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Abstract. The geometric roughness at boundaries has a profound impact on the dynamics of granular flows. For

a bumpy base made of fixed particles, two major factors have been separately studied in the literature, namely,

the size and spatial distribution of base particles. A recent work (Jing et al. 2016) has proposed a roughness

indicator Ra, which combines both factors for any arbitrary bumpy base comprising equally-sized spheres. It

is shown in mono-disperse flows that as Ra increases, a transition occurs from slip (Ra < 0.51) to non-slip

(Ra > 0.62) conditions. This work focuses on such a phase transition in bi-disperse flows, in which Ra can

be a function of time. As size segregation takes place, large particles migrate away from the bottom, leading

to a variation of size ratio between flow- and base-particles. As a result, base roughness Ra evolves with the

progress of segregation. Consistent with the slip/non-slip transition in mono-disperse flows, basal sliding arises

at low values of Ra and the development of segregation might be affected; when Ra increases to a certain level

(Ra > 0.62), non-slip condition is respected. This work extends the validity of Ra to bi-disperse flows, which

can be used to understand the geometric boundary effect during segregation.

1 Introduction

Base roughness plays an important role in the flow of gran-

ular materials. For instance, the minimum thickness nec-

essary to sustain a steady flow down incline is a function

of base roughness [1]; the fingering instability developed

at the front of granular avalanches is due to the change

of basal resistance upon segregation [2–4]; an inadequate

base roughness may be responsible for the unsteady flow

regime and crystallisation in chute flows [5–7]; in small-

scale experimental debris flows, base roughness is the key

to produce a realistic deposition with levee formation [8].

To achieve sufficiently rough (i.e. non-slip) base con-

ditions, geometric roughness is usually provided by gluing

particles at the boundary surface. By contrast, a flat sur-

face with only mechanical friction usually leads to a shear

layer near the base, above which plug flows may occur

with poorly-developed shear [5, 9, 10]. In discrete ele-

ment modelling (DEM), one can construct a rough base

by fixing a layer of particles with a regular/random pack-

ing [5, 9, 11–21]. For such a bumpy base, both the size

and spatial distribution of the fixed particles are influen-

tial factors of the geometric roughness. To better under-

stand the basal effect on flow dynamics, it is favorable to

characterise geometric rougness in terms of these two fac-

tors. A recent work by Jing et al. [20] proposes an al-

ternative indicator of base roughness, Ra. It is shown that

in mono-disperse flows Ra well describes the geometric

roughness of any arbitrary base composing equally-sized
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spheres; as Ra increases, a phase transition occurs from

slip (Ra < 0.51) to non-slip (Ra > 0.62) regimes, with an

intermediate regime of Ra ∈ [0.51,0.62].
In this paper, we adopt Ra to study the basal effects in

both mono- and bi-disperse flows. In bi-disperse flows,

one issue of interest is that size segregation leads to a

variation of base roughness, thus affecting flow kinetics

[19, 22]. When larger particles are initially in contact with

the base (which is made of small particles), the relative

roughness is low. The occurrence of size segregation and

the subsequent upward migration of large particles change

the relative roughness. As a result, the boundary value of

velocity evolves with the progress of segregation.

The rest of this paper is organised as follows: In Sect.

2 we briefly introduce the simulation set-up, the strategy

of base generation, and the characterisation of base rough-

ness. Section 3 presents the effect of base roughness in

both mono- and bi-disperse flows, with emphasis on the

variation of geometric roughness during segregation and

the consequence of such a variation. In Sect. 4 we con-

clude our findings.

2 Characterisation of base roughness

2.1 Case set-up

In our DEM simulations, periodic boundaries are imposed

to both the flow (x) and vorticity (z) directions, and the top

surface is free of constraint [Fig. 1(a)]. The base is rough-

ened by randomly-packed particles [Fig. 1(b)]. At the ini-

tial state, a layer of small particles (diameter ds) is placed

     
 

DOI: 10.1051/, 03056   (2017) 714003056140EPJ Web of Conferences epjconf/201
Powders & Grains 2017

© The Authors,  published  by EDP Sciences.  This  is  an  open  access  article  distributed  under  the  terms  of  the Creative Commons Attribution
 License 4.0 (http://creativecommons.org/licenses/by/4.0/). 



Figure 1. Simulation set-up. (a) A bi-disperse flow with

periodic boundaries. (b–e) Bases constructed with Hb/db =
1.0,1.6,1.8,2.0, respectively.

on top of a bed of large particles (diameter dl = Srds), in

which Sr denotes the size ratio of the binary mixture. To

initiate the flow, gravity is tilted in the xy plane to a de-

sired inclination θ . The flow thickness H is a function of

time t after the flow is initiated. Unless otherwise speci-

fied, we consistently use ds = 0.005 m, H = 40ds at t = 0,

and θ = 25◦; Sr = 1 and 2 are specified for mono- and

bi-disperse flows, respectively; particle properties include

density ρ = 2650 kg/m3, Young’s Modulus E = 5× 106

Pa and Poisson’s ratio ν = 0.35. The Hertz contact model

is used, in which the coefficients of restitution and fric-

tion are e = 0.5 and μ = 0.5, respectively. The two con-

tact properties are not varied since we focus on geometric

roughness in the present work. The effect of these param-

eters are discussed in [21].

2.2 Base construction

In the construction of bumpy bases, a variety of particle

sizes and packings are adopted. The size ratio between

flow particles (diameter d) and base particles (db) is de-

noted by Φ = d/db, in which d is the average diameter

of flow particles contacting the base. The (mean) spacing

measured over a layer is noted as εkdb, where ε is spac-

ing and k = 1,2,3 represents the three sides [Fig. 2(a)]. A

base can comprise multiple layers with thickness Hb [Fig.

1(b)–1(e)]. Let y = 0 be the top of a base, we firstly place

a wall at y = −Hb, then pour base particles onto the wall,

and finally trim particles beyond y = 0. By varying Hb/db,

different distributions of base particles are produced. As

reported in [20], Hb/db = 1.8 generally yields the rough-

est base for a given Φ in mono-disperse flows.

2.3 Base roughness

Here we present briefly the characterisation of geometric

roughness. Consult Jing et al. 2016 [20] for more details.

Given a bumpy base made of particles, such as those

in Figs. 1(b)–1(e), we assume that within each layer par-

ticles are centred at one common plane. We can discretise

Figure 2. Definition of base roughness. The larger ball represent

a flowing particle and smaller balls the fixed base particles. (a)

An arbitrary void with area Ai. (b) An equilateral void with area

Am (the most stable with respect to flow).

this plane into an assembly of triangles using the Delau-

nay triangulation scheme [23]. The ith triangle represents

a local void among three base particles (whose centroids

are the vertices of the triangle), with area Ai [Fig. 2(a)].

We interpret roughness as the resistance to motion when a

particle flows over the local void. The maximum rough-

ness is achieved when the flowing particle is coplanar with

the three base particles, in which case we denote the void

area as Am [Fig. 2(b)]. For a layer, we define its (mean)

roughness as

Ra =
1

N

N

∑
i=1

Ai

Am
(1)

where Ra stands for the roughness defined by area ratio,

and N is the number of triangular voids. This definition

combines two key steps shown in [20].

As seen in Fig. 2, Ai can be expressed in terms of εk

Ai = d2
b

√
∑k (1+ εk)

2 ∏
k

[
∑k (1+ εk)

2
− (1+ εk)

]
(2)

and Am =
√

3
4 (1+Φ)2d2

b . Note that when Ai exceeds a crit-

ical value, the layer underneath void i also contributes to

the base roughness. In this case, Ai/Am is truncated such

that Ra � 1, and a non-zero weight is assigned to the un-

derneath layer. This process is referred to as multi-layer
composition and is elaborated in [20]. Clearly, Ra is a

function of spacing εk and size ratio Φ, with limits of zero

and unity; for each layer, a wider spacing or a larger size of

base particles tends to enhance the geometric roughness.

3 Effect of base roughness

3.1 Mono-disperse flow

Both the size and packing of base particles are influen-

tial to the flow kinetics [20]. As seen in Fig. 3, for

the same packing (Hb/db = 1.0) but different size ratios

(Φ= 0.5,1.0,2.0), the velocity profiles show a significant

difference. Larger base particles (Φ = 0.5) provide larger

voids to trap the flowing particles near the base [Fig. 3(b)],

while smaller base particles (Φ = 1.0,2.0) produce slid-

ing at the base. Notably, the velocity profiles are mainly
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Figure 3. Basal effect on mono-disperse flows (θ = 25◦). (a)

Velocity profiles at steady state. (b) Details near the base surface,

i.e. the region with dashed borders in (a).

shifted horizontally, but their shapes remain similar. For

size ratioΦ= 1.0, Hb/db = 1.8 ensures non-slip condition

to the flow because more bumps are generated [Fig. 1(d)].

However, when base particles are half the size of the flow-

ing particles, i.e. Φ = 2.0, the sliding can not be avoided

by varying base constructions. In fact, as [20] pointed out,

neither the size nor the packing is a sole indicator of the

slip/non-slip regimes. With the base roughness Ra defined

in Eq. 1, a transition from slip to nonslip is observed. In

particular, an intermediate range of Ra is found connecting

the regime of sliding (Ra < 0.51) and nonslip (Ra > 0.62).

In the intermediate range, either slip or nonslip can occur

[20]. Such a phase change is confirmed in Fig. 3, where

a non-slip condition is achieved when Ra = 0.66 and 0.72,

regardless of the values of Φ and Hb/db.

3.2 Bi-disperse flow

In bi-disperse flows, the effect of base roughness is more

complicated due to the occurrence of segregation. Initially,

large particles are in contact with the base, giving rise to

a relatively larger size ratio (Φ = dl/db) than that after

segregation (Φ = ds/db). If we consistently use dl = 2ds
and db = ds, the actual size ratio between flowing parti-

cles (near the base) and base particles will vary from 2 to

1 during segregation. As a result, the geometric rough-

ness Ra becomes a function of time, with which the basal

condition evolves. In Fig. 4, the same bi-disperse mixture

is flowing on three bases with different constructions, i.e.

Hb/db = 1.0,1.6,1.8 [see Figs. 1(b)–1(d)], and the evolu-

tion of base roughness (thus basal velocity) is dependent

on the progress of segregation.

To monitor the degree of segregation, we follow [19]

to define a state parameter α = (1 − Δc/Δc0)/2, where

Δc = cs − cl is the distance between the centers of mass

of small (cs) and large (cl) particles, and Δc0 is the initial

distance; α = 0 is the initial state and α = 1 means perfect

segregation. Figure 4(a) presents the temporal develop-

ment of α , which exhibits an exponential growth [15, 19].

Figure 4. Basal effect on bi-disperse flows (db = ds, dl = 2ds,

θ = 25◦). Evolution of (a) degree of segregation α , (b) base

roughness Ra, (c) the normalised base velocity vxb/vxs. Two

dashed lines in (b) mark Ra = 0.51 and 0.62, respectively.

The initial base roughness is generally low (Ra � 0.4) be-

cause the base is made of small particles; as segregation

occurs and smaller particles reach the base, Ra increases

until the maximum value is reached [Fig. 4(b)]. The val-

ues of Ra can be found in three zones: slip, nonslip and

the transition in-between. The dashed lines in Fig. 4 mark

Ra > 0.62 for the slip zone and Ra < 0.51 for the non-slip

zone. Note that the three zones are established in mono-

disperse flows [20], which still predict well the basal ve-

locity conditions in the current segregation configurations.

In Fig. 4(c), we plot the evolution of the normalised base

velocity, vxb/vxs, where vxb and vxs are velocities at the

base and surface layers, respectively. It can be observed

that when Hb/db = 1.0, the varying Ra remains in the slip

zone, and the base velocity of the flow is high (vxb/vxs = 1,

indicating no shear); when Hb/db = 1.6, Ra evolves from

slip zone to the transition zone, which corresponds to the

drop of vxb/vxs from 1 to ∼ 0.4; when Hb/db = 1.8, non-

slip condition is respected for the whole duration (except

the initial short time) and vxb/vxs remains small. Another

interesting observation is that as basal sliding takes place,

the process of segregation is delayed (see t < 20s in Fig.

4). It is reported in [19, 21] that the sliding near the base

may result in crystallisation in the lower layers of the flow,

which hinders the development of shear and hence the ob-

served delay of segregation. As small particles percolate

towards the base, the crystallised structure can not sustain

and then the degree of segregation grows rapidly.

After segregation, a steady state is reached in all pre-

sented bi-disperse flows. As shown in Fig. 5(a), the ve-

locity profile for Hb/db = 1.8 obeys Bagnold’s scaling

[1, 11, 12, 21], with no sliding at the base. For Hb/db = 1.0
and 1.6, basal sliding arises and leads to a shift of the ve-

locity profiles. Figure 5(b) shows the profiles of shear rate
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Figure 5. Basal effect on the steady state of bi-disperse flows

(db = ds, dl = 2ds, θ = 25◦). (a) Velocity profile. (b) Shear rate

profile.

(γ) for all three cases; the velocity gradients are identical

in the bulk of the flows. This indicates that although basal

sliding may delay segregation and significantly change the

overall speed of the flow, the development of shear is

marginally affected provided that a steady state is reached.

Note that if basal sliding happens in a perfectly mono-

disperse flow, it is possible that crystallisation sustains in

the flow, which might lead to an unsteady or plug-like flow

where shear is less efficient [5, 20, 21].

4 Conclusion

This work presents the effect of geometric base roughness

in granular chute flows. A roughness indicator Ra is used

to represent a variety of roughness values due to different

sizes and distributions of base particles. A phase transition

from slip (Ra < 0.51) to nonslip (Ra > 0.62) regimes [20]

is validated for both mono- and bi-disperse flows. Basal

sliding occurs at low values of Ra, which mainly shifts the

flow velocity to a higher magnitude but has a marginal in-

fluence on the shape of velocity profiles. In bi-disperse

flows, the basal condition is a function of time because

segregation takes place and Ra evolves with the progress

of segregation. When large particles contact the base at the

initial stage, significant sliding may arise and the develop-

ment of segregation can be delayed. As small particles

percolate towards the bottom, non-slip condition can be

respected if Ra increases beyond 0.62.

In the future, we expect the roughness indicator Ra to

be extended to more configurations, such as rotating drum,

circular shear apparatus, and curved incline. It would fa-

cilitate the characterisation of geometric roughness and the

interpretation of the boundary effect on mixing, segrega-

tion, and other granular pattern problems.
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