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Phase segregation in binary sandpiles on fractal bases
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We have built experimentally and have numerically studied sandpiles on a base having a prefractal perim-
eter. This type of perimeter induces the formation of quite complex pile shapes characterized by both ridges
and valleys. The effects of a fractal base on the phase segregation of a binary granular system have been
investigated. Both demixing and self-stratification phenomena have been investigated. It is found that the
demixing of binary granular piles is enhanced by the prefractal perimeter character. The concentration profiles
are given. This is briefly discussed in terms of length scale sele¢®&i63-651X98)14412-4

PACS numbd(s): 81.05.Rm, 05.40-a, 64.60.Lx, 46.10:z

[. INTRODUCTION sandpiles on bases with a prefractal perimeter, i.e., a perim-
eter built with a few self-similar iterations. We have found

Despite its every day familiarity, sandpiles and granularthat the geometry of the base on which the sandpile is con-
flows have become paradigmatic systems of complexity irstructed is a relevant parameter which can sometimes lead to
physics[1,2]. Granular matter shows behaviors that are in-"exotic” pile shapes[14]. Contrary to the classic regular
termediate between those of solids and liquids: powders padrases used in the literature, a base with a prefractal perimeter
like solids and flow like liquids. Granular flows are non- made with three iterationisee Fig. 1b)] leads already to a
Newtonian[3]. treelike network of valleys in addition to a complex network

Fascinating properties of sandpiles are the tail shape d¥f ridges. These networks are found to be also fractal-like
piles [4], the dynamics of avalanches versus the angle oPbjects imposing a logarithmic selection of length scales.
repose of the pild5], hysteresis properties, distribution of Also, some angles of repose are forbidden selected by
forces inside the piles, compactip2), etc. the prefractal perimeter such that granular binary mixtures

A recent experiment, which has received much attentioiead to segregation on the surface of the pile. This can lead to
from the scientific community, is the followini@,7]. When @ spectacular pile such as the one presented in Fig. 1. Such a
a mixture of grains of different sizes is poured between twostructure looks like natural erosion patterns which have also
vertical slabs, a stratification of the mixture in alternatingbeen recognized as being fractal objddts]. One advantage
layers of small and large grains is observed. Additionally,0f the fractal-like perimeter is to make demixing spectacular:
there is a tendency for the large and small grain to segregatB€ phase segregation occurs on the surface of the pile itself,
in different regions of the pil€7]. This self-stratification has as observed in Fig.(&.
been attributed to the difference existing between the angles The aim of the present paper is both to illustrate and to
of repose for the different species. However, this interiorinvestigate numerically the phase segregation on fractal
self-stratification or phase segregation observed in a verticdlases and also to compare the theoretical results with “ex-
Hele-Shaw cell cannot be visualized from the exterior of aPerimental results” on a qualitative level. The simulations
tridimensional sandp”e_ Also, the flow of fa|||ng grains themselves allow us to examine the internal structure of
should be judiciously chosen for getting self-stratificationthree-dimensional piles, even though such investigations are
[8]. not easily realized experimentally.

From a theoretical point of view, it has been demonstrated
that cellular automatf®—11] are helpful for the understand-
ing of granular piles, even though they remain discrete mod-
els. Numerous automaton models have been developed. To The model is mainly based on the Head and Rodgers
describe the case of a single-species sandpile in a twanodel[11]. The sandpile is built on a tridimensional lattice,
dimensional geometry, Bouchaedl al. [12] have developed where the grains occupy a single cubic lattice site. Two types
a theoretical approach of continuum equations. Very reof grains are considered: “type 1" and “type 2,” which
cently, Boutreux and de Genngk3] have extended this con- are represented, respectively, by “black” and “white”
tinuum description of sand flows to the case of two speciesgrains in our work. Both pure species are characterized by
They have theoretically reproduced some self-stratification.the repose angles takz;;) and tan(z,,).

Very recently, we have proposed changing the boundary However, in a binary mixture the dynamics of each grain
conditions[14] of the base rather than varying the natureis governed by the local angle of repose which depends on
(sand, salt, ric¢15], etc) of the pile. We have investigated the type of the neighboring grains. We note that each grain

repose angle depends on the local composition of the sur-

face. The angle may be different for white species on dark

* Author to whom correspondence should be addressed. Electrongrains and conversely for dark on white grains such that the
address: nvandewalle@ulg.ac.be new parameters,, andz,, (for cross-interactionsalso have

Il. DISCRETE MODEL
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FIG. 2. Tridimensionnal sketch of the rule for the present cellu-
lar automaton model. The white grain is deposited at the top of the
pile and rolls down following the relaxation rule given in the text
and illustrated by the arrow. The parameters are chosen herein to be
Z11=215=2 andzy;=z,»=3.

Ill. NUMERICAL RESULTS

(b) In addition to the structure of the base, the present model

FIG. 1. (a) Binary sandpile on a base with a Koch-like prefractal cHonS|_ders only f%ur parameter‘lszll, Zflzﬁ lel’ and Zp,.
perimeter of generation (;~In 5/In 3). A mixture of two kinds erein, we consider integer values of the latter parameters

of sand grains has been uséddiameter of white grains: 0.2-0.3 yarying from 2 to 5. Thus, 256 distinct _situati_ons can be
mm and(ii) diameter of brown grains: 0.07—0.1 mm. Phase seg/nNvestigated. Head and Rodgdrkl] have investigated the

regation(demixing is clearly observed along the valley$) The d_:2 V(_arsion of the_ mod(_el and have di_stinguished four re-
fractal perimeter ofa). gimes in the two-dimensional phase diagram,{ z,,,75;

—241), assuming without loss of generality that;>z,,.
to be considered. In full generalitg,; corresponds to the Only demixing and self-stratification regimes will be inves-
maximum slope on which a particle of tyjecan remain on tigated here because of their experimental relevance.
the top of a particle3 without starting to roll down.

The base is made of randomly choserand 8 species
with equal probability. At each time step, one white grain
(with a probability3) or one dark grairiwith a probability3) Figure 3 presents two typical sandpiles obtained numeri-
is deposited at the top of the central column of the latticecally on the base illustrated in Fig(d) and on a square base,
The algorithm checks the different angles of all the grains orrespectively. The former would have a fractal dimension
the surface. When the local angle of repose is larger than the;=1In 5/In 3 if the iteration procedure were pursued. The
angle tan 1(zaﬁ) allowed by the local configuration of thes  figure presents both a vertical slice accross the pile and a top
species, one grain is transfered to one of the first neighboringiew of the pile for a particular set of parameters;;=5,
columns. This new column is chosen randomly among the;,=4, z,;=3, andz,,=2. A phase segregatiofemixing
first neighboring lower columns. This relaxes locally the sur-of the two species is clearly obtained. This is clearly seen in
face of the pile. The absolute value of the height differencehe transverse view of the pilgigs. 3a) and 3b)]. The
between two neighboring columns is not taken into accounthite speciegtype 2 which has a smaller angle of repose is
for the transfer. No horizontal motion is allowed. This pro- mainly located on the base, while the dark specigge 1)
cess is iterated over the whole lattice until a stable configuresides at the top of the pile. The fraction of white species
ration exists. contained in the pile is smaller than that for the dark species.

Due to the tridimensional character of the setup, therThis is due to the difference of the repose angles only.
grains follow downward paths on the pile surface such that One observes in Figs(8& and 3b) that the white species
some sort of “diffusion” is “naturally” introduced during forms a triangular structure inside the pyramidal pile. How-
the pile growth. We stress that a rolling grain cannot climbever, the “head” of this triangle seems to be broken in the
the pile, implying that the path of a grain is nearly a directedcase of the prefractal perimetdfig. 3(b)]. This is certainly
self-avoiding walk. At the border of the base, the falling due to the presence of “fjords” in the base at the proximity
grains disappear from the structure, i.e., are absorbed beyomd this internal structure.
the boundaries. The simulation is stopped when the sandpile Contrary to piles built on square bases, the demixing is
reaches the border of the base such that the pile shape dtearly observed in the top views of the pile built on prefrac-
nearly invariant. Figure 2 presents a tridimensional sketch ofal base$Fig. 3(c)]. Along the prefractal perimeter, the white
the top of the pile where a white grain is deposited andspecies is observed near the holes of the base. A large part of
“falls” down until it reaches a locally stable configuration. the base is dominated by the white species. This is different

A. Demixing
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@ FIG. 4. Shifted transverse view of the piles of Fig. 3. This ver-

tical cut is taken on the dashed line of Fig. 3. Arrows indicate the
position of valleys in the case of the prefractal perimeter.

As observed in the transverse view, the self-stratification
is better marked here on a square bsg. 5@)] than on a
prefractal basgFig. 5(b)]. We tested the self-stratification on
a 161x 161 base with a prefractal perimeter of generation 4.
Figure 6 presents a transverse view of such a typical pile.
The perturbation of the self-stratification is primarily due to
2,,=3, andz,,=2. (a) Vertical slice of the pile on a 5353 square the fact that piles built on the prefractal base are smaller than

base;(b) vertical slice of the pile on a 5853 base with a prefractal those bwlt_on regular bases. o
perimeter;(c) top view of the pile of(a); (d) top view of the pile of As for piles built on square bases,_ the self—strgtlflcapon is
(b). not markedly observed for the top view of the pile built on
prefractal bases. For a prefractal perimeter, white species
from the classical square base for which the white species igype 2 piling is, however, observed near the fiords of the
only observed at the corners of the squifigl. 3(c)]. From  pase. This is quite a different situation from that of the clas-
the top view of the pile of Fig. 3, the white species representgjca| square base. Moreover, some parts of the prefractal

; . o
abouts of the pile on a square base while it represents aboubase far from the center are not reached by the sandpile

5 of the pile on a base with a prefractal perimeter, althoughyyreading. This is never the case of the square base.
the white and black species aaepriori deposited at the top Figure 7 shows a transverse view of the piles of Fig. 5

of the pile Wit.h equal_ probabiliy. shifted such that the vertical cut goes through some holes of
Moreover, interesting parts of the prefractal base far from

the center are not reached by the sandpile, in contrast to the
square base case, for which the whole perimeter is reache @
by the sand if the simulation is pursued long enough. As ¢
corollary, the height of the pile with a prefractal perimeter is
smaller than that of the pile built on a square base. The slop
of the pile is also modified: with a prefractal perimeter, the
slope is smaller than the square base case. Of course, t
lower part of the sandpile is more affected than the uppe
part.

Figure 4 presents other transverse views of the piles as i
Fig. 3. The transverse views are taken parallel to the previou ®)
ones and passing through holes of the prefractal fseethe
dashed line in Fig. 3 The formation of valleys is markedly
observed for the prefractal perimeter case. Arrows indicatt
the presence of valleys on the sides of the sandpiles of Fig. ¢

FIG. 3. Typical configuration of the pile foz;,=5, z;,=4,

(d)

B. Self-stratification

Figure 5 presents two typical sandpiles obtained numeri
cally on the same prefractal base illustrated in Figp) and
on a square base, respectively. The figure presents both a F|G. 5. Typical configuration of the pile far,,=3, z,,=5, Z,;
vertical slice accross the pile and a top view of the pile. For=2, andz,,=4. (a) Vertical slice of the pile on a 5353 square
this particular set of parameters (=3, z;,=5, Z,)=2, and  base;(b) vertical slice of the pile on a 5853 base with a prefractal
Z,,=4), an oblique self-stratification is obtaingligs. 38—  perimeter;(c) top view of the pile of(a); (d) top view of the pile
5(c)]. of (b).
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The study of binary sandpiles on bases having a prefractal b) , r

perimeter leads to amazing effects. We have seen above that

the demixing seems to be enhanced on prefractal bases but FIG. 8. The normalized concentration profilg of the species 1

the self-stratification seems to be slightly disordered by thes a function of the distanaefrom the center of the base. Both

“fractality” of the base. In this section, we show how to square and prefractal perimeters are giv@h:Demixing situation

understand how these effects occur. (211=5, z1,=4, 2,1=3, andz,,=2); (b) self-stratification £,,=3,
As underlined in our previous experimental work on pre-z;,=5, z;;=2, andz,,=4).

fractal base$14], the formation of branched valleys on the

piles leads to the selection of specific length scfléd. By while the black species having a high angle of repose re-

. S mains at the center of the base. The more tortuous is the
extension, specific high angles are excluded locally along thBerimeter, the more enhanced is the demixing, and vice

pile, especially in the lower part O.f. the sandpile. We hay ersa. This effect should certainly find some application in
observed these valleys and specific angles on the Vert'C%dustry.

view of the piles shifted from the center of the pi&ee Figs. The self-stratification phenomenon occurs when the pa-
4 and 7. _ ) ) rametersz;, and z,, are not very different from each other
Due to the formation of valleys in which avalanché3]  sych that one species cannot “dominate” the second one.
are mainly dissipated, the pile cannot reach all parts of the'he self-stratification is not destroyed by the fractal perim-
irregular base. The fraction of the base reached by sangter. Due to the formation of valleys, the pile height is, how-
grains is reduced as the angles mp( " increase. This is ever, always smaller than in the case of the regular base.
similar to a screening effect. Thus, one understands that foklso, the position of type 1 and type 2 strates may change
demixing, one species has to reach the farthest parts of theith the perimeter structure since they grow from the bound-
prefractal base since they have the smallest angle of reposarjes.
In order to illustrate the above discussion, Fig. 8 presents
the normalized concentration profite of the species 1 as a
@ (b) function of the positiorr from the center of the pile. Both
demixing[Fig. 8a)] and self-stratificatioffFig. 8b)] cases
\ l are shown. Concentration profiles result from averages over
five simulations. The size of both prefractal and square bases
is 53x53. As discussed above, the concentration profiles are
| markedly different for the demixing cases with square or
!E : ey \ ' ' / prefractal perimeters.
S N KT The fraction of type 1 species after the pile reached the
o - - perimeter is drastically reduced with a prefractal perimeter.
FIG. 7. Shifted view of the piles of Fig. 5. This vertical cut is Indeed, we have observed that the fraction of typgélack)
taken on the dashed line of Fig. 5. Arrows indicate the position ofspecies reaches about 71% with a fractal perimeter instead of
valleys in the case of the prefractal perimeter. about 78% with a square base. These values may change
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when the iteration of the prefractal is pursued. concentration profiles have been investigated and are differ-
Self-stratification is clearly observed in the concentrationent on regular and on prefractal bases. This suggests new

profiles of simulation results. Periodiclike damping oscilla-investigations towards applications of both demixing and

tions are seen in Fig.(B). The presence of these oscillations fractals.

is not affected by a change of the base since the self- Our work also suggests new directions of investigations.

stratification is an intrinsic feature of binary sand. However,Instead of varying the nature of the pilsalt, rice[15], etc),

the respective positions of the maxima and the minima of théo change the conditions on the boundaries where avalanches

oscillations do change. The fraction of species 1 is abouare dissipated should receive further attention. Other bases

55% in contrast to the demixing case. should also be investigated since the demixing situation with
a prefractal perimeter leads to a drastic change of the total
V. CONCLUSION fraction of species.
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