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Abstract

We studied the segregation of single large intruder particles in monodisperse granular materials.
Experiments were carried out in a two-dimensional shear cell using different intruder and media
diameters, whose quotient defined a size ratio R that ranged from 1.2 to 3.333. When sheared, the
intruders segregated and rotated at different rates, which depended on their R values and depth.
The vertical intruder trajectories as a function of time were curved due to non-constant depth-
dependent segregation rates. An analysis that considered the lithostatic pressure distribution and
a size ratio dependence was done to capture the trajectories and the general segregation rate
behavior. As a result of a strain rate analysis, we observed greater expansion rate around the
intruders when R values were larger, which in turn promoted faster segregation. Experiments with
large R values showed that intruder rotation was weak and local shear rates were low. In contrast,
experiments with R closer to unity resulted in strong intruder rotation, high local shear rates, and
contraction below the intruder. Therefore, an intruder with a diameter close to that of the medium
was likely to segregate due to a rotation mechanism. We propose that large particle segregation
depends on size ratio, local expansion rate and, to a lesser extent, the local shear rate. Based on
our observations we redefine large particle segregation as two well-defined processes dependent on

R and local strain rate.

I. INTRODUCTION

Polydisperse granular materials naturally segregate according to their species’ size when
sheared under gravity. Since 40% of all products use granular materials during their man-
ufacture, particle-size segregation can be a major problem for industry that often causes
flow problems and degrades product quality [1, 2], but can be very useful for sorting ma-
terials in agriculture and the mining industry [3]. In natural environments, particle-size
segregation can generate a range of complex phenomena, such as stratification patterns in
avalanche deposits [4, 5], flow fingering [6-8], static levees [9-11], front bulging [12, 13] and
self-channelization [14, 15]. Segregation is therefore crucial in understanding the dynamics

of geophysical mass flows [16, 17] and the dynamics of granular matter, in general [18].
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19 A variety of particle segregation mechanisms have been identified and studied for various
20 flow configurations [19, 20|, with the segregation of large particles often called the Brazil nut
2 effect in vibrated systems [21]. Simultaneously, the shear-induced mechanisms: (i) kinetic
» sieving [22, 23], and (ii) squeeze expulsion have been encountered widely in many granular
2 flows, promoting their study [18]. Experimental observations and numerical simulations
2 have described the mechanics of the kinetic sieving process precisely: it consists of small
25 particles percolating through gaps generated by the relative movements of particle layers.
» The origin and nature of the squeeze expulsion mechanism, however, are not subject to a
7 consensus. While it was defined originally by Savage and Lun [23] as imbalances in the
2 contact forces applied on an individual particle which squeeze it out of its own layer into an
20 adjacent one, other authors have proposed that the mechanism results from mass continuity
» or a net flux balance [24, 25]. Therefore, a large particle will only rise if the surrounding
a1 voids are filled with percolating smaller particles. This assumption may hold for certain
2 cases, but small particle percolation tends to be less pressure-dependent and segregation
1 fluxes have been found to be asymmetric [25-27]. This segregation flux asymmetry suggests
s that a connection between the two mechanisms may not be direct or independent of the

35 particles size ratio or the local particle concentration.

s BEfforts to explain why large particles segregate have been particularly intense in recent
w years. Guillard et al. [28] proposed a scaling of the forces acting on a large particle to
i define a segregation force. They found that this force was similar to a lift force and that
3 it depended on the stress distribution. Despite this, Guillard et al. [28] did not address
» how a large intruder rises and how shear stress contributes to segregation. To address the
a question of why large particles segregate, van der Vaart et al. [29] proposed an analogy
22 with the Saffman effect and introduced a buoyancy-like force that depends on the size ratio.
3 The origin of this granular Saffman effect is similar to viscous drag, but in their work this
« drag is exerted by a granular flow. Recently, Staron [30] failed to observe any lift-like force
s under flow conditions similar to those described by van der Vaart et al. [29]. Staron [30]
s concluded that force fluctuations around the intruder should be responsible for large particle
a7 segregation. Resistance is higher towards a rigid fixed bottom, hence any force imbalance
s pushes the intruder upwards. An analogy to a plunging object was proposed by Staron
w0 [30], based on previous work by Hill et al. [31], to illustrate the previous sentence. The role

so of interparticle friction and rotation in particle segregation was studied by Jing et al. [32]
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si through numerical simulations. Jing et al. [32] found that large particle segregation was
s2 supressed when interparticle friction and rotation were negligible. They proposed that the
s3 rotation of a large particle is necessary for its segregation.

s« Particle size segregation of a single large particle has been studied at the laboratory scale.
ss van der Vaart et al. [27] considered large particles segregating in a simple shear cell, but
s6 their results focused on segregation flux asymmetry. Other studies measured lift and drag
s7 forces acting over intruders in granular media [33-35]. These intruders were held fixed or
ss moved artificially, so no direct relation could be established between their results and the
so segregation of a single large particle. Recently, an experimental scaling for the segregation
s flux function was presented by Trewhela et al. [36]. In a three-dimensional shear box, similar
o to that of van der Vaart et al. [27], they found that the segregation rate of large particles
2 was linear with the applied shear rate and the particles’ size ratio.

63 Simple shear cells or boxes have been used previously to study granular and segregation
s¢ processes (e.g., [27, 36-38]). Stephens and Bridgwater [38] observed that the percolation
s rates and segregation mechanisms in simple shear cells were quite similar to those found
e in annular shear cells. These cells prescribe deformation so they impose a different flow
e configuration than those observed by Guillard et al. [28], van der Vaart et al. [29] and
ss Staron [30].

so  We used a two-dimensional shear cell filled with small particles, in which one large particle
70 (the intruder) was placed. In our experiments, shear was constant in depth but oscillated
7 through time and the intruder moved freely towards the bulk free surface by the action
22 of shear. Particle trajectories and velocity fields were determined using particle tracking
73 velocimetry and interpolation, respectively. The strain rate tensor and its invariants were
7 calculated to reveal how the granular material responded to external shear, as done in
75 previous studies [35, 39]. Various intruder and medium diameters were used to shed light

76 on the role of size ratio in large particle segregation.

7 II. METHODS

7 Experiments were carried out in a 5 mm-thick, two-dimensional, shear cell consisting of
79 two parallel polyvinyl chloride (PVC) side-plates that rotated over axes located at their
s0 bases (see Fig. 1). The PVC side-plates were corrugated and had a roughness that scaled
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a1 to dg. Cell width was set between W = 85 and 145 mm in AW = 15 mm steps. A granular
s2 material between the plates was sheared by their cyclic movements. Since the side plates
&3 were parallel, the externally imposed shear rate was independent of the depth but was

s periodic in time. The external shear rate is expressed by

Ye(t) = w] cos (wt)| tan(@pmaz ), (1)

00000000 060O6OGSOGVONIOO

W AW = 15 mm

FIG. 1. Schematic diagram of the 2D shear cell setup, where d; is the diameter of the disks forming
the surrounding granular medium, d; is the diameter of the intruder and A represents the amplitude
generated by the cyclic movement of the plates. The bulk height H = 19 ¢m and the maximum
plate inclination 6,,,, = 15° were the same for all experiments. The cell width W was changed

for each ds to maintain a fixed ratio of W/ds ~ 14 for all experiments.



ds \d; 10 12 14 18 20

6 0.052 0.056 0.055 0.057 0.055
8 0.059 0.062 0.061 0.061 0.059
10 - 0.064 0.056 0.053 0.064

TABLE I. Mean shear rate +,, in s~' for each experiment using a ds = 6, 8 and 10 mm media, and

a d; = 10, 12, 14, 18 and 20 mm intruder.

85

ss where 0,,,, = 15° was the plates’ maximum angle of inclination. The frequency w = 27 /T
sz was given by the period T', which varied slightly between experiments. To characterize and
ss compare the shear rate exerted on average between experiments, we defined the mean shear

go rate as

2
;Ym = ?wtan gmaxa (2)

%
a1 whose values for each experiment are presented in Tab. I.

2 A dry granular medium made of polyoxymethylene (POM) disks of diameter d, and
o3 an intruder disk of the same material, but of a different diameter d; > d,, were placed
a between the cell plates and glass panels. Three different disk diameters were employed as
s the surrounding media: d; = 6, 8 and 10 mm. Only disks larger than the medium’s disk
o diameter were used as intruders: d; = 10, 12, 14, 18 and 20 mm. To quantify intruder
o7 Totation, a red dot was drawn on the edge of the intruder’s circumference. POM has a
o density of 1.42 g cm™3 and a Young’s modulus of 3000 MPa. According to Vaziri et al. [40],
o the frictional coefficient between POM cylinders sliding on each other at low velocities is
100 0.16.

w The single intruder was initially placed in the center of the cell at a height of 4 c¢m,
102 measured from the cell bottom to the lowest point of the intruder’s circumference. The
13 cell was then filled with the smaller disks up to a height of 19 cm, creating an effective
104 bulk height of h = 15 c¢cm over the intruder. This latter condition was maintained for all

105 experiments.



s Due to the characteristics of the cell, the appearance of the Janssen effect [41] was an
w7 initial concern. However, initial experiments showed that intruder segregated faster towards
s the free surface. If the pressure were constant at depth, as the Janssen effect would suggest,
19 there would be no physical quantity left to explain the variable segregation rate observed in

uo our experiments. The Janssen effect is therefore at worst, negligibly small.

m  A. Image acquisition and particle tracking

n2  Experimental run-times ranged from 15 to 70 minutes. Each experiment was recorded
u3 using a Basler acA2000-165uc camera at 4 frames per second. The position and radius of
us every POM disk were determined using a circular Hough-transform algorithm available on
s Matlab [42]. A particle tracking algorithm was used to correlate positions to trajectories
us [43]. First, the intruder position r; = (x;,2;) and its velocity w; = (u;, w;) = 0r; /0t were
u7 determined separately as functions of time ¢. Secondly, all particle positions r,, and tra-
us jectories were used to calculate particles velocities u,,. Finally, spatial interpolation of the
no particles velocity at a certain time t enabled the calculation of the entire bulk’s velocity field

120 U.

121 B. Trajectory analysis and segregation rate scaling

122 A single large intruder of diameter d; segregating through a matrix of smaller particles
123 of diameter d, can be analyzed considering that large particle concentration ¢' is almost 0,
124 i.e., small particle concentration ¢* = 1 — ¢! = 1~. Such consideration is enough to consider
15 that the intruder’s vertical velocity w; = dz/dt is in fact equal to the segregation velocity

126 magnitude fg defined by Trewhela et al. [36] as

pegyd® _
L =BT F(R 1), 3
fa Cogd D (R,17) (3)

127

s where B and C are empirically determined constants, R = d;/d; is the particles’ size ratio,
129 py is the particles’ intrinsic density, p is the pressure, d = d,¢° + d;¢' is the concentration
130 averaged particle diameter and F is a function of R and ¢°. In the case of a single large

1 particle surrounded by smaller particles, ie., ¢* = 17, d ~ d, and F(R,17) = R — 1.
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122 We then simplify Eq. 3 by considering a lithostatic pressure distribution within the bulk,
133 p = p.Pg(h — z), which results in the first-order differential equation

dz . yd?(R — 1)
E‘fsl_80d8+q>(h—z)’ )

134
135 where @ is the solids volume fraction and h is the bulk height as in our experimental setup.
136 We solved Eq. 4 for the vertical position z of the large intruder by using an initial condition

wz=zyatt=0

Z =Cdy(z — 20) + % [(h—20)* = (h— 2)*] = Byd2(R — 1)t = Kt, (5)

138
130 where the variable Z represents a parameterized trajectory. For each experiment, a different

1o constant K can be determined by fitting the explicit theoretical trajectory

A(t) = é [Cd,+ ®h — /CP - 2Cd,B(h — 2) + P2(h— 2P —29K7] . (6)

141
12 to the experimental trajectory of the intruder. The empirical constants B and C can be
13 determined using a least squares fit to the entire experimental data. In the work of Trewhela
1 et al. [36] these constants were found to be B = 0.374 and C = 0.271 for a three-dimensional
us granular bulk of borosilicate glass beads submersed in a refractive index matched fluid

1s mixture of ethanol and benzyl alcohol.

147 C. Intruder rotation

us  Red dot identification and tracking were done simultaneously to intruder tracking. The
19 dot’s position r, and movement, relative to the intruder’s position, were used to estimate the
150 intruder’s angular velocity €, = 4r; X ug/ dl2. Since rotation had no preferential direction,
151 we were interested in the magnitude of €2; so its norm was considered as relevant Q; = |€].
152 A conditional probability P(w;|€) = P(w,$y)/P(€;) was calculated to quantify the
153 occurrence of segregation and rotation. This probability was determined from a bivariate

15« probability distribution function (pdf) of the time series of the intruder’s vertical velocity w;
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155 and angular velocity ;. The bivariate pdf P(w;, ;) was calculated using Matlab’s monpdf
15 function [42]. The marginal probability distribution function was determined using Matlab’s

157 pdf function.

158 D. Strain rate tensor invariants

159 The strain rate tensor D = %(Vu + V') was estimated from the velocity field u. The

160 first invariant of the strain-rate tensor is called the expansion rate

161

162 and the second invariant is defined as

IIp = (%mﬂ(s?)yﬂ, (8)

163
166 Where S = —%] pl + D is the deviatoric strain rate tensor. This second invariant is half
165 the shear-rate 4 = 21 Ip [44]. Both invariants were estimated from the velocity fields, which
166 themselves resulted in the fields Ip(x, z) and IIp(z, z) for each time step.

17 To analyze the local strain rate around the intruder, we evaluated Ip and IIp on the
168 intruder’s circumference. Based on the intruder’s position and diameter, we split the intruder
160 circumference into arcs. We evaluated and extracted each invariant value from the middle
o arc points ¢;. This method allowed us to evaluate both strain-rate tensor invariants around

i the intruder: Ip,(¢;) and I1p,(¢;).

12 III.  RESULTS
173 A. Vertical position

e The intruder’s vertical position (see Fig. 2) and bulk’s velocity field were the first results
s obtained from the images. Near the bottom, at the beginning of the experiment, segregation
e was considerably slower than in upper regions. The closer the intruder got to the free
7 surface, the faster it moved. The intruder generally showed a non-linear, depth-dependent

178 segregation rate in all the experiments.
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FIG. 2. Vertical position z as a function of time ¢ for the intruders of d; = 10, 12, 14 18 and 20 mm
(in colors, see legend in (a)) segregating through the (a) ds = 6 mm (e), (b) 8 mm (¢), and (c) 10
mm (%) medium. The dashed lines (-) plot the theoretical fits (see Eq. (6)) to the experimental

trajectories, all of which used a value of C = 0.271 and ¢ = 0.7.

1o For all our results we used a size ratio definition R = d;/d;, the intruder diameter divided
1w by the media diameter as considered by Trewhela et al. [36]. As shown in Fig. 2, the
181 segregation rate of the large particle surrounded by the 6 mm disks increased proportionally
122 with R. These findings also held for experiments using larger medium diameters dy = 8 and
183 10 mm (see Fig. 2(b) and (c)). A laddering, almost step-wise ascent, was observed in these

184 cases, especially in the d; = 10 mm medium experiments (3 in Fig. 2(c)).

185 All the intruders demonstrated oscillatory vertical movement. Indeed, due to the plates’
186 cyclic movement, the intruders moved upwards and downwards when the bulk was sheared.

17 This movement could be interpreted as noise relative to an average vertical position during
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188 & cycle. Cyclical vertical movement was observed throughout the entire experiment and
19 exhibited the same amplitude, independent of z. The magnitude of this movement did not
100 change between experiments, even when different intruder diameters were used, as shown in
1w Fig. 2. It is important to note that the bulk media were sheared cyclically, so the oscillatory

192 vertical movement was a result of the setup and not due to the segregation process.

13 We fitted the theoretical trajectory presented in Eq. 6 to each of the experimental
104 trajectories of the intruder. These theoretical trajectories are represented by dashed lines
105 in Fig. 2. The experimental and the theoretical trajectories were in good agreement using
10 the framework proposed in §I1B. The determination coefficient 72 for the fits ranged from
107 0.74 to 0.98, with no particular dependence on to R, d; or ds;. The fits were done via least
10s squares and used a value for C = 0.271 following the results of Trewhela et al. [36]. A value
19 of & = (.7 was used for the analysis, and was a result of averaged calculations done for the
200 whole media. The role of the C constant is to provide a finite gradient for the curves when
20 the intruder arrives to the surface, which is particularly helpful for numerical methods. The
202 variability of the quadratic fit does not change much, if C is set to zero, a fact also pointed
203 out by Trewhela et al. [36]. Therefore, for each experiment we obtained a fitted parameter
204 Or constant O which is representative of the segregation rate of that experiment and that

205 does not change much with the value of C.

206 In agreement with the presented framework in §II B, the K constant is a function of the
27 R, % and d, parameters. In the inset of Fig. 3 we plotted the determined K constants,
28 defined in Eq. 5, as a function of the experimental parameters. A clear linear relation is
200 Observed between K and those parameters, and a linear regression of the data was done
210 to obtain the slope of such linear function. An empirical constant B = Byp = 1.55 was
2u determined for our experimental dataset. This is different to the value of B = Byt = 0.374
212 determined by Trewhela et al. [36] in their fluid saturated three-dimensional shear box
213 setup, and the buoyancy corrected value of B = Bgﬁy = 0.7125 for an equivalent dry system.
24 The approximately factor of two difference between Byp and Bgﬁy may be due to the two-
215 dimensional rather than three-dimensional flow configuration. The determination coefficient
216 for Bop was 12 = 0.87. We also repeated the method done by Trewhela et al. [36] to calculate
217 B using a least squares algorithm on the whole experimental dataset. We determined a value

28 of Bop = 1.457, which was still different to the dry value found by Trewhela et al. [36], but

210 was slightly different from the value determined with the linear regression analysis of the IC

11
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FIG. 3. All the intruder trajectories collapsed onto the identity dashed line given by the
parametrized depth Z and time Bop(R — 1)¥d?t. The inset plot shows the fitted constants K
for each experiment as a function of (R — 1)§d2. The dashed line in the inset plot has a slope of

Bop = 1.55 and it is determined by a linear regression of K as a function of (R — 1)%d2.

21 The empirical constant Byp for our dataset was used to collapse all of our experimen-
22 tal data onto a single identity line. Fig. 3 shows all the intruder’s vertical trajectories
»3 parametrized under the variable Z as a function of the parametrized time Bop(R — 1)%d>t.
24 Despite some general disagreements, most likely due to particle diffusion, the trajectories
25 collapse well under the proposed scaling. We see in Fig. 3 that the experiments with the
26 most disagreement to the proposed scaling, are the experiments carried out with d, = 10
2 mm (% in Fig. 3). This result can be explained if we consider that particle diffusion D

28 scales to yd? [45]. Then, diffusion is considerably larger for d;, = 10 mm experiments than
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29 for dy = 6 or 8 mm. Diffusion may be sufficient to explain these differences, but other effects
23 like non-strictly constant ® or particle discretization, most visible in large d, experiments,
2n could also be affecting these results.

2 Because no kinetic sieving mechanism was observed using the 2D shear cell configuration,
213 we do not show any results on the percolation of small intruders through granular media
21 made of large disks. We observed that when a single smaller intruder was introduced into
235 the cell, it did not percolate down through the bulk. Small disks moved erratically on top
236 of the upper layer until they found lateral gaps generated by the plate roughness, which we
237 considered biased.

23 We did not observe a plateau for the segregation rate as a function of R, measured via
20 the parameter K (see inset plot of Fig. 3). A constant value for IC, independent of the R
20 value, would have indicated that a maximum segregation rate can be achieved at a certain
2n R threshold. Although some authors pointed out that maximum segregation rates were
22 achieved at R values of 2 [26], 1.7 [46] or 2.5 [47], it was not the case for our two-dimensional
243 shear cell experiments in the range of R = [1.2,3.33]. This discrepancy to previous studies is
24 due to the shear cell configuration that prescribes the shear rate and maintains a relatively
s constant solids volume fraction. In other experimental or numerical setups, the flow is left
us to evolve freely, and shear rate, pressure, or the solids volume fraction enter into a highly

247 non-linear feedback with the flow.

248 B. Intruder rotation

29 Intruder rotation was observed as the bulk was sheared during each cycle. In some
250 experiments the intruder rotated more, especially when intruder sizes were close to those of
1 the media. Rotational movement did not tend towards any particular direction, and it was
252 Not necessarily synchronized with plate movement. Notably, in some cases we observed that
253 the upwards movement of the intruder occurred simultaneously with its rotation.

s Dot positions relative to the intruder’s position are shown in Fig. 4. The red dot on
255 the intruder’s circumference is plotted relative to the intruder position. Figure 4 shows that
256 intruder rotation was highest for size ratios close to 1. For example, the d; = 12 mm intruder
257 surrounded by ds = 10 mm disks rotated around its center several times, which was reflected

2 by the fact that the red dot’s trajectory drew a complete circumference (Fig. 4 - low row,

13



z (mm) z (mm) z (mm) x (mm)
d; = 12 mm d; = 14 mm d; = 18 mm d; = 20 mm

FIG. 4. Dot positions relative to the intruder’s position. Top row (left to right): experiments
using a ds = 6 mm medium, with d; = 12, 14, 18 and 20 mm intruders. Middle row (left to right):
experiments using a d; = 8 mm medium, with d; = 12, 14, 18 and 20 mm intruders. Bottom row

(left to right): experiments using a ds = 10 mm medium, with d; = 12, 14, 18 and 20 mm intruders.

20 left-hand panel). Whereas intruders with a small R value completed several revolutions,
20 intruders with large R sometimes could not even complete one. This fact is shown in the
261 top row far right panel of Fig. 4, where the d; = 20 mm intruder surrounded by ds =
%2 6 mm disks barely rotated. In this case the red dot was never oriented downwards or to
263 the left of the intruder’s center (Fig. 4 - top row, far right panel). Experiments using the
x4 dy = 8 mm media showed intermediate results, but still highly related to the corresponding
x5 [ values. Similar R values exhibited similar results, the intruders’ dots covered similar
266 portions of the intruders’ perimeter (see R = 1.8 and 2 in Fig. 4) which points out that

27 intruder rotation depends solely on R and not on dgs or d; particularly. Since segregation
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rates were also R dependent, these results indicate that there might be a relation between
large particle segregation and large particle rotation for small R values, lower than 2 and
closer to 1. Conversely, the lower rotation activity and high segregation rate observed in
experiments with R > 2 suggest that intruders segregate differently, and the segregation

mechanism depend on R as well.

Results plotted in Fig. 4 are for the whole runtime of each experiment, a duration that was
quite different and dependent on the size of the intruder as seen in §III A. For shorter time
intervals, for example the duration of the shortest experiment, this trend is still preserved.

Smaller intruders rotated more than larger intruders during equal time intervals.

Figure 5 shows that €); was slightly correlated to vertical velocity w; = dz/dt which
approximated to the segregation rate ¢q. Another interesting feature was the increasing
values of {; as intruders rose to the surface. This increment was especially relevant for size
ratios R < 2.5 as seen in Fig. 5, where we saw higher magnitudes for {; and a tendency
for even higher €); values as the intruder approached the free surface. We suspect that the
higher €2; values reached at the end of the experiment were a consequence of a combined

lower pressure and lower solids volume fraction close to the free surface.

To illustrate the link between rotation and segregation, the right column of Fig. 5 shows
their conditional probabilities P(w;|€2;). As detailed in §IIC, P(w;|€) expresses the prob-
ability that the intruder moved vertically upwards given that it rotated (Fig. 5 - right
column). Experiments with R < 2.5 indicate higher probabilities that the intruder segre-
gated given that it had rotated. Conversely, when R > 2.5, probabilities that the intruder
segregated given it had rotated were lower. For each run, the probabilities of having a certain
), value were averaged and plotted (Fig. 5 - white lines over colormaps). These averages
and deviations were calculated to highlight the magnitude differences between runs with
different size ratios. These results confirmed that as size ratio R increased, intruders have
lower probabilities of segregating given that they rotated, and their rotation was weaker

than that observed for size ratios values that were closer to 1.

Figure 5 shows that, in general, {2, showed greater variability for R < 2 experiments. The
experiment with R = 1.67 displayed the highest mean values for rotation, with a maximum
at ; ~ 2.5 s71. For the rest of the experiments, their maximum values for ; decreased as

R increased, as well as their conditional probabilities P(w;|(2;).
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FIG. 5. Left column: Magnitude of the intruders’ angular velocity €; (left axis - blue line) and
vertical velocities w; (right axis, different colors) as a function of time t for experiments using
the d¢ = 6 mm medium and intruders of diameters d; = 10, 12, 14, 18 and 20 mm (size ratios
ds/d; = 1.67, 2, 2.33, 3 and 3.33). Right column: probability of w; given that €;, P(w;|€2;). Red
tones indicate a higher probability, with a maximum value of 0.5, and blue tones indicate a lower
probability, with minimum value of 0. The continuous white line draws the mean values and the

dashed white lines draw the mean values plus and minus standard deviations.
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209 C. Strain rate tensor invariants

s0  Figure 6 shows the strain rate tensor invariants around the intruder’s circumference,
su Ip, and IIp,, using both cartesian and polar coordinates (Fig. 6 - left and right column,
302 respectively). In the polar coordinates plot, the angle ¢, was measured counter-clockwise
303 from the horizontal direction towards the right of the cell (3 o’clock). To represent the
300 experimental results of Ip, (¢;) and I1p,(¢;), we took their time-averaged values over the
305 entire experiment. In general, the mean values for both invariants depended on the size
306 Tatio. A second general observation was that Ip, and I/p, were greatest on the upper half
s07 of the intruder’s circumference, in accordance with the observed upward movement. The
308 majority of the experiments showed maximum values at ¢, = 7/2 and minimum values at
20 ¢y = 3m/2 for both invariants. On average, greater values are found on the upper half of
s10 the intruder and smaller values are found on its lower half. These results showed that the

su intruder moved towards regions where Ip, and /Ip, were greater, thus to the free surface.

sz Ip, tended to be positive between 0 and 7 and negative elsewhere (contraction). For the
313 experiment with R = 1.2 (red % in Fig. 6), the arc where Ip, > 0 is particularly narrow
a4 (between 7/8 and 37 /4). This result suggests that for size ratios close to 1, gap formation
us was limited due to weak size heterogeneity. On the contrary, for R = 3.33 (turquoise ® in Fig.
s6 6), Ip, is positive almost anywhere around the intruder’s circumference. Grain movement
s1i7 creates microscopic expansion and segregation is enhanced. This grain movement resulted
s1s in faster intruder segregation, as shown in the inset of Fig. 3. The contraction measured
s19 below the intruder, with small particles tightly filling the gaps beneath it, explains why large

320 particles had difficulties to move to the cell’s bottom.

= Local shear-rate values for each experiment depended on ds/d; as well. The values of
s2 IIp, were always positive by definition, with its highest values observed between 0 and T,
23 and its local maximum also at m/2. Surprisingly, size ratios close to 1 showed higher I7p,
224 values. However, this observation was consistent with the argument that rotation and angu-
»s lar velocity play a role in the segregation of large particles. Shear rate is related to angular
16 deformation, which was observed experimentally by intruder rotation. The magnitudes of
27 IIp, are of the same order of magnitude as the average external shear rate 5, = 2.67 x 1072
28 s~ (Tab. I). Even though all the experiments shared the same externally imposed shear

2o rate, I1p, was locally distributed around the intruder’s circumference at values ranging be-
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0 tween approximately 1.8x107% and 2x1072 s7! (Fig. 6). Also, the mean values of IIp,
;31 around the intruder’s circumference are dependent on the size ratio. These mean values
12 show differences of 6 x 1072 s~ between the experiments with size ratios of 1.2 and 3.33

133 (see Fig. 6 - red % and turquoise e, respectively).

s Figure 6 also presents two intermediate cases with R = 2 for particle diameters of 6 and
15 10 mm, and intruders of 12 and 20 mm, respectively. Even though the size ratios are the

36 same, the values calculated for Ip, and I1p, were different, with mean differences of 5 x 10~

@

7 and 2 x 107* s, respectively. We think these differences were due to the plate roughness

s and slightly different W/d, values.

3

[

3

@

9 ><10’3‘
3r/4
1
‘_l;/]
5
1] 5m/4
3m/4
m 0
0 «/4 w/2 3r/4 =« 5n/4 3n/2 Tn/4 27 5m/4 T /4
¢ (rad) 3m/2

FIG. 6. Left column. Time-averaged strain rate-tensor invariants Ip, (top row) and IIp, (bottom
row), around the intruder’s circumference ¢;, with the angle measured counter-clockwise from the
horizontal direction towards the right of the cell (3 o’clock). Colored areas represent values and
their standard deviation. The grey area represents contraction. Right column. Polar plots of the
same strain rate-tensor invariants for the experiments with ds = 6 (e) and 10 (%) mm media, and
d; = 12 (red) and 20 (turquoise) intruders. Standard deviations were not plotted for all experiments

for visualization purposes.
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39 D. Segregation mechanism

10 In their description of the squeeze expulsion mechanism, Savage and Lun [23] provided no
sa clear role for the particles’ size ratio. Our results in §III suggest that segregation is caused
32 by a combination of local expansion rate and rotation that depends on size ratio R = d;/d;.
.3 High microscopic values for Ip, were observed for experiments with large R values and
s segregation rates were greater in those cases. Ip, faded as IR decreased, but segregation
s still happened. For R tending to 1, rotation and //p, became predominant, and they were
us significant for segregation. However, for R > 2, segregation rates were considerably higher;
sar thus, local expansion rate was a much more effective sub-mechanism for segregation than
us rotation was. Nonetheless, rotation’s contribution for relatively smaller intruders is still key
a0 for their segregation.

0 Based on our experiments, two processes occur in an initially dense granular material

351 that undergoes shear (see Fig. 7 - first figure panels in both rows):

352 e If Ip around the intruder is large enough, small particles entrain beneath the large

353 intruder. This small-particle entrainment may lift the intruder up, presumably through
354 normal stress redistribution. This occurrence of entrainment does not depend solely
355 on microscopic expansion rate increments. All our experiments were subjected to very
356 similar macroscopic shear rates ,,, (Tab. I) and effective bulk height h, yet segregation
357 rates differed (see inset of Fig. 3). Therefore, the second variable controlling the
358 entrainment should be R. When R > 2 it becomes easier for disks surrounding the
359 intruder to entrain. For R values close to unity, entrainment is less frequent, due to
360 weak gap generation, and the intruder usually remains in its place.

361 e Shear-induced local expansion redistributes forces around the intruder. As a result,

362 the intruder may become interlocked with its neighbors. Normal stresses transmitted
363 through the intruder’s neighbors creates a force network that restrains the intruder’s
364 movement. When shear continues to be applied, the interlocked particles move con-
365 jointly around a pivot below them. Similarly to the first process, this rotational
366 movement depends on R. Our results indicated higher rotation, a greater probability
367 P(w;|S;), and higher local shear rates [Ip, for R < 2 (Fig. 5). A size ratio close to
368 1 indicates that interlocking is likely to be occurring. It is plausible that slight size
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369

370

371

372

373

374

Rotation-based mechanism

FIG. 7. Schematic diagram of the segregation of a single large intruder of d; = 10 (top row: (a),
(b) and (c) - Rotation-based mechanism) and 20 mm (bottom row: (d) and (e) - Expansion-based
mechanism) under the action of an external shear rate ¥,,. (a) Surrounding particles lock the
intruder, which form a (b) stress axis ro that passes through the intruder, and (c) further shear
rotates the axis around a base pivot point, hence the lock intruder rotates on top of the pivot
point, segregating. (d) The granular bulk locally dilates around the intruder creating gaps for (e)
surrounding particles to entrain beneath the intruder, lifting the intruder and segregating it. In
the Appendix, we present images showing these mechanisms and videos showing these mechanisms

are provided as supplemental material.

differences between the intruder and the medium require fewer surrounding particles
to lock-in the intruder. However, our experiments showed that the probability of in-
terlocking remains low. Therefore, the segregation caused by this process is slower

and less effective than that caused by the first process.

See Supplemental Material at [URL will be inserted by publisher| for experimental videos

that show the segregation mechanisms. All files related to a published paper are stored as a
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s single deposit and assigned a Supplemental Material URL. This URL appears in the articles

a6 reference list.

sz IV. CONCLUSIONS

s A two-dimensional, oscillatory shear-cell was used to study the segregation of a large
a9 particle intruder through a medium of smaller particles. The intruder position and rotation
;50 were measured and tracked over time. We found that the segregation rate was a non-
se1 linear function of time, dependent on the intruder depth and the size ratio R = d;/d;
2 between intruder and medium diameter. In a similar fashion to the results found by Trewhela
33 et al. [36], we fitted quadratic curves to the experimental trajectories based on a lithostatic
ss pressure distribution. With this assumption, we validated the scaling of Trewhela et al. [36]
35 for a two-dimensional configuration and in particular the observation that an increase in
16 IR increased proportionally the segregation rate. Intruder rotation, quantified in terms of
;7 angular velocity, was found to be more frequent and intense, the lower and closer to one R
;s was. We conclude that intruder rotation is a relevant mechanism in the segregation of large
30 particles at small size ratios, in agreement with the proposition of Jing et al. [32].

s0  Using a different setup and flow configuration, we found the same segregation behavior
01 as that presented by several authors [26, 28, 48], large particles segregated, predominantly,
30 towards regions where microscopic expansion rate was greater. Complementarily, we found
303 that for size ratios close to 1 shear rate becomes a relevant variable for segregation. Based
304 ON our observations, particles subjected to high microscopic IIp values rotate more, which
305 facilitates their segregation despite low microscopic values of I'p. However, a high local
s I Ip value is not as predominant as Ip for a fast segregation rate. Intruders subjected to
so7 high microscopic expansion rates, segregated faster. Even though we did not present stress
08 easurements, we presented a plausible explanation for the role of the local shear-stress
300 gradient in the segregation of large particles.

wo  Based on the observations presented here, we have suggested a detailed description of
w1 the squeeze expulsion mechanism through two distinguishable processes. The first process
a2 18 strongly dependent on microscopic expansion, whereas the second depends on rotation,
w3 i.e., governed by local shear rate. Frustration of the rotation-based process depends on

w04 surrounding interparticle contacts, which was observed for R > 2 where the intruder needed
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w05 more particles in close contact to interlock. We proposed that the occurrence of these
s processes, although independent of each other, are highly dependent on the particles’ size

407 ratio R
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27 APPENDIX: EXPERIMENTAL IMAGES OF THE ROTATION- AND EXPANSION-
15 BASED SEGREGATION MECHANISMS

a0 To better illustrate the segregation mechanisms for large particle segregation, two image
w20 sequences from experiments are shown in this section. These images are part of the videos

a1 presented as Supplemental Material for this article.
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Spacing below

Upward segregation

FIG. 8. Image sequence of the expansion-dominant segregation mechanism. A 20 mm intruder
segregates upwards due to the squeezing action exerted by the surrounding 6 mm particles, which

entrain underneath the intruder.
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FIG. 9.

Image sequence of the rotation-dominant segregation mechanism. A 10 mm intruder
segregates upwards due to the interlocking of surrounding 6 mm particles that create a stress axis

that locks and rotates the intruder, allowing the entrainment of the surrounding particles.
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