Géotechnique 00, 1-14 [http://dx.doi.org/10.1680/jgeot.18.P.044]

On the efficiency of slit-check dams in retaining granular flows

M. MARCHELLTI*, A. LEONARDI*, M. PIRULLI*, C. SCAVIA*

Retention barriers are a common countermeasure for mitigating hazard associated with debris flows. With

the aim to regulate sediment transport and retain large boulders with high destructive potential, openings are

nowadays embedded in the barrier body. The rational design of size and spacing of these outlets is a non-

trivial, and still open, issue. Nevertheless, its solution is necessary in order to control the clogging process

and consequently guarantee effectiveness and efficiency of the barrier. In this paper, an enhanced numerical
model, based on the Discrete Element Method (DEM), is presented, validated, and proposed to analyze the

interaction between dry granular flows and barriers with a single outlet (slit-check dams). We identify the lower

and upper value of the outlet size that cause clogging of the outlet. These are found to be a function of the

channel inclination and of the frictional properties of the grains. A range of outlet sizes exists which promotes

a slow and progressive clogging. The conditions that are necessary for this condition to occur are determined.

This allows the barrier to perform an energy-breaking function for a longer time and require less maintenance

after the event.
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NOTATION

r particle radius [m]
D particle diameter [m]

m particle mass [kg]

1 particle moment of inertia [kg]

kn normal stiffness [N/m]

ki tangential stiffness [N/m]

Qn normal damping coefficient [-]

Qo tangential damping coefficient [-]

c restitution coefficient [-]

w particle rotational velocity [1/s]

v particle translational velocity [m/s]
M;  rolling torque [Nm]

e rolling eccentricity [m]

Lr rolling coefficient [-]

s friction coefficient [-]

q,p deviatoric, isotropic stress [Pa]
€z axial strain [-]

¢ angle of repose [°]

P angle of internal friction [°]

S barrier outlet width [m]

H barrier height [m]

0 slope inclination [°]

g gravity [m/s?]

vg flow front speed [m/s]

he flow front height [m]

K flow kinetic energy [J]

to time at first impact [s]

tsop  clogging time [s]

Ex  barrier energy-breaking efficiency [-]
Ey,  barrier retention efficiency [-]
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INTRODUCTION

Debris flows are landslides of the flow type (Hungr ez al., 2001)
and are one of the most common and dangerous hazards in
mountainous regions. The effects of the flow impact against
infrastructures and inhabited environments can be dramatic,
due to the unpredictability, high velocity (up to 20 m/s)
and destructive power that typically characterize the flowing
mass (Hungr & Jakob, 2005).

In recent years, an increasing number of studies has focused
on the design of structural mitigation measures able to reduce
hazard and prevent damages, such as retention barriers (see
Fig. 1). However, the complex composition of the flow, and the
multitude of relevant scales involved, still limit rational studies
to simplified models. In particular, the impact of a granular
flow on a solid vertical wall has been widely studied both
numerically (e.g. Albaba et al., 2015; Calvetti et al., 2015,
2017; Gabrieli & Ceccato, 2016) and experimentally (e.g.
Canelli et al., 2012; Koo et al., 2017). While this benchmark
remains pivotal for our understanding of the basic mechanism
of stoppage and deposit of a granular mass, this type of
retention barrier is no more used on the field. A vertical wall
causes stoppage of the whole flowing mass, quickly filling
the basin behind. The efficiency of such walls is therefore
limited, and their maintenance costs high, as the basin must
be quickly emptied to restore its functionality. For this reason,
most retention barriers are nowadays designed to only partially
halt the flow. Ideally, the most hazardous portion of the mass
(i.e. the largest boulders) needs to be retained.

The design of the most suitable structure is however
problematic. While it is clear that any type of barrier should
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Fig. 1. A debris-flow retention structure located in Pollein, Aosta Valley autonomous region, Italy.

reduce the kinetic energy of the flow, the design of the filtering
action requires a much more complex approach.

Using a classical approach of hydraulic engineering, the
barrier can be designed to just alter the hydraulic conditions
of the flow (Armanini er al., 1991; Schwindt et al., 2017).
In this case, the retention structure reduces the velocity of
the flow, and indirectly enforces grain settling, simply by a
transversal restriction of the channel section. This approach
was conceived for designing structures that reduce sediment
transport during alluvial events. It is however less clear whether
it can be successfully applied also to debris flows, because of
the high solid fraction of the debris in motion, which goes well
beyond the limits of validity of the hydraulic formulas (Choi
etal., 2016).

In alternative, the filter control can be mechanical,
i.e. the grains are stopped by exploiting their frictional
properties (Piton & Recking, 2016). In this case, a section
restriction causes jamming of the largest grains. The jammed
grains form stable structures, i.e. contact networks able to
withstand loads. Depending on the shape of these networks,
they can be called arches (2D) or domes (3D). The largest
grains are more likely to organize in such structures, and
are then trapped behind the barrier. Similar functions can be
achieved also with the use of baffles (Law er al., 2016) or
deflectors (Ng et al., 2017).

Hydraulic control operates at a timescale given by the
peak discharge, which depends on the catchment hydrologic
conditions and is usually of the order of hours (Armanini ez al.,
1991). In contrast, mechanical control is mainly a function of
the supply of large sediments. This operates at a much faster
timescale for debris flow, where coarser grains accumulate at
the front, typically within minutes.

Also due to this complexity, no standard rules today exist for
a rational design of retention structures. The comprehension
of the clogging mechanism of the barrier filter, as a function
of its geometry and of the flow characteristics, needs to be
improved. This limits the possibility to propose and validate
alternative geometrical configurations for the barrier, and to aim
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at a rational use of material and resources. The development
of a reliable and efficient numerical method able to evaluate
the effectiveness and efficiency of retention barriers is therefore
necessary (e.g. Choi et al., 2016; Shima et al., 2016).

In this paper, a numerical model based on the Discrete
Element Method (DEM) is presented, validated and proposed
to analyze the interaction between dry granular flows and
barriers embedding a single vertical outlet (slit-check dams).
The framework is used to reproduce a granular flow inside an
idealized channel, where a barrier is set. The flow mass is as
a first step idealized as a collection of dry particles, therefore
neglecting the presence of a fluid phase (Leonardi e al., 2018).
These particles represent the coarsest grains of the flow, i.e.
those most likely to clog the outlet of a barrier. The model is
based on a numerical code developed by Leonardi ef al. (2014),
which has been recently used to simulate the impact of a flow
on a wire-net barrier (Leonardi et al., 2016). In this precedent
work, the mechanism is however notably different in that the
barrier was set to completely halt the grains. In a slit-check dam
the opening is usually much larger than the reference grain size.
The relevant mechanism here, as will be discussed in detail, is
the creation of granular arches that clog the outlet. In order to
correctly simulate this behavior, the code has been enhanced by
implementing static friction and rolling resistance in the contact
model.

In the following sections, the enhanced numerical framework
is first presented, and then validated by comparison with
previous numerical and experimental studies. Before moving
to the slit-check dam study case, the effects of the contact
model on the frictional properties of the granular mass are
investigated, leading to the formulation of a constitutive model
for the grains. This allows to link the model parameters to
measurable properties of natural granular material.

The setup of the numerical experiments is then described,
and a simulation set is run in order to identify the main
mechanisms of interactions between flow and barrier. For a
wide range of channel inclinations and outlet sizes, the final
clogging configuration and the energy-breaking efficiency are
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Fig. 2. Conceptual representation of the contact model.

ol Frictional slider

M,
P —

2414

Fig. 3. Conceptual representation of the rolling-resistance model.
The normal force F;, generates an extra torque due to an imposed
eccentricity e = p,r.

determined. For a given slope, we are therefore able to identify
the slit size that yields the most desirable behavior. A summary
of the implication for the design of this type of slit dams, and
an outlook on possible further developments, is given in the
conclusions.

DESCRIPTION OF THE DEM NUMERICAL APPROACH
The numerical tool used for all simulations presented here is
based on an enhanced version of the code described in Leonardi
et al. (2014). The code allows for coupling with a fluid phase,
but only the DEM phase has been enhanced and used at this
stage. To a certain extend, the grains can be imagined as
representing only the coarsest component of the granular mass.
The possible implications of this choice are discussed in detail
in the conclusions.

The code uses a standard DEM approach, with forces
exchanged by pairs of particles whenever a contact occur. The
contact model is shown in Fig. 2. Forces are computed in
the normal and tangential direction by using linear springs of
stiffness &k, and kt, and damping elements of constants ay, and
«ay, therefore with a constant coefficient of normal restitution
c. More details about this model can be found in Leonardi
et al. (2014). The same properties are applied to wall-particle
and particle-particle contacts, unless differently specified. The
contact stiffness is sufficiently high to keep the system within
the rigid limit, as defined by Roux & Combe (2002). In this
way, compressibility does not affect the overall kinematics of
the system.
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In order to allow for the creation of stable structures inside
the granular mass, the tangential contact model has to be able
to sustain tangential stresses also without deformations. To this
aim, following a popular approach (Luding, 2008), a spring-
like resistive force is initialized any time a contact occurs. The
force is proportional to the relative displacement of the two
points of initial contact on the surfaces of the two particles.
The maximum force in the tangential direction is capped by a
Coulomb-like criterion, with a constant coefficient of sliding
friction .

The employed model relies on geometrically perfect spheres
for representing the particles. This is generally a poor choice
for simulating real granular materials. Assemblies of spherical
particles are known to be less compressible than those
composed of irregular grains (Iverson, 2015), thus creating
more resilient arches. Furthermore, perfect spheres are not able
to support stable structures on an incline. This makes their use
for the target study of a granular flow impinging on an open
barrier problematic. A possible solution would be to use non-
spherical particles, such as those obtained by aggregating a set
of spheres (Leonardi e al., 2014). An alternative, employed
by Teufelsbauer er al. (2009), is to reduce the rotational
velocity of the spheres rolling on an incline, proportionally
to the number of sustained contacts. A third solution, more
computationally-efficient, is the addition of rolling resistance
to the contact model (Girolami er al., 2012). We follow this
last approach, and assign to the force in the normal direction
an eccentricity e, see Fig. 3. A torque is therefore generated,
always opposing rotational motion:
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where ur = e/7 is the coefficient of rolling friction, with 7
an effective radius 7 = ryr,/(r; + r2). With this addition, the
granular assembly can create stable heaps on a flat surface. This
rolling model is conceptually very similar to the one described
by Zhou et al. (1999).

The contact model described so far, and the resulting forces,
are used to update the position and orientation of every particle
at each time step. This procedure, i.e. a solution of Newton’s
equations of motion, is equivalent to that described by Leonardi
etal (2014).

HEAP FORMATION AS STUDY-CASE FOR VALIDATION
The implementation of friction and of rolling resistance in the
code finds in this work its first application. For this reason, a
validation study has been performed, and the results are briefly
reported here. Our simulations reproduce the numerical tests
performed by Zhou et al. (1999, 2002, 2001), who in turn
validated their approach with an experimental campaign. The
subject of their study is a granular heap created in the process
described in Fig. 4. A collection of about 10 grains with
variable mean diameter D are first collected in a reservoir with



Fig. 4. Geometry for the heap-formation validation test: (a) initial configuration, (b) discharge process, (c) final configuration.

Table 1. Parameters used for the validation test. The parameters
coincide with those used by Zhou ef al. (2002) (note that in this
work the definition of ., is slightly different).

Parameter values

10640
0.002, 0.005, 0.01

Number of particles
Particle diameter D [m]

kn [N/m] 108

ki [N/m] Zkn

Restitution coefficient ¢ [-] 0.2
Tangential damping oy [-] 1.0
Particle-particle friction coefficient ps [-] 0.4
Particle-wall friction coefficient ps w [-] %,us,p

Particle-particle rolling coefficient y, [-] 0.05, 0.04, 0.02

Particle-wall rolling coefficient pir w [-] 2pr,p

dimensions L, = 20D and L, = 40D placed over a horizontal
plate. Two gates of size Ly = 5D are then opened at the plate
sides, causing flow of the largest part of the granular mass onto
a surface placed 20D below (Zhou et al., 1999). The remaining
grains over the plate form a stable structure, whose geometry
is a function of the contact parameter, and in particular of the
friction coefficient ys and the rolling coefficient p.

As in Zhou et al. (2002), we use particles of diameter 2,
5, and 10 mm, with density 2500 kg/m>. All geometrical
parameters, such as the box dimensions and the size of the plate,
are the same as in the reference numerical tests. A number of
differences however exist between the two numerical models.
The reference simulations were performed using a Hertzian law
for the computation of the normal repulsive force, while our
model uses a simpler linear law. While the rolling models are
conceptually similar, the reference simulations were performed
by Zhou et al. (2002) fixing the rolling eccentricity e (see
Eq. 1) rather than the rolling coefficient u:. As a consequence,
particles with different radius need to be modeled with different
rolling coefficients in order to obtain exactly the same rolling
torque as in the reference numerical experiment. The rolling
coefficient, as well as all other relevant parameters used for
our numerical simulations, are collected in Table 1. Note that
for this set of simulations we use a radius-dependent friction
coefficient, only in order to match the dimensional parameters
used by Zhou et al. (2002). For all simulations presented in the
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next sections, this choice is dropped in favor of a dimensionless
radius-independent coefficient.

The simulations are halted when the residual kinetic energy
vanishes. At that point, heaps created by particles of different
size exhibit for both models a similar geometry, but a different
slope. A summary of the results is presented in Fig. 5. In the
figure, the experimental results used by Zhou et al. (2002)
to validate their model are reported as well. The simulations
use much less particles than in the experiments, but the size
is the same. The number of simulated particles is however
large enough to minimize finite-size effects. The numerical
and experimental heaps are comparable, and show a similar
dependency of the angle of repose ¢ on the grain size. The angle
of repose diminishes when using larger particles, as already
observed by Carstensen & Chan (1976).

To objectively evaluate the angle of repose, the heap is
divided in direction z into ten segments. The height of each
segment is taken as the center of mass of the highest particle
belonging there. The points are then linearly interpolated to
obtain a measure of the slope. The results of the proposed
model, together with those obtained by Zhou er al. (2002), and
with the experimental dataset of Carstensen & Chan (1976), are
quantitatively compared in Fig. 5 (¢), showing a common trend.

CONSTITUTIVE MODEL FOR INTERNAL ARCHING

One of the major difficulties, both theoretical and practical,
that emerges when dealing with natural granular flows is the
determination of the material properties. Natural grains differ
in shape, size, and composition, making it hard to characterize
the whole mass with few parameters. For this reason, a granular
material is usually described using macroscopic characteristics,
such as the angle of internal friction ¢ obtainable through the
standard triaxial test (Cui et al., 2016). For granular flows,
where confinement is generally limited and large rates are
common, the heap-formation tests is also widely used (e.g.
Coetzee & Els, 2009; Grima & Wypych, 2011; Barrios et al.,
2013; Utili et al., 2015), allowing to determine the angle of
repose of the granular mass ¢. This latter test is particularly
useful when the size of the grains precludes the possibility of
using a more precise triaxial shear test.
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Fig. 5. Comparison of the final experimental and numerical configurations obtained by Zhou ef al. (2002) and the proposed model. In
panel (a) the final heaps are compared with the reference experimental and numerical results for D = 2 mm and D = 5 mm. For the
largest particles (D = 10 mm) reference pictures are not available, so only our numerical result is shown (b). In panel (c) the results are
quantitatively compared with those presented in the reference. Filled circles are the results obtained with our model, empty circles those
obtained numerically by Zhou et al. (2002), and diamonds the experimental data of Carstensen & Chan (1976). A logarithmic regression

line is plotted as a guide for the eye.

N

Fig. 6. Setup of the triaxial tests used for identifying the internal
friction angle. The gray planes are mobile walls, set to impose a
constant pressure o; to the granular mass.

For a given particle size, a relationship between the angle of
repose ¢, or the angle of internal friction ¢, and the numerical
parameters (us, pr) iS anyway necessary to characterize the
material for the numerical simulations. We therefore proceed
to perform a set of triaxial tests to determine the functional
relationship for the angle of internal friction, and a series of
heap-formation tests to identify an analogous function for the
angle of repose.
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Table 2. Parameters used for the triaxial and heap-formation tests.

Parameter values

Number of particles 7640
Volume V [m?] 4.03
Grain diameter D [mm)] 100
Grain density p [kg/m?] 2500
Normal contact stiffness kn [N/m] 108
Tangential contact stiffness & [N/m] %kn
Friction coefficient ps [-] 0-02
Rolling coefficient p [-] 0.1-0.6

Triaxial tests
Triaxial tests are performed by assembling a sample of ~ 8000
monodisperse particles. In reason of the particle diameter used
for the numerical simulations of the flow interaction with a
barrier, which will be described in the next section, a diameter
of 100 mm has been tested. For this grain size, 209 triaxial tests
are performed, varying pr from 0.0 to 0.2 with step 0.02 and
us from 0.1 to 1.0 with step 0.05, while keeping constant the
other parameters, as listed in Table 2. For the friction angle
s, the investigated values cover the typical range of values of
natural granular materials. The rolling coefficient u; spans also
relatively large values, which are here used to model the non-
sphericity of natural grains.

We follow the procedure described by Zhao et al. (2015),
and illustrated in Fig. 6. The sample is initially compressed in
isotropic conditions by imposing a constant pressure at all walls
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Fig. 7. Stress-strain evolution during three sample triaxial test,
with fixed ;. = 0.08 and variable ps.

0¢ = oy = 0, = 100 kPa. This initial phase is performed with
ur =0 and ps = 0 in order to obtain a dense packing. After
this, a secondary phase begins, with the sample compressed
in direction z at a constant strain rate (~ 2-107% s71), ie.
controlling the axial strain e, while keeping a constant pressure
at the side walls. At each instant, the mean and deviatoric
stresses are computed, respectively, as

= T + oz 3
p= (o0 toyto2)/ .

q=(0z = 0z).

Typical stress/strain recordings are illustrated in Fig. 7. All
samples exhibit a peak stress, followed by a decay to a residual
value for large strains.

The peak and residual shear strengths can be analyzed to
obtain a peak and residual macroscopic internal friction angle,
respectively peak and Yres. Fig. 8 (a,b) shows the results
obtained with the parameters described above. A specific value
of the internal friction angle (both peak and residual) can be
obtained by multiple combinations of (us, ur). It is observed
that the rolling resistance has a limited influence on the internal
friction angles.

Heap-formation tests

The heap-formation tests are performed using the heap-
formation procedure described in the previous section, and
the geometrical parameters listed in Table 2. As shown in
the previous section, the angle of repose depends on the
particle size. It is moreover a function of friction and rolling
resistance (Zhou et al., 2001). Such a relationship cannot be
inferred directly, because of the strong non-linearity of the
problem.

Prepared using GeotechAuth.cls

To overcome this, and in analogy to the triaxial tests,
a large number of numeral simulations is here performed,
each reproducing the heap-formation test described in the
previous section for a different set of parameters (us, iir).
Notably, the presence of both rolling and sliding resistance is
a necessary condition for heap formation. When either ps or
e 18 zero, a stable heap cannot form on a horizontal plane, and
accordingly a granular assembly cannot be halted on an incline,
independently of the slope.

The results of the heap-formation simulations are collected
in Fig. 8 (c¢). For large values of pu: (the upper parts of the
contours), the results of the angle of repose are very similar to
the residual angle obtained with the triaxial tests. On the other
hand, a low rolling coefficient always leads to unphysically
low angles of repose, independently from the magnitude of the
friction coefficient (Utili ef al., 2015).

The same figure also shows the results obtained with the
formulation proposed by Zhou et al. (2002), rewritten as:

0.27 0.22 0.06 0.12 H—0.02
¢ = 4Tps Hs,w Hr Hrow D 5 3)

which has however been obtained for particles with D <
10 mm. The original formula had a slightly different
appearance, because of the original definition of u, and prw
in Zhou et al. (1999), where both coefficients have the
dimension of a length. Moreover, D was originally expressed
in millimeters while in Eq. 3 D is expressed in meters. A good
agreement between this formulation and our numerical results
is found for the lower values of u, and us.

An analytical expression of the functional relationship ¢ =
f (s, pr) that fits the obtained numerical results should now be
defined to be used as constitutive model for the analyses that
will follow. The resulting analytical expression is:

o= vV Hsa(#r)y 4)

23(“ )0y for e < 0.12
a(/lr) = { r r (5)

2800  for p, > 0.12.

Restricting the domain of validity to p < 0.12 and ps < 0.7,
the formulation can be simplified to:

¢ = 150\/fisfir. (©)

It is evident that, as in the triaxial tests, the simplified
formulation can lead to the same angle of repose ¢ with
multiple combinations of values (us, ir). Eq. 6 provides a link
between an easily identifiable physical parameters (¢) and
the internal numerical parameters us and pr. This allows to
reproduce real granular material with a degree of confidence,
as will be performed in the next section.
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Fig. 8. Filled-contour representation of the functional relationship between the macroscopic resistance parameters of the material obtained
with the simulations, and the DEM parameters: friction coefficient 15 and rolling coefficient y,. (a) Peak internal friction angle from
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(b)  Control volume

Fig. 9. (a) Geometrical setup used for the slit-dam simulations.
The gravity vector, g in the figure, is rotated to obtain the desired
inclination. (b) Geometrical description of the control volume used
for evaluating the kinetic status of the grains at the outlet.

IMPACT OF A GRANULAR FLOW ON A SLIT BARRIER
Simulation setup
As stated in the introduction, a simulation set is here proposed
with the goal of reproducing a simplified but realistic setting.
The adopted geometry aims at mimicking a slit-check dam such
as the one depicted in Fig. 1. The setup consists of an idealized
channel with rectangular section. The channel is 20 m long and
1.9 m wide, and can be inclined to obtain the desired slope 6.
An orthogonal reference system linked to the local topography
is used, with the z axis normal to the channel floor, and the
x-axis oriented downslope, as depicted in Fig. 9.

An open barrier extends over the whole width of the domain
in the yz plane, and has a vertical outlet in its central part.
An assembly of compacted spheres, which can deform and
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Table 3. Geometry and characteristic parameters used for the slit-
dam simulations.

Parameter Values

Number of particles 7640
Released volume V [m?] 4.03
Grain diameter D [mm] 100
Grain density p [kg/m?] 2500
Normal contact stiffness kn [N/m] 108
Tangential contact stiffnessk; [N/m] %kn
Restitution coefficient ¢ [-] 0.8
Friction coefficient s [-] 0.58
Rolling coefficient i [-] 0.068
Particle-wall rolling coefficient pir w [-] 2y

exchange forces if impacted, but whose motion is prevented,
is used to model the barrier.

The granular mass is composed of spherical particles
with mean diameter D = 100 mm. The particles are initially
arranged in a cubic pattern, which however breaks rapidly
during the first instants of flow. A small degree of dispersion
(£5%) is used for the particle radius, in order to limit
crystallization (Bi ef al., 2005). It remains very hard to avoid a
certain degree of crystallization in the bottom layer of the flow,
because of the contact with a flat surface.

The granular flow is obtained by collapse of the granular
mass, whose front is initially located at distance 3.4 m from
the barrier. The collapse is driven by gravity alone (Fig. 9).
The release scheme is equivalent to that obtained with a dam-
break setup, which is a common choice when simulating the
interaction with structures (Gabrieli & Ceccato, 2016). As
already mentioned, with the aim of investigating the outlet
clogging mechanism, only the coarsest grains are modeled.
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Table 4. Flow parameters, measured before impact at the front,
here identified as the section located 1 m behind the foremost
particle.

Flow parameters before impact

01°] 10 20 30 35 40
0/6[-1 | 033 0.67 1.00 1.17 1.33
ve [m/s] | 3.62 538 7.08 7.83 825

he[m] | 024 026 028 036 041

Fr[-] |231 337 427 417 411

0.4 T T T T
S/r; S/W
0.35 4; 0.22
6; 0.33
0.3 8; 0.44
10; 0.55
no barrier
—_ 0.25
T
? 0.2
§
0.15
0.1
0.05
0
0 2 8 10

4 6
(t—t)/\/H/g [-]

Fig. 10. Kinetic energy of the flow K registered for different
barrier configurations.

Overflow is prevented by fixing the height of the channel
and of the barrier to H = 1.35 m. The width of the channel,
being 18 times the grain diameters D, is set in order to limit
the influence of the domain lateral walls (Pournin ez al., 2007).
All domain boundaries are made of rigid walls, with frictional
properties.

Debris material is known to form deposit of relatively low
angle of repose, down to ¢ = 10° or less (Kwan, 2012). This is
due to many factors, among which the friction-inhibiting effects
of pore fluid pressure. However, we assumed in this work that
the slit induces dry conditions to the grains, since the pore fluid
can filter. This allows to conservatively represent the intensity
of frictional arches. Therefore, a macroscopic angle of repose
¢ = 30° is chosen, a typical value for dry coarse grains. The
material parameters p, = 0.068, us = 0.58 are therefore used,
in accordance to Eq. 6. The ratio between the slope inclination
and the repose angle, 6/¢ is set by changing the former, with
the latter fixed at ¢ = 30°.

Energy-breaking efficiency

After release, the flow quickly accelerates, but does not reach
a steady state before hitting the barrier. Varying the ratio 0/¢
gives origin to flows with different velocities. An estimation
of the front velocity vf and of the flow height at the front
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h¢ is given in Table 4. These are obtained by measuring the
properties 1 m behind the front particle. From these parameters,
a Froude number can be defined as Fr = v¢/+/ghs. However,
this definition is not objective, because the flow is not uniform,
and because different methods for measuring v¢ and h¢ can give
substantially different results.

In any case, after impact has occurred, inertia becomes less
important. The kinetic energy of the flow, computed as

1 1
K=" (Gmie? + 51w?), %
=1

is shown in Fig. 10. The kinetic energy is measured only in the
portion of the domain located upstream of the barrier position,
regardless of the presence of the barrier. When the flow is
undisturbed, i.e. when no barrier is present, K grows much
larger than in presence of the barrier. This is true even for
relatively large openings.

To quantify the energy dissipation induced by the barrier, we
define an energy-breaking efficiency as:

t
fto Kundisturbed — Kbarrierdt
fto Kundisturbed dt

where tp is the instant at which first impact occurs. The
measurement window is limited to the first 10 dimensionless
time units, see Fig. 10.

It is apparent that the barrier energy-breaking efficiency is
always very high. It is also a weak function of the channel
inclination. This is true even for relatively large slits (S/W =
0.6). The kinetic energy collapses to its final, stable value in
about 4 dimensionless time units (Fig 10). From that moment,
the flow inertia, and the initial Froude condition, appear to have
a negligible effect. The interactions that lead to clogging are
therefore governed by an interplay between gravitational forces
and friction, which is best represented by the ratio 0/¢.

Retention efficiency

For each ratio /¢, a study of the barrier retention efficiency
has been performed by varying the outlet width S (Fig. 9),
geometrically normalized by the characteristic radius of the
grains r, to identify the critical outlet size that prevents clogging
formation. The investigated ratios S/r range from 2 to 10.

In the literature, there is little information about the
critical ratio that causes grain stoppage in the outlet for
this configuration. A few early experimental works (Ikeya
& Uehara, 1980; Mizuyama et al., 1988) suggest a slit
size S/r <3, and a recent work by Shima er al. (2016)
surveyed filter dams, confirming that trapped boulders had a
size corresponding to S/r < 3 — 4. There is however a rich
literature that studies clogging in silos (Pournin et al., 2007;
Hidalgo et al., 2013).

A key difference between a silos and a slit barrier is the
different type of symmetry. The radial symmetry of silos is
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Fig. 11. Energy-breaking efficiency of the barrier E' as a function
of the outlet size S/, of the transverse blockage S/W, and of the
ratio between slope incline and angle of repose 6/¢.
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Fig. 12. Retention efficiency of the barrier F,, as a function of the
outlet size S/r, of the transverse blockage S/W, and of the ratio
between slope incline and angle of repose 6/¢.

here reduced to a simple planar symmetry. Additionally, gravity
is orthogonal to the outlet in silos, while here it is inclined.
Therefore, the intensity of the forces that sustain the arches
clogging the outlet is stronger at the bottom of the deposit than
at the top. It remains however possible to transfer core concepts.
A typical lower value of the ratio S/r that prevents clogging in
silos falls in the range 3 < S/r < 6 (Magalhdes et al., 2015;
Arévalo & Zuriguel, 2016). However, the exact value depends
on the specific geometry, and on the type of grains. Typically,
2D silos clog more easily than their 3D counterpart (Janda
et al., 2008), since they require the formation of a simple arch
rather than more complex dome-like structure. Analogously,
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(a) t=15s

(b) t=30s

(c) t=45s

(d) t=70s

0.0 |v| [m/s] 0.1

Fig. 13. Example of clogging of a barrier outlet with S/r =5,
0/¢ = 1.17. The presented time sequence evidences the progressive
clogging of the barrier outlet and stoppage of the flowing mass.

the slit barrier promotes the formation of a 3D stable structure,
but a thin flow composed of a single layer of particles can
anyway form an arch similar to those observed in 2D silos.

In this work, the retention efficiency is defined as

By = Mstop — mbase’ )

Mtot — Mbase

and expresses the ratio between the mass halted by the barrier
at the end of the simulation msop and the total released mass
myot. Both are net of the mass that stops because of basal
friction alone my,,4., Which is estimated by running simulations
without the barrier. Note that my,,. is relevant only for gentle
slopes. A fully closed barrier (S = 0) or very large grains with
respect to the outlet size (S/r — 0) always determine unitary
retention efficiency.

The simulation results are presented in Fig. 12. A key
difference in mechanism is observed between steep slopes
(6/¢ > 1) and gentle slopes (8/¢ < 1). On gentle slopes, the
mass halts regardless of the presence of the barrier, as the
repose angle is larger than the imposed incline. Note that
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Fig. 14. Clogging time (¢st0p) at different heights along the barrier as a function of /¢ and S/r.

even in this condition an initial flow originates by the initial
clump of the granular mass. In all simulated cases, this initial
clump is sufficient to let a portion of the mass reach the
barrier. The stopping of particles is then always attributable to a
combination of the presence of the barrier and of basal friction,
with the latter becoming dominant on gentle slopes. On steep
slopes (6/¢ > 1) the curve follows an S shape typical of smooth
phase transitions. For S/r — oo, zero retention efficiency is
expected as basal friction is not high enough to halt the flow,
and stable structures cannot clog the outlet. However, a small
amount of material always remains behind the barrier wings,
therefore zero retention efficiency is never achieved in practice.

THE CLOGGING MECHANISMS

Transition from flow condition to stable structures

The results of the previous section only concern the analysis of
the system final configuration. However, a richness of behaviors
can be observed when investigating the paths that lead to the
final configuration.

In some of the analyzed cases, grain stoppage is almost
instantaneous, with the immediate formation of a stable 3D
granular structure that covers the full height of the barrier. In
some others, a stable configuration is finally reached, but this
takes a long time, such as in the example provided in Fig. 13.
For the latter, although a rapid decrease of the kinetic energy of
the flow is immediately observed, a stable granular structure
forms much later, but does not completely cover the outlet.
A progressive growth of the clogging height is then reached
through the alternation of locking and unlocking of the outlet.
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Consecutive remobilizations of already stopped grains cause
small overflows of material, which in turn promote further
rearrangements of the particles and a delay in time before
reaching the final configuration.

A progressive clogging of the dam outlet can be speculated
as being a favorable process. It provides a modulation of the
kinetic energy, while at the same time limiting the amount
of halted material, and therefore guaranteeing a longer lasting
effectiveness of the barrier during an event.

To identify the conditions under which progressive clogging
occurs, the kinetic energy of the mass is tracked as a function
of time and position. To this aim, a control volume extending
upstream from the barrier is taken as reference. This volume
consists of a cuboid having the same width and height of the
outlet and a length equal to 4r in the x direction. This is
divided into ten equal-thickness layers. Each layer is identified
by the midpoint of its thickness in the z direction and contains
a number N of particles (Fig. 9 b). The kinetic energy of
the particles in a layer is evaluated using Eq. 7. If particles
are present, but their kinetic energy is negligible (we use as
threshold K < 107°J), that layer is considered clogged. The
time interval between the first impact of the released particles
on the barrier and the particle clogging in each z-layer is called
clogging time, and indicated as Zsop(2).

The diagrams showing tgp for different 6/¢ and S/r ratios
are illustrated in Fig. 14. Here, tqop, scaled by \/ﬁ , 1S
represented as a function of z/H, with H the total height
of the barrier. For gentle slopes (especially for 6/¢ = 0.33),
clogging occurs rapidly (usually within the first 50 s) but on
average concerns a small number of layers. This can be justified
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by the large number of particles that in these configurations
stop before reaching the barrier. In these cases, the barrier
only anticipates particle stoppage, which would anyway occur
because of the low channel slope.

For steep slopes, four possible patterns can be identified
Fig. 15). When the outlet is very narrow (S/r < 4), clogging
occurs rapidly, and concerns the full outlet height. Vice versa,
if the outlet is very wide (S/r > 9) clogging does not occur at
all. These two configurations are respectively called “Rapid”
and “Ineffective”, and are indicated in Fig. 15 as R and I. The
results agree with those obtained by Arévalo & Zuriguel (2016)
on a 2D inclined silos, where the range for ineffective clogging
starts when S/r > 10.

Usually, the critical S/r ratio that promotes clogging is
identified in between the two configurations described above.
In this respect, the simulations evidence that there is an
intermediate range of S/r values for which two further
configurations are possible. The first involves clogging of a
significant height of the outlet, but with some delay in time
(especially for the upper layers). This implies that the flows last
for a relatively long time, but stoppage is eventually achieved,
with the grains forming a stable, three-dimensional structure.
This clogging mechanism is indicated as ‘“Progressive”, P in
Fig. 15. Finally, a scenario is observed in which clogging occurs
with delay in time, the barrier retention efficiency is very low,
and yet a stable structure forms nevertheless. Usually, in this
case the particles at direct contact with the barrier form a
single-layer 2D arch. This is indicated as “Bidimensional”, B
in Fig. 15. Note that upstream of the arch, the deposit is not
necessarily composed of a single layer.

State diagram

The final configuration for all performed simulations, arranged
in a state diagram with 6/¢ and S/r as axis, is indicated
in Fig. 16. Markers of different color correspond to the
four described mechanisms. From a perspective of barrier
effectiveness, progressive clogging is desirable, as the material
is released slowly, and a longer timeframe of barrier
effectiveness is guaranteed. Bidimensional clogging is however
more commonly encountered in the simulations, covering a
larger portion of the state diagram studied with Fig. 16. Even
when the clogging mechanism on the outlet is bidimensional,
the material behind the barrier can be large, as shown in Fig. 15.
It remains to be further investigated whether the dominance of
the bidimensional clogging pattern is an artifice introduced by
the simplified geometry, or a behavior that is more common
also in reality.

Bidimensional clogging dominates the portion of the
diagram related to gentle slopes. As already discussed, in this
case a single bidimensional arch does not hold the whole
mass into place, but rather anticipates a stoppage that would
occur anyway due to the large friction coefficients. It should
be stressed that usually retention structures are located where
slopes are gentle (§ < ¢). However, in natural granular flows
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Front View Plan View

g

Fig. 15. Possible types of clogging mechanisms. The examples
are from simulations with 6/¢ = 1.17 R: rapid (S/r =4), P:
Progressive (S/r = 5), B: Bidimensional (S/r = 6), I: Ineffective
(S/r = 10). The sketches on the left column idealize the type of
clogging associated with each mechanism.

the frictional resistance of the material is often reduced because
of additional internal mechanisms that enhance mobility, such
as excess pore pressure (Kaitna ef al., 2016). For this reason, the
part of the diagram related to steep slopes is still significant.

The final recommendation depends strongly on the design
perspective. If a complete stoppage of boulders larger than a
given size r* is necessary, a small S/r* should be chosen,
guaranteeing clogging with rapid characteristics. In alternative,
the barrier can be designed to perform energy-breaking and
filtering functions while at the same time limiting the amount
of material that needs to be removed after each event. This
would guarantee a long-term effectiveness of the barrier itself.
In this case, it results that the range 6 < S/r* < 7 covers the
area where the best behavior, i.e. where progressive mechanism
dominates. Also in case of a phenomenon with multiple surges,
which is typical of debris flows, progressive clogging could to
some extent prevent a quick filling of the barrier, allowing the
barrier itself to remain functional for multiple surges.

CONCLUSIONS AND FURTHER DEVELOPMENTS

The debris flows impact on mitigation structures is still
a problem not fully understood, especially because of the
complexity of debris material. Generalizing the results of
experimental and numerical studies remains difficult. It is
nevertheless important to address this complexity, and update
the existing guidelines and prescriptions in order to define a
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Fig. 16. Diagram of the clogging mechanisms observed at the end
of the carried-out simulations. Refer to Fig. 15 for the definition
of the mechanisms and the legend for the symbols. Each marker
corresponds to a simulation for a different set of values (6/¢, S/r).

more rational procedure for the design of these structures. In
the perspective of hazard mitigation, it is desirable to build
effective and efficient structures that possibly require minimum
maintenance. At the same time, the amount of construction
material should be optimized, as these structures are often built
inside natural environments.

Numerical simulation can potentially give a contribution. For
this reason, a model has been proposed, able to simulate the
interaction between a dry granular flow and a slit-check dam.
The model has been validated by comparing with previous
experimental and numerical results on heap formation. While
still relying on severe simplifications, the model can address
the specific problem of clogging of the barrier outlet with
unprecedented precision.

The internal friction angle and the angle of repose have been
chosen as the macroscopic parameters for the characterization
of the granular material. Both have been correlated with
the numerical parameters of the contact model, yielding
constitutive relations. As an improvement with respect to
previous studies (Teufelsbauer er al, 2009; Law et al.,
2016), this allows to link the model parameters to observable
properties of the coarse grains.

Concerning the mechanism of interaction between granular
flow and slit-check dam, a two-dimensional parametric space
has been studied. We explored the effects of the ratio between
channel slope and angle of repose of the grains 6/¢, and
of the ratio between slit opening width and grain size, S/r.
Both have a strong effect on the type of behavior observed.
In particular, four recurring clogging mechanisms have been
identified. An obvious result is that for large S/r, most of
the material flows beyond the barrier, while a very small S/r
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determines a quick clog of the outlet. In the intermediate range,
clogging has been shown to occur progressively. Overall, a ratio
between S/r = 6 and S/r = 8 guarantees the best conditions,
with an intermediate retention function obtained without abrupt
clogging of the outlet. At the same time, the energy-breaking
function is guaranteed.

It remains however to be further investigated whether the
obtained results, and in particular the described state diagram,
are resilient to changes in the setup geometry or in the material.
The number of simplifications need to be relaxed before
generalizing the results for application in the field. In particular,
triggering the flow through collapse of a granular mass, albeit
being a standard practice for this type of studies, is unrealistic.
A natural flow comes with much larger volumes of debris.
Ideally, the mass should enter the domain through an inlet. This
poses however severe challenges to the numerical model. This
additional complexity will be addressed in future studies, where
the results of a full-size simulation will be used to setup an
inlet condition. An additional issue is given by the fact that
most natural phenomena, e.g. debris flow, come with grains
of different size and with an additional fluid phase (Cui et al.,
2017a,b). The code we used for this work can possibly simulate
fluid-grain mixtures (Leonardi e al., 2013, 2015). However, the
simulation of multiphase flows would further complicate the
analysis of the results, and is therefore postponed to a future

work.
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