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Granular flows triggered by vibration below the avalanche angle are ubiquitous in nature. However, the
mechanism of triggering and the nature of the resulting flow are not fully understood. Here we investigate
the triggering of the shear instability of granular layers by nanometer-amplitude ultrasound close to the static
threshold. We find that such small-amplitude and high-frequency sound waves provoke unjamming, resulting in
a self-accelerated inertial flow or a creeplike regime which stops flowing after the removal of ultrasound. We
show that these effects are due to the reduction of interparticle friction at grain contacts by the shear acoustic
lubrication. Our observations are consistent with the bistability inherent to velocity-weakening friction models
[e.g., Jaeger et al., Europhys. Lett. 11, 619 (1990)]. This work should help to understand the local and remote
triggering of landslides and earthquakes by seismic waves.

DOI: 10.1103/PhysRevE.102.042901

I. INTRODUCTION

Laboratory studies of the frictional instability in sheared
granular media have emerged as a powerful tool for investi-
gating dynamics of seismic faults, landslides, and avalanches
[Figs. 1(a) and 1(b)] [1,2]. An important and challenging
issue in seismic hazard is to understand the remote dynamics
triggering of earthquake by impinging seismic (elastic) waves
at microstrain amplitude [3]. Moreover, recent observations
showed that perturbations from local foreshocks activities are
probably a part of the earthquake nucleation process [2,4] and
that large rockfall events and avalanches can be triggered by
volcanic seismicity [5]. Indeed, dynamic stress from seismic
waves can perturb fault systems that are close to the yield
stress, e.g., due to tectonic stresses t < 7, [Fig. 1(c)], and
force failure earlier in time relative to an unperturbed fault
or cliff. Understanding the mechanics of local and remote
triggering of landslides will go a long way in quantifying
seismic hazard.

Advances in granular physics and acoustics have paved
the way for understanding how and under what conditions
impinging seismic waves may trigger a fault slip. A granular
medium is an assembly of discrete macroscopic solid grains
that interact with each other by dissipative contact forces. Un-
like ordinary solids and liquids, static and dynamic properties
of dense granular media are determined by inhomogeneous
contact force networks, exhibiting multiple metastable con-
figurations. Sound waves propagating from grain to grain
provide not only a unique probe of such networks (often
opaque) [6-9] but also a controlled perturbation via elastic
softening and frictional dissipation [10-14]. Granular media
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undergo a transition from a jammed solid state to a flowing
liquid state when the external shear exceeds the static yield
stress [15].

Theoretical and experimental studies suggest that this
transition is a subcritical bifurcation [16—-19] [sketched in
Fig. 1(d)], with dynamics similar to solid friction at mul-
ticontact interfaces [20] [insets of Figs. 1(a) and 1(b)]
well-described by the rate and state constitutive law by Di-
eterich, Rice, and Ruina [1,2]. Burridge and Knopoff have
also used this kind of velocity-weakening friction in their
spring-block model to describe the earthquake stick-slip dy-
namics [21,22]. Here, we define u = 7 /0, = F;/F, the shear
stress (force) normalized by the normal stress (force) from
which the static and dynamic coefficients of friction s, =
Ts.a/0n=Fs.4/F, follow. Here 7, and F; are the static friction
stress and force at yield while 7; and F; are the dynamic fric-
tion stress and force. In the inclined plane geometry of angle
0 such as in the present study [Fig 1(b)], we have p = tanf
and p,; = tanfy,, with 6,, the (maximum) angle of avalanche.
The angle of repose 6, being a few percent lower than 6,
[23-26] corresponds to the dynamic friction p; = tan6; at the
minimum shear load [Fig. 1(d)].

Previous works [20,27-29] showed that for shear forces far
below the threshold p < s, both granular layers and rough
solid interfaces [Figs. 1(a), 1(b), and insets] respond elasti-
cally as shown in Fig. 1(c), via the reversible deformation of
contacting grains or/and asperities, in the jammed state (re-
gion I). For u < g, nonlinear response occurs with creeplike
irreversible sliding. For . 2 i, the system yields and starts to
slide over a transient characteristic distance D, (slip weaken-
ing) [1,2,20] before reaching the steady-flow region II/III at a
velocity V or shear rate y imposed by the load (to be described
in the following). In the representation u = (V) or u(y)
plotted in Fig. 1(d), the velocity weakening region (y < yp),
referred to as “II,” is unstable and can lead to intermittent
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FIG. 1. (a) Schematic cross section of a granular layer under shear (e.g., fault gouge). (b) Flow of a granular layer on an inclined plane at
angle 0. The angle of avalanche is 6,, and the angle of repose is 6,. (c) Typical plot of the normalized shear stress (force) u = t /o0, = F,/F, vs
strain y or displacement x. Region I corresponds to the jammed state with a linear elastic response. It is followed by slow creep motion when
approaching the threshold p,. After yielding, the system slides over a characteristic distance D, before reaching the steady flow at a velocity
or rate imposed by shear load; as shown in (d) it can be stable (III) or unstable (II). (d) Typical plot of u vs flow rate y or velocity V with the
different states as in (c). Region I appearing as a vertical line corresponds to the jammed state, region II (y < yp) to the unstable intermittent
flow/slip, and region III (y > yp) to the stable inertial flow/slip where y is the shear rate corresponding to the minimum friction.

flow behavior (e.g., stick-slip). Such frictional instability re-
sults from an aging-rejuvenation competition acting within the
micrometer-sized contacting asperities [20], which can also be
modeled by the micro- or nanoblocks coupled elastically by
springs [30]. For high flow rates (y > yp), the slope of wu(y)
is positive and ensures the stability of the steady flow as in
region III.

The possible failure of a granular medium, such as the
sandpile, caused by external vibrations, has been known for
a long time in engineering and geophysical applications, how-
ever a unified physical description still lacks. The vibrations
considered are most of the time of large-amplitude Uy 2= d
with d the grain size and low-frequency f < fy. where fy
is a characteristic frequency determined by the stiffness of
Hertzian contacts [20,28]. The amount of shaking is usu-
ally estimated by the reduced peak acceleration of the grain
I'=a/g = 27 f)*Uy/g with g the gravity. When I > 1, ver-
tical vibrations cancel almost normal forces exerting on the
grain (confined under gravity) and modify consequently the
spatial arrangement of grains, resulting in phenomena such
as compaction, convection, shear banding, to mention a few
[31-33]. This is similar to the oscillation effect on the normal
stress facilitating sliding [34,35] and also to the scenario of the
acoustic fluidization in a confined continuous medium. In this
scenario, the acoustic pressure p, = (pc)v,, with ¢ the sound
speed and v, the vibration velocity, is expected to temporally
relieve the pressure of the overburden, thereby decreasing the
yield stress [36]. For horizontal vibrations, whenever I'>pu,

the grains in the top layers of free surface slide against each
other [37-39] akin to the slider on an inclined frictional
plane [28,29]. Other studies claim that shaking should be
parametrized by the vibration velocity v, = (27 f)Uy squared,
because the vibrations interact with the medium in terms of a
granular temperature 7, proportional to the kinetic energy of
the grain 7, ~ (1 /Z)mva2 with m the grain mass [33]. More
recent works suggest rather a collisionlike pressure term, p, ~
(1/2)pv,* with p the granular mass density [40,41].
However, the above scenarios, involving large-amplitude
vibrations, cannot explain the dynamic earthquake triggering
by seismic waves at micro- and nanostrain amplitude [2,3],
nor the laboratory experiments using nanometer-amplitude ul-
trasound to soften the material modulus by 30% via nonlinear
dynamics [10,12]. Also, some modifications of the stick-slip
cycle by ultrasound remain unexplained [11]. In these situa-
tions, the oscillation frequency of ultrasound f > 40 kHz is
high compared to the characteristic frequency fy ~ 5kHz in
millimeter-thick granular layers [20,28] so that grains cannot
have normal motion, due to inertia, in order to suppress the
weight of the overburden. On the other hand, for a nanometer
ultrasonic vibration, the collisionlike pressure estimated as
pe ~ 107*Pa <« o, (~10 Pa) is too small to be considered.
In this work, we focus on the triggering of granular insta-
bilities by small-amplitude and high-frequency sound waves.
In such conditions, we have already evidenced another mech-
anism in which the local threshold friction force at one
grain contact can be reduced by a shear acoustic lubrication,
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TABLE I. Dependence of the avalanche angle on surface rough-
ness and layer thickness.

Roughness Smooth Intermediate Rough
Thickness h/d 3 3 6 11.6 3
On (d~0.5mm) 16.5°+1° 202+1° 16.5° 36°£1°

0, (d ~ 0.1 mm) 22.5°

lowering the effective interparticle friction coefficient [42].
However, the question is whether such local effects could give
rise to collective motion since small-amplitude ultrasound
does not induce grain displacement per se at the relevant
length-scale (i.e., grain diameter d) during avalanches. We
will show that depending on the interplay between the ultra-
sound amplitude and the driving force, granular layers can be
found in different states: jammed solid, slow creep flow, and
fast inertial liquid. Our experimental results are analyzed on
the basis of velocity-weakening friction models.

II. EXPERIMENTS

The experimental setup is shown in Fig. 1(b). A given mass
of glass beads (of diameter d) is deposited on the surface
of an ultrasonic transducer by pluviation, building a flat and
homogeneous granular layer of controlled thickness 4 and
packing density (solid volume fraction ¢ ~ 0.6). After a
waiting time of 10 min to overcome aging effects [10,12] and
ensure a controlled initial state, the avalanche angle 6 = 6,,
is measured as a reference state by inclining the plane until
a continuous homogeneous flow occurs (see video 1 in the
Supplemental Material [43]), for different granular layers and
surface roughnesses.

The surface of the transducer (“smooth”) is used as it is,
or with a controlled roughness by attaching to it, with an
acoustically transparent adhesive tape, some glass beads of
various diameters: 10 um for “intermediate” and 100 pum for
“rough” surfaces. We investigate granular layers composed of
slightly polydisperse glass beads (about 20% in size): large
(d ~ 500 um) and small (d =~ 100 um). As reported previ-
ously, the avalanche angle depends on the thickness of the
granular layer: a thicker & leads to a smaller 6,, [23,24,26].
The avalanche angles measured for various surface roughness
and layer thickness are given in Table I.

The ultrasound vibration is delivered by transmitting a
continuous sinusoidal signal to a longitudinal piezoelectric
transducer at two different frequencies f = 40 and 100 kHz.
The input voltage varies from 10 to 100 V, corresponding to
vibration amplitudes ranging from Uy ~ 5 to 50 nm calibrated
with an optical interferometer [10,12]. Some experiments
have been conducted with shear transducers having their po-
larization oriented either along the slope or perpendicular to
it, leading to a similar phenomenology as that reported for the
longitudinal transducers.

Here, we focus on those cases where granular layers are
initially jammed at an angle of inclination 6 < 6,. The ampli-
tude of ultrasound is increased until the first grain motions are
detected. More precisely, video of grain positions is recorded
with a camera at 60 frames/s and the trajectories and accord-

ingly the flows of the grains are computed with a tracking
procedure [44]. The resolution of grain motions is limited by
the pixel size of images that is about 5 um. The Probability
Distribution Function (PDF) of grain velocities is then ob-
tained as shown in Fig. 2 where we plot both the transverse
(a) and longitudinal (along the slope) components (b). The
central part of the PDF is fitted with a Gaussian curve. From
these PDFs, we deduce the average flow velocity Vo and
the standard deviation §V. For the transverse component, the
PDF are symmetrically distributed around V; = 0 as there
is no preferential path in that direction. Along the longitu-
dinal direction, the PDF are asymmetric around V = 0 with
a nonzero average flow velocity. All distributions have large
tails, due to both the heterogeneous nature of the granular flow
[45] and some boundary effects due to the geometry of the
transducers.

II1. RESULTS

A. Dynamics of triggered granular flows

Figure 3(a) depicts the normalized friction u/u (=
tand/tanf,) vs the dimensionless flow velocity V =
Viiow/(gd)'/? on the intermediate roughness surface. Depend-
ing on the distance to yielding, we observed different regimes
of flow triggered by ultrasound. For u/us < 1 and too small
amplitudes of ultrasound, the system is in the jammed state I,
defined by the vertical (plain) line V = 0 as in Fig. 1(d). In
region II close to region I, flow occurs at a very small aver-
aged velocity V ~ 1072, Closer to yielding, for 11 /s ~ 0.9,
we find a rather abrupt dynamic transition where the system
jumps, around a characteristic V* ~ 3 x 1072 (dotted line)
from an intermittent creep flow to a much faster, continuous
inertial flow (dashed line). As shown in Fig 3(b), V* corre-
sponds to a marked peak in the evolution of the transverse
relative velocity fluctuations 8V /Vyey, indicating the boundary
of a phase transition to the stable flow state. Above the tran-
sition, the granular layer flows with a typical V > 107, close
to the order of magnitude of the flow velocity of a natural
avalanche, which is used here arbitrarily to define region III
for the onset of stable flow.

The observed ultrasound-induced granular flow may be
characterized by different states as provided by the order of
magnitude of the typical average velocity. This is shown in
Fig. 3(c) where 1/ is replotted from Fig. 3(a) but as a func-
tion of the ultrasound amplitude Uy. Such a phase diagram
shows that transition between the jammed state, the creep flow
state, and stable flow state shall occur via arbitrary paths in the
(u,Up) plane. Below, we shall suggest a local friction model
to describe the line schematically delimiting jammed state I
and flowing state I/II.

Moreover, inspection of Fig. 3(a) suggests that in the dy-
namic transition zone between regions II and III, the flow
velocity is an increasing function of the amplitude at imposed
shear p. For example, for u/us = 0.85, when the ultrasound
amplitude Uj is increased from 15 to 45 nm, the flow velocity
is increased by AVjow &~ 3 mm/s, which gives an increasing
factor about AVyew /AUy ~ 10°s~!'. We confirm this trend
with more precision by showing additional measurements
of V from experiments achieved with a fine increase of the
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FIG. 2. PDF of grain velocities driven by ultrasound (Uy = 15nm) in a layer of thickness #/d = 11.6 (d = 100 um) deposited on the
surface of intermediate roughness. The angle of inclination 6 varies from 19.5° to 21° (6,, & 22.5°). (a) PDF of the transverse velocity,
symmetric around V,; = 0. (b) PDF of the longitudinal velocity V| along the slope, from which the average flow velocity Vjey is computed.

ultrasound amplitude at constant inclination in a layer of large the flow velocity is controlled by ultrasound, the granular
beads d = 500 um as shown by Fig. 3(d). At u/u, = 0.73, layer stops flowing when the ultrasound is removed (see video
the flow velocity increases continuously with amplitude Uy > 2 in the Supplemental Material [43]).

25 nm, such that AVjew /AUy = 1.1 x 107 s7!, a value consis- By contrast, as shown in Fig. 3(a), when the inclination
tent with the preceding measurement. In this region (II) where increased close to the threshold at /s < 1, the dynamics of
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FIG. 3. (a) Normalized friction coefficient 1/, vs normalized flow velocity V (= Vioy/(gd)'/?) for a layer thickness #/d = 11.6 (with
d = 100 um) and f = 40kHz on the intermediate roughness surface (6,, = 22.5°). The flow is driven by ultrasound amplitudes U, = 15, 23,
or 45 nm (respectively, black circles, red triangles, and blue squares) and the symbol star corresponds to the occurrence of avalanche without
ultrasound at the maximum angle 6,,. The continuous line corresponds to the model from Ref. [17] (see text). (b) Relative transverse velocity
fluctuations vs V. Inset illustrates the necessary initial condition V > V* for the grain to escape from a geometric trap formed by its neighbors
(see text). (c) Phase diagram constructed by replotting ./, from (a) as a function of Uj illustrating different states of the system. (d) Variation
of V vs ultrasound amplitude U, (f = 40 kHz) at various imposed 11/ i, for a layer thickness &, /d = 3 (with d = 500 um) on the intermediate
rough surface (6,, = 20.2°). The open triangles points correspond to a short-burst excitation with 1-s duration.
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Open (filled) symbols correspond to f = 40 kHz (100 kHz). Lines are fits to the data with Eq. (3). (b) Normalized friction coefficient for
two layers of different thicknesses, /i, /d = 3 [same symbols as in (a)] and &, /d = 6 (square points). The surface is of intermediate roughness
and the measurements are achieved either at 40 or 100 kHz [same as in (a)]. (c) Data from (a) and (b) plotted against the rescaled amplitude
Uy /(f h*), emphasizing the role of surface roughness. (d) All data rescaled by Eq. (3), showing the jammed and unjammed states from either

side of the " (Up) line, equivalent to the I-II/III line in Fig 3(c).

flow converges toward the reference state (marked by the star
symbols), i.e., the onset of avalanche without ultrasound, in
region III [Fig. 3(d)]. There, the inertial flow at a typical ve-
locity V > 1.5 x 107!, used to define region III (dashed line),
is mostly insensitive to ultrasound, being only a function of
the imposed shear u as confirmed, e.g., for u/u; = 0.83. We
found additionally that in region III, applying the ultrasound
either by a short burst (of 1-s duration) or by a continuous
wave results in the same flow velocity. All our experiments
show that close to ug, ultrasound vibrations only affect the
threshold but not the flow dynamics.

B. Unjamming by ultrasound

In Fig. 4, we investigate in more details the unjamming
by ultrasound of static layers of large beads (d = 500 um) at
ws*(Up) < g from the jammed state (I). This threshold p,*
decreases linearly with increasing Up in a systematic manner
as for the I-II/III line in Fig. 3(c), which confirms that per-
turbations by ultrasound excitation and static shear stress play
complementary roles in the triggering process. Figures 4(a)
and 4(b) show that the unjamming starts at smaller ampli-
tude for low frequency of vibration, low roughness of the

transducer, and small thickness of the granular layer. When
the unjamming occurs, large flow velocities were found for
1 close to g, as those observed in Fig. 3(d).

IV. DISCUSSION

A. Bifurcation between creeplike flow and self-accelerated
inertial flow (macroscopic-scale analysis)

To understand qualitatively the different regimes of flow
triggered by ultrasound (Fig. 3), we use as a guide the heuristic
friction model developed by Jaeger et al. [16]:

)

Here, 1(y) is the normalized shear defined above, y =
y+/d/g. (d is the grain size) is the dimensionless flow (shear)
rate with g; = gcosf and y would scale with Vyon /h (h is re-
lated to the sample thickness). p is the granular static friction
coefficient, which depends on the grain-grain friction as well
as on the depth of the trapping by neighboring grains in the
limit y — 0. oy and B describe the geometry of the particles
and the energy loss during collisions, which involves the coef-
ficient of restitution. Figure 5(a) shows a typical plot of u(y)

= ps/(1+a17°) + B2
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FIG. 5. (a) Effective friction coefficient u versus flow rate y
derived from Eq. (1) (blue curve) with oy =2, 8 =0.5, and u; = 1
as in Ref. [16], which depicts the velocity-weakening behavior for
0 <y < . The minimum shear is uy; = 0.75 at 3, = 0.7. The
application of ultrasound reduces the interparticle friction coefficient,
thus lowering the avalanche angle or yield stress from p; = 1 (blue
curve) to u* = 0.6 (pink curve). This triggers the granular flow (red
points) as explained in the text. (b) Evolution of the flow rate as a
function of time after the removal of ultrasound. The triggered flow
bifurcates between a stable inertial flow for imposed shear u; =
0.9 < uy (with y; = 1.2) and a jamming creep regime for imposed
shear uy = 0.7 < py (with y; = 1.0) (see text).

calculated from Eq. (1) using the parameters as in Ref. [16]
where a metastable region is found for g (y,) < p < jy cor-
responding to the negative slope for 0 < y < g, as shown
by Fig. 1(d). In such a case, as proposed there, the unlimited
flow is possible only when the initial flow rate or velocity is
larger than y* or V* (see also discussion below) given by the
velocity-weakening part of (y) as we likely observed in the
jump region of Fig. 3(a). This velocity-weakening regime can
initiate the stick-slip frequently observed in solid friction and
granular media, due to aging-rejuvenation competition acting
at contact asperities [1,20]. In solid friction, this leads to the
bifurcation between creep motion and self-accelerated slip at a
multicontact interface via an increasing oscillating shear force
close to the yielding [28]. In granular media, we may expect
a similar aging-rejuvenation competition in which contact

asperities are replaced by grain contacts [12]. Depending on
the imposed shear p relative to the static threshold w, and
the initial shear rate y, the granular dynamics could bifurcate
between a self-accelerated flow (avalanche in region III) and a
creep which stops to flow at long time range and recovers the
static state (in region I) [16,17,25].

Let us now consider the effect of ultrasound for these two
different flows in granular layers. As reported in Ref. [12],
the ultrasonic vibration can induce the frictional slip between
grain contacts, leading to the frictional dissipation, the soft-
ening of the shear contact stiffness, and accordingly of the
macroscopic modulus in a granular medium. Moreover, we
have shown in the configuration of a single sphere-plane
contact that such oscillation-induced frictional slip can also
lubricate acoustically the contact, leading to the reduction
of the static threshold from u; to wu,* [42] (see discussion
below). Such a decrease of the threshold modifies the above
friction model as shown in Fig. 5(a) where the reference
blue curve, corresponding to us, is lowered to the pink one
with pu* < puy. The avalanche is then triggered by ultrasound
whenever the granular is loaded such that > p,*—the main
observation of this work. More specially, we propose the
scenario as follows for two different imposed shear: close
to the threshold such that u = p; with ug (7o) < 1 < iy,
and far below the threshold with u = uy < uy. For uy < us,
the flow is triggered from the metastable state and persists
when the ultrasound is turned off since the t — y relation
recovers to the initial curve (blue). Indeed, the system is now
driven to the inertial flow region (III), dominated by the term
B7? in Eq. (1), where the static coefficient of friction 1, and
hence the ultrasound-induced decrease w,* are expected to
have a vanishing effect. This corresponds precisely to our
experimental observations in Fig. 3(d) for u; > 0.76, where
the data obtained with either the short burst or the continuous
ultrasonic excitation are indistinguishable. By contrast, for
imposed shear p, < g (minimum value in the blue curve)
the granular system stops to flow in the absence of ultrasound
and goes back to the initial solution at ¥ = 0, i.e., the stable
jammed state (I). Moreover, in the latter case, the velocity of
triggered flow increases with increasing ultrasound amplitude
by lowering further u, [42], as for the experimental observa-
tion in Fig. 3(d) with u = 0.73.

We may also investigate this bifurcation phenomenon from
the given initial condition to the stable states as a function
of time [28,46]. To do so, we consider the motion of a sin-
gle mass (“slider””) on an inclined plane [inset of Fig. 1(b)]
within the framework of a mean-field approximation. It is
submitted to a shear force by gravity and a friction by the
phenomenological friction law in Eq. (1). The mean accel-
eration approximately written as d(V)/dt with (V) ~ Vyou
(denoted as V below for simplicity) is given by [16,17]:
m(dV/dt) = F; — uF, where the shear force F; = mgsinf is
imposed by the inclined plane, F;, = mgcosf and the friction
coefficient p given by Eq. (1). Using the dimensionless unit
f =1t//d/g1, we write the equation of motion as

dy Jdf = tand — p,/(1 + a1 77) — 77 )

Figure 5(b) depicts the solutions of the flow velocity as
a function of time, calculated from Eq. (2) with the initial

042901-6



TRIGGERING GRANULAR AVALANCHES WITH ...

PHYSICAL REVIEW E 102, 042901 (2020)

flow rates y; corresponding to the triggered flows under two
imposed shears [red circles in Fig. 5(a)], u; = tanf; with
vi = 1.2 and u, = tanf, with y; = 1, respectively. For the
inclined plane at 6, the system reaches a steady inertial flow
at long time whereas for the lower inclination 6,, the flow
slows down and arrests quickly, being consistent with the
above analysis via Fig. 5(a). Qualitatively, such a bifurcation
agrees well with our experiments on triggered granular flows
[Figs. 3(c) and 3(d)]. It is worth noting that in yield stress
fluids such as foams, emulsions, and polymers the thixotropic
effect resulting from the competition between structuration
and destruction by shear can also lead to a viscosity bifur-
cation as a function of time [46].

B. From creep to inertial granular flows (local-scale analysis)

Simulations and experiments [47] showed that in the qua-
sistatic regime at a very low imposed flow velocity, external
driving induces large velocity fluctuations of grains when
the system is far below the yield stress, associated with the
complex dynamics of a grain confined by high local static
threshold. However, at high flow velocity, the relative veloc-
ity fluctuations decrease with the flow velocity [48]. Here,
Fig. 3(b) shows that all data collapse on the same curve when
plotting the relative transverse velocity fluctuations §V/Vjow
versus flow velocity, independent of the ultrasound amplitude
and of the inclination.

Around a threshold flowing velocity V* ~ 0.03, the rel-
ative velocity fluctuations 8V /Vy,, abruptly becomes a
decreasing function of Vo, (or V) similar to previous studies
[47,48]. Above V*, the observed small relative velocity fluc-
tuations are characteristic of the large failure event dominated
by the inertial number: the granular layer is in the inertial flow
state (region III), corresponding to highly uncorrelated grain
motion [49]. There, the dynamics arising from the naturally
occurring avalanche at p; and the triggered flows are indistin-
guishable [Fig. 3(b)], which is consistent with the observation
in Fig. 3(a) where the effect of ultrasound is negligible during
the fast continuous flow. This is also in line with the results
in Fig. 3(d) close to u; where triggered avalanches flow at the
same velocity with or without prolonged ultrasound.

Below V*, for 11/ s < 1, perturbations such as shear and
vibration can induce some grain motion but the momentum
transfer is insufficient for a global flow (avalanche), given
the low static load. In the intermittent regime for an imposed
shear load near the metastable zone, the averaged creep flow
induced by ultrasound increases with the vibration amplitude,
as shown in Fig. 3(d) for u/us, = 0.73. This is probably due
to the decrease of the interparticle friction coefficient pi in-
duced by the acoustic lubrication which ensures a decreased
frictional loss during local slipping events.

The robust superposition of the relative velocity fluctua-
tions in Fig. 3(b) suggests that the order of magnitude of the
threshold velocity V* is given by the intrinsic dynamics of
the granular system. The intensity of the threshold velocity
results from the kinetic energy acquired by the grains during
the ultrasound-induced rearrangement events, and should be
large enough for the grains not to remain trapped after colli-
sions. Then, one needs (1/2)mV*> = E(0) = mgd f(9) if the
shocks are elastic [see inset of Fig. 3(b)] with f(0) ~ [1 —

cos(8 — 6,,)] ~ (6 — 6,,)* /2, corresponding to a geometric
parameter [17]. This gives a minimum velocity V() > V* =
(us — )(gd)"/? for escaping the potential energy trap near
the threshold. As shown Fig. 3(a) this order of magnitude
for the threshold velocity V* ~ s — u ~ 0.04 (with p, =
tan6,, =~ 0.41) corresponds consistently to the location of the
velocity jump V*(~ 0.03) observed in the curves wu(V) at
imposed shear around w/us ~ 0.9 and define a transitional
boundary separating conveniently region II, where the flow
velocity depends on the amplitude, from the inertial flow
region III. We may also estimate the characteristic velocity
for the system with larger beads in Fig. 3(d) at u/uy = 0.73
(region 1II), V* ~ 107" (with us & 0.37). Again, the separa-
tion between the different dynamic behaviors II/IIl matches
the experiment. The results are summarized schematically in
Fig. 5(a) where 3* (~0.3) is obtained from the intersection s,
with the curve w(y ) in the unstable region.

C. Rearrangement of grains unjammed by ultrasound

As mentioned above, in a confined granular material, ultra-
sound can weaken the shear contact stiffness via microslip at
grain contacts, inducing the frictional dissipation and reduc-
ing the material rigidity [12,13,50]. For a single grain under
gravity [42], such shear ultrasound-induced decrease of the
stuck area of a (hertzian) contact results in sliding below the
static threshold. We surmise that a similar mechanism is at
work here for the granular layer on the macroscopic scale.

As indicated above in Eq. (1), the static friction coeffi-
cient u,; = {1, + py(= tand,,) includes both the interparticle
friction 1, and the geometric trapping u, (dilatancy effect).
Because of the small amplitude of ultrasound, the sound-
matter interaction only modifies 1, but not u,, hence pu,* =
p* + tg. From the Mindlin friction model, we have shown
that decreases of both the shear contact stiffness Ak, /k; [12]
and the interparticle friction coefficient A/, [42] are ap-
proximately proportional to ~ —f; /(i f,), where f; is the
oscillating tangential force and f;, the static normal force at a
single contact. Such a scaling of vibration-induced softening
~ —Fu./(upW) can also be generalized to the effective shear
contact stiffness at a multicontact interface between solids
[51] and to the shear modulus [13] and the yield stress [52]
in a vibrated granular medium where polydisperse contact
asperities are replaced by grain contacts and inertial effects are
negligible. Here F,. is the imposed macroscopic oscillating
shear force, W the normal load, and p the (averaged) effec-
tive interparticle friction coefficient. Accordingly, we adopt
here this scaling formula for the granular layer to describe
the reduction of A, /u, ~ —Fu/(up,W), which implies that
™ s ~ 1 = Foe/ (usW).

For the granular layer considered here [Fig. 1(b)], we may
write the above shear oscillating force by F,. = kU with k
the effective stiffness of the granular layer and U the av-
eraged displacement amplitude of shear vibration over the
thickness A(~ 1.5mm). To evaluate U, we assume the ul-
trasound amplitude at a distance z from the transducer to be
given by U(z) ~ Upexp(—z/§) with Uy the source amplitude
and §(~ A = ¢/ f) the attenuation length dominated by wave
scattering [7]. Thus we have U = (1/h) [ Upexp(—z/8)dz =
(6/MUp[1 — exp(—h/§)]. With a wave speed ¢ ~ 10 m/s
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[13,50] and ultrasound frequency f = 70 kHz, the wavelength
is A ~ 0.15 mm, leading to § much less than 4 and con-
sequently U ~ (8/h)Uy ~ (¢/fh)Uy. Using an estimate for
W ~ (pgh)L? with L the width of the ultrasonic transducer
[Fig. 1(b)] and p the density of medium, and the relation
between the effective stiffness and shear modulus of the layer
k ~ G(L*/h) as well as the sound speed ¢ = (G/p)'/?, we
obtain the following expression:

s s ~ 1 — (/WU / (s fhO)]. 3)

Equation (3) contains the sufficient dependencies for
rescaling the experimental data for various layer thicknesses
and ultrasound amplitudes and frequencies [Fig. 4(c)]. The
roughness of the transducer surface shall pin a small fraction
of the grains in the vicinity of the solid surface and increase
the effect of local dilatancy by the parameter g, therefore
decreasing the slope in Eq. (3), provided that ), is similar
for all the systems studied. This predicted scaling agrees with
the observation in Fig. 4(c) in which rougher surface (higher
1) requires larger vibration amplitude (Up) to provoke the
grain motion from jammed to unjammed states. Moreover,
by fitting the mean slope of the rescaled plot in Fig. 4(d)
(black dashed line), we may estimate from Eq. (3) the wave
speed ¢ = 20 & 5 (m/s), which agrees well with those found
in the previous works [13,50]. Nevertheless, the points remain
scattered after rescaling in Fig. 4(d) (Ac/c ~ 25%). More
comprehensive studies are required in future investigation to
quantify the effects of the layer thickness and ultrasound fre-
quency for a better understanding of the unjamming transition
between region I and region II/III [Fig. 1(c)].

Since we did not detect any effect of the polarization of
the ultrasounds, the phenomenology observed here is similar
to Ref. [42], where ultrasound was shown to play the role
of an effective temperature in the unjamming diagram. The
analysis shows that the static threshold of granular layers is
lowered by ultrasound via the decrease of the interparticle
friction coefficient, resulting in the remarkable alteration of
the dynamics at the macroscale with the triggering of granular
avalanches.

V. CONCLUSION

In summary, we have investigated the flow of granular
layers triggered by nanometer-amplitude ultrasound below the
threshold. When the angle of inclination is far below the
angle of repose 6,, the ultrasound induces highly fluctuating
grain motions with a small average flow velocity. As opposed
to shaking experiments, grain motions do not correspond to
geometrical rearrangements such as jumps forced by the oscil-
lations, but rather to jigglings or agitations in traps formed by
neighbors thanks to the small potential energy released from
the decrease of interparticle friction u, by the shear acoustic
lubrication at grain contacts. This sound-matter interaction
depends on ultrasound frequency and layer thickness due to
wave attenuation, as well as on the transducer surface rough-
ness which pins the grains by the dilatancy effect.

Close below the angle of repose, we observe the triggered
flow with a larger averaged velocity increasing with the ul-
trasound amplitude, owing to the reduction of the granular
threshold 1, via the decrease of interparticle friction 1 ,,. This
creeplike flow can be sustained only by a prolonged excitation
and arrests when ultrasound is turned off. At higher inclina-
tion, close to 6,,, triggered avalanches are fast and continuous
with a flow velocity independent of the applied ultrasound;
it is dominated by the inertial self-generated dynamics of
the granular system. These experimental observations agree
with the predictions of any velocity-weakening friction model,
consistent with the picture of the unjamming transition.

We believe that this work provides a unified picture of the
behavior of vibrated granular matter. The multiscale analy-
sis will be useful to better understand the local and remote
dynamic triggering of landslides and earthquakes by seismic
waves, including aftershocks [2,21].
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