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Slit-structures are rigid structures with one or more slits. To retard steep-creek hazards, slit-structures are
sometimes installed to reduce the peak discharge, as well as to mechanically trap grains for frictional flows.
However, designs are empirical. It is not possible to assess whether boulders will be trapped, or if smaller
discharge of harmless flow material can pass downstream. This study starts by reviewing the inherent difficulties
of characterising mechanical trapping processes for granular flows. A calibrated Discrete Element Method (DEM)
model is then used to conduct a parametric study of the number of slits, the slit spacing, the Froude number and
the ratio between grain and slit size. Results from the DEM study allow three interaction regions to be identified:
‘self-cleaning’, ‘unstable’ and ‘trapping’. These regimes are extremely sensitive to the slit number, width and
spacing, as well as the Froude number. This study shows that existing recommendations may coincide with the
unstable region. However, the unstable region should be avoided because of unpredictable trapping behaviour.
Additionally, increasing the slit spacing can increase material trapping because of an increase in the duration of
binary grain contacts. This increase in the slit spacing tends to prevent shear transmission from slit to slit.
Narrowly-spaced double slits may be most effective at the controlling outflow rate whilst enabling ‘self-cleaning’.

1. Introduction

described using the friction number [21]:

Mountainous regions are imperilled by landslide-like hazards [1–6].
Slit-structures, such as open check-dams [7–10] (Fig. 1a and b), may be
installed in flow paths to regulate discharge. Such structures are typically rigid and have one or more openings. They can both reduce the
peak flow rate and trap granular material. The extent of flow-rate
regulation and trapping depends heavily on the properties of the flow
and the design of the slit. There are two types of trapping: (i) hydraulic
and (ii) mechanical.
Hydraulic trapping is exclusive to inviscid flows [11]: slit-structures
are designed to cause the upstream Froude number [11–15] to become
subcritical. Grains within the flow, which are denser than water, are
then able to settle behind the barrier. By contrast, mechanical trapping
can occur for both inviscid [10] and frictional [16] flows. If the slits
(width s) are narrow compared to the flow grain diameter (δ), grains
may also become trapped [10] via the formation of arches [16,17].
Trapping [18] can be especially helpful for slit-structures which form
part of a multi-barrier network [19], enabling the design requirements
of barriers downstream to be reduced [20].
The mechanism of trapping depends on the dominant type of stress
within flows, specifically whether flows are inviscid or frictional, as
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where νs is the solid volume fraction; ρs and ρf are the solid and fluid
densities, respectively; g is acceleration due to the Earth’s gravity; h is
the flow depth; is the shear rate; and μ is the dynamic fluid viscosity.
Nfric < 2000 corresponds to inviscid flows, whilst Nfric > 2000 indicates dominance of frictional stresses [21].
Whilst a clear theoretical basis exists for designing the slit sizes for
hydraulically trapping grains from inviscid flows (e.g. [11,22]), the
same cannot be said of mechanical trapping. There are several difficulties in quantitatively dealing with mechanical trapping:
(i) For the range of s/δ for which trapping may occur, interaction
between flows and slit-structures is inherently unsteady [10].
(ii) The dependence of interaction dynamics on the grain diameter (δ)
[16] implies that macroscopic flow properties cannot be relied on
to describe either the flow rate or trapping. This problem is compounded by the wide range of grain sizes present within geophysical flows [23,24]. Additionally, stable arch formation [25–28] is
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m
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Ngr
Nsl
Pdrag
Pslice

channel width
coefficient of resititution
elastic modulus of grain i
elastic modulus of grain j
effective elastic modulus
force exerted by grain i
force exerted by grain i on grain j
Froude number
acceleration due to gravity
flow depth
height of grain i above channel base
height of flow after impacting barrier
active earth pressure coefficient
passive earth pressure coefficient
parameter for Beverloo equation describing arch shape
parameter for Beverloo equation describing arch shape
elastic parameter for normal contacts
elastic parameter for tangential contacts
length of measuring volume
characteristic length scale
mass flux for channel with a slit-structure
mass flux for an open channel
normalised mass flux for channel with a slit-structure
effective grain mass
mass of grain i
mass of grain j
number of grain diameters
Friction number
number of grains within a region of interest
number of slits
pressure due to drag
pressure on a slice at the barrier

vtij
β
γn
γt
δ
δnij
δtij
θ
ε
ζ(e)
μ

ν

s

ρf
ρs
φ′
χ

linked with certain mesoscopic flow properties, such as the mean
number of contacts [29].
(iii) Even the prospect of developing empirical approaches based on
field data is challenging because of the poor predictability of natural events [11].

static active pressure
static passive pressure
total pressure
grain radius
effective grain radius
radius of grain i
radius of grain j
slit width
time (s)
timestep
transverse blockage
bulk flow velocity
velocity of grain i
normal component of the relative velocity of two interacting grains
tangential component of the relative velocity of two interacting grains
angle of the surface of the material relative to the horizontal
normal damping constant
tangential damping constant
shear rate
grain diameter
overlap distance for grains in normal direction
overlap distance for grains in tangential direction
channel inclination
angle between the direction of earth pressure & direction
perp. to the barrier
constant depending of the coefficient of restitution
Fluid viscosity
solid volume fraction
fluid material density
solid material density
internal friction angle of granular material
constant for pressure

and dual-slit cases. Given the prevalence of slit-structures with more
than one slit (Fig. 1b), it is surprising that a design problem hitherto
neglected is how the number and spacing of slits affects trapping and
outflow for low values of s/δ, where trapping may occur. Table 1 shows
a summary of the parameters considered in other studies. Neither (i) the
number of slits, nor (ii) the separation therebetween, is quantitatively
discussed in relevant guidelines (e.g. [18,41–43]). Gaining a fundamental understanding of this problem is important for improving the
scientific basis for slit-structure design. Since it is known that trapping
is highly sensitive to Fr and the ratio s/δ for a single slit [16], it can be
inferred that the same is true for multiple slits.
In this study, we take a preliminary look at frictional flows impacting multiple-slit-structures using a DEM model based on a physical
test first presented in Choi et al. [16]. We adopt dry monodisperse arrays of spheres to model frictional flows, and the mechanisms of mechanical trapping thereof. We vary: (i) the ratio between slit width and
grain diameter s/δ, (ii) the number of slits; (iii) the slit separation; and
(iv) the Froude number.

Given the difficulties of dealing with mechanical trapping, it is
perhaps unsurprising that quantitative studies and guidelines that discuss design of aspects such as the slit width pertain primarily to inviscid
flows (e.g. [11,30–33]). Flows can be quantified as being inviscid or
frictional using the friction number Nfric. Fig. 2 displays estimated
friction numbers for studies involving slit-structures – most are inviscid.
As such, there is little rational basis for the design of structures intended
for mechanically trapping granular material. It is unclear whether existing designs are under- or over-conservative with respect to their intended level of trapping.
There are several studies in the literature that investigate channelised frictional flows interacting with slit-structures (e.g.
[16,17,34–39]). Common simplifications include (i) using flows that
are entirely dry, thus lying within the frictional regime, and (ii)
monodisperse, avoiding complicating factors due to segregation.
Quantities of interest include (i) the ability to retard frictional flow
material [34–36], (ii) the influence of slit-structure height on energy
dissipation [37–39] and (iii) the relationship between the Froude
number and trapping, outflow & pileup height [16,17].
Highly-simplified studies of granular material exiting a vertical 2D
hopper [40] have shown that outflow differs fundamentally for single-

2. Flume tests
Physical flume tests from Choi et al. [16] were used to calibrate the
numerical model in this study. A total mass of 40 kg of uniformly-sized
glass spheres were placed in the storage area, and were retained using a
spring-loaded gate. The properties of the grains are summarised in
Table 2, and come from Choi et al. [16], Cui et al. [44] and Ng et al.
[45]. The dimensions of the storage area were 0.44 × 0.20 × 0.50 m
2
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Fig. 1. Slit-structures in the Italian Alps: (a) single-slit-structure; (b) multi-slit-structure.

(Fig. 3a). Two acrylic sheets were held rigid using aluminium angles.
These were clamped within the flume 0.9 m downstream from the gate,
thus forming a slit-structure (Fig. 3b). The dimensions of the sheets
were 0.01 × 0.06 × 0.5 m. The slit-structure was placed orthogonally
to the base of the channel.
After inclining the flume to 30°, the gate was opened remotely
[46–48]. A Prosilica GE640 camera faced the flume sidewall to capture
the impact kinematics. The framerate was 200 FPS.

package LIGGGHTS [59]. The version number is 3.7.0, which comes
from the Ubuntu 17.10 repository. We use a non-linear contact model,
details of which are reproduced in Appendix A. Input parameters are
shown in Table 2. The internal friction angle was obtained from a numerical back-analysis presented in Ng et al. [45]. A parametric study
was performed in which the internal friction angle was varied. The
angle which gave rise to the closest overall flow dynamics to the physical tests was adopted. Since spheres were being modelled, the rolling
resistance [60] was set to zero.

3. Numerical modelling

3.1. Numerical setup and modelling procedures

Interaction between frictional flows and slit-structures is heavily
dependent on the ratio s/δ [16]. As such, the DEM is ideal, since it
models individual grains explicitly. Indeed, the DEM has been widely
used to understand the dynamics of granular flows impacting obstacles
(e.g. [17,19,34,49–58]. In this study, we adopt the open-source DEM

The numerical setup for the channelised granular flows experiments
matched the geometry of the physical experiment [16]. Like the physical experiment, a total mass of 40 kg of slightly polydisperse discrete
elements were generated within the storage container. The
3
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Fig. 2. Range of friction numbers covered by flows in various studies relating to slit-structures. Only studies which provide sufficient information on flow properties
to estimate Nfric are included.

polydispersity reduces crystallisation effects [17,61]. After the grains
had settled, the direction of gravity was changed, simulating inclination
of the flume. After the grains had stopped moving, one wall of the
storage area was deleted, facilitating dam-break [46,48]. The flows
then interacted with a slit-structure with either one slit (Nsl = 1;
Fig. 3b) or two slits (Nsl = 2; Fig. 3c). Grains that moved at least 3 m
downstream from the slit-structure were deleted to reduce computational time. By this point, the grains were highly dispersed, so there was
no effect on the interaction between flow and slit.

height of the centroid of grain i; r is the grain radius; B is the channel
width; L is the length of the measuring volume; and ui is the velocity of
grain i. Eq. (3) is calculated as twice the mean flow depth, rather than
simply finding the highest grain, to avoid skewing the data due to
saltating grains. Eq. (4) is the ratio of total grain volume to the volume
occupied by the flow. In Eq. (5), an equivalent Froude number is
computed for each grain, after which a mean is taken [45].
Fig. 4a shows the ratio h/δ against the normalised flow position. The
flow depth is smallest at the front and the tail of the flows. The maximum flow depth recorded for both channel inclinations is similar to
that physically measured in Choi et al. [16] for two equivalent openchannel flows. Fig. 4b shows the volume fraction (ordinate) as it
changes along the length of the flow L (abscissa). For both flows (22°
and 30°) the front is highly dispersed; the density is at a maximum near
the body of the flow. The dispersed front is related to the small frontal
flow depths: at the front, confining stress is minimal, so grains are able
to move around freely (see also [45]).
Fig. 4c shows how Fr varies along the length of the flow; Fr is around
9.5 at the front for the 22° case, and 11 for the 30° case. Fr decreases
near the middle of the flow as the flow thickens (Fig. 4b) and the flow
velocity is slightly reduced. This is consistent with results from Ng et al.
[45]. A comparison of Frmin, estimated from physical tests in [16],
shows that the computed Fr is higher for both channel inclinations.
Given the close match with the flow depth shown in Fig. 4a, this is
probably because of differences in the flow velocity, congruent with the
aforenoted rate-dependent mobilised friction angle. For convenience,
we refer to the channel inclination throughout the rest of the manuscript: even though h/δ, νs and Fr govern flow dynamics, they are all
transient.

3.2. Scaling & flow characterisation
Three well-defined parameters in the literature are said to govern
the rheological behaviour of granular flows: the ratio between flow
depth and grain size (h/δ), the solid volume fraction νs, and the Froude
number [13–15,38,62]. The solid volume fraction and ratio h/δ are
both linked to the Inertia number [63], a constitutive law for granular
flows that can be used to differentiate between frictional (dense) and
collisional (dispersed) flow regimes. Lower solid volume fractions tend
to imply more collisional flows, as do small numbers of grains per unit
depth.
The Froude number [11–15] is given by:

Fr =

U
ghcos

(2)

where U is the mean flow velocity, g is the acceleration due to the
Earth’s gravity, h is the depth of the flow and θ is the inclination of the
channel. For unsteady granular flows, the quantities h/δ, νs and Fr are
in constant flux [45].
Fig. 4 shows characteristic curves for νs, h/δ and Fr for two channel
inclinations: 22 and 30°. These curves were obtained from openchannel simulations in this study. The DEM model was used to calculate
quantities along the length of the flow as it passed a static measuring
volume placed 0.9 m downstream from the gate [45]:

h=

s

2
Ngr

= Ngr

Fr =

3.3. Numerical simulation plan
Two numerical test series were performed to investigate the effects
of: (i) the ratio between the slit opening and the grain diameter s/δ; and
(ii) the slit separation. The ratio s/δ is related to the transverse
blockage, which is the proportion of the channel blocked by the slitstructure:

Ngr

hi

(3)

i=1

(4/3)
hBL

1
Ngr

Ngr
i=1

r3

ui
ghi cos

B

s

(4)

TB =

(5)

where B is the channel width and s is the slit width. The physical
meaning of the transverse blockage is the proportion of the channel
blocked by the slit-structure.
Across both series, the number of slits was varied as one and two.

where Ngr is the number of grains in the measuring volume; hi is the
4

B

(6)
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4. Interpretation of results
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Fig. 6 shows top-down views of flows impacting slit-structures
with varying distances between the slits. For each case, the channel
inclination was 30°, the transverse blockage was 0.75 and s/δ was
2.5. Colour contours of the spatial distribution in the flow velocity
are shown (as in [40]), with red grains moving at 0.5 m/s or more
and dark blue grains being static. For each case, three instants are
shown. For nδ = 1 (Fig. 6a), the zone of influence of the two slits
overlaps; the mass of moving grains extends more than ten particle
diameters upstream. For nδ = 8 (Fig. 6b), the region between the two
slits is mostly static, as is the case for nδ = 12 (Fig. 6c). Furthermore,
the mass of moving grains near the slits for the latter two cases does
not extend as far upstream as for nδ = 1, since the shear zones do not
overlap.
Fig. 7 shows discharge histories for three cases: (i) an openchannel, with no slit-structure; (ii) a slit-structure with a single slit;
and (iii) a slit-structure with two slits. For the latter two cases, the
transverse blockage was the same (TB = 0.5), where TB is calculated
using Eq. (6). TB = 0.5 was chosen to avoid grains becoming trapped
as shown from data from Choi et al. [16]. The ordinate shows the
mass outflow rate. The mass outflow rate is normalised by the peak
outflow rate recorded for the open-channel case. The abscissa shows
the time.
The outflow rate for the open-channel case increases sharply with
time, reaching the peak (unity) at around 0.4 s. The rate then decreases,
reaching zero at 1.5 s. The change in outflow rate with time is consistent with the scaling curves presented in Fig. 4: the front and tail of
the flow are relatively disperse, with a volume fraction of around 0.36,
as opposed to at the centre where is it almost 0.50. As such, the mass
outflow rate is lower than at the longitudinal centre, i.e. at the body of

Physical flume
DEM (PFC3D)
DEM (PFC3D)
Physical flume
DEM (LIGGGHTS)
Physical flume
DEM
Hákonardóttir et al. [35,36]
Teufelsbauer et al. [49]
Teufelsbauer et al. [34]
Choi et al. [37]
Choi et al. [38,39]; Law et al. [54]
Choi et al. [16]
Leonardi et al. [58]

Snow
(Quartz Sand)
(Quartz Sand)
LB sand
LB sand
Glass spheres
(Glass spheres)

Channel width (m)

Fig. 5 shows a comparison between physical and computed flow
kinematics impacting a slit-structure. For both cases, the channel inclination is 30°, the slit opening is 50 mm, and the grain size is 10 mm.
At t = 0.0 s (Fig. 5i), a wedge-shaped flow front with a frontal velocity
of 3 m/s approaches the slit-structure for both physical and numerical
cases. At t = 0.2 s (Fig. 5ii), the flow has impacted the slit-structure;
run-up [39,64] and outflow [16] occur simultaneously. For t = 0.4
through to t = 0.8 s (Fig. 5iii to v), the flow piles up in front of the slitstructure [16] on top of a largely stagnant ‘dead-zone’ [65,66]. Additionally, the rate of outflow diminishes over time, as reflected by the
angle subtended between the upper layer of outflowing material and
the base of the flume. It is worth noting that the shape of the pileup is
slightly different between the physical and numerical cases; this is most
apparent in Fig. 5v, where the pileup is steeper in the physical experiment. The pileup is also slightly thicker upstream for the numerical
case. This is evident in Fig. 5v. Both phenomena are likely indicative of
the importance of the dependence of granular friction angles on the
friction angle [63], which cannot be captured using the contact model
adopted in this study. Nevertheless, Fig. 5 shows overall that the numerical model is able to capture the essential characteristics of interaction between the flow and the structure, lending confidence to its use
throughout the rest of this study.

4.1. Effects of number of slits on discharge

Study type

Material

The ratio s/δ was varied from 2 to 20, corresponding to transverse
blockages ranging from 0.0 to 0.9. The slit separation only applied to
cases with two slits. The slit separation was varied from 0δ, which is
effectively a single slit, to 12δ. The upper bound was constrained by the
width of the flume and slit size. The channel inclination was varied as
22 and 30° to simulate different Fr. The numerical simulation plan is
shown in Table 3.
3.4. Numerical model calibration

Study

Table 1
Summary of geometric parameters adopted in studies on frictional flows impacting slit-structures.

Slit width s (m)

Grain diameter δ (m)

Ratio of s/δ

G.R. Goodwin and C.E. Choi
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Table 2
Parameters adopted in numerical simulations.
Physical tests
Diameter (m)
Material density (kg/m3)
Internal friction angle (°)
Interface friction angle (°)
Young’s modulus (Pa)
Poisson’s ratio
Rolling resistance
Contact model

Numerical simulations

0.010 ± 0.001
2650
19.8
16.6

108
0.3
0
Hertz

the flow [67]. It should be noted that the properties of the tail of the
flow have little influence on the interaction between the flow and the
structure [45].
The peak outflow for the two cases with a slit-structure occurs at
almost the same time as the open-channel case, although the magnitude
of the outflow is greatly reduced. The peak outflow rate for Nsl = 1 is
∼60% that of the open-channel case, whilst it is ∼40% for Nsl = 2.
Consistent with these reduced peak outflow rates, adopting two slits
rather than one causes the total outflow time to increase from 6 s to 9 s.

Reference
–
–
Ng et al. [45]
Choi et al. [16]
Ng et al. [45]

4.2. Contact durability
To quantify the degree of interaction between slits, we have developed a simple algorithm for investigating at the durability of contacts between pairs of grains within a region of interest.
LIGGGHTS [59] is used to output contacts between grains at each
timestep, taken at intervals of 1 ms. Pairs of IDs for contacting grains, as
well as the spatial positions thereof, are recorded. A list is made of the
contact IDs at each timestep for grains which fall within the region of

Fig. 3. (a) Side-view schematic of the physical flume model (geometrically identical to the DEM model); (b) top-down schematic of a single-slit-structure; (c) topdown schematic of a dual-slit-structure.
6
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Fig. 4. Characteristic curves for open-channel flows: (a) ratio of depth to grain size; (b) volume fraction; (c) Froude number. The reference lines on parts (a) and (c)
represent maximum flow depths and minimum Froude numbers respectively, estimated from physical tests in Choi et al. [16].

interest. The IDs for adjacent timesteps are then compared. If a pair of
IDs persists, occurring in both timesteps, it is denoted as ‘durable’ (see
also [68]). The total number of ‘durable’ contacts for each timestep is
then divided by the total number of contacts, producing a value between zero and unity. Zero indicates that no contacts are maintained
between timesteps, tending towards a collisional regime (see [63]). In
contrast, unity indicates that all contacts are maintained, tending towards a frictional regime [63]. Although the exact output value is a
function of the timestep adopted, as long as the timestep is the same for
each case considered, cases can be fairly compared. A flow chart of this
procedure is shown in Fig. 8.
Fig. 9a and b show the contact durability calculated using the above
procedure. The region of interest selected is the space directly in front
of the divider, and thus varies between cases. Contact durability is on
the ordinate, whilst time (in seconds) is on the abscissa. In Fig. 9a, the
four lines represent average values for contact durability for single-slitstructures (see Fig. 3b). The transverse blockage TB ranges from 0.0

(open channel) to 0.8 (an opening of s/δ of 4). Time t = 0 s approximately corresponds to when the flow starts to impact the slit-structure.
As expected, there is a clear increase in the durability of contacts as the
transverse blockage is increased. This shows that the link between
trapping efficiency and increased transverse blockage observed in Choi
et al. [16] is due to the ability of the slit-structure to prolong inter-grain
contacts.
In Fig. 9b, both lines correspond to a dual-slit-structure (see Fig. 3c).
The spacing between the slits is 2δ and 12δ. For both cases, the contact
durability initiates around 0.7, as the flow starts to impact the structure,
and then increases. At time t = 1 s, both cases have reached their final
values. For 2δ, the average contact durability is 0.86, whilst for 12δ the
durability is around 0.94. This indicates that wider dividers produce
more frictional flows, at least in the region directly in front of them.
This matches with the velocity contours of the flow in Fig. 6a, b and c,
where grains in the region behind the divider move progressively
slower as the slits are moved further apart.
7
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4.3. Pressure distribution

Table 3
Test plan.
Test series

Number
of slits
(Nsl)

Slit
separation
(Nδ)

Ratio
between
slit size
and grain
diam. (s/
δ)

Transverse
blockage (BΣs)/B

Channel
incl. (°)

Open channel
Transverse
blockage

1
1, 2

–
1

20
2
3
4
5
6
8
10
12
14
16
4
5
6
8

0.00
0.90
0.85
0.80
0.75
0.70
0.60
0.50
0.40
0.30
0.20
0.80
0.75
0.70
0.60

22, 30
22, 30

Slit separation

1, 2

0, 1, 2, 3, 4,
5, 6, 7, 8

To gain further insight into the interaction between slits, the contact
force on the barrier during outflow was investigated. Contact pressure
was extracted from the divider (Fig. 3c) from a series of rectangular
measurement sections. Each measurement section was 4δ in length,
parallel to the direction of flow. The region matched the width of the
divider. The following equation was then used to compute the total
pressure:

Pslice =

1
2n

N
2

Fi

(7)

i=1

where nδ is the width of the divider in terms of grain diameters. The
pressure on the barrier was then compared with the theoretical static
active earth pressure and theoretical static passive earth pressure, both
assumed to have a triangular distribution with depth:
22, 30

Pa = K a

s s gH

(8a)

Pp = Kp

s s gH

(8b)

where Ka is the active static earth pressure coefficient; Kp is the passive
static earth pressure coefficient; and H is the depth below the top of the
flow. The active earth pressure was calculated using the following relationships [69]:

Ka =

cos2 (

'

cos2 ( )cos( + ) 1 +

Kp =

cos2 (
cos2 ( )cos( + ) 1

'

)
sin( ' + )sin( '
cos( + )cos(

)
)

2

(9a)

)
sin( ' + )sin( '
cos( + )cos(

)
)

2

(9b)

where φ′ is the internal friction angle of the granular material; θ is the
angle of inclination of the barrier relative to the vertical, and is 25° for
all tests; ε is the angle between the direction of the earth pressure and
the direction perpendicular to the barrier, and is assumed to be 0° for all
tests; and β is the angle of the surface of the material relative to the
horizontal. These quantities are shown graphically in Appendix B, Fig.
B1.
Fig. 10 shows how the mean pressure along the divider varies with
height for two cases: nδ = 1 (Fig. 10a) and nδ = 6 (Fig. 10b). Two
timesteps are shown for each case, both of which correspond to after
the initial impact. Pressure due to drag is of the same form as dynamic
pressure, i.e. χρU2, where χ is an impact coefficient [70–72]. Assuming
the pressure on the wall to be the sum of dynamic and static pressure,
and assuming the static pressure to be closer to the active pressure
[48,73], the drag force can be computed as Pdrag = Ptotal – Pa. Fig. 10a
shows that the total pressure for both timesteps shown is more than
double the theoretical static active load near the top of the pileup,
implying a correspondingly high drag component. The peak pressure at
t = 0.8 s is around 2.3 kPa. By contrast, in Fig. 10b it can be seen that
the drag force is much lower across the height of the wider divider. The
total peak pressure for t = 0.8 s is less than 5% higher than the theoretical static pressure [69]. Here, the pressure extracted from the DEM
model is 1.5 kPa. Furthermore, this extracted pressure is 35% lower
than that for nδ = 1. The maximum drag force occurs at around 1/3 of
the depth of the pileup, implying that outflow is highest near there. This
suggests that: (i) the drag force is not negligible, in contrast to existing
recommendations where it is not considered (e.g. [18,41–43]); and (ii)
the more separation between slits, the smaller the mean drag forces on
the slit-structure.
Furthermore, both parts of Fig. 10 show that the mean pressure
along the height of the divider is strongly related to its width. This fits
with the results for contact durability in Fig. 9, wherein contact durability increases as the width of the divider increases. It can thus be

Fig. 5. Comparison of physical and numerical flow dynamics. (i) t = 0.0 s; (ii)
t = 0.2 s; (iii) t = 0.4 s; (iv) t = 0.6 s; (v) t = 0.8 s.
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Fig. 6. Velocity profiles for TB = 0.75 at 30°. Times are separated by 0.8 s (20 timesteps, at 0.04 s per timestep): (i) t = 0.6; (ii) t = 1.4; (iii) t = 2.2 s.

downstream, whilst unity means that all the material becomes trapped.
Fig. 11a and b correspond to channel inclinations of 22 and 30° respectively, and show the transverse blockage (Eq. (6)) on the abscissa.
Fig. 11c and d also correspond to channel inclinations of 22 and 30°, but
instead show the ratio s/δ on the abscissa.
Five lines are shown in Fig. 11a, corresponding to slit separations of
0 < nδ < 6. The line for nδ = 0 corresponds to a single slit. The two
shaded regions demarcate zones (i) where trapping does not occur, i.e.
‘self-cleaning’ and (ii) where more than 90% of the material is trapped.
Explicitly demarcating regions in this way is an important first step for
slit-structure design to ensure structures behave as expected. It should
be noted that no such guidelines exist in existing recommendations, i.e.
VanDine [41], MLR [42], SWCB [43], and NILIM [18].
As the slits are moved further apart, the trapping efficiency increases. The largest change occurs for TB = 0.85. The trapping efficiency for the single slit is almost zero. In contrast, for all the double slit
cases, the trapping efficiency is greater than 90%. For TB = 0.80, the
trapping efficiency is also very sensitive to the slit spacing. At
TB = 0.80, the trapping efficiency is zero for nδ = 0 and around 0.8 for
nδ = 1. The increase in trapping efficiency is linked with the reduced
interaction between outflowing material. More specifically: even if
stable arches form throughout the depth of the granular mass at one slit,
shearing from grains exiting the other slit can break otherwise stable
arches, as reflected by the increase in contact durability shown in Fig. 9.
As such, the probability of stable arches forming throughout the depth
of the flow mass at both slits simultaneously increases with the width of
the shearing zone. The width of the shearing zone increases as the slits
are moved apart, but is not directly related to the transverse blockage.
A similar picture emerges from Fig. 11b (for a channel inclination of
30°, and thus a higher Froude number along the length of the flow;
Fig. 4c). Interestingly, the relationship between trapping efficiency and
transverse blockage changes does not change qualitatively. The lines
shift to the right, corresponding to a decrease in the size of the trapping
zone, and an increase in the size of the self-cleaning zone (corresponding to a change in transverse blockage of 0.05). This is consistent
with the effects of increasing Fr observed in Choi et al. [16]. This reliance on Fr implies that it is insufficient to capture the trapping

Fig. 7. Comparison of normalized outflow rates for three cases: an open
channel (control case), a single-slit-structure and a dual-slit-structure.

inferred that the reduction in mean drag for a wider divider subjects
grains between the slits to a lower degree of shearing. As an aside:
results from Figs. 9 and 10 also have implications for net barriers designed to impede granular flows (e.g. [74]). The drag forces are likely to
be a key design consideration, especially if the thickness of individual
wires is small compared to the grain size.
4.4. Trapping efficiency
Fig. 11 includes four graphs, all of which show the trapping efficiency E on the ordinate. The term ‘trapping efficiency’ [33,75–78] is
used here to describe the proportion of flow material retained upstream
of a slit-structure [16]. Zero indicates that all the flow material travels
9
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Fig. 8. Algorithm for contact duration.

4.5. Influence of slit number and transverse blockage on the peak outflow
rate

efficiency without considering the flow dynamics. It should be noted
that existing guidelines, such as MLR [42], SWCB [43] and NILIM [18]
do not consider the flow dynamics.
Fig. 11c shows the same data as Fig. 11a, but with the ratio s/δ
plotted on the abscissa instead. As such, the line corresponding to nδ =
0 has a transverse blockage half that of the other cases. In addition to
the shaded zones, the recommendations for s/δ given by MLR [42] and
SWCB [43] are shown. For a given value of s/δ, the trapping efficiency
for the single slit is higher than for two slits. The trapping efficiency
decreases further as the slits move closer together. This is consistent
with the aforementioned effects of shear interaction between slits
(Figs. 9 and 10) (see also results from 2D cases in [40]. Furthermore, for
the Froude curve adopted, the guidelines from MLR [42] and SWCB
[43] would cause the trapping efficiency to fall in the unstable region
shaded in white. Given the uncertainties in the actual Froude curve in
the field, as well as the grain size, this could cause a structure to become
blocked or undergo massive discharge unexpectedly. Fig. 11d shows
that the relationship between trapping efficiency and s/δ holds for
higher Fr.
Fig. 11a to d collectively demonstrate that TB and s/δ are linked, but
not equivalent. Specifying the design for a slit-structure exclusively in
terms of one or the other (as in [18,42–43]), and disregarding the
number of slits or the spacing thereof, may cause the trapping/cleaning
behavior to deviate from that expected. This is especially pertinent
since the three recommendations listed above all cover slit-structures
with multiple slits. Furthermore, engineers should be aware of the extreme sensitivity of the trapping efficiency when designing slit-structures. Regardless of whether the structure is intended for trapping or
self-cleaning, the unstable zone should be avoided to minimize the
chance of surprises.

As has already been shown in Fig. 7, interaction between dry
granular flows and slit-structures is unsteady. As such, a key design
consideration for engineers is related to the peak outflow rate [79]. The
Beverloo law [80,81] has been widely used for granular flows exiting
slits in hoppers, and can be adapted as a reference for flows in this
study, although different characteristic length- and time-scales are required. The Beverloo law is given by:

M = k1

s sg

1/2 (s

k2 )5/2

(10)

where M is the mass flux; k1 and k2 are parameters describing the shape
of the arch, the latter depending on grain properties such as the friction
angle; νs is the solid volume fraction; ρs is the solid material density; g is
the acceleration due to the Earth’s gravity; s is the slit width; and δ is
the grain density. By writing it in terms of a characteristic length-scale,
L = (s – k2δ), it is easier to understand its physical meaning:

M = k1

1/2
s s L· L (gL)

(11)

In other words, the Beverloo law gives the mass flow rate for material with an initially near-zero velocity exiting a rectangularly-shaped
slit. A simple dimensional analysis reveals that the term L = (s – k2δ) is
relevant only for the width of the slit considered in this study. The term
(gL)1/2 does not properly characterise the outflow velocity, which is not
dominated by gravitational forces (Fig. 4c) – at least for the peak outflow shown in Fig. 7. As such, the flow depth h and pre-impact velocity
U are adopted as the vertical length-scale and time-scale respectively.
Furthermore, a term Nsl is inserted to account explicitly for the number
of slits:
10
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Fig. 10. Force profile on divider. (a) nδ = 1; (b) nδ = 6. The channel inclination is 30° for both cases; the sampling time was chosen to show the forces on
the divider during outflow. The theoretical lines for earth-pressure are for
granular material on a sloped surface in contact with an inclined wall and come
from CGS [69].

Fig. 9. Contact duration for flows interacting with slit-structures. The channel
inclination is 30° for all cases. (a): Single-slit-structure with varying transverse
blockage, where the region of interest is in front of the slit; (b) dual-slitstructure with varying slit-spacing, where the region of interest is in front of the
divider and TB = 0.75.

M = k1 Nsl

s s (s

structure. Furthermore, reference lines based on Eq. (13) are included.
Fig. 12a shows that for 22° and both Nsl = 1 and Nsl = 2, the normalised peak outflow rate increases non-linearly as the transverse
blockage is reduced, in contrast to Eq. (13) which suggests a linear
relationship. This is related to the relationship between pileup height
and velocity. For higher transverse blockage, where the slits are narrower, the pileup increases [16]. Overall, however, Eq. (13) is able to
provide a good approximation of the peak outflow rate for both singleand dual-slit cases.
Fig. 12b shows the normalised peak outflow rate for 30°. Since it
was assumed in Eq. (13) that the velocity and flow depth cancel, the
reference lines are identical to those in Fig. 12a. The same general trend
of the outflow rate increasing as the transverse blockage decreases is
shown; the degree of non-linearity is qualitatively similar to that shown
in Fig. 11a. However, the outflow rate for 30° is proportionately higher
compared to the theoretical lines than for 22°. This suggests that the
channel inclination affects the length- and time-scales relating to the
characteristic velocity and flow-depth. This is certainly true for the
pileup height, which increases with the Froude number [16,82], and
hence the channel inclination (Fig. 4c), so assuming that h does not

k2 ) hU for s

M = 0 for s <

(12)

We then normalise the mass outflow rate by that of the peak outflow
for an open channel, so as to better assess the effectiveness of the slitstructure:

Mnorm =

M
N (s k2 )
= sl
for s
Mopen
(B k2 )

(13)

where B is the channel width. This form of the equation implies that
neither the depth h nor the velocity U affect the normalised mass outflow rate. It should be noted that this assumption is probably not entirely valid, since the slit-structure tends to both reduce the velocity and
increase the flow depth upstream [16].
Fig. 12a and b show the normalised peak outflow rate against the
transverse blockage for Nsl = 1 and Nsl = 2, for the channel inclinations
of 22 and 30° respectively. The ‘self-cleaning’ and ‘trapping’ regions
deduced from Fig. 11 are overlain for reference. ‘Self-cleaning’ is defined as material tending not to accumulate permanently behind a
11
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Fig. 11. Trapping efficiencies: (a) as a function of transverse blockage for a channel inclination of 22°; (b) as a function of transverse blockage for a channel
inclination of 30°; (c) as a function of s/δ for a channel inclination of 22°; (d) as a function of s/δ for a channel inclination of 30°.

change may be under-conservative.
In summary, Fig. 12 shows that there is a near-linear relationship
between the peak outflow rate and the transverse blockage, relative to
open-channel flow. The modified Beverloo law for channelised flows
(Eq. (13)) is able to capture the basic relationship between outflow and
transverse blockage for one or two slits. This suggests that estimating
the outflow rate can be simply estimated after designing a slit-structure
for either self-cleaning or trapping. However, a safety factor should be
applied to results calculated from Eq. (13) to account for the potential
underestimate of the outflow rate. A larger-than-expected peak outflow
rate would tend to increase the downstream Froude number. This
would necessitate changes to other mitigative structures in the system,
such as making them taller [16] and having narrower slits, as implied
by Figs. 11 and 12.

create well-characterised flows, nearly-monodisperse spheres were
adopted in this study, which are immune to effects caused by segregation (see [83]). Such flows have limited bulk compressibility [84],
affecting the packing fraction and hence the behaviour of the flow as it
passes through a slit [85].
In addition, the scale of the model is considerably smaller than
prototype flows. Therefore, we would expect that larger flow and deposition depths would be observed at larger scales. Larger flow and
deposition depths are anticipated to cause higher effective stresses,
thereby altering the stability of force chain networks. The stress state
should also affect the volumetric change of the flow material [63], with
corresponding differences in dilatory/contractive behaviour. Furthermore, it is expected that at higher stress and energy levels that grain
crushing may occur as well [86]; this would (i) change the characteristic grain size, and hence the ratio s/δ and (ii) dissipate energy through
cracking. Given these limitations, it is not currently possible to assess
whether the results from this study are conservative. Further testing at
other scales and under other conditions will be required to establish
robust design guidelines.

5. Discussion of limitations
Design guidelines for slit-structures are empirical [18,41–43]. Improving the state-of-the-art requires systematic, repeatable tests. To
12
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Fig. 12. Normalised peak outflow rates for various degrees of transverse blockage. (a) Channel inclination of 22°; (b) channel inclination of 30°.

controlling the flow rate without necessarily causing excessive
trapping.
4. Existing recommendations for slit-size design were obtained from
empirical observations of inviscid flows impacting slit-structures. If
these are applied to material trapped in the frictional flows considered in this study, they cover the unstable regime. Given the
uncertainties in flow properties in the field, the tendency towards
self-cleaning or trapping behaviour may be highly difficult to predict. Future recommendations for slit-width design should avoid this
unstable regime.
5. For the idealised flows in this study, the peak outflow rate varies
almost linearly with the transverse blockage. For the highlysimplified flows modelled in this study, peak outflow can be estimated using an equation analogous to the Beverloo law. This
equation accounts for multiple slits; the time-scale is related to
the pre-impact velocity, whilst the length-scales are taken to be (i)
the flow depth and (ii) the slit-opening length-scale from the
original law (i.e. s – k2δ). This form of the Beverloo law provides a
simple way of estimating the peak outflow after designing the slit
opening.

6. Conclusions
In this study, the relationship between flow types (inviscid or frictional) and the mechanisms by which slit-structures filter out granular
material were reviewed. Studies on mechanical trapping for frictional
flows have thus far been limited to single-slit-structures, despite the
fundamental differences caused by including multiple slits [40]. A
parametric study using a calibrated DEM model was performed on
frictional, monodisperse flows interacting with a slit-structure. The
parameters investigated were: (i) the ratio between slit width and grain
diameter s/δ, (ii) the number of slits; (iii) the slit spacing; and (iv) the
Froude number. The ratio s/δ is related to the transverse blockage,
which describes what proportion of the channel is blocked by the slitstructure.
Key conclusions are as follows:
1. For slit-structures that mechanically trap grains, three regimes can
be identified: (i) ‘self-cleaning’, wherein most grains pass downstream; (ii) ‘trapping’, wherein most grains become trapped; and (iii)
‘unstable’, wherein a proportion of the grains become trapped. The
bounds between these regions are dictated primarily by the ratio s/δ
and the dimensionless number Fr, rather than the transverse
blockage. It remains unclear whether existing designs are under- or
over-conservative with regards to their intended level of trapping.
Nonetheless, charts presented in this study can be used as a preliminary point for assessment.
2. For a given transverse blockage, adopting dual-slit-structures rather
than single-slit-structures tends to increase the trapping efficiency
and decrease the peak outflow rate. This implies that multi-slit
structures are a more robust choice for engineering design.
3. An increase in the slit-spacing from 2δ to 12δ increases the durability of contacts for grains between slits by around 10%. This reduces the possibility of stable arches that form being broken by
shearing due to outflow at the other slit. This is why for a given ratio
of s/δ and Fr, within the unstable region, the trapping efficiency is
strongly influenced by the spacing of the slits. This also explains
why for a given ratio of s/δ and Fr, one slit retains more material
than two, since there is no external source of shearing to keep grains
passing the slit-structure downstream. This implies that adopting
multiple slits spaced closely to one another are more appropriate for
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Appendix A. Contact model
The basic form of the Hertzian contact model implemented in LIGGGHTS [59,87] is given as follows:

Fij = [k n n ij

n vn ij]

+ [kt tij

(A1)

t vtij]
th

th

where Fij is contact force between i and j particles; kn and kt are elastic parameters corresponding to normal and tangential contacts respectively;
δnij and δtij are the overlap distances for grains, corresponding to normal and tangential components respectively; γn and γt are damping constants,
again corresponding to normal and tangential contacts; finally, vnij and vtij are components of the relative velocity of the two particles. Eqs. (A2a)
and (A2b) give kn and γn respectively:

kn =

n

=

4
E
3
2

r n ij

(A2a)
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(e ) 2E (r n ij )1/2m
6

0

(A2b)

where β is a constant depending on the coefficient of restitution e. The variables r*, m*, E* are given by Eqs. (A3a)–(A3c) [88], whilst β is given by
Eq. (A3d):
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where ν is Poisson’s ratio. (Notes: for planes modelled using the DEM, the radius and mass are assumed to tend to infinity, meaning that r* → r and
m* → m.)
Appendix B. Earth-pressure calculation
Fig. B1 shows a schematic of the quantities used in Eqs. (9a) and (9b).

Fig. B1. Schematic of variables for active earth pressure coefficient calculation for inclined rigid wall (redrawn from [69]).
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