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ABSTRACT

Experimental studies of dry granular flows on small diameter particles revealed the occurrence of collisional flow
mechanism only at low stresses which may imply it has limited relevance in earth’s granular flows. However, the
mechanism is highly related to particle inertia, and thus both shear rate and particle mass play crucial role in its
occurrence. 3D-DEM simulations of plane shear flows conducted here for larger particles showed its importance at
higher stresses. Its relevance in debris flows and avalanches are further investigated by assessing a range of values of
vertical stress, flow velocity, and particle diameter required for rate-dependent flows.

RESUME

Les études expérimentales sur les flux de granulats secs de petits diametres ont révélé la présence d'un mécanisme
de flux par collision pour les faibles efforts verticaux. Ceci peut impliquer une limitation de l'importance de la prise en
compte des flux de terre granuleuse. Cependant, le mécanisme est extrémement dépendant des caractéristiques
comme l'inertie, le poids des particules ou encore la vitesse de cisaillement qui jouent un réle crucial dans la présence
de ce phénomeéne. Une étude 3D DEM sur les surfaces de cisaillement a montré I'importance du phénomeéne sur les
grosses particules soumis a une forte contrainte. En ce qui concerne les flux de débris, et avalanche, une étude plus
approfondie a été conduite en supposant une plage de valeur pour I'effort vertical, la vitesse du flux, le diameétre des

particules.

1 INTRODUCTION

Rapid flow behaviour of dry granular material has been
extensively studied in laboratory by conducting ring or
annular shear and flume experiments (e.g., Bagnold
1954; Savage and Sayed 1984; Patton et al. 1987; Drake
1988; Klausner et al. 2000; Martino and Davies 2003).
Granular flow mechanics has been also studied using
DEM simulations of plane shear flows (e.g., Thompson
and Grest 1991; GDR MiDi 2004; Da Cruz et al. 2005;
Campbell 2002, 2005; Hatano 2007).

Laboratory studies were limited to small size particles
and they showed rate-dependent flow behaviour due to
collisional mechanism at low stresses. However, no such
dependency of shear rate was observed at high stresses
(e.g., Hungr and Morgenstern 1984; Kaibori 1986; Vibert
et al. 1989; Fukuoka and Sassa 1991). A possible reason
for this may be the shear rates at which the experiments
conducted were not sufficient to initiate collisional
mechanism at high stress for small diameter particles
that were tested. This can be explained as follows.
Rheological studies of collisional granular flows using
experiments (e.g., Bagnold 1954) and adopting kinetic
theory of gas (e.g., Lun et al. 1984) suggested that

vertical normal stress(op) is generally related to void
ratio (e), particle density (pp) shear rate (y), and mean

particle diameter (d) by o, :f(e)pp(\'(d)2 where f(e) is

a function of void ratio. This implies that at constant void
ratio and vertical normal stress, the required shear rate
increases with decrease of particle diameter and the
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product d is constant. This fact is also supported by

experiments conducted for different particle diameters at
low stresses (e.g., Hanes and Inman 1985; and Patton et
al. 1987). Since{d is high at high stress, the required
shear rate to cause collisional mechanism in small
diameter particles will be very high for higher stresses.

In this paper, DEM simulations of plane shear flows
will be conducted for large diameter particles at higher
stresses in order to investigate the relevance of
collisional mechanism by observing the required shear
rates for collisional flows. The findings will be helpful to
determine the consideration of collisional mechanism in
modeling earth’s granular flows.

2  DISTINCT ELEMENT MODEL

Three dimensional DEM simulation was carried out using
spherical particles with periodic boundaries on the sides,
and a servo-controlled wall at the top, see Figure 1.
Green and red particles were used to model the top and
bottom platforms respectively. The size of the model,
length-width-height, was set to 9dx9dx10d containing 912
particles including the boundaries. Size effects were
examined by conducting some simulations on sizes of
8dx8dx9d and 8dx8dx8d with total particles of 641 and
552 respectively. The results of the smallest size were a
little bit different from the others.

During shear, the bottom red particles moved only
horizontally in the negative x-direction at a prescribed
shear velocity while the servo-controlled wall at the top
moved only up and down relative to the green particles to



keep the prescribed vertical normal stress constant.
Measurements of stresses, shear rates, and void ratio
were taken from a ‘measurement sphere’ after the flow
reached steady state condition. Each simulation
represented a single state of flow in which all measured
variables uniformly distributed in the plane shear flow.
Since gravity is the main factor for heterogeneity, the
minimum applied vertical stress in actual experiments is
limited by the value required to neglect the effect of
gravity on the variation of vertical stress (Savage and
Sayed 1984). In DEM simulations, on the other hand,
gravity can be easily eliminated (Da Cruz et al. 2005).
The steady uniform plane shear simulations conducted
here were also carried out with out gravity.

Figure 1. 3D plane shear model.

PFC3D-version 4.0 was used for DEM simulation.
The non-linear Hertz-Mindlin contact model was adopted
with viscous damping applied in both the normal and
shear directions at particle contacts to model inelastic
collisions. Forces and relative displacements at a contact
in the normal and shear directions are related in case of
no viscous damping by Eq.1 (PFC3D-v4.0 User’s Guide
2008).

ARS = —KSAUS (1b)
FiS = min(u Fin : )ZAFiSD EAFiS / ‘EAFiS‘ (1c)

where Fin and FiS are the total contact normal and shear

forces, U" is the total contact normal displacement, K"
is the contact secant normal stiffness, n;j is a unit vector

900

normal to a contact, AFiS is the incremental contact
shear force in a time step, AUiS is the incremental

contact shear displacement, kS is the contact tangent
shear stiffness, and p is contact friction coefficient.
Contact stiffnesses for Hertz-Mindlin model are given by
Eqg. 2 (PFC3D-v4.0 User’'s Guide 2008):
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where R[A] and R[B] are radii, G[A] and G[B] are shear

modulus, and v[Aland vIBl are Poisson’s ratios of the
balls in contact.

In case of viscous damping, damping force is added
to the contact force given by Eqg. 1, and acts to oppose
motion. Its normal and shear components are given by
(PFC3D-v4.0 User’s Guide 2008):

Dn = Cn|Vn|

Ds = Cg|Vg|

where Vi, and Vg are relative velocities in normal and

shear directions at a contact, and C, and Cg are

damping constants in normal and shear directions which
are given by (PFC3D-v4.0 User’s Guide 2008):



2vmkine

n2+ln28

(3c)

where m, k, and & are mass, stiffness, and restitution
coefficient of particles respectively. The viscous damping
force is calculated after bond breakage and sliding check.
If the contact is sliding, then the viscous shear force is
reduced to zero. The sum of the contact normal force
and the viscous normal force is prevented from
becoming attractive between the two involved entities.
Hence, the viscous normal force magnitude is limited to

F"| (PFC3D-v4.0 User's Guide 2008).

3  MODEL CALIBRATION

Since this study is limited to spherical particles, the
results of annular shear experiments conducted by
Savage and Sayed (1984) on 1 mm mean diameter
spherical polystyrene beads were modeled. The sizes of
the material were uniformly distributed between 0.81 mm
and 1.13 mm (see Figure 2), and the particles had
density of 1095 kg/m®. The particles in the simulation
were also generated to achieve the same grain size
distribution as the polystyrene beads. In order to
generate particles assembly of different mean diameter,
all particles were scaled by the same percentage to keep
the grain size distribution the same. The values of
parameters used in the simulation to best fit the
experimental results are given in Table 1. The modulus of
elasticity (E) and Poisson’s ratio (v) are close to the
actual values of polystyrene material. Restitution
coefficient of actual polystyrene beads is estimated to be
approximately 0.8 (Farrell et al. 1986).
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Figure 2. Grain size distribution of polystyrene beads
(from Savage and Sayed 1984, Figure 3a)
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Table 1. Parameters values for DEM.

pp (kg/m’)  E (Pa) v u e

1095 3.25x10° 0.34 0.6 0.75

In order to observe the relation between shear rate
and particle diameter at constant void ratio and vertical
normal stress, simulations were conducted for particles
with mean diameters of 1 mm, 1 cm, and 4 cm at
average vertical normal stress of 950 Pa for average void
ratios of 0.826 and 1.175, Table 2. The results supported
the uniqueness of yd at constant void ratio and vertical
normal stress. Also, the simulations of 1 mm mean
diameter particles are well compared to the experiments.
Since we are interested at larger particles, the rest of
simulations were conducted for 4 cm mean diameter
particles. Then to compare with experimental results
(Savage and Sayed 1984, Figures 8a and b), the
required shear rates for 1 mm mean diameter particles
were taken as 40 times the required shear rates for 4 cm
mean diameter particles, see Figure 3.

The major difference in the comparison is that
experimental results at average void ratio of 0.908 could
not be simulated by the DEM model at the same void
ratio. Instead, they were simulated at average void ratio
of 0.826. The experimental results at average void ratio
of 1.169 were also a little bit over predicted. However,
this is the best fit obtained from different trials, and we
consider the model is acceptable to use for prediction at
higher stresses.

Table 2. Simulations of different mean diameter particles.
D & H are experimental results from Savage and Sayed
1984.

ID  VoidRato op(Pa) d m) {(s')  jd(m/s)
A 1.181 937 004 1247 0499

B 1.188 921 0.01 49.6 0.496

c 1.198 905 0.001 4948  0.495

D 1.169 966 0001 570 057

E 0.823 970 004  6.19 0.248

F 0.824 924 0.01 2487  0.249

G 0828 900 0.001 245 0.245

H 0908 967 0001 237 0.237
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Figure 3. Comparison of experimental versus simulation
results. Simulation results are denoted by (S) while
experimental results (taken from Savage and Sayed
1984, Figures 8a and b) are denoted by (E) in the legend.
tis the shear stress.

4  RELEVANCE OF COLLISIONAL MECHANISM

In order to study the relevance of collisional mechanism,
simulation using 4 cm mean diameter particles at
average void ratio of 1.175 were extended to higher
stresses as shown in Figure 4. All flow states lie on a line
of slope 2 in Log-Log plot indicating that all belong to
pure collisional flow because stresses are related to the
square of yd. The required shear rates for vertical

stresses of up to 75 kPa are less than 120 s™, which are
within the range of shear rates in rapid debris and rock
avalanches.
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Figure 4. Vertical normal stress versus shear rate for 4
cm mean diameter particles.

In order to assess the required shear rates for small
mean diameter particles at these stress levels, the
variation of shear rate with particle diameter was first
studied at high stress by conducting simulations for 1
mm, 1 cm, and 4 cm mean diameter particles at vertical
normal stress of 25 kPa, Table 3. The results confirm
again the uniqueness of the quantity yd. This helps to
estimate the shear rates required for 1 mm mean
diameter particles at high stresses by multiplying the
shear rates in Figure 4 by 40 since 4 cm is 40 times 1
mm. This would give values greater than 1000 s™' which
are normally difficult to achieve in actual flows. For
example, a shear rate of 2916 s is required at 25 kPa,
see Table 3. This shear rate is also very difficult to
achieve in laboratory experiments. That is why this
mechanism was not observed experimentally for small
mean diameter particles at higher stresses (e.g., Hungr
and Morgenstern 1984; Kaibori 1986; Vibert et al. 1989;
Fukuoka and Sassa 1990).

Table 3. Simulation results at vertical stress of 25kPa

ID  VoidRato ©pPa) dm 76"  jd(m/s)
A 1.174 24665 0.04 6629 265
B 1177 24389 0.01 2634  2.64
c 1.168 24856 0.001 2649 265

The above results may indicate that collisional flow
mechanism is still relevant in rapid granular flows
involving large diameter particles.

For easy interpretation of Figure 4, the results are
replotted in Figure 5 by changing the vertical normal
stress to flow depth, and shear rate to mean flow velocity
as follows. Vertical stress at the base of dry granular flow
can be calculated from



On =ppvsgH
(4)

where vg is the depth average solid fraction, and H is

the flow thickness. The depth variations of flowing
velocity and density have been studied in inclined planes
using laboratory flume experiments (e.g., Johnson 1987;
Drake 1988; Ahn 1989; Azanza et al. 1999; Ancey 2001)
and simulation experiments (e.g., GDR MiDi 2004) under
different conditions. Low variations of solid fraction
observed in some cases where it sharply increases for
few depths from the surface and then stays nearly
constant down to the base. The highest variation of solid
fraction also observed in other cases as it increases
linearly from zero or minimum value at the surface to a
maximum value at the base of flow. Therefore, the depth

average solid fraction can vary from 0.502 to uts) (solid

fraction at the base). On the other hand, flow velocity
increases approximately linearly from zero or some slip
velocity at the base, and its variation becomes more
concave near the surface deviating from a linear
relationship. But in some cases, for example in smooth
flow base, the slip velocity can be very high and the flow
velocity is nearly constant for the entire depth. We
assume here that

Vg =0.7502 (5a)

to calculate the corresponding flow thickness from
vertical stress at the base using Equation 4. The void
ratio at the base is 1.175. We also assume the entire
mass undergoes collisional motion, and there exists
linear variation of flow velocity and minimum slip velocity
so that the depth average velocity (U) would act at the
mid depth of flow, and shear rate (slope of vertical
velocity profile) would be constant inside the flowing
mass. Therefore, shear rate of flow would be given by

7=U/(H/2)=2U/H (5b)

Since Figure 4 was to present simulation results for 4
cm mean diameter particles, vertical normal stress was
plotted against shear rate. To generalize for different
mean diameter particles, however, the stresses could be
plotted against the product yd. This term is changed to

Ud in Figure 5 by multiplying Equation 5b by d and
rewriting as

Ud=+1d(H/2) (5¢)
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The maximum mean velocities in debris and rock
avalanches could reach up to 40 m/s and 100 m/s
respectively (Pierson and Costa 1987) while it is
estimated for snow avalanche to be 50 m/s (Vilajosana et
al. 2007).

If we consider rounded granular material having
similar properties to the polystyrene beads, we may able
to estimate depths of the material flowing at void ratio of
1.175 for different mean flow velocities, Figure 5. For
example, 5 cm mean diameter rock avalanche flowing at
40 m/s may attain flow thickness of 3 m. But 1 mm mean
diameter snow avalanche flowing at the same mean
velocity may exhibit flow thickness of only 20 cm. If it is
required to flow at higher thickness, either the void ratio
must decrease or the flowing velocity must increase.
However, the collisional mechanism would not exist at
very low void ratio, and snow avalanche rarely flows
higher than 40 m/s. Therefore, collisional flow
mechanism is more important in rapid granular flows
involving large particles such as debris and rock
avalanches even under significant flow depths. Figure 5
helps to easily visualize the relevance of collisional
mechanism by estimating flow depths and velocities
instead of stresses and shear rates in Figure 4.
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Figure 5. Flow thickness versus Ud.

5 CONCLUSIONS

This paper demonstrates that collisional mechanism is
one of the flow mechanisms in debris and rock
avalanches. The initiation of collisional flow depends on
the combination of vertical normal stress, shear rate,
particle size and void ratio. It is shown that:

1. The DEM model predicted the general trends of
experimental results; the increase of stress with shear
rate at constant void ratio, and the increase of stress with
decrease of void ratio at constant shear rate. It also fairly
predicted the values of stresses and shear rates at
average void ratios of 1.169, 1.07, and 0.984. But, these
values at average void ratio of 0.908 were predicted for
average void ratio of 0.826.

2. DEM simulations at higher stresses indicated that
collisional flow mechanism may still be relevant in rapid



granular flows involving large particles as the required
shear rate drops with increase of particle size.

3. Collisional flow mechanism is relevant in rapid
granular flows such as debris and rock avalanches even
under significant flow thicknesses.
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