiela/Oyield, that is approximately 13%.
This effect is not very significant, but suggests an increment
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FIG. 5. Stick-slip behavior with slightly lubricated contacts. (a)
Amplitude of the stick-slip events Ao and yield stress level oy;ciq as
a function of the concentration of lubricant. (b) Recurrence time of
stick-slip events. The fluid content is shown in terms of an equivalent
lubricant layer thickness considering a homogeneous distribution. (c)
AFM image of the asperities of a glass bead. (d) Histogram of the
height distribution of the asperities in a glass bead. The dashed line
above 70 nm shows the preponderance of height variations below this
value.

in the static friction coefficient. Indeed, a very recent numer-
ical study demonstrated that at low liquid volumes, cohesive
forces between wet particles are responsible for an increase in
the coordination number of the packing [19]. This effect leads
to more stable particle arrangements, which ultimately en-
hances frictional strength. Thus, this mechanism may explain
strength increase with volumes of liquid, due to an increment
in the geometric contribution of the static friction coefficient.
Moreover, previous studies have demonstrated that, compared
to dry conditions, a small volume of lubricant leads to an
increase in the sound speed [31]. This effect was attributed
to increased surface contact between lubricated grains, which
ultimately increased the contact stiffness [31,32].

IV. DISCUSSION AND CONCLUSIONS

One of the key issues from this study is the structural
change occurring within the granular system from strong slip
events. Experimental observations indicate that these events
are correlated to internal buckling instead of shear banding.
Indeed, buckling is directly observed during the triaxial test,
as a particle ejected at the surface of the granular packing.
This is verified by a characteristic sound emission correlated
with an abrupt stress decrease; data not shown.

But why are strong buckling effects not observed in the
dry system? In dry samples, buckling events occur but on a
significantly smaller scale. The force network is branched, and
friction causes fluctuation, i.e., entanglement in the network
prevents sliding and large rearrangements, thus limiting the
impact from buckling in terms of stress relaxation. By con-
trast, in lubricated samples, the force network is expected to
fluctuate less. This has been corroborated in previous studies

042907-4



AMPLIFICATION OF STICK-SLIP EVENTS THROUGH ...

PHYSICAL REVIEW E 98, 042907 (2018)

150 ——————————————————
1M=0 Pas
125 ,/:n
w100 f .
=, 75 ,/ E
o / /1m=5Pas
<1 50 !
25 | \
'h ~70nm

0]
0] 50 100 150 200 250
Lubricant layer, h [nm]

FIG. 6. Stress drop in the function of the lubricant layer for
a single slider model with Coulomb’s frictional force modified
as f, (1 —d)uaF + ¢ima(v/h)NS, with S ~ 2w Rh,.. (Black
dash) Stress drop for the model without viscosity. (Red) Stress drop
for a viscosity 1 &~ 5Pas. For this model, the recurrence time is
proportional to the stress drop when the sliding time is very small.

using coda wave propagation (see [31] and Fig. 5 in [32]).
Indeed, it is shown that the diffusion parameter of coda waves
increases with lubricant, due to the increase of the mean
free path of these waves, indicating that the force network is
less intricate in the presence of lubricant fluid. Therefore, it
is expected that in lubricated samples, the force network is
dominated by force chains joining each end of the sample. In
comparison to dry conditions, these chains hold larger forces.
In a less intricate network, the lubricant will enhance contact
sliding, ultimately leading to larger stress relaxation events
and longer recurrence times.

It is noted that between two slip events within the stress
curve, a flat zone (plasticity zone) develops together with
the addition of fluid, indicating a significant plastic response
in the sample. As observed in Fig. 4(b), this zone grows
consistently with fluid content. This is the result of local
rearrangement taking place, involving the sliding of a few
particles, that only occasionally leads to internal avalanches
associated with an abrupt reduction in stress. Thus, the plastic
zone of the stress strain curve is due to the continuous oc-
currence of these small events when the system is close to
the yield stress. In the context of the single slider model our
results indicate that the lubricant significantly reduces kinetic
friction, as well as induces a collective sliding of an ensemble
of contacts, maintained together through cohesive forces. As a
result of this collective behavior a more stable regime of stick
slips, with large recurrence time is produced.

A full understanding of the role of the lubricant on the
stick-slip dynamics requires more elaborated frictional mod-
els able to connect the physical nature of the contacts with
the macroscopic variables. In this context, the shear transfor-
mation zone theory, described in [33-35], uses an effective
temperature as a measure of the internal disorder and makes
this connection. However, applying the shear transformation
zone theory to the wet case represents a major challenge
because little information is available about the influence
of the interstitial fluid on the fundamental variables of this

model. We speculate that the incorporation of a small amount
of lubricant may slightly increase the effective temperature
as a consequence of capillary forces between grains. This
increment may reduce the frictional resistance increasing the
amplitude of the stick-slip events due to an enhancement on
the rate dependence of the frictional force. This mechanism
should also explain the stick-slip features for the amount of
lubricant above the saturation value [Figs. 5(a) and 5(b)],
which requires a detailed modeling of the lubrication at the
grains contacts. Therefore, here we adopt a phenomenological
point of view based on averaged quantities and we postpone a
complete study for a future work.

In order to qualitatively capture the lubrication effect, we
consider the simplest frictional Coulomb’s model, and we
assume that a single lubricated sphere-sphere contact experi-
ences a viscous force that is proportional to the fluid viscosity
n and the sliding rate ¢, whereas a dry contact experiences
a frictional force that is proportional to the applied pressure
and the usual friction coefficient. In order to account for the
dependence on the amount of fluid added to the sample, we
consider the fraction ¢; of lubricated contacts. For ¢, = 1,
all contacts are fully lubricated. This parameter is related to
the volume added per particle as ¢; = V/ V., where V, is the
volume for which lubrication of the contact is completely
achieved with a lubricant layer of thickness 4. and covered
surface S.

We notice that for a perfectly smooth pair of spheres, of
radius R, separated by a distance 4, there exists a finite amount
of fluid Vi for which the addition of more lubricant to the
contact zone does not significantly affect the shear stress [36].
The latter concentrates at a contact area of radius, [ = ~/2Rh
[36]. Thus, Vg ~ whi?> = 27h*R. In this context, if N is
the number of sphere-sphere contacts in the sample and the
lubricant is perfectly distributed over all contacts, lubricant
volumes greater than N Vg will not affect shear stress. For
the case of rough spheres, under the conditions of fluid-grains
mixing employed in our experiments, it is more likely that
full lubrication of a contact occurs when films, of thickness
close to the upper limit of the height distribution of sphere
roughness #,, totally cover the sphere surface. In this case, we
have V. ~ 47 h.R?, with h, = h,.

With the above assumptions, the average friction force
writes f, ~ (1 — ¢))uaF + ¢in¢ S, where S = 27 Rh, is the
area of the effective lubricated zone between rough spheres
and ¢ = av/h,, with v the sliding speed of spheres and « a
dimensionless constant.

Solving the motion equation for a single slider of equiva-
lent mass M and stiffness k, the stress drop and the recurrence
time can be found. Experimental macroscopic parameters
such as the applied force on the sample F/A = 250kPa (A,
the sample area), the driven speed vy = 12 pm, lubricant con-
centration in terms of the effective thickness of the lubricant
layer, and critical lubricant thickness 4. ~ 70 nm, are used
in this calculation. The effective contact area transforms as
S — NS, where N is the number of spheres involved in the
sheared zone. The total frictional-viscous force becomes f, &
(1 —¢)uaF +2ndmvRaN, which provides the simplest
form accounting for strain rate dependence. The parameter
Na is then adjusted to obtain the saturation level of stress drop
observed in Fig. 5(a).
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We found that a value of the product N« about five times
the total number of spheres in the sample allowed one to
capture the main experimental features observed in Figs. 5(a)
and 5(b). A consistent interpretation of this result is that
shear distributes over the whole sample and that the numeric
factor o &~ 5. This is consistent with the fact that no shear
bands were observed in the sample. The factor 5 indicates that
probably the fluid layer in the contact zone is slightly smaller
than the sphere roughness.

This single model is evaluated for two values of the fluid
viscosity (Fig. 6), which shows that both the stress drop and
recurrence time increase with the volume of fluid, until a
saturation level corresponding to the critical lubricant volume
V =V, is reached. Increasing fluid viscosity reduces this
saturation level, capturing the experimental features observed
in Figs. 5(a) and 5(b).

In conclusion, this work has carried out a triaxial test
on granular media under conditions of pressure confinement.
Results show that the incorporation of a small quantity of

lubricant induces the formation of a stable regime of stick-
slips events, with large amplitude stress drops and recurrence
times. This increase becomes saturated when the lubricant
concentration is equivalent to liquid layer with thickness
greater than the asperity height. The main features of this
phenomenon are well captured by recent numerical studies
[18,19], where the cohesive forces between wet contacts give
a higher coordination number inducing stabilization of the
stick-slips events. However, the role of asperity size has not
been totally elucidated.
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