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Abstract This paper investigates the interaction between
rapid granular flow and an obstacle. The distinct element
method (DEM) is used to simulate the flow regimes observed
in laboratory experiments. The relationship between the par-
ticle properties and the overall flow behaviour is obtained by
using the DEM with a simple linear contact model. The flow
regime is primarily controlled by the particle friction, viscous
normal damping and particle rotation rather than the con-
tact stiffness. Rolling constriction is introduced to account
for dispersive flow. The velocity depth-profiles around the
obstacles are not uniform but varying over the depth. The
numerical results are compared with laboratory experiments
of chute flow with dry granular material. Some important
model parameters are obtained, which can be used to opti-
mize defense structures in alpine regions.

Keywords Granular material · Avalanche flow · Avalanche
defense structures · Chute flow · Flow–obstacle interaction ·
Numerical simulation · Distinct element method

1 Introduction

Snow avalanche is the major form of natural hazards in alpine
regions. The numerical modelling of snow avalanches is of
current research interest [1,3,29,32,35,41]. Snow avalanches

H. Teufelsbauer (B) · Y. Wang · W. Wu
Institute of Geotechnical Engineering,
University of Natural Resources and Applied Life Sciences,
Feistmantelstraße 4, 1180 Vienna, Austria
e-mail: harald.teufelsbauer@boku.ac.at

Y. Wang · M.-C. Chiou
Department of Mechanical Engineering,
Darmstadt University of Technology,
Hochschulstraße 1, 64289 Darmstadt, Germany

can be modelled by either continuum or discrete approaches.
In continuum approaches, snow is often treated as a plas-
tic material or a viscous fluid. The underlying problem can
be simplified by adopting different assumptions, e.g. one-
dimensional or two-dimensional depth-averaged models [21,
26,35,36,40,42]. In discrete approaches, snow is modelled
by an assemblage of discrete particles [2,17]. The motion of
particles and the interaction among them obey the basic laws
of motion. Other approaches in modelling snow avalanches
include cellular automata [1], the lattice Boltzmann method
[46] and the particle finite element method [33].

Avalanche protection often involves complex interaction
between avalanche and retaining structures. Little work has
been done on the flow/structure interaction due to the com-
plexity of the underlying problem. A numerical study follow-
ing the depth integrated approach [40] was reported by Chiou
et al. [7]. Some promising results were obtained by using the
high resolution TVD-NOC (total variation diminishing non-
oscillatory central) integration scheme. For general obstacle
geometries, however, the applicability of the depth integrated
approach remains questionable. The flow of dense granular
material around an immersed cylinder was experimentally
investigated by Chehata et al. [6] focusing on the drag force
on the cylinder. Chiou [8] reported a series of experiments on
the deposition behaviour around obstacles and in the run-out
zone. Recently, the drag force on an immersed cylinder in a
dilute granular flow was studied with the DEM by Bharadwaj
et al. [2]. While these investigations provide some interest-
ing insights into the complex interaction between granular
flow and obstacle, they also bring some fundamental ques-
tions to light. What is the effect of an obstacle in the dif-
ferent flow regimes, from the stagnation zone in front of the
obstacle to the rapid flow in the far field? Can granular ava-
lanches of angular particles be modelled by spherical parti-
cles in DEM? What is the three-dimensional structure of flow
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around an obstacle? What is the deposition behaviour beyond
an obstacle and in the run-out zone? These questions have
motivated us to carry out some numerical simulations with
the DEM.

2 Problem description, chute geometry and parameters

We investigate granular flow driven by gravity down an
incline and the interaction between flow and an obstacle in the
chute. The parameters in a DEM calculation need to be iden-
tified by comparing the numerical results with some bench-
mark experiments. The model tests reported by Chiou [8] are
well suited for our purpose. There are a number of advanta-
ges of well instrumented model tests in laboratory over field
measurements of snow avalanches. In laboratory tests, the
results can be well reproduced with well defined initial and
boundary conditions. Another advantage of laboratory chute
experiments is the possibility to change the topographical
features like inclination angle, dam position and dimension
of the dam. The effect of topography on granular flow and
deposition can be investigated by varying the dam position
and chute inclination. Similarly, the type and the amount of
the granular material and initial flow configuration can easily
be controlled in the laboratory avalanche experiments.

The cross section of the chute geometry for the model tests
[8] is shown in Fig. 1. The same geometry is also used in the
DEM calculations. The chute is divided into three parts: the
upper inclined zone, the circular transition zone and the hor-
izontal run-out zone. The inclination angle ζ of the upper
inclined zone can be adjusted to 30◦, 40◦, 45◦ and 50◦. If the
inclination angle is zero the chute forms a flat plane with a
total length of 1915 mm. The chute width is about 1.1 m.

Table 1 provides the dimensions of the chute for different
inclination angles ζ . The granular material is held initially at
the position l4, by a hemispherical cap (see Fig. 1). Granular
flow is initiated by lifting the cap suddenly [37]. This flow
initiation is simulated in the DEM calculations.

An obstacle (cuboid dam) is mounted onto the chute sur-
face in the inclined zone (see Fig. 1). Apparently, the impact
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ζ

P

Fig. 1 Cross section along the center of the chute

Table 1 Geometry of chute and hemispherical cap (mm)

Chute detail Inclination angle ζ

40◦ 45◦

Upper inclined part, l1 933.5 936

Transition zone, l2 146.5 144

Horizontal run-out zone, l3 835 835

Chute width 1100 1100

Cap position, l4 309.5 312

Cap radius 100 100

Table 2 Geometry of cuboid dams (mm)

Dams Dam dimension

Width Height Thickness

Lower dam 160 20 10

Intermediate dam 160 40 10

Higher dam 160 80 10

velocity of granular flow on the obstacle depends on the
position of the obstacle. For this reason, two dam positions
are considered, i.e. P1 = 650 mm and P2 = 810 mm (see
Fig. 1). In order to obtain a symmetrical flow pattern, the
dam is placed in the center of the chute. Three dam heights
are investigated. The dimensions are given in Table 2.

Granular materials are characterized by density, restitu-
tion coefficient and internal- and basal friction angles [8,40].
Chiou [8] used coarse quartz sand with a mean diameter of
5 mm, a material density of 2650 kg/m3 and a restitution
coefficient of about 0.75.

3 Discrete element model

The numerical calculations are carried out with the commer-
cial software PFC3d (particle flow code in three dimensions
[22]). PFC3d is a simulation tool based on the distinct ele-
ment method [4] and can model the dynamic motion and
interaction of assemblies of arbitrarily sized spherical par-
ticles. The distinct elements, so-called balls, interact with
each other based on a force-displacement law and Newton’s
second law of motion. Besides balls, PFC3d provides also
wall elements, which allow the creation of static bound-
ary elements. The displacements of colliding particles are
represented by the overlap of the particles, and the inter-
action forces between the particles depend on the overlap.
The forces between particles during contact are calculated
according to some simple mechanical models such as springs
and dashpots [5,25,30]. Usually, the contact force is decom-
posed into a normal and a shear component. The material
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properties of the discrete elements (balls and walls) are
characterized by the stiffness and friction. In addition, the
balls are characterized by the ball radii and densities.

The normal and shear forces between particles and bet-
ween particles and the wall are governed by the Kelvin–
Voigt model. This model consists of an elastic spring and
a viscous damper connected in parallel. The viscous damp-
ing controls the energy dissipation during particle collision.
Taking the normal force as example, the viscous damping
can be related to the coefficient of restitution as follows
[4,22,43,44]:

ηn = − ln(ε)
√

ln2(ε) + π2
, (1)

where ηn is the viscous damping and ε is the restitution coef-
ficient. The coefficient of restitution can be measured in lab-
oratory and defines the ratio between impact velocity and
rebound velocity. Besides viscous damping, PFC3d offers
also the local damping, which gives rise to a damping-force
term to the equation of motion. For gravity-driven flows the
local damping is set equal to zero which implies free fall
without drag.

Both the normal and shear forces are subjected to some
restrictions. For cohesionless granular materials the normal
force is restricted to be compressive only, i.e. tensile nor-
mal force is not allowed. The allowable tangential force is
assumed to obey the Coulomb friction law, which can be
expressed by a linear relationship between the normal force
Fn and the allowable shear force Fs

max

Fs
max = µ

∣
∣Fn

∣
∣ , (2)

where µ is the friction coefficient. Slip between two
adjacent particles occurs, if the shear force is equal to the
allowable shear force. In a first approximation the friction
coefficient µ between particles can be related to the internal
friction angle φ through µ = tan φ. The friction coefficient
between particle and wall can be estimated analogously by
replacing the wall friction angle δ with the internal friction
angle φ. These are material parameters whose values are
measured in the laboratory [37,38,40]. Alternatively, these
parameters can also be obtained by back analyses [50].

4 Parameter identification

The parameters in PFC3d can be classified into ball prop-
erties, wall properties, damping properties and user defined
parameters. The properties of balls are described by the
density ρ, the friction angle φ, the normal- and shear stiff-
nesses k B

n , k B
s and the ball diameter d. The walls are charac-

terized by the wall friction angle δ and the wall normal- and
shear-stiffnesses kW

n , kW
s , respectively. The damping prop-

erties describe energy dissipation and can be compared with

mechanical damping elements. PFC3d provides two kinds of
damping, the local damping ηl and the viscous damping ratio
in the normal and tangential direction ηn, ηs , respectively.

In principle, the ball density can be assumed to be equal to
the density of quartz. However, a slightly different density is
used in PFC3d, because the void ratio in DEM differs from
the experiments. Since the total mass of the granular material
in the release cap is of primary interest and not the density
of the individual particles, the ball density is chosen to fit
the total mass in the release cap. This gives rise to a particle
density of about ρ = 2900 kg/m3, which can be compared
to the quartz bulk density of 2650 kg/m3. The quartz par-
ticles used in the laboratory experiments are approximately
monodispersed and have a mean diameter of 5 mm ± 1 mm
[8,37,38]. Correspondingly, the diameters of the balls in PFC
are uniformly distributed in the interval between 4 and 6 mm.

The local damping ηl is set to zero because the drag force
on the particles caused by air is negligible. The critical damp-
ing ratio in normal direction ηn is related to the restitution
coefficient of the granular material via (1). Some parametric
studies have been carried out on the viscous shear damping
ηs by comparing the run-out distance and travel time with
experiments. These parameter studies showed that viscous
shear damping has only minor influence on the flow in the
inclined zone. If shear damping is set to zero, the avalanche
becomes highly dispersed in the run-out zone. A higher shear
damping results in delayed scattering of the avalanche. How-
ever, the shear damping has only little effect on the run-out
distance.

We turn to explain the derivation of the particle stiffness
which is used in the linear contact model and relates the con-
tact force and relative displacement. Our parameter studies
showed that the behavior of granular avalanches is not sen-
sitive to the particle stiffness. It is known that high particle
stiffness gives rise to long computation time [22]. The contact
stiffness of two colliding particles can be calculated by the
Hertzian theory. PFC provides two contact models, the linear
model and the Hertz–Mindlin model [22,30]. For the latter
the following equation provides the correlation between the
normal contact stiffness kn and the particle overlap u.

kn = 2G
√

2R̃

3(1 − v)
u1/2 (3)

where G is the shear modulus, v is the Poisson’s ratio and R̃
is the mean particle radius of two colliding particles. Since
the Hertz–Mindlin contact model needs more computational
effort than the linear contact model, the latter is used for our
calculations. The stiffness of the linear contact model can be
related to the Hertzian stress by the following consideration.
When two balls are colliding, the contact area increases with
increasing particle overlap. The stiffness of the linear model
is independent of the particle overlap.
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In order to estimate the stiffness for the linear contact
model, a mean particle overlap has to be determined. The
overlap can be obtained from the DEM calculations. At first,
one calculation was carried out with the Hertz–Mindlin con-
tact model in order to obtain the mean particle overlap. The
properties of quartz are v = 0.3 and G = 2.9 · 1010 Pa
[19]. The particle overlap was then estimated for three dif-
ferent flow regimes. The first overlap estimate was made at
the beginning of the simulation when all particles were at
rest (see Fig. 4a). The mean overlap of all particles in con-
tact with each other was about u1 = 1 · 10−8 m. The second
overlap estimation of about u2 = 0.5 · 10−8 m was made
when the avalanche flow was fully developed and the parti-
cles were moving down the chute (see Fig. 4b). This second
estimation represents the particle overlap at rapid flow. The
third estimate (u3 = 1.5 · 10−8 m) represents the particle
overlap at the final deposition of the avalanche (Fig. 4c). It
was observed that the particle overlap is nearly independent
of the flow regime. The mean particle overlap u, used for fur-
ther calculations is taken as the arithmetic mean of the three
estimates: u = (u1 + u2 + u3)/3 = 10−8 m.

Based on the particle overlap obtained by the Hertz–Mind-
lin model, the radius of the resulting contact area rc can be
calculated as the cross section of a cylindrical rod with length
d, which represents the distance between the centers of the
two colliding particles (Fig. 2). Hence, the contact normal
stiffness kn of the linear model can be readily derived

kn = r2
c π E

d
, (4)

where E = 2G(1 + v) is Young’s modulus. The radius rc

of the contact area can be related to the particle overlap as
follows

rc =
√

2h
d

2
− h2, with h = u

2
. (5)

The Young modulus of quartz is about E = 7.6 · 1010 Pa. It
follows that the contact stiffness of kn = 1200 N/m can be
assumed for the linear model. The relation between the ball

Fig. 2 Hertzian contact stress idealized as a rod connecting ball centers

Fig. 3 Comparison between linear contact model and Hertz–Mindlin
contact model

stiffness and contact stiffness is given by [19]:

k j = k[B1]
j · k[B2]

j

k[B1]
j + k[B2]

j

, (6)

where k j is the contact stiffness and k[B1]
j , k[B2]

j are the stiff-
nesses of ball 1 and ball 2, respectively. The subscripts j = n
and j = s stand for normal and shear direction, respectively.
As an example, if the two colliding balls have the same stiff-
ness, k B

j = k[B1]
j = k[B2]

j , the ball stiffness is twice the

contact stiffness k B
j = 2k j .

A comparison between the contact stiffness calculated by
the Hertz–Mindlin contact model and the stiffness of a cylin-
drical rod ((4), (5)) is shown in Fig. 3. It can be seen that for
small particle overlaps the stiffness of the cylindrical rod is
smaller than the stiffness of the Hertz–Mindlin model. Sev-
eral calculations with different contact stiffness ranging from
500 to 10,000 N/m were performed in order to investigate
the sensitivity of the flow regime on the normal stiffness.
These case studies showed that the contact stiffness has only
minor influence on the behavior of granular avalanches. This
remains so for a variation of the normal stiffness by a factor
of 20. Furthermore, for overlaps h < 10−4 m the relation
between particle overlap and rod stiffness is nearly linear.
It follows that the deviation of the three estimated particle
overlaps u1, u2, u3 for the three different flow regimes has
only minor effects on the flow behavior.

The shear stiffness ks is assumed to be equal to the normal
stiffness kn . Admittedly, this assumption is a crude approx-
imation. However, numerical calculations showed that the
flow regime is fairly independent on the contact shear stiff-
ness.
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Comparison between numerical results and laboratory
experiments shows that the flow propagation is mainly dic-
tated by the magnitude of viscous normal damping ηn and
particle rotation. These two parameters are crucial for des-
cribing the dispersive behavior of the granular flow. If par-
ticles are free in rotation, friction coefficients and contact
shear stiffness are of minor importance. However, if the rota-
tion is constrained and only sliding is allowed, the system
is very sensitive to friction coefficient. Free or nearly free
rotations can be observed in particles with few contacts or
even no contact with other particles. In this case the parti-
cle rotation is not restrained by the surrounding particles.
Note that particle spin becomes effective only in disper-
sive flow rather than in dense flow, except in the vicinity
of the dam and in agitated margin. The particles in dense
flow show virtually no spin. The granular mass slides down
the incline as if it were a continuously deforming body
[37,38,40].

In reality the quartz particles are not spherical while our
calculations assume spherical particles. Rolling down an
incline, a spherical particle will need much longer distance
than a angular particle before it comes to standstill. As a
consequence, the borders of the avalanche are more disper-
sive in the DEM simulations than in experiments [37–39].
Moreover, the shape of the deposition piles and the run out
distance of the avalanche is strongly dependent on the roll-
ing friction. Apparently, the particle rotation is crucial for
modeling granular flows by DEM.

5 Observation of flow regimes

The flow regimes are investigated by some DEM simulations,
which were carried out for different angles of chute incli-
nation with and without particle constraint. These numeri-
cal simulations showed that the flow regime can be divided
into two parts: the supercritical or torrential flow in the steep
inclined zone and the subcritical or fluvial flow in the run-
out zone. Furthermore, a different dispersive behavior of the
flow could be observed, dependent on the type of granular
material. The more dispersive a flow the fewer particles are
contained per volume and the fewer contacts has a particle
to its neighbors. In case of free rotation the borders of the
avalanche are very dispersive especially in the run-out zone.
This phenomenon can be explained by the fact that the wall
friction is not high enough to stop the particles in the run out
zone. Obviously the particle motion is dominated by roll-
ing not by sliding. Therefore the ball and wall friction has
minor effect on the run-out distance. As the quartz particles
are not spherical, the particle motion should be described by
a combination of sliding and rolling.

A sensitivity analysis of rolling friction, ball friction and
wall friction was carried out. The following observations

can be made: The influence of friction on the flow behavior
seems to decrease with increasing chute inclination (also
see, [40]). Since the driving force is dominated by gravita-
tional acceleration, the influence of friction on steep inclined
planes is not as important as for chutes with small inclina-
tions. It follows that the flow behavior in the run-out zone is
strongly dependent on friction, which can be further differen-
tiated between rolling friction and Mohr–Coulomb friction
(Sect. 3). Numerous parameter studies showed that the roll-
ing friction has more influence on the flow behavior than
Mohr–Coulomb friction. In the experiments with quartz par-
ticles, the rolling friction is very high. A detailed description
of the rotation constraint is given in Sect. 6.

Further observations are concerned with the viscous damp-
ing [45,47], especially in the range between 0 < ηn < 0.1.
The influence of viscous damping is particularly noticeable
when the avalanche hits an obstacle, since viscosity describes
the rebound behavior of the particles. Higher viscosity gives
rise to less dispersive behavior. Further simulations were car-
ried out to study the combined effect of rotation constraint
and viscosity. It turned out that viscous damping is appropri-
ate to describe the impact behavior of particles on a wall or
onto a heap of deposited particles, whereas the constraint of
the particle rotation is appropriate to characterize the disper-
sive behavior of the dense flow along the chute. Laboratory
experiments showed that the dispersive behavior of the flow
depends on the properties of granular material and sliding
surface. Furthermore, it was observed that dense flows have
a less dispersed deposit than dilute flows. Hence, the parti-
cle rotation in DEM simulations should depend on material
properties and whether the flow is dense or dilute. Figure 4
depicts the different processes of the avalanche flow along a
chute.

As can be seen from Fig. 4a the granulates start to flow
after the release cap is lifted. At this moment, the particles
have many contacts with their neighbors. The flow is mainly
governed by sliding.

When the granular flow along the inclined plane is fully
developed (Fig. 4b) the granular mass can be divided in
two parts: the densely packed mass in the center and the
diluted regions around it. The particles within the central
mass have many contacts to the surrounding particles and
are therefore more constrained in rotation. On the contrary,
the dilute particles around the central mass have only few
contacts to their neighbors and are less constrained in rota-
tion.

Upon hitting a dam, part of the granulates is held back in
front of the dam (Fig. 4c). If the dam is sufficiently high, the
particles cannot override the dam. In this case, the granular
flow is split by the dam into two branches. When the par-
ticles reach the final deposition area, some of them may be
able to override the deposition heap, while others stop at the
deposition heap (Fig. 4c), see also [37–39].
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Fig. 4 a Opening release
cap—start of granular flow,
b fully developed flow along the
inclined zone, c impact on the
dam and final deposition

6 Rolling friction

As stated above, the rolling friction plays an important role in
the DEM simulations. Comparison with experiments showed
that the DEM simulations without rotation constraint yield
too dispersive flow and deposition pattern particularly in the
run-out zone. Obviously, the spherical particles in PFC3d
need much longer distance to come to a standstill in the run-
out zone. Improvement of the numerical calculations could
be achieved by realistically modeling the angular quartz par-
ticles, which is, however, not feasible with PFC3d [34]. Since
the rolling resistance of spherical particles is much smaller
than that of angular particles, an artificial rolling resistance
should be introduced into PFC3d [24,27,48,49].

The mechanism of rotation control in this paper is based on
an empirical relationship between particle contacts and the
constraint of particle rotation. The constraint of the particle
rotation is described by a retarding coefficient kλ and a retard-
ing time λ. The retarding time λ defines the time span which
is needed to reduce the angular velocity ω. The particle rota-
tion in this time span is reduced by the retarding coefficient
kλ ∈ [0, 1]. The retarding coefficient is further related to the
number of particle contacts. If a particle has neither contact
to other particles nor to the chute surface, it is totally free in
rotation and the retarding coefficient kλ is equal to 1, i.e. the
rotation is not constrained. If a particle has several contacts
with other particles, the particle rotation will be constrained.
The degree of constraint, i.e. kλ, is proportional to the num-
ber of contacts. There are numerous experimental studies in
soil mechanics on the contact number of spherical particles,
see Feda [9]. For regular packings of monodispersive balls,
the minimum number of contacts for the loosest packing is 6
and the maximum number of contacts for the densest pack-
ing is 12. For polydispersive particles, the number of contacts
may vary in a broader range from 2 to 15. These findings were
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Fig. 5 Relation between contact number and retarding coefficient for
different exponents n

made on granular materials in static equilibrium. For flowing
granular materials, there is hardly any experimental evidence
on the contact number. Nonetheless, some plausible assump-
tions can be made. A simple assumption, although somewhat
ad hoc, is to relate the particle rotation to the contact num-
ber c. To this end, the following relationship between the
number of particle contacts c and the retarding coefficient kλ

is used

kλ = 1

1 + cn
. (7)

The parameter n ≥ 0 governs the sensitivity of the retarding
coefficient to the number of contacts. If n = 0 the retard-
ing coefficient is independent of the number of contacts and
kλ ≡ 0.5. Larger n gives rise to stronger influence of the
contact number (Fig. 5). If n > 0 and the number of contacts
c ≥ 1 the retarding coefficient kλ is less than 0.5.

Note that the retarding coefficient provides no informa-
tion about the time span, in which the rotation is reduced.
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Fig. 6 Influence of exponent n
to the flow regime (left n = 0,
right n = 4). Snapshot taken at
t = 0.9 s

Fig. 7 Influence of retarding
time λ to the flow regime (left
λ = 0.05 s, right λ = 0.001 s).
Snapshot taken at t = 3.0 s

This is determined by the retarding time λ. If λ → 0, the
particle rotation is strongly constrained for kλ < 1. Longer
retarding time leads to less rotation constraint. In PFC3d, the
rotations are obtained by integrating the equation of motion.
The numerical integrations are performed in time steps. The
length of the time step 
t is determined by particle stiffness
and the relative velocities of the particles. An automatic con-
trol of the time steps is used in PFC3d. In order to calculate
particle displacement and rotation, the equation of motion is
solved in each time step using the calculated forces of the
last step. In each time step the number of contacts of each
particle is evaluated and the retarding coefficient kλ is deter-
mined. Afterwards, the particle rotation ωt

i in each direction
i = x, y, z is reduced to give the new rotation ωt+1

i

ωt+1
i = kξ

λ · ωt
i , with ξ = 
t/λ, (8)

where ξ denotes a time discretized retarding time λ. The dis-
crete time steps in the chute experiments are in the order of
3 · 10−5 s. It was found that a retarding time of λ = 10−2 s
and an exponent of n in a range n ∈ [0.5, 1] lead to good
agreement between simulations and experiment.

It is worth noting that other authors proposed to implement
the rolling friction based on a torque model [24,27,48,49]

M = −µr |Fn| ωi

|ωi | , (9)

where µr is the coefficient of rolling friction and ωi the angu-
lar velocity of the particle in the direction i = 1, 2, 3. Since
the normal force Fn is dependent on the particle stiffness
and viscous damping, the torque M is affected by the cho-
sen particle stiffness. In order to avoid this dependency it is
proposed to use the friction model in (8).

In Fig. 6, a comparison of the flow and deposition pattern
for different exponents n = 0 and n = 4, introduced in (7) is
shown. The granular stream is separated by the dam into two
branches. These two branches are deposited in the run-out
zone beyond the dam. Some particles are deposited in front
of the dam. The particles in front of the dam and in the center
of the deposition zones below the dam are densely packed.
This is caused by the impacts of the subsequent particles. The
granular stream between the dam and the deposition areas
is rather dilute and particles here have only few contacts.
A comparison between the depositions in the run-out zone
(Fig. 6) shows that the borders of the deposition areas in the
left panel (n = 0) are more dispersive than in the right panel
(n = 4). Furthermore, the avalanche stops earlier for n = 4
because the rolling friction is higher for n = 4 than for n,= 0.
Figure 6 shows further that the dilute flow between the dam
and the deposition areas remains fairly of the exponent n.

Figure 7 shows the influence of the retarding time λ on
the flow regime. For high retarding time with λ = 0.05 s the
particles are nearly free in rotation, which results in highly
dispersive flow (see the fuzzy borders in the left panel in
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Fig. 7). For low retarding time with λ = 0.001 s the parti-
cles are highly constrained in rotation, which results in clear
border and short run-out distances.

7 Comparison between DEM simulation
and experiment

Figure 8 shows some snapshots of DEM simulation and
experiment at different times after the granular heap is
released. The snapshots are taken at the same times both
in the DEM calculation and experiment. Visual inspection of
the flow field shows good agreement between simulation and
experiment. About 17.5% of the released granular mass was
held back by the dam in the experiment. The numerical sim-
ulation came very close to the experiment with an accuracy
of ±1.5%. The main features of granular flow in the inclined
zone and deposition are well captured by the DEM.

Figure 8c shows that more particles flow towards the cen-
tre beyond the obstacle in experiment. We suppose that this
is due to the jamming of the particles at the dam edge. The
jamming is more pronounced for angular particles than for
spherical particles. This is also confirmed by Fig. 8e. There
is less granular material around the centre line in calculation
than in experiment.

Further calculations were performed on a chute with an
inclination of 45◦. These calculations are aimed at studying
the influence of the dam height on granular flow. The deposi-
tion of granular flow for three different dam heights is shown
in Fig. 9. Comparison between experiment and simulation
shows that the arrest of the material by the dam, the material
overflow and the deposition geometry are well reproduced
by the DEM simulation.

Comparison of the velocity field from simulation and
experiment is shown in Fig. 10. The measurement of the sur-
face velocity in the experiment was performed by PIV (par-
ticle image velocimetry) [37,38]. Some granulates are held
back by the dam forming a dead zone in front of the dam [11–
13,15]. The number of granulates in the dead zone increases
with time until a stationary state is reached (Fig. 10a). As
shown in Fig. 10b, the granular stream is separated by the
dam into two branches. Comparison between PIV measure-
ments and DEM simulation shows fairly good agreement of
the velocity field. A detailed simulation of the dead zone in
front of the dam is very important because the design of the
protection structure depends on the dynamic impact on the
dam and the granular mass in front of the dam. An important
question in avalanche protection is the area of the protected
zone below the retaining structure. The DEM model allows
a reliable simulation of the protected zone below the dam.

The dynamics of avalanches is usually characterized by
the so-called Froude number, which is the ratio between the
characteristic velocity and the wave velocity. For shallow

granular flow with free surface the Froude number can be
expressed as follows:

Fr = v√
g cos ςh

, (10)

where v is the flow velocity of the avalanche surface, g the
gravitational acceleration and h is the depth of avalanche.
Figure 11 presents the spatial variation of the Froude num-
ber along the free surface of the granular flow. Effective pro-
tection against avalanches can be expressed in terms of the
Froude number [13–16,18,20]. In the vicinity of the dam
and also in the deposition zones, the avalanche transits from
supercritical to subcritical flow. Moreover, the Froude num-
ber also serves as an indicator for the different flow regimes,
i.e., to identify, where inertial or gravitational flow domi-
nates. Furthermore, the Froude number allows the compari-
son of small scaled experiments to large-scale flow. Some
field studies of natural avalanches shows that the Froude
number is about 10 for dry and dense snow avalanches [28].

The influence of dam height on the flow pattern is shown
in Fig. 11. In the following plots subcritical flow regime
(Fr < 1) is plotted in white, whereas Froude numbers larger
than one are depicted in a color spectrum. Figure 11a shows
the flow pattern with an effective dam, where no overflow
occurs. The Froude number in front of the dam is reduced to
subcritical flow (Fr < 1), which is shown by the granulate
deposition in front of the dam. Figure 11b shows the flow
pattern with a low dam. In this case, the dam cannot dissi-
pate enough energy and the Froude number remains high. It
follows that the critical dam height with no overflow is asso-
ciated with the development of a subcritical zone in front of
the dam, which is clearly shown by the Froude numbers in
front of the dam.

Figure 12 shows the side view of the granular flow in
Fig. 11. As can be seen from Fig. 11a, a dead zone is formed
in front of the 80 mm dam. Figure 11b shows the granular
flow over the 20 mm dam. The dead zone is very small and
forms a jump [20,23]. Moreover, the velocity of the overflow-
ing part of the avalanche seems not to have been noticeably
reduced. A perusal of Fig. 12 reveals that the velocity pro-
file is fairly uniform normal to the chute, provided the flow
field is not severely interrupted by the obstacle. However, the
evaluation of the velocity profile around the dam indicates
that the velocities are not uniformly distributed through the
flow depth. This is one reason why continuum models based
on depth integrated equations have their limits for problems
involving interaction between granular flow and obstacles
[10,38]. The distinct element method presents an alternative
to such problems.

A simulation with rotation constraint takes about 10 h on
a 3 GHz processor. For unconstrained flow the calculation
was about three times faster. The number of particles was
about 40,000. The computation of the rotation control leads
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Fig. 8 Flow–obstacle
interaction: comparison between
the DEM simulation (left
panels) and the laboratory
experiment (right panels) with
chute inclination of 40◦ and a
dam at position P1. The
photographs of the laboratory
experiments are taken from [8].
a t = 0.28 s, b t = 0.56 s,
c t = 0.84 s, d t = 1.8 s,
e t = 8.2 s

DEM Simulation  

(a)

(b) 

(c)

(d)

(e)

Laboratory Experiment  
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Fig. 9 Flow deposition:
comparison between
experiments (top panels [8]) and
DEM calculations (bottom
panels) in a 45◦ inclined chute
with a dam at position P2 with
the dam height of a low dam,
20 mm, b intermediate dam,
40 mm and c high dam, 80 mm

(b)(a) (c) 

Fig. 10 Velocity profile:
particle velocities (m/s) in the
DEM calculation (left panels)
and in the experiment (right
panels [8]) at different time after
cap lifting. The inclination of
the chute is 40◦, the dam is
positioned at P1 and the dam
height is 80 mm. a t = 0.38 s,
b t = 0.66 s
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Fig. 11 The Froude number: a
flow pattern on a 40◦ inclined
chute with dam height of 80 mm
at position P1, b flow pattern on
a 45◦ inclined chute with dam
height of 20 mm at position P2

Fig. 12 Side view of the flow
pattern in Fig. 11. a Flow
pattern for a 80 mm dam at
position P1 on a 40◦ inclined
chute, b flow pattern for a
20 mm dam at position P2 on a
45◦ inclined chute

to increased CPU time because additional operations have to
be performed in each time step.

8 Conclusion

The distinct element method can be applied to simulate gran-
ular flow and the interaction between granular flow and an
obstacle. The simulations were compared with laboratory
experiments. The comparison shows good agreement bet-
ween simulation and experiment. The physical parameters,
such as the internal and basal friction angles, density, par-
ticle diameter and restitution coefficient of the granulates
were determined from laboratory experiments. The disper-
sive property of the granulate was determined by fitting the
numerical simulation to experiment.

Some influence factors such as terrain form, dam geome-
try and dam position can be easily taken into consideration.
Moreover, the DEM model can be applied to some situations
where continuum approach fails, e.g. overflow of dam.

The viscous damping plays an important role in simulating
flow-obstacle interactions. Both viscous damping and parti-
cle rotation have dominant effect on the dispersive behavior
of granular flow. While the viscous damping is crucial in
describing the particle impacts on the wall and on the depos-
ited heap, the particle rotation plays a substantial role in the
dispersive behavior of granular flow. Note that the impact

force on dam is not treated here, which is needed in design-
ing retaining structures. Some numerical results based on
continuum approach [31] can be found in literature. Some
calculations with DEM are being carried out to obtain the
impact force on dam. The results will be presented in our
next publication.
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