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Internal length and time scales in a simple shear granular flow
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Kinetic theory has been successfully applied to mathematically model the constitutive relations for flowing
granular materials. However, the basis for kinetic theory is the assumption of binary collisions between
particles. Both physical and numerical experiments of granular flows have questioned the validity of this
assumption. It is known that when solid concentration or shear-rate increase, collision contact time becomes
long relative to free-flight duration. Multiple collisions begin to prevail. Interactions between groups of par-
ticles may dominate the dynamics of the flow. This paper addresses both the size and lifetime of multiple
collision groups in a granular flow. Computer simulations of a simple shear two-dimensional assembly of
visco-elastic particles with or without friction are performed. It is found that as the shear-rate or solid concen-
tration increase the shearing particles begin to form distinct groups within each group particles collide simul-
taneously. The group size grows with further increase of shear-rate or solid concentration to the extent that
force chains spanning the whole shearing assembly may form. Concomitantly the collision duration also
increases far beyond that of a binary collision. The evolution of the group size and the collision duration are
associated with the change of the constitutive behavior of the granular materials. The existence of additional
length and time scales demands new formulation for granular flows.
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I. INTRODUCTION of interconnecting particles by contact. A “group” is thus
. L i . . different from a “cluster” referred ifi3,4] in that all particles
Theories of constitutive relations for rapidly flowing of the same group must be interconnected by mutual con-
granular materials are mainly based on extensions of the kigcts. The “contact lifespan” is defined as the duration of a
netic theory of gasefl]. A review of this development may cqjjision. The effects of shear-rate and solid concentration on
be found in Ref[2]. These theories assume that the collisionhese internal length and time scales are investigated by us-
time is negligible compared to the mean free flight time ofjhg 53 computer simulation of two-dimensional simple shear

the particles. Therefore stresses are generated solely frof,y of viscoelastic disk assemblies with or without interpar-
binary collisions. Such an assumption is valid in case ofjqje friction.

dilute granular flows. However most of the granular flows
are dense in nature. Particle interactions can involve multiple

grains and interaction time can be significantly longer than Il. BACKGROUND OF THE PROBLEM
the binary collision duration. The size of multiple grains and
the long particle interaction time alter the rheology of granu-
lar flows.

The stress in a granular system consists of two parts—
contact stress and kinetic stress, the latter is also called the
. . . streaming stresfg7,2]. The kinetic part comes from particle
The formation of clusters in a rapidly sheared granu""‘rﬂuctuations about the mean velocity and the contact part is

rov; has beel_r:j observed in c;)rzpu_f_ehf simulations even gfqn the force between colliding particles. The contact part
moderate solid concentratior[8,4]. These structures are y,minates the total stress unless the solid concentration is
more pronounced in highly dissipative systems. Relaxation

behavi f th ; led “ | i ,very low [8]. The underlying concept of the kinetic theory of
ehavior of these structures is called “granular cooling granular materials is that collisions produce linear momen-
[5,6]. Although clusters only mean enhanced proximity of

iahbori ticl i iiv in simult tum transfer. The rate of momentum transfer results in
neighboring particies not necessarily In SIMUltaneous CoNgyagses Hence stresses are expected to be proportional to the

aFSroduct of collision frequency and the momentum transfer in

tion, which ﬁgggests th_elposTs_irk])ili'Fy of gjultiple ?olligionsfeach collision. The frequency of collision and momentum
among neighboring particies. The immediate Implication ofyanefar in each collision are both proportional to the relative
multiple collisions is the additional length scale associate

ith the si f the simul | . o elocity of neighboring particles, and such relative velocity
with the size of the simultaneously contacting particles, angg .54 rtional to the shear-rate in a simple shear situation,
the additional time scale associated with the duration of colt

lisional contacts.
In this paper we S|multan¢ously mtrqduce an internal From a computer simulation of a simple shear flow of
length parameter: the “group size” and a time parameter: thﬁni

u li " The * e is defined h b form disks, it was found that the stress and shear-rate
contact litespan.” The “group size” is defined as the nUmMbelg|4tion did not always follow the rate dependency described

above[9]. As the solid concentration increased keeping all
other parameters constant, the stress changed from a qua-
*Email address: hhshen@clarkson.edu dratic dependence on the strain-rate to nearly independent of

hus the collisional stress ought to be proportional to the
square of the shear-rate in this type of flows.
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cline, a fundamental understanding of the transition between
“kinetic” and “quasistatic” granular behaviors is needed.

A review article summarized many recent physical and
numerical studies of the “granular gases,” i.e., the rate-
dependent granular flowgl4]. The existence of internal
structures and inseparable time scales were discussed, in
which the structures were associated with clusterslensity
inhomogeneities as discussed in Rdf$4]) or correlation
lengths. Another well-recognized internal structure discussed

0.825

b B ~ was the load-bearing force chains that exist in quasistatic
10 0750 R — = = e Ny rate-independent granular flows, as observed experimentally

L O s TR with photoelastic materialgl5-17. The dynamics of forma-

. e tion and collapse of the force chains also present length and
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time scales.

Intuitively these internal structures and additional length
and time scales must play a role in the constitutive relations
for granular flows. Quantitative theories that implement

these parameters await development.

FIG. 1. Dimensionless normal stress vs dimensionless shear-rate In a recent study18], a detailed analysis of probabilistic

B at various solid concentratior® (from Ref.[9]). distribution of contact duration and its effect on constitutive
) ) _ relations was given. A time scale relating to the contact “age”

the strain-rate. Figure 1 shows this phenomenon. in granular shear flows was proposed. It was found that in

In the figure,,,= 75,/ pdD?y* is the dimensionless normal dense granular flows most of the collisions lasted much
stressB=7y/\K,/p{m/4)D? is the dimensionless shear-rate, longer than the binary collision duration. A theoretical argu-
wherey represents the shear-rafethe particle diametep, ~ ment for the “age” djstribution of co}lision contacts was pro-
its unit thickness densityK,, spring stiffness in the normal V'ded‘; and a new time scale was introduced. By using this
direction, andC solid concentration. At a high solid concen- NéW ‘relaxation time” of multiple collisions a viscoplastic
tration (C=0.9) the slope of the curve is approximateh2, ~ constitutive law for granular flows was obtained that
indicating that the dimensional stressis independent of smoothly bridged the fluid-to-solid transition.
shear-rate. At a low concentrati¢@=0.5) the slope of the Meanwhile, studies concentrating on the spatial structures

. ) T . _have also been actively pursued recently. For instance, Ref.
dimensionless stress becomes flat, indicating that the dime 19] studied the transition between “fluid-like” and “solid-

sional stress is proportional to the square of the shear-ratg o shearing behavior in a wall-bounded flow with fixed
The degree of rate dependency varies between these two gxa|| pressure. Where “fluid-like” referred to shearing in a
tremes for intermediate concentrations. This finding led to &oundary layer next to the moving wall and “solid-like” re-
regime theory proposed in Re]. A schematic flow map  ferred to interior shear similar to failure zones developed in
was given in terms of concentration and dimensionless sheagollapsed soil. In “fluid-like” cases the force chains were
rate. The coordination number was suggested as the possiljgedominantly linear, while in “solid-like” cases the force
internal parameter that could control the change of rate deshains formed a network consisting two nearly perpendicular
pendency. directions. Ref.[20] investigated a constant pressure, thin
More data supporting the same phenomenon as shown i@ouette cell numerically and decomposed the total stress into
Fig. 1 were obtained in a recent three-dimensional study offluid contact” stress and “solid contact” stress. Only those
sphereq10]. In which, the regime change was further de-forces from nonsliding contacts that last longer than binary
rived from a range of friction, concentration, and the dimen-collision contribute to “solid stress.” An “order” parameter
sionless shear-rate. Detailed flow map was obtained from determined by the changes in the contact fabric was intro-
large set of computer simulation data, supporting the scheduced. A constitutive law is proposed that relates stresses to
matic regime chart proposed in R¢®]. The importance of this order parameter.
friction coefficient was discussed as it controlled the strength Clearly with the rapid increase of studies trying to relate
of the force chains that formed inside the granular flow atconstitutive behavior of granular flows to the internal struc-
high concentrations. Duration of contact time was linked totures, both spatial and temporal, new insights are mounting
multiple particle collisions. fast. In the next section we propose a conceptual theory that
Many authors questioned the validity of binary collisions attempts to describe the evolution of constitutive behavior of
in high solid concentration from the inception of the rapid granular flows from dilute to dense concentration that covers
granular flow theory. Heuristic modifications to the constitu-low to high shear rates. In addition to the contact duration,
tive relations have been proposdd—13. In order to bridge we will introduce a new length scale called “group size”
the “kinetic” type of behavior where stresses depend on theéefined by the number of simultaneously colliding particles.
shear-rate to “quasistatic” type where stresses are indepeithe new length scale is the central idea of this conceptual
dent of shear-rate, these authors proposed constitutive laviseory. The relation of this length scale and the asso-
that linearly combined both rate-dependent and rateeiated contact duration with the concentration, shear-rate,
independent stress contributions. While functionally satisfacand material properties of the granular assembly will be
tory as they are for simple cases such as flow down an ininvestigated.
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Ill. ACONCEPTUAL THEORY Direction of shear
In this section we will provide a possible physical expla- O O
nation for the evolution of granular shear flows from a rate- Q

constitutive relations are

O
dependent regime to a rate-independent regime. Consider O&)GE) %O O @ O
O o O

dry granular flow, the essential parameters that determine thi O
(©

O
7=F(%,D,peu.K,&,C). ay @ O o O

In the above, the additional parameters not defined earlier are FIG. 2. Low concentrationa) Very low shear-rate(b) interme-
w frictional coefficient K spring constantnormal or tangen-  diate shear-ratgrc) high shear-rate.
tial), ande coefficient of restitution in particle-particle colli-
sions. There are several ways to obtain the dimensionless t. . m B
form of the above equation, depending on how the stress is t «y K(1-2) =7 ) (4)
nondimensionalized. Lah be the particle mass, the two be- f &) N1-¢
low are both valid dimensionless forms: R
. where B=yym/K is the dimensionless shear-rate amds
T _ = ( Y ) (2a) the particle mass. For any fixed damping effgciow shear-
pD%y2 1 rate mean® < 1, which impliest,<t;. In this case we may
apply the kinetic theory and the flow approaches the theoret-
ical “rapid” flow. On the other hand, high shear-rate means
D y B>1 andt.>t; which implies multiple collisions, group for-
K Fz(v,ﬂse’c)- (2b)  mation, and eventually force chain development.
vi/m As mentioned in Refs[9,10] the above observation
The left is the one presented in Fig. 1. As discusse 8), seemed to contradict the common notion that “rapid” flow is
in the collisional regime particle stiffness is irrelevant andsynonymous to fast flow. The former implies the kinetic
stress is strongly rate-dependent, thus @@ is more ap- theory and the latter implies high shear-rate. This paradox is
propriate for characterizing the constitutive relation. In theactually easily resolved when we consider the conventional
quasistatic regime particle stiffness dominates while sheashear tests, in which indeed high shear-rates lead to stresses
rate becomes irrelevant and E@&b) is more appropriate.  that are proportional to the square of the shear{21e22.
There are two obvious time scales in granular shear flowdhese tests are conducted with a fixed normal stress. In
[9,10. One is the duration of a binary collisicap and the  granular flows, shearing generates a dispersive normal stress.
other is the free flight time;. In the following, we will ~When the confining normal stress is fixed, as the shear-rate
briefly reiterate the consequence of these two time scales. increases the granular material must dilate. Hence the solid
If we assume a linear spring and dashpot contact mechagoncentration decreases, free flight time increases, and the
ics such as most of the rapid granular studies have adopteiow becomes more inertia-dominant where kinetic theory
the contact duration may be solved in terms of the restitutior@pplies.

—, U, 6,C
JK/m Ms

or

coefficient. As shown ii9,10], the duration of contact ik, To gain realistic appreciation of the time scales, we con-
=7/\(2K/m)(1-%) where/=-Ine/7?+In%e is the damp-  sider a case of sand grains. For Young's modulus of the order
ing coefficient associated with the dashpot. Hence of 100 MPa, and grain size of 1 mm in diameter, the binary
contact time estimated with Eq3) is of the order of
t o /[ m 3) 10°° sec. With this in mind it would seem that for the free
¢ K1-2' flight time scale to be comparable with the duration of a

] o ) ) binary collision the shear rate is unattainably high. However,
The true free flight duration is a function of the particle ve- the free flight time scalé; is highly sensitive to the solid
locity and the mean free path. The particle velocity is con-goncentration, because the average distance between grains
;lsted of both the mean velocgy and the particle’s fluctuajg proportional tov’%—l in 2D and%’ﬁ—l in 3D,
tion. Using an order of magnitude argument, both meanyherec, is the densely packed concentration. Therefore, as
relative velocity between particles and particle’s fluctuation
velocity are proportional to the shear-rate times the particle
diameter. The separation between particles is proportional tc
their diameters for a fixed concentration. We thus estimate O
t;c ¥ 1 with the proportionality strongly dependent on con-

O
centration. OO G% %D é% O
If the duration of binary collision is much shorter than O(g)%g 8 O O
Sl

Direction of shear
-

free flight, binary collision would be the dominant mode of (O OO O
stress generation, and constitutive laws derived from the ki) O b) ©) O
netic theory apply(1]. In dimensionless form, the relative

magnitude of binary collision duration to the free flight du-  FIG. 3. Intermediate concentratiofa) Very low shear-rate(b)
ration gives the ratio intermediate shear-ratég) high shear-rate.
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2(c), groups grow in size due to an increasing chance for free
particles to join before groups have the time to disperse.

Conceivably, there may be a maximum group size depending
on the global concentration, the shear-rate, and material
properties. As the solid concentration approaches zero, the
group size should approach one. The maximum possible
group size under any condition is the total number of par-

ticles in the flow domain.

Next we consider an intermediate concentration case. Fig-
ure 3 depicts a scenario from a very low shear-rate to in-
creasingly higher and higher shear-rates. At very low shear-
L . . . rates, binary collisions still have a chance to finish before a
the concentration increases, fr_ee ﬂ'gh.t time drastically re'traveling particle comes along to begin the next binary col-
duces and multiple collisions will prevail. _ lision, as in Fig. 8a). As the shear-rate increases, just like in

As shown in Ref[18], in addition to the two time scales Fig 2 multiple collisions become increasingly probable. At
described above another time scale associated with the relags intermediate concentration, however, the number and
ation of multiple collision groups emerges. This time scalesjze of groups are greater than the low concentration case.
depends on the existing intrinsic parameters of the granulgryrthermore, as the shear-rate increases more, large groups
assembly. It is very likely that many other secondary timethat span the entire length of the granular assembly in the
scales will prove to be important as the granular flow evolveshear gradient direction can form, such as in Fig).3\t this
from inertia-dominant to quasistatic. intermediate concentration, these large groups, or force

What exactly happens inside a granular material when ithains, are short-lived. They dynamically deform and break-
goes through the transition? From physical experimg#s  down into smaller groups and reform into new force chains.
and computer simulation4], it is clear that internal par- At a high concentration as shown in Fig. 4, almost all
ticle organization evolves when solid concentration is highparticles are connected all the time through a force network.
In our conceptual model, the transition from inertia- When shear-rate is very low, such as in Figa)4 particles
dominant to quasistatic flow is a result of the internal struc-have time to rearrange, so that groups may move over one
ture evolution. We will describe this evolution pictorially by another to accomplish a macroscopic shear-rate. This con-
considering three cases: a low, an intermediate, and a higtept is analogous to that of the liquid viscosjp]. As the
concentration case. shear-rate increases, the time to rearrange cannot catch up,

In each of the three cases, the materials are the same. Lgarticles form crystallized regions joined by slip-lines. Fig-
us begin with the low concentration case, as shown in Fig. 2ure 4b) shows such a case, where different particle shadings
This figure shows a scenario of increasing shear-rate fromepresent different groups bordered by slip-lines. These crys-
left to right while keeping the concentration constant. Shadedallized groups maintain their identity much longer than
particles are in contact. At a very low shear-rate as in Figthose in Fig. 4a). These groups slide across one another as
2(a), the shear-induced particle velocity is low. Hence thewell as undergo deformation within the individual groups.
travel time between collisions is longer than the contact timeThe slip-lines rotate gradually as the crystallized groups slide
between colliding particles. Binary collisions prevail. Con- and deform. A time sequence of such phenomenon is shown
tact forces(the equal and opposite paibetween colliding in Fig. 5. As the shear-rate increases even more, the only way
particles are shown as bars connecting particles. Each coshear can happen is through formations of concentrated fail-
tact force consists of a normal and a tangential componentire zones. The white particles in the center two layers of Fig.
The thickness of the force bars represents the magnitude dfc) represent this failure zone, most of the shear takes place
the combined force and the direction of the combined forcen this failure zone, the rest of the particles remain crystal-
is the direction of the bar. As the shear-rate increases, thiized, with no time to relax and rearrange. This stage also
traveling time between collisions reduces and the probabilityepresents very high peak stress levels. Particles may fracture
of multiple collisions goes up. As shown in Fig(h2, two  under the peak contact load. Formation of such localized
groups of three or four particles are engaged in multiple colshearing layer in granular flows was found [®,10]. The
lisions. These particle groups disperse shortly after and newansition between Figs(d) and 4c) is analogous to ductile/
groups form. When shear-rate is further increased as in Fidprittle transition in solids.

(@

FIG. 4. High concentration(@) Very low shear-rate(b) inter-
mediate shear-ratgc) high shear-rate.
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FIG. 5. A time sequence of deforming blocks of granular materials joined by slip-I®e8.875; =0.5; e=0.1; B=0.001; sample
size=30(in flow direction by 100 (in velocity gradient direction Velocity is in the horizontal direction and gradient is in the vertical
direction. These panels are separated by a time durationtgf 10
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In dimensionless terms, “low shear-rate” corresponds t@nd dashpot is applied in the normal direction and a linear
t/t; <1, “high shear-rate” corresponds tg't;>1 and “in-  spring with frictional sliding is applied in the tangential di-
termediate shear-rate” is the cdsé;=1. Because the ratio rection. The spring and dashpot forces are directly related to
of binary contact duration and the mean free flight time apthe relative velocity between two particlésand B
proaches infinity as the solid concentration approaches the . . .
densest packing, at extremely high concentration close to the Vag= (Xa — Xg) + R(05 + )t (5)
maximum packing limit, it is conceivable that situations de- .. . . . .
picted in Figs. 4a) and 4b) are impossible. As soon as the whereX is the position vector of the particl® is particle

shear begins, the particles form crystallize regions and she&®dius ¢ is the angular displacement of the particle, ansi
can only occur at finite failure zones. In this case, the con nihe unit vector tangent to the particles in contact. The relative

dition we call “high shear-rate” as shown in Fig(ch can displacement rates in the normal and tangential directions
begin at a physically very low value of shear-rate. Stick-slipmay be expressed a@sVag-k and§=V,g-t respectively, in
situation at very high concentrations has been observed iwhich, k is the unit normal vector at contact. Using these
several physical and computational studies of granular matgyotations, the damping forces due to dashpots are calculated

rials (e.g., Ref.[26]). That is, shearing occurs discontinu- in terms of the instantaneous relative velocity
ously in time and a constant shear-rate cannot be maintained.

This situation is not covered by Fig(e}. We believe that Dp = 24, VMK, (6)
Fig. 4(c) is only one kind of flow that happens under high

concentration and “high” shear-rate. The formation of a fail- related to the restitution coefficientas defined in Eq(3).
ure zone is necessary to allow a continuous shear at a con

stant rate. This failure zone is most likely created by first The normal and shear spring forces are cumulated such

applying a slow strain such as in a triaxial test vessel. If a fhat at time stefN

granular material does not have the time to create this failure  pN=pN-14 K aN-127t and FN = FN1 + K gV 12At. (7)

zone, it must then go through an elastically deforming stage

(stick) until enough room is created somewhere so that dhe total force is the sum of dashp@amping and spring

local collapse takes place, and shear can be accomplishéerces defined above. The magnitude of the shear force is

(slip), provided that particles survive the high deformationlimited by uF, whereu is the friction coefficient.

stage. The material parameters used in the present simulations
It should be emphasized that although there are nine digre spring constant in the normal directikip=10%, tangen-

tinct “regimes” depicted in Figs. 2—4, transition between anytial directionsk;=0.8K,,, particle diameteD=1, and particle

pairs of these regimes may be gradual or abrupt. Indeednass=1. Two friction coefficients are studigd=0 and u

from the flow maps shown ifi10], the transition between =0.5. Whenu=0 slipping always occurs if there is any tan-

some basic regimes defined as elastic-quasistatic, elastigential relative momentum. Two values of restitution coeffi-

inertial, inertial-noncollisional, and inertial-collisional could cient were investigatesg=0.1 ande=0.9, in the normal di-

whereK,, is the normal spring constants of contact d@hds

occur over small changes in the parameter space. rection, and no damping in the tangential direction. In the
figures to follow, we present the case when0.1. The re-
IV. THE NUMERICAL EXPERIMENT sults are qualitatively the same for the case ve0.9.

Periodic boundary conditions are applied, which is a stan-
To validate the above conceptual theory, we performed aard technique well established in molecular dynami3.

numerical experiment using the discrete element method abhe number of simulation domain contains 3000 particles
described in Ref.[9]. For completeness, this numerical (30 in the velocity direction by 100 in the velocity gradient
model is briefly described here. A two-dimensional assemblyirection. In each time step, list of neighboring particles are
of uniform disks is adopted. We consider a simple shear flowirst established through a search routine. Contacts are then
with velocity in thex direction and velocity gradient in the  detected if center-to-center distance between neighboring
direction. The contact force between two disks consists oparticles is less than a particle diameter. All contacts binary
normal and tangential components. A parallel linear springdor multiple, are recorded first, then total contact force acting

051308-5
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1000 1000
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on a particle is calculated from the sum of all individual based on the conceptual theory described earlier. Except for
contact. The acceleration, velocity, and displacement of eachne case at the highest concentration and highest shear rate,
particle are obtained from the total force. The computatioririction consistently increases the average group size. Figure
proceeds to the next time step. 8 shows the maximum size of the groups. Since the total
The total stress is the sum of the kinetic strésand the number of particles is 3000 in the numerical experiment,

contact stress®. The contact stress is defined #s=(kF;) ~ When the maximum size of the group reaches 3000, force
=(D/A)SM kF; whereD is the disk diametera is the do- chains spanning the entire domain are present and the system
~1kiF; f

main areaM is the number of contacts i, k is the contact saturates.” For the frictionless case, this condition is

ector andF is the contact force between two disks Thereached wherC is 0.9 and the dimensionless shear-rate is
Vecto IS th . , V,V ISKS. greater than 0.01. For the frictional case, force chains span-
kinetic stress is defined as#fj ==(pvjv{)==(m/A)

N porp B - . ) n!ng the entire domai_n occur earlie_r, as seen fro_m the much
XZp-1vi v wherep=mN/A is the density of the particle higher values of maximum group size in the entire range of
assemblym is the disk's massN is the particle number in  shear rate studied. Force chains may develop much earlier
the domain and’’ is the fluctuation velocity of the particles. than the moment when maximum group size equals the
The time step was chosen to be 1/50 of the binary collisiorsample size. In fact, as soon as one group of simultaneously
time. All data reported here are based on steady state resubislliding particles spans the flow domain in any direction,
as determined by the average stress levels. force chain forms. However, we currently do not have any
Figure 6 shows the dimensionless stress obtained for thregeometric measure of a group other than its size, hence we
concentrations. Although the material properties are very difare not equipped to detect the onset of force chains spanning
ferent and sample size is 100 times of that reported in Refthe domain.
[9], similar variation of rate dependency as shown in Fig. 1 is The variation of coordination number with respect to the
again observed for both frictionless and frictional cases, withtdimensionless shear-rate is shown in Fig. 9. Clearly, the co-
higher stresses in the latter case. ordination number increases with the concentration. But the
We define simultaneously contacting particles as aependence on the shear-rate is not monotonic. Coordination
“group.” These “groups” are somewhat like macroparticlesnumber is a measure of rigidity in polymer fluids and granu-
except that they can deform, disintegrate, and reorganizéar materials[28]. A degree of freedom constraint argument
Two distinct groups do not have any particles in contact withwas used to suggest that for critical rigidity the coordination
each other, but all particles belonging to the same group aneumber isz.=4 for stationary smooth uniform disks aad
connected via force networks. In strictly binary collision =3 for the corresponding situation with frictional disks. Be-
cases, group size is either 1 for free flight particles or 2 for dow this critical number granular materials cannot support
pair in collision. Figure 7 is the result of the average groupload from arbitrary directions. Figure 9 shows that for flow-
size, defined as the total number of particles divided by théng granular materials, as the shear-rate increases, the coor-
number of groups in the simulation domain. In each caselination number approaches=3 in different fashions de-
group size increases with increasing shear-rate, as expectpdnding on the concentration. For a very high concentration

3500 3500

3000 3000 —

‘g / @ FIG. 8. Maximum group size

325"0 82500 —¢ vs dimensionless shear-ratB.
G i e i .

g // 09 x Coo Left side: u=0; right side: w
= —

2000 —=—C=0.875 2000 —&— C=0.875 =0.5.

/ —&—C=08 —a—C=0.8
1500 r 1500
0.001 0.01 0.1 1 0.001 0.01 0.1 1
B B
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(C=0.875, 0.9 the coordination number decreases to 3 as Figure 11 shows the number density of the dimensionless
shear-rate increases. For a lower concentrat@n0.8) the  contact duration foru=0, three concentrations and two
coordination number increases to 3. This phenomenon is otshear-rates. If all contacts are binary, the number density
served for both frictionless and frictional cases. function should have a delta distribution around 1. As can be
Figure 10 shows the contribution of the kinetic stresses tseen, for lower shear-rates, contact durations are closer to
the total stresses. This contribution increases as the shear-rdba@t predicted by the binary collision duration than higher
increases. Increasing kinetic stress indicates higher particlehear-rates. In general, the contact duration increases with
velocity fluctuation, hence implies less stable particle groupsboth shear-rate and concentration with a good number of
For the two cases of very high solid concentratig@  contacts lasting much longer than the binary contact time.
=0.875, 0.9 fluctuation energy increases as the coordinatiorFurthermore, the effect of concentration on these contact
number decreases. For the case of a lower concentré@ion times is evident from these results. Log-normal distribution
=0.8 increasing fluctuation does not affect the increase oseems to fit the lower concentration cd€s=0.8) well, but
the coordination number. The relation among fluctuation ennot for higher concentrations. Figure 12 depicts the mean
ergy, coordination number, and the stability of groups will contact duration for both frictionless and frictional cases and
require further investigations. various dimensionless shear-rates and concentrations. All
To test the stability of groups we may also study the con-cases show that the mean contact duration is longer than the
tact duration. Moreover, contact duration is a measure of thduration of binary collision. The frictional cases have much
validity of kinetic theory. We define the contact duration aslonger contact time than the corresponding frictionless cases.
the duration from the initiation of a contact to its termination, An interesting result is that as shear-rate increases the mean
that is, the “lifespan” of a collision. The measure of this contact duration begins to decrease. It is probably due to the
duration is inherently limited by the observation. Contactdegradation of the group stability sustaining the multiple col-
durations longer than the observation duration can only bésions under high shear-rates.
recorded as “saturated.” As shear-rate increases, it was ob-
served that the contact dura_ltlon also increases. Hence, it is V. DISCUSSION
necessary that the observation length be increased for large
shear-rates or higher solid concentrations. In the results pre- The data obtained from the numerical experiment support
sented here, the time range for observing the contact duratidhe conceptual theory given in Sec. Ill. As shown in Figs.
of the particles is between 2000 and 4000 time steps, or 50 t6—8, we observe at lower shear-rates and lower concentra-
80 times the binary collision duratiofy. To obtain smooth tions, the particles are mostly discrete and the contacts are
statistics we bin the duration of contacts over a small rangeare. A significant portion of the contacts are binary in nature
of time steps, the bin sizes are 40 f@&=0.8, 60 forC  (as seen from the group size values in Fig.Hence as the
=0.875, and 80 fo£=0.9. shear-rate increases, the kinetic energy and the stress in-
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crease as the collisions become more frequent. At first, thisig. 13. Similar behavior of all other parameters given in
increase of stress indeed is dependent on the square of thégs. 8—12 was observed between0.1 ande=0.9. Never-
shear-rate, as shown by the flat curve in Fig. 5 for low sheartheless, it is with no doubt that regime change and the types
rate cases. If the shear-rate is increased for a lower conceff regimes depend quantitatively on the intrinsic properties
tration casgC=0.8), multiple collisions begin to take place, at the grain level. _ _

group size increases, rate dependency begins to drop as canGranular materials are like any complex material that can

be seen from the declining slope of the dimensionless streiSplay the whole range of behavior from solid to gas].
The gaslike extreme is the simplest form it can take. Transi-

curve in Fig. 6. For higher concentrations, such declining. b . b lated luti f
slope happens at lower shear-rates. Rate dependency of %Egn etween regimes seems to be related to evolutions o

oth additional time and length scales beyond the binary
collision time and the individual particle size. It is observed
may form and separate at a rate corresponding to the she that the contact timg and the size of a .group.defined as the
. : . . : terconnecting particles both grow rapidly with increasing
fate. This point has also been menuonecﬂllla]. We behg\_/e concentration while their dependence on the shear-rate is not
the above results correspond to the inertial-collisional,,notonic.
|nert|al'-nonc.:oII|S|onaI, anq flnaIIy. ela.st|c-|nert|a'l transition  gome additional remarks are due here concerning the very
as defined if10]. The strict quasistatic case with no rate- gense flows where force chains span the entire flow domain
dependency is not observed in this study. It is speculated thgfrevail. As mentioned in Ref10], interparticle friction plays
for strict rate-independency to happen, group size needs tgn increasingly important role in very dense flows because
reach the sample size consistently. the stability of these force chains rely on this friction. In the
The integrity of the groups is related to the velocity fluc- “elastic-quasistatic” regime stresses are mainly originated
tuation of the particles. As shown in Fig. 10, kinetic stress offrom the force chains. Increasing interparticle friction means
the granular system does increase with shear-rate and deore stable force chains and reduced inertia effects from
crease with solid concentration, indicating the dynamics otheir breakage. The resulting macroscopic behavior obeys a
groups play a role in the constitutive relation of the granularCoulomb friction law. The data from Refl0] suggested a
material. The dynamics of group interactions are responsiblpercolation threshold exists for the solid concentration,
for the rate dependency of the constitutive behavior evembove which rate-independency is expected.
though binary collisions are no longer valid. All of the observations above are obtained from computer
The constitutive relation of granular flows changes re-simulations. Since computer simulations are constrained by
gimes from being rate-dependent to nearly rate-independerfinite sample size, it is natural to ask whether the above
This regime change may be explained in terms of the contaaibservations are sample size dependent. We tested the stress
time also. From Fig. 11 the peak probability of contact timeand strain rate relations with sample size ranging from 20 by
will occur around the binary contact tim@me#t.=1) only 20 to 50 by 50 and found quantitatively the results did de-
for low concentration and low shear-rates. As either thepend on the sample size for small sample sizes. However, the
shear-rate or the solid concentration increases, groups of pastress results from 50 by 50 sample size are less than 5% of
ticles form. The contact duration distribution peak is still difference from the stress results of 30 by 100 presented
distinct but the tail portion grows. Many more collisions are here. Thus the stress and strain rate relations with the current
longer than binary, involving groups of simultaneously col-sample size have probably reached its stable value for the
liding particles. When shear-rate or solid concentration furparameters we tested. On the other hand, it is obvious that
ther increase, the force chain formation starts wherein thether internal scales may still be sample size dependent. For
probability curve is sufficiently flat and the tail portion grows instance, when the maximum group size shown in Fig. 8
wider. Eventually, force chains become persistent whereimeaches the sample size, the mean and maximum group sizes
the probability curve could become flat across the entire timare artificially constrained by the sample size. Thus although
domain. the qualitative behavior of granular flows, and reasons of the
To see if any of the phenomena observed above is matdransition between distinct regimes is the same regardless of
rial property dependent, a case wah 0.9, u=0 was tested sample sizes, quantitative results reported in the above may
keeping all other parameters the same. The resulting dimerstill vary with sample size. Further study is required to ad-
sionless normal stress and the average group size are givendress this issue.

constitutive relation does not totally disappear @+ 0.8 in
the range oB tested, suggesting groups of colliding particles
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nation number, and the size of the groups of simultaneously
contacting particles. Although the results support the concep-
tual theory for regime change, it requires further analysis to The notation used in this paper is as followsB, dimen-
determine how the particle groups interact and how the forcsionless shear-rat€, concentrationgt step size in the simu-
chains form and break within these groups. These macropalation=t./50; e, restitution coefficientK,, K, particle stiff-
ticles are integral parts of a mathematical formulation ofness;m; particle masst,., binary collision;y, shear-ratey,
granular flows. The dynamics of these structures must bparticle friction coefficient;T;z, dimensionless normal stress;

APPENDIX

included in the constitutive laws for granular materials. 71, dimensionless shearing stress.
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