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Discrete element analysis of dry granular flow impact
on slit dams

Abstract Slit dam is an open-check barrier structure widely used
in mountainous regions to resist the destructive impacts of granular flows. To examine the dynamics of granular flow impact on
slit dams, a numerical study by discrete element method (DEM) is
presented in this article. The study considers dry granular materials flowing down a flume channel and interacts with slit dams
installed at the lower section of the flume. The particle shape is
explicitly considered by particle clumps of various aspect ratios.
The slit dams are modeled as rigid and smooth rectangular prisms
uniformly spaced at in the flume. Four key stages of granular flow
impact on the slit dams have been identified, namely, the frontal
impact, run up, pile up, and static deposition stages. In the impact
process, the kinetic energy of the granular flow is dissipated
primarily by interparticle friction and damping. The trapping
efficiency of the slit dams decreases exponentially with the relative
post spacing, while it increases with the particle clump aspect
ratio. The numerical results can provide new insights into the
optimization of relative post spacing for slit dam design.
Keywords Dry granular flow . Slit dam . Discrete element
method . Particle clump . Trapping efficiency
Introduction
As one of the common geological hazards, granular flow can
significantly threaten human lives, structures and infrastructures,
and lifeline facilities worldwide due to its fast-moving velocity,
long runout distance, and high impact force (Chen et al. 2015;
Hürlimann et al. 2006; Iverson 1997). Common mitigation measures are based on structural countermeasures to granular flow
impacts, such as flexible barriers (Li and Zhao 2018), rigid obstacles (Teufelsbauer et al. 2011), and baffle arrays (Choi et al. 2018).
As one of the most popular measures, closed check dam has the
major drawback of being easily filled up by sediments due to
relatively low storage capability and poor permeability
(Cucchiaro et al. 2019). Failure of closed check dam may cause
more devastating sediment-related secondary disasters, such as
floods and debris flows. Alternative open-form barrier structures,
such as slit dams and flexible barriers, have gained increasing
favors in engineering practice (Choi et al. 2019; Choi et al. 2018;
Zhou et al. 2019).
A slit dam usually consists of an array of densely spaced
concrete columns. These columns may serve as effective measures to dissipate the impact energy of granular flow and collectively help to retain a certain portion of coarse solids (Cui
et al. 2018). It can thus control the peak granular discharge by
allowing a relatively small portion of debris materials to pass
through the slits. This approach may significantly reduce the
destructive power of granular flow and thus the possibility of
dam failure (Goodwin and Choi 2020). The performance of slit
dam is influenced primarily by the so-called relative post spacing (Choi et al. 2016), which is defined as the ratio of the post

spacing (b) of the dam to the maximum particle diameter (dmax)
of the debris materials. Ikeya and Uehara (1980) studied the
response of different open-type dams and concluded that the
slit dam could be blocked when b/dmax is less than 1.5. Some
recent field investigations also showed that slit dams with narrow relative post spacing (b/dmax ≈ 1.5) are more vulnerable to
be filled up (Shima et al. 2016). Han and Ou (2006) identified
three patterns of slit dam blockage by nonviscous debris flows
in the field, namely, complete blockage, partial blockage, and
opening. They further concluded that the complete blockage
would occur for a slit dam with b/dmax being smaller than 1.5.
To explore the fundamental mechanisms of granular flow
regulation, it is imperative to analyze the interactions between
the solid materials and barrier structures, which can be conveniently investigated by the discrete element method (DEM). The
DEM has been widely used to investigate the behavior of
geohazards including granular flows and rock avalanches
(Bonilla-Sierra et al. 2015; Choi et al. 2014; Li and Zhao 2018).
Choi et al. (2014) performed both physical model tests and DEM
simulations on debris flow mitigation measures to examine the
key interaction mechanisms between baffle arrays and debris
flows. They concluded that the baffle spacing should be 0.25
times of the channel width for the optimized mitigating
performance. Law et al. (2015) employed DEM simulations to
study the granular flow impact with various baffle configurations. They proposed the optimum baffle spacing based on the
minimized peak impact force acting on the rigid barrier. In the
field, the debris particles are commonly angular in shape which
may affect the particle-particle interactions, particle-bed interactions, and particle-barrier interactions and thus underpin its
overall mobility, impact, and deposition (Dong et al. 2015). It is
thus critically important to consider the particle shape effect in
DEM simulations (Ferellec and McDowell 2010).
This study aims to investigate the influence of particle shape on
the dynamics of granular flow and its impact on slit dams by
DEM to offer new insights in practical engineering designs. The
numerical model employs clumped particles to represent irregularly shaped particles. Since the shape of constituent particles
remains spherical, the contact detections and interparticle force
calculations can still follow those used in conventional DEM
simulations. The article is organized as follows: section 2 presents
a brief introduction to the DEM model configurations. In
Section 3, the obtained numerical results are illustrated.
Section 4 provides discussions on model size and granular flow
inertia effects on modeling granular flow impact. Finally, the
conclusions reached in this study are summarized in Section 5.
Methodology and model configurations
The open-source DEM code ESyS-Particle (Weatherley et al.
2011) has been employed in this study to run all the simulations
presented herein. In the DEM model, the dynamics of each
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individual particle are governed by Newton’s second law of
motion as:
F i ¼ mi

Mi ¼ I i

d2
ri
dt 2

ð1Þ

dωi
dt

ð2Þ

where Fi is the total force acting on particle i; ri is the position of
particle centroid; mi is the particle mass; Mi is the total moment
acting on the particle; ωi is the angular velocity; and Ii is the
moment of inertia.

Particle clump model
The particle shape in DEM is explicitly approximated by clumped
particles, as shown in Fig. 1. In this model, two spherical particles
are firmly bonded together via the parallel bond model (PBM)
(Wang 2009) to form an unbreakable particle clump. The bonding
forces between particles are calculated as follows:
F bn ¼ K bn ⋅Δun

ð3Þ

F bs ¼ K bs ⋅Δus

ð4Þ

In this research, three sets of particle shape configurations have
been used, with α = 1, 1.5, and 2, denoted as “A-1,” “A-2,” and “A3,” respectively. In addition, an additional series of simulations “A4” using a mixture of equal number of particle clumps “A-1,” “A2,” and “A-3” is also included for comparison purpose.
Linear elastic contact model
The interactions between individual particle clumps are computed
via the linear elastic contact law in conjunction with the Coulomb
friction model. In the model, the normal contact force is calculated
as:
F n ¼ K n U n þ F dn

where Un is the overlapping distance in the normal direction
between the two particles in contact and K n ¼ πER=2 is the norbeing
the particle Young’s
mal contact stiffness, with E and R p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
modulus and mean radius. F dn ¼ −2β 0:5ðmA þ mB ÞK n vn is the
normal damping force, where β is the damping coefficient; mA and
mB are the masses of the two particles; vn is the relative velocity
between the two particles. In the simulations, a small damping
coefficient of β = 0.01 is applied at particle contacts to account for
the energy dissipation by plastic deformations. The damping coefficient is determined by trial and error to ensure it has negligible
influence on the overall dynamics of granular flow. The choice is in
line with the DEM model configurations in Zhao et al. (2017).
The tangential contact force is calculated incrementally as follows:
þ K s ⋅ΔU t
F nt ¼ F n−1
t

M b ¼ K b ⋅Δθb

M t ¼ K t ⋅Δθt

Landslides 18 & (2021)

ð7Þ

ð5Þ

where Fbn and Fbs are the normal and shear bonding forces; Mb
and Mt are the bending and twisting moments, respectively; un,
us, θb, and θt are the relative displacements between the
bonded particles in the normal, shear, bending, and twisting directions, respectively; Kbn, Kbs, Kb, and Kt are the corresponding
bonding stiffness in the respective directions. The relative displacements are computed by unit quaternions for 3D spatial rotations of the two rigid spheres (Hamilton 1844). In this study, the
bonding strength is set to be an extremely high value, e.g., 1020 Pa,
so that the structure of clumped particles can resist any external
loading without breakage.
In order to maintain the same debris mass for different tests,
the density of individual particles in the clump is scaled up with
respect to the clump volume, so that the bulk density of the
particle clump can match that of a spherical particle. In this
approach, the initial total granular energy can maintain consistently the same for all tests. The non-sphericity of particle clump is
quantified by clump aspect ratio, α, defined as the ratio of the
maximum distance from the clump edge (dotted line) to the
geometric center (l) to the radius of individual sphere (r) (see
Fig. 1). As stated by Guises et al. (2009), this definition can
approximately capture the difference between various nonspherical particles for an intuitive and convenient representation.
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ð6Þ

where F nt and F n−1
are the tangential forces calculated at the
t
current and previous iteration steps; K s ¼ πER=ð4ð1 þ υÞÞ is the
shear stiffness, with E and υ being the particle Young’s modulus
and Poisson ratio, respectively; Ut is the incremental tangential
sliding displacement. The maximum tangential force is limited by
the Mohr–Coulomb criterion (Utili et al. 2015).
Model calibration
The proposed DEM model has been calibrated by performing the
simulations of the collapse of a granular column and comparing
the numerical results with the well-documented experimental and
numerical data in the literature. The investigation of granular
column collapse has been recognized as one of the most important
approaches for studying the transient granular flow conditions
(Crosta et al. 2009). The test involves the collapse of a column of
densely packed granular materials with the initial length Li and
height Hi. The granular flow is triggered by quickly removing the
frontal confining gate. At the end of the test, the final runout
length of the granular materials is measured as Lf. The angle of
repose, ϕ, is measured as the steepest angle of the descent of the
final granular deposit relative to the horizontal plane, when grains
on the slope surface are on the verge of sliding. The input parameters of the DEM simulations are listed in Table 1.
Figure 2 illustrates that the final runout distance of granular
materials increases with the column aspect ratio but decreases

Fig. 1 Schematic view of particle clumps of different aspect ratios (α = l/r): (a) spherical particle (α = 1); (b) elliptical particle clump (α = 1.5); (c) elongated particle
clump (α = 2). The dashed curve represents the approximated real particle shape

with the increase of particle clump aspect ratio in the numerical
study. Granular columns consisting of spherical particles (α = 1)
have much higher spreading mobility than those of non-spherical
particles, indicating that the traditional DEM model using only
spherical particles would significantly overestimate the dynamics
of granular flow. Conversely, the simulations with particle clumps
of various particle aspect ratios can effectively mimic the dynamic
responses of granular flow. In particular, the numerical results of
tests using the particle clumps of α = 1.5 can match well from a
qualitative viewpoint both the experimental observations in Lube
et al. (2005) and the 2D FEM numerical analyses in Crosta et al.
(2009). The simulations using clump mixture can match well with
the numerical results of Utili et al. (2015) for 3D DEM simulations
in plane strain boundary conditions. The test with α = 2.0 produced the shortest granular runout distance due to the high nonsphericity of particle shape. The comparisons in Fig. 2 show that
the proposed particle clump model and input parameters are valid
in modeling the dynamics of granular flow.
In this study, the measurement of the angle of repose (ϕ) is also
performed on short granular columns (aspect ratio a = 1.0, to
avoid the influence of intense granular dynamics on the final
granular deposition). The values of ϕ are 16°, 25°, 26°, and 23°
for the tests with α = 1.0, 1.5, 2.0, and clump mixture, respectively.
The spherical particles (α = 1.0) have the lowest angle of repose,
indicating that the granular flow has a very high mobility. The use
of particle clumps can lead to a much higher angle of repose (e.g.,
7° ~ 10° more), such that realistic internal resistance (e.g., particle
friction and interlocking) of granular flow can be reproduced. The
obtained results can match well the data reported in Marchelli
et al. (2020) with ϕ in the range of 18° to 27°, in which the particle
shape effect is characterized by the DEM rolling resistance model.

The calibration focuses mainly on the dynamic properties of
granular materials, e.g., the dynamic friction (particle contact
friction and interlocking) and collective particle interactions, arguably the most important material behavior governing the mobility of granular flows. The impact process has been studied in
one of our previous publications on granular flow-rigid barrier
impact via DEM modeling (Shen et al. 2018). Thus, the calibrated
DEM model can be employed to simulate the dynamics
and impacting process of granular flow.
Numerical model configurations
In this study, the DEM simulation of dry granular flow impact
on a slit dam is configured according to the experiments performed by Zhou et al. (2019) in analyzing a natural debris flow
sloping channel in Kangding, Sichuan, China. As shown in Fig.
3(a) and (b), the numerical model consists of a storage tank, a
debris propagation zone with two different inclined flumes, and
a deposition zone of an outflow leveled ground. The storage
tank has the dimensions of 0.8 m in length, 0.6 m in width, and
0.4 m in height. The slope angles of the upstream (θ1) and
downstream (θ2) flumes are 30° and 7.6°, respectively. The steep
and gentle flume sections are employed to mimic the transportation and deposition zones of natural debris flow channels. The
granular assembly of “A-1” consists of 60,090 polydisperse
spherical particles of diameters ranging from 10 to 30 mm.
Debris samples of “A-2” and “A-3” are generated by replacing
the spherical particles in “A-1” with the corresponding particle
clumps. The diameters of individual particles in “A-2” and “A3” clumps are in the ranges of 6.67–20 and 5–15 mm, respectively. The mixed granular assembly “A-4” is generated by
randomly replacing 1/3 of “A-1” particles with “A-2” clump

Table 1 Input parameters of DEM simulations

DEM parameters
Particle diameter, d (mm)
Particle density in A-1, ρ1 (kg/m )
3

Value

DEM parameters

5–30

Particle Poisson’s ratio, υ

2650

Particle friction coefficient, μ1

Value
0.25
0.577

Particle density in A-2, ρ2 (kg/m )

4472

Gravitational acceleration, g (m/s )

Particle density in A-3, ρ3 (kg/m )

10600

DEM time step size,

3

3

Young’s modulus of particle, E (Pa)

2

t (s)

9.81
1 × 10−5

8

10

The particle densities, ρ2 and ρ3, are scaled up so that the bulk density of the particle clump can match that of a spherical particle (ρ1). This is to maintain the same debris mass for
different tests
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Fig. 2 Comparison of the results from numerical simulations of this study, experimental data in Lube et al. (2005), numerical data in Crosta et al. (2009), and Utili et al.
(2015). Lube et al. (2005) performed the experiments using the coarse quartz sands. Crosta et al. (2009) employed finite element simulations. Utili et al. (2015) used the
DEM simulations considering the particle shape effect by the rolling resistance model. All research employed the same granular column collapse setup, as shown in the
inset plot. The column aspect ratio is defined as a = Hi/Li, while the normalized runout distance is computed as [L] = (Lf − Li)/Li. The angle of repose, ϕ, is measured
as the steepest angle of the descent of the final granular deposit relative to the horizontal plane

and another 1/3 with “A-3” clumps. The particle size distributions (PSD) employed in the simulations are illustrated in Fig. 4.
The granular particles are initially packed in the storage tank under
gravity. The frontal trigger gate is then lifted rapidly to release the

granular materials to flow down the flume. The roughness of the flume
base is modeled by paving a layer of spherical particles of uniform
radius 10.0 mm on the bed. Since few particles can reach the horizontal
outflow/deposition plane, the outflow plane is covered by a layer of

Fig. 3 (a) Configuration of the numerical model (after Zhou et al. (2019)). The inset plot shows the arrangement of slit dam. (b) A sketch of the numerical model
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Fig. 4 Particle size distribution of granular materials with different particle aspect ratio (α) used in numerical simulations. For clumps, the grain diameter is calculated as
the equivalent diameter of a sphere with the same volume as the clump

coarser particles of 25 mm in radius to increase the overall computational efficiency. For simplicity, two frictionless rigid walls are used in the
lateral direction of the channel to reduce the resistance of granular
dynamics from the boundary walls (Utili et al. 2015). A relatively low
particle-channel friction angle of 10° is used to account for the relatively
low roughness of slope surface. The slit dams are modeled as smooth
rectangular prisms of a fixed height of 0.3 m with an adjustable width.
They are installed at 2.85 m upstream of the channel slope toe (see Fig. 3
(a)). The location is selected such that the kinetic energy of the granular
flow can be significantly reduced at the impact with the lower gentle
flume before it reaches the slit dam. In this approach, the slit dam can
effectively resist the impact pressure from the granular flow and at the
same time discharge a good portion of particles through the slits. The
width of the dam (W) is fixed as 0.6 m, while the spacing between slit
posts (b) varies for different tests.
Experimental observations by Han and Ou (2006) illustrate that
the slit density (∑b/W) can have a significant influence on debris
dynamics when it varies from 0.2 to 0.5. In the current study, five
different slit densities between 0.0 and 0.7 have been employed in
the simulations. The corresponding post spacing (b) and relative
post spacing ratios (b/dmax) are listed in Table 2. Since the maximum particle diameter (dmax) and channel width (W) are fixed, the
variations of b/dmax and ∑b/W are caused by the change of post
spacing (b). The extreme case of b = 0 (i.e., no slit) has also been
included for comparison purpose.
Numerical results
In the analyses below, the dimensionless variables are used, such
that the generality of the research outcomes can be held. In
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
particular, the simulation time is normalized by H i =g, where Hi
is the height of the granular flow channel (see Fig. 3a) and g is the
gravitational acceleration.

Dynamics of debris-slit dam interaction
To highlight the dynamics of debris-slit dam interactions and the
influence of post spacing, tests using the spherical particles (A-1, α

= 1) for two typical relative post spacings (i.e., b/dmax = 3 and 7) are
analyzed in this section. In the analyses, for better visualization,
the granular materials have been divided into five portions (i.e., P1,
P2, P3, P4, and P5, with each portion contains the same number of
particles) along the horizontal direction at [t] = 1.4 (the time
instant just before the impact).
Figure 5 shows the lateral view of the granular flow propagation
and interaction with the slit dam for the test of b/dmax = 3. As the
granular flow front collides onto the slit dam at [t] = 2.4 (Fig. 5a), a
small number of particles in P1 are discharged through the slits,
while some particles are retained by the dam ([t] = 2.8, Fig. 5b).
Some particles at the surface bounce back after colliding with the
dam, resembling the phenomenon of “backflow” as observed in
Zhou et al. (2019). With further deposition, the incoming particles
have oblique shock impact with the dam and subsequently overtop
the dam (see Fig. 5c). While the overtopped particles flow downstream over the channel, a certain dead zone is gradually formed
at the upstream side behind the slit dam. This dead zone may serve
as a cushion layer to reduce the dynamics of the incoming particles as their kinetic energy can be partially dissipated via the
interparticle collision and friction with particles in the dead zone
(Shen et al. 2018). With gradual piling up of particles in the dead
zone (Fig. 5d and e), only about 26% of total granular mass can
pass through the slits and deposits onto the downstream ground
(Fig. 5f). Notably, the height of final static dead zone is slightly
higher than that of the dam.
Figure 6 presents the numerical results for the simulation of
b/dmax = 7. At [t] = 2.8 (Fig. 6b), the majority of particles in the
frontal section (P1) has flowed through the slits at high speeds and
only a small amount of incoming granular particles in the upstream of the slit dam start to “backflow”. At [t] = 3.2 (Fig. 6c),
more incoming particles can flow through the slits. Part of the
granular materials bounce back from the slit dams and collide with
the incoming flows to form the granular bore. These particles
subsequently form a dead zone at the upstream side behind the
slit dam, as captured in Fig. 6(d) and (e). The final height of the
granular deposit is lower than the dam height. Compared with Fig.
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Table 2 Parameters of the slit dam configuration

Channel width
W (m)

Maximum diameter dmax

Post spacing
b (m)

Relative post spacing
b/dmax

Slit density
∑b/W

0.6

0.03

0

0

0

0.03

1.0

0.1

0.09

3.0

0.3

0.15

5.0

0.5

0.21

7.0

0.7

5, it is worth noting that as b/dmax increases from 3 to 7; more
granular materials can pass through the slits. The evolutions of
granular flow run up, pile up, and dead zone formation have also
been observed in laboratory experiments (Choi et al. 2016).

The kinetic energy of the system at any time is calculated as:
1 N
EK ¼ ∑ ðmi jvi j2 þ I i jωi j2 Þ
ð9Þ
2 i¼1

Evolution of granular energy
The analysis of granular energy evolution can provide some
new insights into the debris dynamics and debris-structure
interactions. The total energy of the granular system consists
of the potential energy (EP), kinetic energy (EK), the elastic
energy stored at each contact between any two particles (Es),
energy loss due to local contact viscous damping (Ed), and
friction (Ef).
The potential energy (EP) at any time is defined with respect to
the elevation of the outflow plain as:

where νi and ωi are the translational and angular velocities of
particle i, respectively. Ii = 2miri2/5 is the moment of inertia, with
ri being the particle radius.
The elastic strain energy (Es) is the energy stored at the normal
and tangential contacts, which can be calculated as:
 2  2 !
N
 F t;i 
1 c  F n;i 
Es ¼ ∑
þ
ð10Þ
2 i¼1 K n
Ks

N

Ep ¼ ∑ mi ghi

ð8Þ

i¼1

where N is the total number of particles in the granular system; mi
and hi are the mass and height of particle i, respectively. Before
releasing, the value of Ep is equal to the initial total energy of the
granular system (E0). In the following analyses, all energy components will be normalized by E0.

where Nc is the total number of contacts in the granular system;
Fn,i and Ft,i are the normal and tangential contact forces at the
contact i. As mentioned in Shen et al. (2018), Es is negligibly small
in a granular flow. Thus, it is not analyzed in this study.
The energy loss due to viscous damping (Ed) at particle contacts
is computed as:
Nc


Etd ¼ Et−1
d þ ∑ F n;i ΔU n;i

Fig. 5 Dynamic interactions between debris flow and slit dam (b/dmax = 3, A-1 (α = 1))
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i¼1

ð11Þ

Fig. 6 Dynamic interactions between debris flow and slit dam (b/dmax = 7, A-1 (α = 1))

where Etd and Et−1
are the cumulative energy loss by viscous
d
damping at the current and previous time steps, respectively;
ΔUn, i is the increment of relative normal displacement between
two particles in contact during one iteration time step. The summation is overall contacts (Nc).
Analogously, the energy loss due to friction (Ef) between any
two particles can be computed as:
Nc


Etf ¼ Et−1
f þ ∑ F t;i ΔU t;i
i¼1

ð12Þ

where Etf and Et−1
f are the cumulative energy loss by friction at the
current and previous time steps.
In the following analyses, the energy dissipations by damping
and friction forces for particle-channel (Ecd and Ecf ) and particlep

p

particle (Ed and E f ) interactions will be investigated separately to
quantify the relative importance of these two energy dissipation
mechanisms.
Figure 7 shows the evolution of granular energy components
during a simulation with b/dmax = 3, α = 1. According to the figure,
the potential energy (Ep) decreases continuously and transforms
progressively into kinetic energy as the granular flow propagates
downslope towards the slit dam. After the granular particles reach
the dam ([t] = 2.4), the rate of energy dissipation increases rapidly
due to intense interparticle friction and plastic collisions. The
kinetic energy reaches the peak value at [t] = 3.4, when the rate
of cumulative energy loss due to interparticle damping and friction also reach the peak values. In the final static deposition, the
kinetic energy (EK) becomes zero and the potential energy is only
17.7%. The cumulative energy losses by viscous damping (Ecd ) and
friction (Ecf ) between particles and channel base are only 1.1% and
1.2%, respectively, while the cumulative energy loss due to interp
p
particle damping (Ed ) and friction (E f ) are 19.1% and 60.8%,
respectively. Therefore, the energy loss during the granular flow
and impact is mainly by interparticle viscous damping and friction, while the influence of particle-channel contacts (i.e., damping
and friction) is negligibly small.

Trapping efficiency
Trapping or retaining the granular materials by check dams can
effectively reduce the hazards posed by granular flows on infrastructures located in the downstream areas. However, high trapping efficiency may also lead the countermeasure structures to be
easily filled up and lose their designed regulation function (Ng
et al. 2015; Zhou and Sun 2013). Therefore, it is imperative to
achieve a balanced trapping efficiency in designing slit dams. In
this study, the trapping efficiency of a slit dam is defined as the
ratio of the debris mass retained by the slit dam (M) to the total
debris mass (MT) (Choi et al. 2018). It is calculated when the
granular flow is in the static state and the kinetic energy of the
whole granular system approaches zero (see Fig. 7).
Figure 8 shows the relationship between the trapping efficiency
and relative post spacing for tests using various particle shapes.
The general trend shows that the trapping efficiency of a slit dam
decreases exponentially with the increase of relative post spacing.
The numerical data can be fitted by a general exponential function
as:
T ¼ a1 e−a2 ðb=dmax Þ þ a3

ð13Þ

where a1, a2, and a3 are fitting coefficients.
At small relative post spacing (b/dmax = 0, 1), the majority of
granular materials can be retained by the dam, resulting in high
trapping efficiency in the range of 82 to 100%. This feature
matches well the numerical results obtained in Marchelli et al.
(2020) and experimental observations in Zhou et al. (2019). At
b/dmax = 0, a small number of particles can overtop the dam in
tests using A-1, A-2, and A-4, resulting in the trapping efficiency
less than 100%. On the other hand, at larger relative post spacing
(e.g., b/dmax = 7), a small number of particles can be retained by
the slit dam, resulting in low trapping efficiency ranging from 26
to 57%. The results indicate that as b/dmax increases, the blockage
pattern of slit dam transforms gradually from complete blockage
to partial blockage or non-blockage, which matches well the observations in Han and Ou (2006). The general decreasing trend of
granular trapping efficiency with the relative post spacing can
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Fig. 7 Evolution of debris energy during a simulation with b/dmax = 3, A-1 (α = 1). (EP, potential energy; EK, kinetic energy; Ecd and Ecf , energy dissipations by
p
p
damping and friction for particle-channel interactions; E f and Ed , energy dissipations by damping and friction for particle-particle
interactions)

qualitatively match the results of DEM modeling by Marchelli
et al. (2020) and experimental investigations by Zhou et al.
(2019). In Zhou et al. (2019), the debris materials were mixed with
different contents of water to mimic natural debris flow impacts
on a slit dam, while in Marchelli et al. (2020), the spherical
particles flowing down a steep flume were employed in the simulations. The two types of materials used in these testing configurations exhibited much higher mobilities than that of particle
clumps used in this study, leading to much lower trapping
efficiency.
At any specific relative post spacing, the trapping efficiency of
the slit dams increases with the particle aspect ratio (α). The
granular assembly composed of spherical particles (i.e., A-1 (α =

1)) exhibits a much lower trapping efficiency when compared with
those composed of sphere clumps (e.g., A-2 (α = 1.5), A-3 (α = 2),
and A-4 (mixture)). This phenomenon is as expected as the spherical particles have a much lower apparent friction resistance (i.e.,
sliding and rolling) than the non-spherical particles (i.e., sliding
and interlocking). The high friction of particle clumps comes from
the intense particle interlocking and high rotational constraint.
The tests using granular mixture exhibit an intermediate trapping
efficiency because the existence of spherical particles can increase
the overall mobility of granular flow. The dynamics of particle
clumps can match well with the observation in Zhao et al. (2015)
that the shear resistance of a granular assembly increases with the
non-sphericity of the constituent particles.

Fig. 8 Trapping efficiency of slit dam for tests of various relative post spacings (b/dmax) and particle clump aspect ratios. Zhou et al. (2019)a and Zhou et al. (2019)b are
experimental data of debris flow impacting on slit dams with the water contents of 18% and 26%, respectively. The data of Marchelli et al. (2020) comes from the
numerical simulations of granular flow by DEM using spherical particles on a steep flume (the slope angle of the flume is 30°)
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Table 3 A summary of Fr and h/d for DEM simulations in this study

Test

Particle clump aspect
ratio, α

Flow approaching
velocity (m/s)

Flow depth
(m)

Froude
number, Fr

Flow depth to particle diameter
ratio, h/d

A-1

1

4.48

0.123

4.1

6.15

A-2

1.5

3.46

0.081

3.9

6.07

A-3

2

3.03

0.065

3.8

6.50

A-4

Mixture

4.22

0.117

4.0

7.26

Discussion
Model size effect
As stated in Iverson (2015), a set of dimensionless parameters can
be used to classify dry granular flows with various behaviors.
Among others, the Froude number, Fr, and the ratio of flow depth
(h) to particle diameter (d) are important parameters used in
designing physical models to achieve dynamic similarity between
the model and prototype (Choi et al. 2016). The Froude number is
defined as the ratio of inertial to gravitational forces as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F r ¼ v= ghcosθ2 , where v is the velocity of debris front reaching
the slit dams, g is the gravitational acceleration, h is the depth of
flow reaching the slit dam, and θ2 is the inclination angle of the
downstream channel.
For channelized granular flow, Fr normally ranges from 0.5 to
7.6 in field observations. In some exceptional cases of water-laden
debris flows, Fr can even exceed 10 (Kwan et al. 2015; McArdell
et al. 2007). In this study, the Froude number of granular flow
ranges from 3.8 to 4.1 as measured at the instant when the flow
front approaches the slit dam (see Table 3). This value can reasonably match those observed in the field. The ratio of flow depth to
particle diameter (h/d) ranges from 6.07 to 7.26, which is close to
the value 7.4 reported in Choi et al. (2016) for flume test of
granular flows along an inclined channel (30°). The slight difference between the numerical and experimental results may result
from the larger diameter of the constituent particles used in DEM
simulations. Therefore, the current numerical analyses are considered reliable for investigating the interactions between granular
flow and slit dams. The numerical model in this study can be
considered identical to a type of dry granular flows with Fr in
the range of 3.8 to 4.1 and h/d in the range of 6.07 ~ 7.26.
Granular inertial number
Dry granular flow dissipates the kinetic energy primarily by friction and plastic collisions between individual grains. As one of the
key parameters governing the granular flow dynamics, the inertial
number I is defined as the ratio of mesoscopic stresses between the
grain collision and frictional contacts, which can be calculated as
˙
I¼
pγd
ﬃﬃﬃﬃ,
gh

where γ̇ is the shear rate of the granular flow calculated by the

ratio of the flow velocity (v) to the depth (h). According to
Leonardi et al. (2019), the collision stress is dominant when I >
0.1, namely, the corresponding granular flow regime, is regarded as
a collision significant flow. While for the case of I < 0.1, the
granular flow can be considered shearing dominant, as the shearing stress becomes much higher than the granular collision. In this

study, the inertial number of tests A-1, A-2, A-3, and A-4 are 0.66,
0.64, 0.58, and 0.65, respectively. Thus, the granular flows simulated in this study are collision dominated.
Conclusions
The impacts of dry granular flows on slit dams of various post
spacings have been analyzed via numerical flume tests using the
open-source DEM code ESyS-Particle. The particle shape effect has
been explicitly considered in the simulations by the bonded particle clump model. The obtained numerical results reveal the
dynamics of debris-dam interactions, with the potential applications to a rigid slit dam design.
Based on the analyses, the non-spherical particles used in DEM
simulation can effectively reproduce the dynamics of granular
flows. In the process of granular flow impacting on slit dams, four
essential interaction stages have been identified, namely, the frontal impact, run up, pile up, and static deposition stages. During the
impact, the slit dam decelerates the granular materials to form a
dead zone in the upstream behind the dam, which accumulates
gradually to finally block the dam. In this process, the granular
energy dissipates primarily via interparticle viscous damping and
friction interactions. The trapping efficiency decreases exponentially with the increasing relative post spacing, while it increases
with the particle aspect ratio (α). The trapping efficiency of the slit
dams of various configuration spans a wide range, indicating that
reasonable selections of relative post spacing are necessary for
designing reliable slit dams with optimized regulation functions.
The numerical results obtained in this research can provide some
new insights into the optimization of relative post spacing for slit
dam designs.
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