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Abstract This paper presents simulations of dry granular
flows along a sloping channel using the discrete element
method. The kinetic sieving and squeeze expulsion theories
are utilized to study the effects of base roughness on size seg-
regation and the underlying mechanisms. Basal friction has a
significant influence on flowing regimes inside the granular
body, and a larger base friction accelerates the size segre-
gation process. The front zone of the granular body is more
likely to be collision dominated with increasing base fric-
tion; as a result, the energy dissipated by frictional shearing
decreases, and damping energy due to particles collisions is
enhanced. Meanwhile, granular flows become much looser,
and collisions between particles increase rapidly. It is shown
that the differences in the kinetics among grains of mixed
sizes and the mechanical effects of particle contacts can
explain the mechanism of size segregation. The parameter
representing the intensity of particles exchange also increases
as base friction increases. The forces acting on particles are
also affected by base friction. The dimensionless contact
force describing the contribution of contact channel-normal
stress increases as base friction increases, which indicates

B Gang Ma
magang630@whu.edu.cn

Wei Zhou
zw_mxx@163.com

Zhiqiang Lai
laizhiqiang0372 @whu.edu.cn

Lifu Yang
yanglifu0598 @ 163.com

Yuan Chen
yuancy_1013@whu.edu.cn

State Key Laboratory of Water Resources and Hydropower
Engineering Science, Wuhan University, Wuhan 430072,
China

that a higher dispersive trend has developed inside the gran-
ular body.

Keywords Size segregation - Base roughness - Dry granular
flows - Flowing regimes - Discrete element method

1 Introduction

Destructive granular flows, such as rock avalanches, debris
flows and pyroclastic flows, tend to exhibit particle segre-
gation. Particle segregation leads to a grading inversion, in
which finer particles percolate down to the bottom of the
flow, while coarser particles rise toward the top of the lay-
ers. Meanwhile, coarser particles in the top layers are then
transported to the flow front, where they can be overrun and
then recirculated, by particle segregation, to form a bouldery
margin [1,2]. These natural phenomena have crucial effects
on both the mobility of granular flows, and on the impact of
granular flows on infrastructures [3,4]. Particle segregation
also plays a key role in the compactness and stability of the
dry granular flow deposits [5]. Therefore, understanding the
fundamentals of particle segregation is of vital significance
to improve the engineering control of debris flows and to
assess the stability of these debris flow deposits.

A number of laboratory experiments and numerical sim-
ulations have been conducted to investigate the influencing
factors and the underlying mechanisms of the granular seg-
regation. Savage and Lun [6] observed that size difference
induces particles to form a demixing distribution in the down-
ward direction (normal to the channel surface) while particles
flow along the slope channel. Granular density is also a pri-
mary factor affecting the segregation in dry granular flows
[7]. The combined effects of size and density differences on
the granular segregation have been investigated by several
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researchers [8,9]. No segregation occurs in the dry granular
flows with particular combinations of radii and mass den-
sity ratios of two species [10,11]. Segregation also occurs in
the granular mixture when grains differ in their restitution
coefficients [12] or surface roughness [13].

In spite of the extensive numerical and experimental stud-
ies, there has been much work on developing continuum the-
ories for size-particle segregation based on mixture theory.
A review of the recent advances in developing these theories
can be referred to Gray et al. [14]. Mixture theory defines a
basic theoretical framework that includes partial and intrin-
sic variables and individual mass and momentum balances
for each constituent. In the framework of mixture theory,
the two-, three- and multi-constituent mixture theories for
particle-size segregation and diffusive remixing have been
proposed by Gray and Thornton [15], Gray and Chugunov
[16], Thornton et al. [17], Gray and Ancey [18]. By coupling
the depth-averaged avalanche models [19-21] with segre-
gation models [15-17], depth-averaged segregation models
have been developed to study the segregation-mobility feed-
back effects [1-3]. These continuum theories are able to
accurately describe the evolution of the size distribution in
size-segregation experiments [22,23] and numerical simula-
tions [24-28], which offer insights into the nature of the size
segregation.

The steady uniform flows have been extensively studied in
both laboratory experiments [22] and numerical simulations
[25-28], which provide simple approaches for researchers to
verify, complement and develop continuum models for par-
ticle segregation. An experiment with steady uniform flows
was performed to verify Gray and Chugunov’s theory [16]
for segregation and diffusive remixing in granular avalanches
[22]. Using the discrete particle method (DPM), the steady-
state simulations with binary mixtures were presented to
determine the segregation parameter in the continuum model
[25] and verify some of the assumptions of continuum seg-
regation models in bi-dispersed chute flows [26]. Staron and
Phillips [27] numerically analyzed the segregation time-scale
in bi-disperse steady uniform flows and developed a sim-
ple model balancing lift and drag forces. Hill and Tan [28]
extended the segregation theory accounting for the effects of
both gravity and kinetic stress gradients and verified this the-
ory using DEM simulations of steady-state flow dynamics.
Simulating steady uniform flows allows the investigation of
particle segregation can be more easily compared with the
continuum theories.

Base roughness is a typical external factor affecting the
flow dynamics. The flow processes of both the ordered and
disordered flows are affected by the base roughness [29,30].
Regarding the granular flows in rotating semi-cylindrical
chutes, the effect of base roughness on the flow behav-
ior of mono-disperse granular particles is notable [31]. The
influences of boundary roughness on the mechanical behav-
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ior of granular materials [32] and flow behaviors in the
hopper [33], funnel [34] and open channel [35] are also
significant. Although the granular flows is sensitive to base
roughness, the influence of base roughness on the particle
segregation in granular flows, especially the transient flows
with tri-disperse mixtures, has not been fully examined. The
mechanism of how base roughness affects the flow regimes
remains unknown.

The main purpose of this paper is to investigate the effects
of base roughness on particle segregation and particle behav-
ior in ternary mixtures. Discrete element simulations with
calibrated parameters are conducted to simulate dry granular
flows along the slope. Different friction coefficients between
the walls and the particles are used to characterize the base
roughness. Assuming that kinetic sieving and squeeze expul-
sion [6] are the dominant processes driving particle segrega-
tion, the fundamental relationship between particle segrega-
tion and base roughness is explored. The flow velocity distri-
bution, shear rate, Savage number, the velocity differences of
dissimilar sized particles, the relationship between the seg-
regation parameters and the regimes of the transient flows,
and the force differences acting on particles are analyzed to
explain the underlying mechanism of particle segregation.

2 Numerical simulation of dry granular flows
2.1 Setup of the numerical model

An assembly of non-cohesive granular particles is simulated
by a three-dimensional discrete element method code (Itasca
PFC3P). Figure 1 shows the numerical model setup and the
deposited multi-layers. The numerical model is composed of
a reservoir and a floor. The reservoir where particles rest is
2.1 m long, 0.4 m wide, 1.0 m deep and is constructed of
elastic walls in PEC3P. The two side walls and the bottom
floor of the slope are infinitely large to guarantee that the par-
ticles can sufficiently segregate. The deposited multi-layers
consist of three different sized particles (diameters of 0.02,
0.04, 0.08 m). The coarse particles are in the basal layer,
whereas the medium and fine particles are in the middle and
top layers, respectively. In each layer, the total mass of the
particles is the same.

To investigate the effects of base roughness on size segre-
gation of dry granular flows, the friction coefficients between
the wall and the particles are set to different values (0.10—
0.90), while the other parameters remain the same (as shown
Table 1). The subscripts f, m and ¢ denote the fine, medium
and coarse particles, respectively. When the gate is removed,
the static particles flow down along the floor of the slope due
to gravity (9.80 m/s?), and then size segregation occurs.

Note that the goal of this work is to qualitatively inves-
tigate how base roughness affects size segregation. Because
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Fig. 1 Numerical model setup and deposited multi-layers

Table 1 Parameters of the numerical model

Parameter Value
Slope angle 35°

Slope width 0.40 m
Mass of balls 450 kg
Density of each ball, p 2650 kg/m?

Ball diameter, d (number of

de = 0.02 m (Nf = 13, 500)

particles, Ni) dy = 0.04 m (N = 1690)

d. = 0.08 m (N, = 210)

Stiffness of ball and wall ky = ke = 10° N/m

Gravitational acceleration 9.80 m/s?
Local damping, « 0.05
Normal viscous damping, B, 0.20
Tangential viscous damping, 0.20

B
Ball friction coefficient, ptpay 0.58

Base friction coefficient, 0.10, 0.30, 0.50, 0.58, 0.70, 0.90

quantitative modeling is hard to conduct due to the complex-
ity of natural granular flows. In order to acquire reasonable
results, numerical parameters employed in the simulations
are chosen from the references [36,37].

2.2 Contact law of the numerical model

A linear contact law is employed in the DEM simulation.
The slip model is also implemented to allow slip to occur
by limiting the shear force simultaneously. Figure 2 illus-
trates the particle—particle and particle-wall interactions,
which includes a combination of an elastic spring, a fric-

GH =k,

1
T

e
O ==

Particle Particle
or or
Wall Wall
Normal Tangential
interaction interaction

Fig. 2 Viscous damping activated at a contact with the linear contact
model

tion slider and a dashpot. The combination represents elastic
deformation, plastic deformation, friction and strain energy
dissipation produced by interactions of particle—particle and
particle-wall. The input damping is of great importance for
matching the physical behavior of granular materials [38].
In PEC3P, two types of damping, namely viscous damping
and local damping, can be specified to dissipate the energy.
The viscous damping is used to determine the damping force
D,,, which is applied to each contact to describe the kinetic
energy dissipated by particle collisions:
Dy = Ciy |Vinl  (m =n, 1) (D
where n and t represent the normal and tangential directions,
respectively, V,, is the relative velocity in the normal or tan-
gential direction of the contact and C,, is the dashpot damping
coefficient.

The damping coefficient is not specified directly in PFC3P.
Instead, the critical damping ratio §,, is specified, and the
damping constant satisfies [39]:

Cp = BuC (m =1, 1) 2
CM = 2Mwy = Bu2y/ Mk (m =n, 1) &)

where wy, is the natural frequency of the undamped system,
ky, is the tangential contact stiffness, and M is the effective
system mass.

In the collision dominant flows, particles under strong agi-
tation sustain no interactions and flow into the air. Therefore,
the energy dissipation due to the pore air viscosity should
be considered. This type of energy dissipation can be mod-
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Fig. 3 Size segregation and average thickness of granular flows with
different base friction coefficients during the flowing process: a base
friction coefficient u = 0.10; b base friction coefficient u© = 0.58

eled by the local damping. Many studies have shown that the
local damping is necessary if there is significant rigid body
motion of the particle system [37,39]. The damping force Fy
is added to the equations of motion, which is proportional to
the out-of-balance force F and in the contrary direction of
the particle motion:

+1 ify>0
Fy = —a|F|sign(v) sign(y) =40 ify=0 @
—1 ify<0

where « is the local damping coefficient, and v is the gener-
alized velocity. The local damping is controlled by « in the
simulation.

A combination of viscous damping and local damping
is employed in the DEM simulation of dry granular flows.
The damping coefficients adopted in the numerical model
were calibrated by Zhou et al. [36,37]. Their research demon-
strated that when local damping is 0.05 and viscous damping
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is 0.20, the restitution coefficient of granular materials in the
numerical model is approximately 0.50, which is close to that
of real granular materials.

3 Simulation results and discussion
3.1 Effect of base roughness on size segregation
3.1.1 Particle segregation

When the gate is instantaneously pulled up, the particles
behind it are released to flow down along the slope due to
gravity. During the flowing process, the coarser particles rise
to the top of the layer, and the finer particles deposit on the
floor. The trajectories of three sized particles are captured
using the corresponding averaged height. As the thicknesses
at different positions of the granular flows are not the same,
the average height of the flow is computed to reflect the over-
all thickness:

H; H; H;
S L R
Nt+Nm+Nc
H;
H, = [ — 5
¢ 2. Nt + Nm + N ®)

where H; is the height of particle i away from the slope floor
surface, H, is the average thickness of the flow, Ny, Ny, and
N_ are the total numbers of fine, medium and coarse particles,
respectively.

Figure 3 shows the evolution of the averaged height of
three different sized particles during the flowing process
along the slope under different base friction coefficients. Size
segregation starts to develop at the very beginning of the
simulation. The fine particles move to the bottom, whereas
the coarse particles climb to the flow surface gradually. The
inserted figure shows the evolution of the average height of
the flow. It can be seen that the overall thickness of granular
flows rapidly decreases to a very thinning layer. The thick-
ness of granular flow with © = 0.58 decreases less slowly
than that with £ = 0.10 and then a slight bounce appears.
This may be explained by that when p enhanced, collisions
between particles increase and the rebound height of particles
increases.

The change of the volume fraction of particles at the base
is also monitored. The particles in contact with the base wall
are considered in the calculation of volume fraction near the
base, which is implemented through a FISH code in PFC3P.
The volume fraction of particles in contact with the base wall
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is computed as follows:

T[d]? Vi
6 z;’,m,c v

where the subscripts f, m and c denote the fine, medium and
coarse particles, respectively, V is the particle volume, dj
is the particle diameter, ny is the number of different sized
particles in contact with the base and P is the volume fraction
of different sized particle.

It can be seen from Fig. 4 that the coarse particles first
account for the largest percentage of those particles at the
base due to the initial arrangement. After releasing the gate,
some coarse particles fall to the base faster than the others due
to shorter distance away from the base, which leads to the first
increase of the percentage of coarse particles. Meanwhile,
Size segregation starts to develop and becomes more and
more obvious: the percentage of coarse particles at the base
decreases to the smallest value while that of fine particles at
the base becomes the largest. Larger  accelerates the decline
of the percentage of coarse particles at the base and makes the
differences in the final percentages of different sized particles
at the base more apparent.

(k=1f,m,c) (6)

3.1.2 Segregation time and effective coordination number

The segregation time is defined when the particles first
inverse grade, i.e. the centers of mass are ordered so that
the large are the highest, the medium are in the middle and
the small are at the bottom. The segregation time of gran-
ular flows with different base friction coefficients is shown
in Fig. 5. It can be seen that particles under the rough base
have a higher segregation speed than the smooth base. How-
ever, this trend disappears when the base friction coefficient
is greater than the inter-particle friction coefficient, which is
0.58 in all simulations.

It has been widely accepted that the void-filling process
is the dominant mechanism for size segregation. Savage and
Lun [6] performed experiments and found that the enhanced
shearing between layers leads to a greater probability of see-
ing a hole that small particles may drop down into, which
accelerates the size segregation. Compared with experiments,
DEM has been instrumental in analyzing this phenomenon
from the perspective of the particle scale information. The
effective coordination number is used to demonstrate the
relative degree of developing holes in dry granular flows.
The effective coordination number, Cy, is defined as C,, =
2Ccfr/N, where Cefr and N are the number of effective con-
tacts and particles. The loss of contacts between particles is
the prerequisite for developing the holes. Smaller coordina-
tion number C;, means that more contacts between particles
are lost and there is a greater probability of developing holes
that particles can drop through. The evolution of Cy, for gran-
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Fig. 4 Evolution of volume fraction of different sized particles at the

base for granular flows with different base friction coefficients: a base
friction coefficient © = 0.10; b base friction coefficient u© = 0.58
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Fig. 5 Segregation time of granular flows with different base friction

coefficients

@ Springer



83 Page 6 of 14

W. Zhou et al.

6.00 -

—a— 4=0.10

0.00 1.00 2.00 3.00 4.00
Time (s)

Fig. 6 Evolution of C, for granular flows with different base friction
coefficients

ular flows with different © has been monitored in Fig.6. It
can be seen that larger p leads to smaller C,. For granular
flows with © = 0.50 and 0.58, the values of C, are less
than 1.00. It indicates that most particles have lost contacts
and became isolated, which will result in more holes in the
granular bodies.

3.2 Flow regimes and kinetics affected by base
roughness

3.2.1 Flow regimes

The velocity distributions inside granular flows are analyzed
to investigate how base roughness may affect the flowing
regimes. Figure 7 shows the computed velocity distribution
along the height (normalized to the slope floor surface) and
morphologies under different base roughness at the flowing
time t of 1.00 s. The different symbols in Fig. 7 are used to dis-
tinguish the computed velocity distribution along the height
at different positions inside the flowing body. Some symbols
are expressed as the ratio of the current values divided by
the corresponding initial or largest values. These normalized
symbols in the figure are defined as follows:

et B Y ©)
Lmax Hmax ngo

where L* is the ratio of the distance L away from the rear
part divided by the whole length of flowing body Lax along
the slope floor, L* = 0.0 at the rear part and L* = 1.0 at the
front head, H* is the ratio of the flow thickness H divided
by the largest flow thickness Hpyax, U™ is the ratio of the
traveling velocity U divided by /gL, where g is the gravity
acceleration, and L is the initial length of the deposited
debris mass.
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Fig. 7 Computed velocity distribution along the height and travel-
ling direction and morphologies for granular flows with different base
friction coefficients: a velocity distributions with base friction coeffi-
cient £ = 0.10; b velocity distributions with base friction coefficient
= 0.58; ¢ morphologies of granular flows with base friction coeffi-
cient £ = 0.10 and 0.58

As shown in Fig. 7, the velocity profiles of the granular
flows at each position can be well fitted by linear functions.
The reciprocal value of tangential slope at each position rep-
resents the shear rate inside the flowing body, which increases
from the rear part to the front head. The data points around
the trend lines are scattered, which indicates that velocity
fluctuation is developed inside the flowing body. The veloc-
ity of granular flows with base friction coefficient © = 0.10
is greater than that with u = 0.58 at the same part of the
granular flows. At the flowing time t of 1.00 s, the morpholo-
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Fig. 8 Variation of the Savage number along the traveling direction
for granular flows with different base friction coefficients

gies of granular flows with different base friction coefficients
are also different. The flowing body with © = 0.10 features
compact. When p is greater, the flowing body (especially
for the front part) becomes looser, and particles move
apart.

To gain a deeper understanding of the effect of base rough-
ness on the flowing regimes of granular flows, the Savage
numbers of the granular flows with different base friction
coefficients are monitored. The Savage number Ng,, repre-
sents the relative significance of contact shearing and particle
collisions (inertial effect) in the granular flows and is defined
as follows [36,37,40,41]:

N y2d2 ®)
T g H i

where y is the shearing rate, d is the particle diameter, and
H is the flow thickness. According to the definition of the
Savage number, contact shearing is dominant if Ng,y < 0.10,
whereas particle collisions are dominant if Ngay > 0.10. The
Savage number Ng,y is the square of the inertial number that
also has been widely used.

Figure 8 shows that the change of the Savage number
for granular flows with different base friction coefficients
when the flowing time 7 is 1.00 s. It is found that the Sav-
age numbers increase from the rear part to the front head
of the granular flows. With increasing u, the Savage num-
bers of the front part (L* > 0.50) become greater, whereas
the numbers of the rear part (L* < 0.50) are almost the
same. This implies that particles in the front part of the
granular flows are more likely to be collision dominated,
which coincides with the morphologies of granular flows in
Fig. 7c.

Figure 9 shows the relative velocity distribution perpen-
dicular to the floor surface for granular flows with different
base friction coefficients. vf, vy and v, in the figures are the

(a) 0.00

Vm- Ve (m/s)

Time (s)

-0.04 +

-0.06 -

-0.08

—— =058

-0.10 T T - T T : - .
0.00 0.50 1.00 1.50 2.00
Time (s)

Fig. 9 Relative velocity distributions along the height for granular
flows with different base friction coefficients: a relative velocity of
medium and coarse particles; b relative velocity of fine and medium
particles

bed-normal velocity component of fine, medium and coarse
particles, respectively. The negative sign indicates that parti-
cles are moving to the slope floor. Compared with coarse
particles, medium particles move to the slope floor more
quickly. During the flowing process, the relative velocity
between coarse particles and medium particles is denoted
as vy, — Ve, which first increases to a maximum and then
gradually decreases to a residual value. With increases in
the base friction coefficient, the relative velocity increases.
Fine particles possess higher values of the slope-normal
velocity toward the slope compared with medium particles;
vf — vy experiences a similar variation as vy — ve. The
difference in the bed-normal velocity component in fine,
medium and coarse particles is the main factor that leads to
size segregation. A greater base friction makes these veloc-
ity differences more obvious, thereby accelerating the size
segregation process.
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3.2.2 Connection with continuum theory

Gray and Ancey’s theory [14,18] showed that for a three
constituent mixture, there are three segregation equations to
describe the evolution of the size distribution, one of which
can be eliminated by the summation condition ¢' + ¢™ +
¢¢ = 1. Substituting for ¢™ by ¢p™ = 1 — ¢' — ¢°, the two
coupled equations can be given as follows [14,18]:

0¢°
at

0 ¢°
— D=
+8z( ! 81)

o' fo_ 0 f e f ¢ f
Gy TV @' = o (Sag"o 4 S (1 - 4%~ o))
0 D—aqu 9
+3—Z( raz) 9

where 9 is used to indicate the partial derivative, V is the
gradient operator, z is the coordinate normal to the base,
qbf, @™, ¢© are the volume fraction of the fine, medium and
coarse particles, respectively, u is the bulk velocity field,
Scms Smf, Scf are the non-dimensional segregation coefficient
of two different constituents respectively and D; is the non-
dimensional diffusion coefficient:

L L

Svu = HTU’D (10)

= ot

where L', H' and U’ are the typical downstream length scale,
typical thickness and typical downstream velocity magni-
tude, respectively, g, is the segregation velocity of phase v
relative to phase p, and D is the diffusivity of the system.
The segregation parameters ¢,, and D are vital in this
theory and they are not very easy to measure indepen-
dently. Special attentions are given to explore the relationship
between the segregation parameters and the regimes of tran-
sient flows. The segregation parameters g.y, (the same for
gmf), which is the relative velocity between coarse and
medium particles or medium and fine particles, can be
obtained from the Fig. 9. The system diffusivity D can be
measured according to the expression as below [24]:

D= <Az2/2At> (11)

where Az denotes a change in position during an time incre-
ment At = 0.01. The angle brackets denote an average made
over all of the grains, and over some time. As the granular
flows in the paper are transient flows, the system diffusivity
D here is not a constant value. Different system diffusivities
are computed every 0.20 s from the initial state to the flowing
time of 2.00 s. For simplicity, the depth-averaged shear rate
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Fig. 10 Variationin g, and D with y for granular flows with different
base friction coefficients: a base friction coefficient © = 0.10; b base
friction coefficient u = 0.58

y is defined to describe the flow regimes at different time
[22]:
U
y =
Hrtnax

U' = (U(Lx, 1))

~ 1 H(Lx,1)
U(Lx,t) = ——— U(x,z,t)d 12
(Lx*,1) H(L*,t)/o (x,z,0)dz (12)

where U’ is the depth-averaged downstream velocity at the
flowing time 7; the angle brackets denote that U’ is computed
by averaging different depth-averaged downstream velocities
U (Lx, 1) atdifferent positions (different L*) of flowing body;
H(L*,t) and U (x, z, t) are the thickness and downstream
velocity at different positions (different L*) of flowing body
atthe flowing time 7, respectively; H/. ., is the maximum flow
thickness at the flowing time ¢. The depth-averaged shear
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Fig. 11 Evolution of the energy components for granular flows with
different base friction coefficients: a base friction coefficient © = 0.10;
b base friction coefficient £ = 0.58

rates are also computed every 0.20 s from the initial state to
the flowing time of 2.00 s.

The thicknesses of steady uniform flows in experiments
[22] and numerical simulations [25-28] are almost constant,
however, the thicknesses of transient flows decrease during
the flowing process. For a certain flowing time, the thick-
nesses at different positions of the granular bodies are also
different. What is more, the velocity field in the transient
flows is more complicated, the evolution of which is consid-
ered as a function of time and particle positions. Compared
with the narrow change of the depth-averaged shear rate in the
steady uniform flows [22], the larger increase in the particle
velocity in transient flows leads to a wide range of varia-
tion in y to explore the relationship between the segregation
parameters and the depth-averaged shear rate.

Figure 10 shows that the segregation velocity g,,, first
increases to a maximum and then gradually decreases with
increasing y . In spite of some fluctuations, this trend is con-
sistent with the bell-shaped observations by Wiederseiner et
al. [22]. Positive linear correlation exists between the diffu-
sivity D and the depth-averaged shear rate y. Larger u leads

to afaster increase in the diffusivity D with increasing y . This
phenomenon can be explained by that the intensity of parti-
cles exchange process becomes higher. It can be concluded
that both ¢,,, and D are dependent on the depth-averaged
shear rate y of transient flows.

3.2.3 Energy components

Energy monitoring enhances the understanding of the par-
ticle interactions in granular materials at the microscale
[42,43]. Despite an extensive number of studies in the field
of dry granular flows utilizing DEM, very little work has
been performed in terms of energy transformation and dis-
sipation. This approach is extended to investigate the effect
of base roughness on the behaviors of dry granular flows.
The energy components considered in this paper are poten-
tial energy E), kinetic energy Ek, frictional energy Ef and
damping energy E4. Except for damping energy, the other
different forms of energy are computed according to the ref-
erence [43]. Damping energy E4 in this paper includes the
energy dissipated by particle collision E. and the specific
loss E:

Eq = E; + Ej (13)

The energy dissipated by particle collisions, E, is computed
as follows [43]:

t N
E. = ZZ Dpdumdt (m = n,t) (14)

t=0 c=1

where Dy, is the viscous damping force, and du,, is the incre-
mental relative displacement vector at the contact.

The local damping o operates by removing kinetic energy
AW; per cycle. AW; is proportional to the mean kinetic W,
when the cycle is executed:

AW —da W, = [210)
W; N

15)

where Ey ;) is the kinetic energy when the cycle is executed.
The energy dissipated by the specific loss, Eg, is the total of
energy loss AW; [39]:

t t
4o Ex
E;=> AWdi :ZT(”dz (16)
t=0 t=0

During the transportation process, the potential energy
E, transforms into kinetic E, frictional Ef, and damping
energy Eq4. Figure 11 illustrates the evolution of the individ-
ual percentages of the energy components accounting for the
change in the potential energy of granular flows with different
base friction coefficients. The change in potential energy E,
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becomes smaller when base friction is higher, which implies
that the flowing distance of the particles decreases. At the
beginning of transportation, the kinetic energy Ex occupies
a larger amount (more than 70.0 %) of the total energy con-
version. The frictional energy Ef follows (approximately
25.0%) and the damping energy Eq accounts for the small-
est amount (<5.0%). With the continuance of the flow of
particles, the percentage of kinetic energy Ey declines signif-
icantly, whereas the two other energies (Er and Eq4) increase.

For granular flows with & = 0.10, an opposite trend for the
variation of energy components appears marginally after the
flowing time ¢ (approximately 0.50 s). However, for granular
flows with = 0.58, the percentage of damping energy Eq4
continuously increases to transcend frictional energy Ef and
kinetic energy Ey. This indicates that damping energy Eg
gradually plays a significant role in the energy dissipation
when base friction is greater. The decrease in the percent-
age of Ey also explains the decrease in the flowing distance.
According to formula (16), the energy dissipated by the spe-
cific loss Eg decreases as Ey decreases. It can be considered
that Eq4 increases mainly due to the increase in E; (energy
dissipated by particles collisions). This means that the col-
lisions between particles increase and that contact shearing
decreases relatively during the flowing process, which coin-
cides with the change in flowing regimes.

3.2.4 Farticles exchange

Particles interchange positions with their nearest neigh-
bors during their motion, which eventually results in size
segregation. Inter-particle collisions will introduce random
velocities. The intensity of particles exchange process can be
quantified by the random velocities. The magnitude of this
“fluctuation” or “turbulence” in granular flows is defined not
by the particle velocities directly, but their velocities relative
to the “background velocity” [13,44,45].

In this approach, the velocity v;(t) of the selected i-th
particle in the selected spherical region €2; can be divided
into the mean velocity v; (r) and the fluctuating part v; (1)":

vi (1) = vi(t) — vi (1) (17)

The mean velocity v;(#) can be attained by averaging the
velocities of particles surrounding the selected i-th particle
in the selected spherical region ;.

1<

v = Z”f(’) (18)
j=1

(19)

@ Springer

where r is the radius of the selected spherical region €2;. In this
paper, the value of 0.1 was used according to the reference
[13].

With the method introduced by [19], the parameters
describing granular flows along the chute are usually dimen-
sionless. The parameter 7;(¢) representing the intensity of
particles exchange for the selected i-th particle can be calcu-
lated from the velocity fluctuations as follows:

Ti(t) = (v (1) /2ri)? (20)

where r; is the radius of the selected i-th particle. This nor-
malization takes into account that larger particles require a
shorter path to exchange positions when the absolute dis-
placement is the same. Dimensionless T7;(f) shows how
quickly this particle changes its position with respect to the
surrounding particles.

By averaging T;(¢) of all the particles inside the flowing
body, the parameter T (r) describing the intensity of particles
exchange for the entire flowing body is introduced:

2
. Z Wi (1)) on

N
T() =
; l=1 &ri

Figure 12 shows the parameter 7T (r) for the entire gran-
ular body with different base friction coefficients during
transportation. A higher value of 7 (r) implies a more rapid
exchange of particles and a higher rate of particle collisions.
With increases in the base friction coefficient, T (r) augments
significantly. For granular flows with © = 0.10 and 0.30,
T (1) first increases to its maximum value and then decreases
to a small value during transportation. For granular flows with
u = 0.50 and 0.58, m continues to increase during the
flowing process. A higher base friction induces a larger T (f)
inside the flowing body, namely, particles exchange their
positions more frequently. This coincides with the increase in
the velocity differences in Fig. 9 and larger damping energy
dissipation Eq4 in Fig. 11.

Figure 13 shows the distribution of 7;(¢) inside the gran-
ular body with base friction coefficients . = 0.10 and 0.58
during transportation. The parameter 7;(¢) develops gradu-
ally from the particles in the front of the granular body to
those in the rear. The distributions of T;(¢) are significantly
influenced by the base friction p. More particles in the basal
layer and front part of granular flows achieve larger 7; (¢), and
the number of particles obtaining larger 7; (¢) increases obvi-
ously. It indicates that a higher base friction induces more
coarse particles to exchange their positions. This explains
why the centroid height of coarse particles first in the basal
layer declines to a constant more quickly when base friction
is higher. Considering higher rate of particle collisions and
larger damping energy dissipation, it can then be postulated
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Fig. 12 Variation in the parameter 7 (¢) describing the intensity of par-
ticles exchange for the entire granular flows with different base friction
coefficients

that larger 7' () (more quick particles exchange) result from
these microscopic changes with increasing base friction and
then accelerate size segregation.

3.3 Mechanical effects of particle contacts

Particle segregation inside the granular body is a combination
of multiple processes, such as diffusion, gravitational setting,
kinetic sieving, squeeze expulsion, etc. [46]. It is necessary
to analyze the effects of base roughness on particle behavior
in dry granular flows from a different perspective. Savage
and Lun [6] proposed the squeeze expulsion theory, that is,
particles move out of their own positions into other posi-
tions above or below because force imbalances are developed
inside the granular flows.

When two different sized particles are interacting, the con-
tact force between them is the same according to the third
law of Newton. However, the same contact force has different
influences on the different sized particles. In consideration of
this effect, a dimensionless contact force (slope-normal com-
ponent) F}" is presented by Zhou and Ng [36] to represent
the dispersive trend in the granular body:

F
Fr="20 (=fm0c 22)
Fa
where Fy, k) and Fy) are the slope-normal contact stress and
slope-normal dispersive stress of different sized particles,
respectively. Fy ) is defined as follows:

N :
1 F!
Fagy =~ > 1
n(k) Ni d]?

i=1

(k =1, m,c) (23)

r=0.20s

0.40s

=0.60%

r=0.80s

1.00s
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1=0.80s

0.00 S

Fig. 13 The distributions of 7;(¢) inside the granular flows with dif-
ferent base friction coefficients: a base friction coefficient © = 0.10; b
base friction coefficient u = 0.58
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Fig. 14 Evolution of Fk* of fine, medium and coarse particles for
granular flows with different base friction coefficients: a base friction
coefficient © = 0.10; b base friction coefficient £ = 0.58

where F! is the contact force (slope-normal component due
to particle interactions) of the particle i, Ny and dj are the
number and diameter, respectively, of the fine, medium and
coarse particles.

According to Bagnold’s research [47], a normal dispersive
stress Fy) (slope-normal component) is developed inside
the flowing body. Normal dispersive stress Fq k) results from
the momentum transfer due to the exchange of particles. Sim-
ilar to the gaseous molecular diffusion stress, no contacts of
particles are needed to produce Fy). A normal dispersive
stress Fy(k) is a repulsive stress for size segregation, which
is computed as:

Ny N
1 : 1
Fat = - > Fi= N > pdiy} (k=f.m.c) (24)
i=1

i=1

where F é is the dispersive stress (slope-normal component
due to particle interactions) of the particle i, p is the particle

@ Springer

density, dy is the particle diameter, y; is the local shear rate,
which is defined as v}'/dj, v} is the slope-normal velocity
of the particle i. Therefore, Eq. (22) can be converted into
another algebraic form:

v
e ) _ ie1 (

k= ~ <N
Faw 3%, pdi ]2

k=1, m,c) (25)

A larger value of F)} indicates that the contact slope-
normal stress Fyx) has a greater contribution to dispersing
the solid particles directly upward. Figure 14 shows the evo-
lution of F* of different sized particles for granular flows
with different base friction coefficients. The value of F
is particle-size dependent. The larger the particle size, the
greater the value of F is. With base friction increasing, F’
decreases more slowly, and the force differences of the dif-
ferent sized particles become more significant. This behavior
indicates that the contribution of contact normal stress Fyx)
to dispersing different sized particles becomes notable. A
higher dispersing trend is developed inside the granular bod-
ies. From the view point of the mechanical mechanism,
accelerated particle segregation can be explained by the
greater contribution of Fy ) to dispersing particles and the
more notable force differences of the different sized particles
due to the higher base friction.

4 Conclusion

Based on the three-dimensional discrete element method
code (Itasca PFC3P), the numerical modeling of dry granular
flows along a slope channel was simulated, and the effects
of base roughness on size segregation and flow regimes were
investigated.

The kinetic sieving and the squeeze expulsion theories
were used to explain the mechanism of size segregation and
how base roughness affects size segregation. The primary
findings drawn from this qualitative study are as follows:

1. The size segregation and flow regimes inside the granular
body are significantly influenced by base roughness. A
higher base friction accelerates size segregation. How-
ever, when the base friction coefficient is higher than the
ball friction coefficient, base friction has no effect on
size segregation and the moving states of the granular
flows. With increases in base friction, the Savage num-
bers are enhanced in the front part of the granular body,
which indicates that the front zone of the granular body
is prone to be collision dominated. The effective coordi-
nation number of granular flows becomes smaller, which
means that more particles have lost contacts. More holes
are developed in the granular bodies, which provide small
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particles with a greater probability of percolating through
the holes.

2. The segregation parameters in the continuum theories
[14,18], namely the segregation velocity gy, and dif-
fusivity D, are dependent on the depth-averaged shear
rate y of transient flows. Positive linear correlation exists
between the diffusivity D and depth-averaged shear rate
y, and the segregation velocity curve is bell-shaped with
a maximum value.

3. The kinetics of granular flows are affected by base
roughness. The higher the base friction coefficient is,
the larger the velocity discrepancies between different
sized particles and the shorter the runout are. From the
microscopic perspective, energy conversion is sensitive
to base roughness. The damping energy Eq progressively
plays a noticeable role in the energy dissipation due to
the increasing number of particle collisions when base
friction increases. The characteristics of the dissipation
mechanism inside granular flows change from frictional
sliding dominated to particle collision dominated.

4. The parameter T (r) describing the intensity of particles
exchange increases as base friction increases. This indi-
cates that collisions between particles increase rapidly
and particles interchange positions more frequently.
These phenomena are the kinetic reasons why size segre-
gation is accelerated by a higher base friction coefficient.

5. From the mechanical perspective, the force acting on par-
ticle surfaces is also influenced by base roughness. The
dimensionless contact force F;* representing the con-
tribution of contact slope-normal stress Fyx) becomes
larger with the growth of base friction, which reflects that
a higher dispersive trend is developed inside the granular
body. Force differences of different sized particles are the
mechanical reasons for size segregation. Therefore, base
roughness has both mechanical and kinematic effects on
the particle behavior in dry granular flows.
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