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1.  Introduction
The nature of granular flow has long attracted attention (Jaeger 
et al 1996) due to its role in tribology (Elrod 1987), lubrica-
tion (Lacombe et al2000), geophysics, including earthquakes 
(Mair and Marone 1999, Aharonov and Spark 2004), and 
landslides (Mohammed and Fritz 2012). In addition, granular 
systems constitute a rich instance of complexity, and therefore 
often supply useful models for investigating out-of-equilib-
rium and non-linear mechanisms in macro- and meso-scale 
systems, while whole properties can be usefully considered in 
addressing problems at the microscopic scale (Puglisi 2015), 
and vice versa (Levent Demirel and Granick 2002).

A granular material (GM) subjected to an externally 
applied force (either shear or normal) enters a highly inhomo-
geneous state in which the majority of the applied force is car-
ried by force chains (Campbell 2006) comprising a minority 

of the grains. Even gravity is sufficient to bring about such a 
state in a static assembly of GM. (Duran 2000, Majmudar and 
Behringer 2005) performed correlation analyses on recon-
structed experimental force chains in 2D systems, and found a 
characteristic chain length of about 3–5 grain diameters. More 
recently, Zhang et al (2014) measured the distribution of chain 
length in both sheared and compressed 2D systems, finding a 
slightly different value in the two cases but still around 3–4 
grain diameters. It may then be expected that the nature of 
friction between two planes will change drastically with the 
introduction, and changing depth, of a granular bed. This has 
been investigated at low pressures and a slow constant shear 
rate by Marone et al (2008), up to a depth of about n  =  3 
grain diameters (i.e. n  =  3 single layers of grains). In that 
study, the authors found strong evidence for a rolling trans
ition; when the height of the bed is increased slightly above 
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We investigate experimentally the effective Coulomb friction exerted by a granular medium 
on a shearing plate, varying the medium depth. The plate is driven by a spring connected to 
a motor turning at a constant speed and, depending on the system configuration, performs 
continuous sliding or stick and slip in different proportions. We introduce an order parameter 
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however, both the friction and the order parameter undergo a sudden increase, which for the 
order parameter amounts to several orders of magnitude, indicating that the plate is more 
braked but nevertheless keeps sliding more easily. For medium-high driving speeds, full 
sliding is obtained for only one layer of interstitial matter, where friction has a minimum, and 
is maintained for all increasing depths while friction increases. These observations show that 
the ease of slipping is not determined by friction alone, rather by the highly complex interplay 
between driving velocity, friction, and the depth of the medium.
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a monolayer, particles begin to frustrate one another and the 
macroscopic friction coefficient rises dramatically. In another 
work, Siavoshi et al (2006) investigated the effect of layer 
depth on the friction of a granular sample in the steady-sliding 
regime and in the presence of an index-matched interstitial 
fluid (so as to visualize bulk structure and dynamics). Even 
in that case the results indicated that an initially high friction, 
in the absence of interstitial grains, became lubricated in the 
presence of one or two layers of GM, following a gradual rise 
for increasing layers, until attaining a limit value independent 
of the number of layers.

In this paper we experimentally analyze the effect of var-
ying the thickness of the granular bed on the Coulomb friction 
exerted by the GM on a shearing plate. At variance with cited 
previous works on the subject (Marone et al 2008, Siavoshi et al  
2006) the plate is not driven at a fixed velocity, but rather  
it is connected to the driving engine through a spring. In 
this way the shear rate is not imposed but results from the 
dynamics of the system. Obviously, the average speed of the 
plate is equal to the motor speed. Nevertheless the instanta-
neous value of the velocity of the plate, as well as the instan-
taneous force exerted by the motor (directly related to the 
spring elongation) may vary. For large driving motor speeds 
the plate exhibits continuous sliding, with limited fluctuations 
of both velocity and force (Dalton et al 2005). On the other 
hand, for low enough engine speeds, and for a spring stiffness 
which is not too high, the plate performs a much more erratic 
motion, with an irregular stick–slip behavior. Interestingly, 
this regime has been described by means of a simple sto-
chastic model (Baldassarri et al 2006), which allowed one to 
estimate the force chain length between 5 and 10 grain diam-
eters. More specifically, the study recovered the statistical dis-
tributions of the size and duration of slips, which look wide 
and skewed, often similar to power laws, suggesting a scale 
invariance typical of critical phenomena. A similar behavior, 
addressed as ‘crackling noise’ (Sethna et al 2001), has been 
observed in several different physical phenomena. In this 
specific case, critical dynamics would emerge since the spe-
cific drive mechanism sets the granular system at the edge of 
mobility, close to the jamming point (Dalton and Corcoran 
2000, de Arcangelis et al 2011). The coupled system spring-
plate reaches a self-organized critical state, characterized by 
a very intermittent dynamics: the more time the plate sticks, 
the larger the spring force grows and, consequently, the larger 
the speed fluctuations become during the slips. Both the stick 
time and the friction force are dynamically determined by the 
system, depending on the drive features as well as the granular 
arrangement.

The aim of this work is to investigate the relation between 
sticking properties and friction force considering systems 
with different layers of grains, from which we expect different 
lubricating properties, driven by a spring pulled at different 
velocities. We will see that the system displays rather com-
plex behavior. By increasing the velocity (with a fixed number 
of layers), in the presence of a granular bed the friction first 
decreases and then increases, exhibiting a minimum (this is 
not the case in the absence of interstitial grains, also called 
solid-on-solid (SOS)). A similar behavior is observed by 

increasing the number of layers (at a fixed driving velocity). 
On the other hand, the time that the system spends slipping 
increases monotonically with both the number of layers and 
the driving velocity, no matter what the friction behavior. This 
is quite surprising, since the system appears more ‘slippy’ 
even for increasing friction.

The structure of this paper includes a short description of 
the experimental set-up and protocol (section 2). In section 3 
the order parameter discriminating stick–slip from continuous 
sliding phases is introduced. Section  4 contains an illustra-
tion of how this order parameter behaves as a function of the 
GM depth and the driving velocity. Section 5 shows the cor-
respondent behavior of the friction force, and finally section 6 
summarizes the results and suggests directions for future 
investigation.

2. The apparatus

Our experimental set-up consists of a GM confined to an 
annular cell (see figure 1). Shear is applied by an overhead 
rotating top plate (free to move vertically) which is driven 
through a torsion spring by a motor with driving velocity 
ωD. The spring constant is chosen as κ = 0.36 Nm rad−1; the 
GM is made of glass beads 2 10%( )±  mm in diameter and 
of mass �m 15 μg. The channel has inner and outer radii of 
r  =  12.5 cm and R  =  19.2 cm, respectively, and a height of 
h  =  14 cm.

This set-up (Dalton et al 2005, Baldassarri et al 2006, Petri 
et al 2008) allows one to measure the instantaneous torque 
and the instantaneous velocity of the plate, from which the 
friction can be derived. We investigate the drive speed range 

⩽ ⩽ω0.01 10D  rad s−1, where the system displays a transition 
between a clearly observable non-periodic, irregular, stick–
slip motion, and a more regular steady-sliding regime.

For the purposes of the present paper, GM beds of various 
heights were subjected to different constant motor driving 
velocities ωD. The channel in which the GM resides is fitted 
with a false floor which can be lowered as necessary in order 
to accommodate the additional GM. Both the floor and the 
top-plate are covered with a monolayer of glued GM in order 
to prevent trivial sliding of the top plate over the GM and 
simple rolling of the GM on the channel floor; however, the 
GM covering the top plate does not extend closer than 1 cm 
from the channel walls—this gap serves to prevent individual 
particles jamming the system.

The GM is composed of 2 mm glass beads which were 
added to the channel in steps of a single layer of mass 

φ= π − �M m 175R r

AL
2 2

1

( )  g, where A1 is the single particle 

cross-sectional area π�A1  mm2, and we estimated for the 
(2D) packing fraction φ≈ 0.55. With only a single layer of 
GM, much material invariably migrates to the gap near the 
channel walls where the top plate is not covered, resulting in 
predominantly SOS behavior over the central part. The thinner 
case therefore is constituted by 1.5 layers, while the thicker 
is constituted by 13 layers. Experiments were performed in 
order for the system to perform about, or above, a thousand 
radiants for each couple of values of ωD and n.
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3.  Dynamical regimes and the order parameter

As the motor turns, the spring loads but the annular plate 
motion is initially retarded by the static friction with the GM. 
As soon as the dragging force is sufficient to destroy the gran-
ular structure (i.e. the force chains in the medium), the plate 
starts to slip, unloading the spring, and slows to a stop when 
the friction force overcomes the spring force. Due to the dis
ordered nature of the GM, both the static and dynamic fric-
tion fluctuate around average values. By dragging the granular 
medium through the spring-driven plate, the system spontane-
ously self-organizes itself on the edge of a jamming–unjam-
ming transition. As is well known, in this phase plate dynamics 
can display widely fluctuating and intermittent motion. This 
is particularly marked at low values of the driving velocity ωD,  

where the system spends most of the time in a chaotic stick–
slip dynamics. In this regime the statistical distributions of 
quantities characterizing the motion, such as slip extension 
and duration, and velocity distribution, are strongly skewed 
and close to power laws (Baldassarri et al 2006, Petri et al 
2008), which is the form predicted from stochastic models 
(Baldassarri et al 2006, Colaiori 2008). Fluctuations decrease 
and distributions shrink for increasing driving (Dalton et al 
2005) until continuous sliding is attained.

In order to characterize these observations in a quantitative 
way, we have defined an order parameter, Φ, as the fraction of 
time for which the top plate is moving. This was computed for 
each experiment by dividing the time that the plate spent slip-
ping by the total duration of the experiment, and investigated 
as a function of the number n of layers and of the driving 
velocity ωD for 36 different couples of values. An instance 
of the behavior described above is shown in figure 2, where 
the behavior of Φ as a function of the driving speed ωD, in 
log scale, is reported together with that of the friction for 
a bed 13 layers deep. While the order parameter displays a 
rapid increase towards the sliding regime, the average fric-
tion exerted by the medium against the motion undergoes an 
increase exactly when the order parameter approaches unity. 
This is expected because approaching the steady-sliding 
regime ( →Φ 1), friction becomes an increasing function of 
the velocity, proportional to ωD

2  or to ωD according to whether, 
respectively, grain inertia or viscosity dominate (Bagnold 
1954), showing that Φ, i.e. the ease of slipping, is not directly 
related to the average friction, rather to ωD.

4. The order parameter transition with increasing 
depth

The behavior of Φ observed in the instance of the previous 
section is qualitatively followed for any number n of layers. 
However, a dependence emerges on the number of layers for 
the critical driving velocity ωc above which continuous sliding 
is displayed. Figure 3 plots the variation of Φ as function of ωD 

Figure 1.  Experimental apparatus: a schematic sketch of the main 
components (top), and a picture of the real set-up (bottom).

Figure 2.  The variation of the order parameter Φ (right axis, blue 
squares) with driving velocity ωD for 13 layers is shown along with 
the mean friction coefficient (left axis, black circles). Φ increases 
with driving velocity until steady sliding occurs, while the mean 
friction remains constant until ω ∼ 1D , whereupon it increases 
rapidly.
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for different n. As expected, the system is seen to engage more 
in stick–slip motion for low driving velocities. But it can also 
be seen that a deeper GM bed favors sliding. At high ωD, there 
is always continuous sliding, but the value at which this is 
attained depends on the number of layers. For 1  <  n  <  3, for 
ωD between 0.01 and 0.1 rad s−1, the order parameter shows a 
slow increase, following the same behavior as the SOS case. 
At intermediate speeds, for ωD between 0.1 and 1 rad s−1, how-
ever, the order parameter shows a faster increase up to almost 
Φ� 1, departing from the SOS value. On the other hand, for 

⩾n 5, the order parameter starts to grow sensibly already for 
ω � 1D , approaching steady sliding well before ω = 1D . These 
different behaviors displayed for different ranges of n give rise 
to an abrupt jump in the order parameter in correspondence to 
≈n 4, as can be seen in figure 3(b). This sudden increase is 

maximum around the critical values of the driving where mas-
sive fluidization of the medium starts to occur, ω ≈ 0.1D , and 
amounts to many orders of magnitude. However, it vanishes at 
high ωD, when full fluidization is reached, figure 3(a) showing 
a lubrication transition due to the mere presence of the GM.

These kind of abrupt transitions are also clearly visible 
in figure 4, which highlights the influence of the number of 
layers. Specifically, how the relative proportion between time 
spent in stick and slip for a given driving velocity changes 
notably with n. We can see two main distinct behaviors. It is 
seen at first that at low driving speeds, Φ reaches an asymp-
totic value for a depth of roughly five layers. This happens 
soon after the transition (b) in figure  3. Second, for high 
driving speeds, full sliding is already reached at 1.5 layers, 
signaling that, at these drivings, the lubricated friction is the 
same for any ⩾n 1.5 and is inherently different from the SOS 
(i.e. n  =  0) case. These behaviors are the marks of two dif-
ferent mechanisms. The first is the saturation of the average 
shear band, which therefore appears to be typically around 
five layers. The second mechanism is the fluidization trans
ition, causing steady-sliding at high ωD, even with only one 
layer of GM. At these values of the plate speed, the medium 
is in the collisional phase and the number of layers becomes 
irrelevant. We can also see that for very low driving speeds 

(ω = 0.01D  rad s−1) and few layers ( ⩽n 3) the system main-
tains the SOS values of the order parameter, indicating that 
very few particles are mobilized in this regime.

5. The transition in the average friction

In this section  we report the results of our investigation on 
the frictional behavior when the number of granular layers is 
changed. Looking at the average friction coefficient in figure 5, 
it is seen that the greater ease for sliding when more layers are 
present, indicated by the increase of the order parameter Φ, is 
not without cost. In fact, the average friction, after a weakening 
with a minimum shown at about two to three layers for low 
driving speeds and 1.5 layers for high driving speeds, is seen to 
strengthen again with the number of layers. It is worth noting 
that the increase of the friction for increasing n cannot be 
attributed to the increase of Φ, and hence to the longer slipping 
time fraction. This because the difference between static and 
dynamic friction, and the relative fluctuations during motion, 

Figure 3.  Two transitions are observed when Φ is plotted as a 
function of ωD. (a) The lubrication transition causes even the 
minimum quantity of GM to trigger steady sliding at high ωD.  
(b) The granular order parameter shows an abrupt transition  
at ω = 0.1D  rad s−1.

Figure 4.  The order parameter Φ (defined as the fraction of time 
spent in motion) also shows a sharp transition at about four layers 
for ⩽ω 0.1D  rad s−1.

Figure 5.  Plotting the mean friction coefficient applied to the 
GM as a function of granular bed depth reveals a transition to a 
stiffer system as the system transits approximately four to five 
layers. At higher driving speeds (10 rad s−1), when the GM is 
highly energized, the transition is observed at about two layers. 
Additionally, there is a reduced friction at intermediate values 
between zero and four layers. The inset indicates the mean friction 
for the two extreme cases φ (squares) and 13 layers (bullets), as a 
function of the drive velocity ωD.
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are limited to a few per cent (Dalton et al 2005). Rather it may 
be due to the increased depth of the shear band, as suggested 
by numerical simulations (Annunziata et al 2016).

Figure 5 also shows that the SOS friction is significantly 
higher than that of 1.5 layers1. The minimum in friction is 
found for a particle depth of roughly 1.5–3, suggesting a 
lubrication effect as explored by Marone et al (2008). For low 
driving velocities the friction remains low before reaching a 
steady value after approximately five layers have been added 
to the channel, as for the order parameter, confirming that this 
is the depth of the relevant shear band for stick–slip motion. 
For ω = 10D  rad s−1, the friction increases to a constant value 
after only two to three layers have been added. This is also a 
confirmation that for high plate speeds the system fluidizes 
and there is not much change above two or three layers.

The inset to figure 5 illustrates the behavior of friction with 
drive velocity for a deep granular bed (squares) and for the SOS 
cases (bullets). As the driving velocity is increased, the granular 
average friction displays a weakening in correspondence to the 
fluidization region, where sliding contacts lose importance in 
favor of collisional interactions, before increasing in the steady-
sliding state, as seen in the previous section. In contrast, we see 
that the SOS friction displays the opposite behavior.

6.  Summary and some perspectives

We have investigated the dynamic response of a GM in the 
spring–slider configuration, producing both stick–slip and 
steady–sliding regimes, by varying the number of grain 
layers n and the nominal shear rate ωD. In order to quantify 
the proneness to slip, we have introduced an order parameter 
expressing the fraction of time the plate spends slipping. In all 
cases it is observed to be a monotonic function of n and ωD. 
For intermediate driving the increase is abrupt and concen-
trated around ÷�n 4 5. At high driving speeds, however, the 
asymptotic value is already attained at ⩾n 2.

In agreement with previous observations (where shear was 
imposed) (Marone et al 2008, Siavoshi et al 2006), Coulomb 
friction abruptly decreases when adding one layer to the bare 
SOS interface (rolling transition in Marone et al (2008)), 
and increases again when adding more layers until satur
ation occurs. At low and intermediate driving, as the depth 
of the granular bed is increased, the increase in friction is not 
smooth but undergoes a jump that takes place for a bed of 
about four to five particle diameters in depth, similarly to that 
observed in Siavoshi et al (2006). This latter circumstance 
may occur because long-lived grain–grain friction forces 
cease to dominate at high driving speeds, being replaced prin-
cipally by short-lived collisional interactions between grains. 
Force chains are no longer the mechanism which sustains 
the applied torque and the transition depth does not depend 
on their length. This leads us to conclude that a non-trivial 
dependence on ωD exists. The results also suggest that in the 

low driving regime, shear bands form in the GM during stick–
slip, such that for depths greater than five layers the channel 
floor is completely screened by the GM. The microscopic 
mechanisms which underly the flow and the friction change as 
the number of layers becomes comparable to the shear band. 
In fact, molecular dynamics simulations show that shear band 
formation is an intermittent phenomenon depending on the 
instantaneous velocity of the plate and possibly on its history 
(Annunziata et al 2016). Investigating which dynamics takes 
place within the GM will be subject of forthcoming simula-
tional work.

In summary, increasing the grain depth always increases 
the time spent slipping, also at the cost of increasing the 
average friction, showing that in this self-organized dynamics 
it is not this quantity that determines the ease of slipping. 
These observations are summarized by the phase diagram dis-
played in figure 6. It shows the value assumed by the order 
parameter Φ and of the friction coefficient as functions of the 
driving velocity ωD and of the number of layers, n. As antici-
pated, the sliding phase (brighter colors) is favored by both 
increasing the driving velocity or the number of layers, and 
does not always correspond to the minimum friction. So the 
answer to the question in the title depends on the definition 
of what an effective lubricant is. If, as usual, effectiveness 
means decreasing friction, or viscosity, then adding layers 
does not produce an effective lubrication. But if one looks at 
the probability of getting stuck, it is extremely effective in 
decreasing this, although at the cost of larger friction. The 
findings reported here concern systems with macroscopic 
particles. An intriguing point and very stimulating issue is 
whether similar phase diagrams can characterize lubrication 
of systems at smaller scales (Vanossi et al 2013b, 2013a), 
such as colloids, liquid crystals, and atoms, or could be rele-
vant for lubrication of biological systems such as membranes, 
joints or surfaces. On the other hand, further investigation 
on granular systems can shed light on the main mechanisms 
at the base of the observed behavior, discriminating among,  

Figure 6.  Phase diagram. The values assumed by the order 
parameter Φ are reported using a color-map as a function of the 
velocity of the plate ωD and the number of layers. The z-axis 
shows the average friction coefficient. The diagram synthesizes the 
different dynamical regimes displayed by the system. Arrows are 
guides for the eye along constant drive and constant layer number 
trajectories.

1 As noted above, there is reason to believe that 1.5 layers of GM may  
effectively behave as a monolayer between the top and bottom plates due 
to an accumulation of grains in the gap near the channel walls where no 
particles are glued to the top plate for any driving ωD.
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e.g. the melting–freezing and/or inertial effects of a lubricant, 
an issue which is also relevant at the nano-scale (Braun 2010, 
Rosenhek-Goldiana et al 2015).
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