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Abstract Run-up of granular debris flows against slit dams on
slopes is a complex process that involves deceleration, deposition,
and discharge. It is imperative to understand the run-up mechanism
and to predict the maximum run-up height for the engineering
design and hazard mitigation. However, the interaction between
granular flows and slit dams, which significantly affects the run-up
height, is still not well understood. In this study, an analytical model
based on the momentum approach was derived to predict the run-up
heights of granular debris flows. A numerical investigation of gran-
ular debris flow impacting slit dams using the discrete element
method (DEM) was then conducted. The influence of the Froude
number (Ng,) and the relative post spacing (R) on run-up height
were studied. This study illustrates that the analytical model based
on the momentum approach can predict the run-up heights well
within a certain range of Froude numbers. There is a critical value of
relative post spacing (Rc): within the critical value, the maximum
run-up height is insensitive to the relative post spacing; once R
exceeds the critical value, the maximum run-up height decreases
rapidly as the relative post spacing increases.

Keywords Granular debris flow - Slit dam - Soil/structure
interaction - Run-up height

Introduction

Granular debris flows comprise a wide range of particle sizes
(Jakob et al. 2005), surging down slopes in response to gravity
(Iverson 1997). Due to the high mobility and the large volume of
material (Shen et al. 2018), granular debris flows can result in
disastrous consequences to human lives and facilities downstream
(Hungr et al. 1984).

To mitigate such destructive hazards, slit structures such as slit
dams (Watanabe et al. 1980; Armanini et al. 2011; Piton and
Recking 2015a; Marchelli et al. 2019; Zhou et al. 2019) and baffle
arrays (Choi et al. 2014a Law et al. 2015) are often strategically
installed along the predicted flow path. Such structures, compris-
ing rigid planes (hereafter referred to as “posts”) and openings
(referred to throughout as “slits”), can dissipate flow energy,
thereby arresting flows (Choi et al. 2014a Zhou et al. 2019).

Granular debris flows impact rigid barriers and transfers mo-
mentum vertically into run-up, potentially overtopping obstacles
(Hékonarddttir 2003 Ng et al. 2016). Design of engineering coun-
termeasures requires estimates of run-up height to prevent
overtopping (Kwan 2012 Choi et al. 2016 Ng et al. 2017). However,
existing physically based debris flow models may be unable to
output the maximum run-up heights accurately (Choi et al. 2015b
Iverson et al. 2016), given the complexity of the problem.

Multiple analytical models have been proposed to predict the
maximum run-up heights of granular avalanches/flows against rigid
barriers (Hungr and McClung 1987 Chu et al. 1995 Mancarella and
Hungr 2010). Nevertheless, there are two commonly adopted ap-
proaches for predicting debris flow run-up height in practice (Kwan
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2012)—the energy approach (Armanini et al. 2011 Kwan 2012) and the
momentum approach proposed by Hdkonardéttir (2003) and
Jéhannesson et al. (2009). The energy approach (Armanini et al. 2011
Kwan 2012) is given as follows:
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where hyis the run-up height, h; is the height of incoming flow, u is
the incoming flow velocity, and g is the acceleration due to gravity.

Another commonly adopted approach proposed by
J6hannesson et al. (2009) is based on conservation of mass and
momentum:
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where pris the density of the flow after run-up and p; is the density
of the incoming flow. N, is the Froude number of the incoming
flow, indicating the ratio of inertial forces to gravitational forces.
Subcritical and supercritical flow conditions are characterized with
Froude numbers less than and greater than unity, respectively
(Choi et al. 2015a; Ng et al. 2016; Cui et al. 2019a, b).

For check dams (i.e., with no slit), it was found that the ana-
lytical approach proposed by Jéhannesson et al. (2009) can cap-
ture the pileup height for granular materials well. This is because
the compression of granular flow material, as well as the pileup
mechanism characteristic of granular materials, is explicitly
accounted for (Choi et al. 2015b). In contrast, the energy approach
is more appropriate for water, for which there is little energy
dissipation, and which primarily undergoes run-up since water
has no shear strength, pileup cannot occur.

It is noted that both energy and momentum approaches
(Jéhannesson et al. 2009 Armanini et al. 2011 Kwan 2012) were
derived assuming that the barrier is closed (i.e., without any open-
ings) so that no flow material can discharge. However, for the case of
a slit dam, flow-structure interaction is more complicated. Run-up of
flows against slit dams is a complex process that involves a combi-
nation of flow deceleration, redirection, and downstream discharge
(Piton and Recking 2015a, b). Unlike check dams, slit dams usually
have one or more slits to (i) reduce the flow peak discharge (com-
pared to open channel flow) and (ii) to dissipate kinetic energy (Choi
et al. 2016). The model proposed by Armanini et al. (2001) is able to
predict the deposition height of granular materials deposited by a
continuously flowing stream that passes a slit dam:

o= (o) =S e[ ()T ®

where w is the channel width and b is the slit size. However, this
approach is only validated for flows with a solid fraction of up to
0.01 (Choi et al. 2016), which is substantially lower than the typical
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solid fraction for granular debris flows, around 0.6 (Denlinger and
Iverson 2001).

In this study, an analytical model based on the momentum
approach was derived to predict the run-up heights of granular
debris flows against slit dams. Furthermore, the interaction be-
tween granular debris flows and slit dams was studied numerically
using the discrete element method (DEM) (Cundall and Strack
1979; Teufelsbauer et al. 2009). Investigations of granular debris
flows with varying Froude conditions (Ng,) impacting slit dams
with different relative post spacings (b/d) were carried out. Run-up
heights determined using the analytical models were compared
with the numerical and reported experimental results. The influ-
ence of flow regime and the relative post spacing on the run-up
height of granular debris flow was investigated.

Analytical model

To predict the run-up heights of granular debris flows against slit
dams, a depth-averaged continuum model derived from assump-
tions similar to that of the momentum approach (Hdkonardéttir
2003 J6hannesson et al. 2009 Iverson et al. 2016) has been devel-
oped here. This analytical model is based on shock theory (Gray
et al. 2003 Hdkonardéttir 2003 J6hannesson et al. 2009 Faug 2015;
Faug et al. 2015 Iverson et al. 2016 Albaba et al. 2018). It assumes
that the flow impinging on an obstacle is a one-dimensional
dynamic problem which can be interpreted by the development
of a shock. In this process, a shock (or shock wave), at which there
are sudden jumps in the velocity, density, and height, develops
immediately and travels upstream when a steady flow encounters
a vertical obstacle. The incoming flow is assumed to be continu-
ous, steady, uniform, compressible, and insensitive to the backwa-
ter effect, and the flow channel is horizontal (cf. Iverson et al. 2016;
Savage et al. 1979).

Figure 1a shows a simplified sketch of a shock for granular debris
flow against a check dam (a side view and a plan view). A shock
develops and travels upstream with depth-invariant velocity u,
height h, and bulk density p, while a granular dead zone forms
between the shock and the dam. The conservation of mass and
momentum across the shock travelling at speed s can be expressed
as follows (cf. Jéhannesson et al. 2009 Iverson et al. 2016):

Poho(tio +5) = phu(wy +5) (4)

ho hy
pohouo(uo + 5) + Io Ooxx dz = plhlul(ul + 5) + Io O1xx dz (5)

where subscript o denotes properties of the flow upstream of the
shock, subscript 1 denotes properties of the flow downstream from
the shock, and o,, denotes the longitudinal normal stress.

As for the case of a slit dam (Fig. 1b), a more complex process is
involved which includes a combination of flow deceleration, redi-
rection, and downstream discharge. A shock develops and travels
upstream at speed s as the incoming flow encounters the slit dam.
Due to regulation of the slit dam, different from the check dam
case, downstream flow from the shock transforms into two types:
(i) one retards and deposits with speed u,, forming a granular dead
zone between the shock and the dam, which is similar to the check
dam case, (ii) another propagates downstream with speed u, and
then passes through the slit. The conservation of mass and mo-
mentum across the shock travelling at speed s can be expressed as
follows:
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where subscript o denotes properties of the flow upstream of the
shock, subscript 1 denotes properties of the (i) retarding flow
downstream of the shock while 2 denotes properties of the (ii)
outgoing flow downstream of the shock. B (B = b/w, where b is the
width of spacing between posts and w is the width of channel) is
the transverse blockage of the slit dam. oy, is the longitudinal
normal stress. Using of an assumption routinely employed in soil
mechanics (Lambe and Whitman 1979), o,, can be expressed as
follows:

Oxx = ko, = kpg(h—2) (8)

where k is the longitudinal pressure coefficient, which denotes the
ratio of longitudinal to vertical normal stress o,,. The k values of
typical frictional debris roughly range from o.2 to 5, depending on
whether deformation occurs in an extensional or compressional
mode (Iverson and Denlinger 2001). It was found that in the
momentum approach, the assumption k = 1 yields good predic-
tions of run-up heights of debris flows and it can even be used in
more sophisticated run-up models (Iverson et al. 2016).

Considerable simplifications of Egs. (6) and (7) can be obtained
by introducing a reasonable assumption that the two types of flows
downstream from the shock have the same density and height
such that p, and h, are equal to p, and h,, respectively. In this
case, the mass jump condition (6) reduces to

h Bp, by (u,—u,)—p, by,

s:Po olho + Bp hy(u—u,)—p, Iy (9)
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Substitution of Eq. (8) in Eq. (7), and subsequent evaluation of
the integrals for the momentum jump condition (7) yields

Pohotio(Uo + $)—Blp,hyu, (U, + )]
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Downstream flow from the shock, the retarding flow deposits
with speed u,, forming a granular dead zone between the shock
then the velocity u, can be supposed to be equal to o. For the
outgoing flow, the flow rheology between the shock and the slit
dam is very complex with strong flow curvatures, flow redirection,
and formation of dead zones in the corners. In want of a detailed
theory for this region, we propose to consider an empirical linear
relation between the outgoing velocity u, and the velocity u, of the
incoming flow:

(11)

By combination of Egs. (9) and (11), momentum jump condi-
tion (10) reduces to

U, = Qg

h, h
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Fig. 1 Schematic drawing (side view and plan view) of run-up against a a check dam and b a slit dam

where Fr, = u,/\/ghs, indicates the bulk characteristics of the
incoming flow. The term A, which indicates the jump in density
and height between the flows upstream and downstream of the
shock, can be defined as follows:

A:plhl

P (13)

Equation (12) yields a run-up formula based on momentum
approach, and it takes not only the upstream Froude conditions
(Ng,) but also the slit size (B) into consideration. For physically
relevant parameter values (p,/po~ 1), Eq. (12) has three real roots,
but only one of these roots has physical relevance by virtue of
being positive and satisfying the jump condition requirement that
h, > h, (cf. Iverson et al. 2016).

Considering two extreme cases that the dam is completely
closed (B=0) or open (B=1), the boundary conditions of (12)
can be expressed as

ifB=o, u,=0 -a=0 (14)
ifB=1, u,=u,—a=1 4

Based on the boundary condition, o can be assumed as a
function of B:

o= f(B) (15)

An explicit expression of Eq. (14) can be obtained by introduc-
ing an exponential form which can meet the boundary conditions
in Eq. (13)

a =B (16)
where e is an empirical coefficient.

Finally, substituting Eq. (15) into (12), the solutions of the run-
up formula can be obtained. Therefore, the run-up height of

granular debris flows against slit dams can be predicted if the
Froude number of the incoming flows and the geometry of the
slit dams are known a priori.

Numerical model setup

The 3-D particulate flow code EDEM (DS Ltd 2004) is adopted to
simulate the dynamics of granular flow in this study. In the DEM,
contact forces and displacements of a stressed assembly of parti-
cles are found by tracing the movement of individual particles
(Choi et al. 2014b). Compared to physical model tests, numerical
simulations have a better capacity for capturing particle move-
ments and interactions with structures (Zhou and Sun 2013; Chen
et al. 2019).

Slit dams are usually comprised of a series of equally spaced
rigid posts (Marchelli et al. 2019 Zhou et al. 2019). The spacing and
the number of posts can be varied depending on the engineering
design adopted. In this study, the interaction between granular
debris flows and slit dams is studied by choosing a section which
spans two adjacent posts since the processes which occur in the
rest of the sections do not vary significantly with time. Figure 2
shows the numerical model setup. The channel inclination 6 is
fixed at 20° and gravitational acceleration g (9.81 m/s*) acts down-
wards, along the vertical direction. Planar rigid geometry is con-
structed to model the channel bed and the slit dam. The sidewalls
adopt periodic boundary conditions (PBC) (Rapaport and
Rapaport 2004) which are applied along the flow direction and
span the width of the channel (0.2 m). The PBC is required to
eliminate the unrealistic particle arrangement at the wall boundary
caused by the constraint of particle sizes in discrete element
simulations (Rapaport and Rapaport 2004). A slit dam with rigid
barriers and an adjustable spacing b is positioned downstream of
the flows. The rigid barriers are set to be 2 m in height, perpen-
dicular to the base of the channel. This is high enough to avoid
potential overflow, so that the maximum run-up height can be
captured, as per the assumptions in the equation derived.
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Input parameters

The granular flows were composed of an assembly of 30,000 rigid
spherical particles with a uniform diameter of 0.01 m. According
to the commonly used values in numerical simulations of granular
medium, the material density of each particle is 2630 kg/m® and
the material shear modulus was set to be 24,000 MPa (Law et al.
2015; Ng et al. 2013). The contact friction angle of discrete elements
was set as 31.5°, and the coefficient of restitution was set at 0.5 (cf.
Song 2016; Chau et al. 2002). The interface friction angle was set as
16.6° which is consistent with the value determined by Choi et al.
(2016) in laboratory tests. Details of the input parameters are given
in Table 1.

Numerical testing procedures

The numerical study is divided into two stages: a preparation stage
and an impact stage. In the preparation stage, all the particles fall
freely and deposit randomly under boundary restrictions then a
granular flow body with a continuous depth h of 0.05 m is pre-
pared right behind the slit dam. Initial velocities u ranging from
0.38 to 5.7 m/s are uniformly applied to the assembly of particles.
Calculating the Froude number by Ny, = u/./ghcost, incoming
granular flows with Froude numbers ranging from o.5 to 7.5 are
produced. The range of Froude number is consistent with that of
reported channelized debris flows, which ranges from o.5 to 7.6
based on field observations (Hiibl et al. 2009 Scheidl et al. 2013 Cui
et al. 2015).

In the impact stage, all the sidewall boundary restrictions are
removed so the granular flows start to move and impact the slit
dams. The relative post spacings (R = b/d) of slit dams range from
2 to 12, with the transverse blockage (B) between 10 and 60% (Silva
et al. 2016; Choi et al. 2016). A control test without spacing was also
conducted for reference. A summary of the numerical test plans is
given in Table 2.

Model calibration

To ensure that the input parameters and modelling methodology
are able to simulate the interaction between granular flows and slit
dams, numerical simulation of the granular flows was compared
with experimental results reported by Choi et al. (2016). Figure 3
shows a comparison of flow kinematics between experimental tests
and numerical simulations: the granular flow behaviors of flume
tests are shown on the left (Fig. 3(a1-a3)) while the pertinent numer-
ical results by DEM are shown on the right (Fig. 3(b1-b3)). A wedge-
shaped flow front (Choi et al. 2014a) with a Froude number of 2.3
arrives behind the barrier at t = 0.2 s (Fig. 3(a1, b1)); subsequently,
particles in the flow front run-up along the rigid barrier like water at ¢
= 0.4 s (Fig. 3(a2, b2)); subsequent granular flow impacts and piles up
on top of the existing deposits, forming a ramp-like dead zone (Gray
et al. 2003) at t = 0.6 s (Fig. 3(a3, b3)). Thereafter, the dead zone
continues to thicken and expand upstream until the arrest of gran-
ular motion for all particles.

It is observed that the flow kinematics from flume experiments
and the calibrated model are consistent. The agreements of the
Froude number and flow kinematics between the numerical and
experimental results indicate that the set of input parameters and
the numerical model used for this study can effectively model the
interaction between granular debris flows and slit dams, and the
basic mechanisms can be captured.
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Interpretation of DEM results

Granular flow run-up mechanism
Figure 4 shows a side view of the impact and run-up process of a
subcritical flow (Ng, = 0.5) and a supercritical flow (Ng, = 6.5),
respectively. At t = o s, both subcritical and supercritical flows
approach the barrier with an identical flow height (Fig. 4(a1, b1)).
For the subcritical flow, a typical pileup mechanism can be ob-
served: the granular bore continues to thicken while the run-up
height does not change (Choi et al. 2015b). At t = 0.1 s, the granular
flow impacts the slit dam and most particles in front of the flow
deposit behind the rigid barrier, forming a ramp-like dead zone at
the base of the barrier while a small number of particles pass
through the slit between the posts (Fig. 4(a2)). As subsequent flow
material impacts the existing deposits, the pileup continues to
develop, and the dead zone expands upward (Fig. 4(a3)). Thereaf-
ter, the dead zone continues to thicken while maintaining a con-
stant height (Fig. 4(a4, as)). Numerical simulation results indicate
that subcritical granular flows exhibit distinct pileup characteris-
tics which are consistent with the experimental observation of
Armanini et al. (2011) and Choi et al. (2015b).

Supercritical granular debris flows resulted to a combination of
a vertical jet run-up and a pileup mechanism. At t = o s, a distinct
upward jet along the barrier forms as the supercritical flow im-
pacts the slit dam (Fig. 4(b2)). Such a run-up mechanism is more
reminiscent of the vertical jet mechanism described by Armanini
et al. (2011) and Choi et al. (2015b) for liquid flows and is consistent
with Ng et al. (2017) and Cui et al. (2018) for granular flows of large
glass particles. Subsequently, run-up continues to develop and the
run-up height keeps increasing. Simultaneously, a large number of
particles pass through the spacing, discharging dispersedly as a
downstream jet. (Fig. 4(b3)). When the maximum run-up height is
reached, the run-up process ceases. Concurrently, the pileup pro-
cess begins: the dead zone keeps thickening while its height re-
mains unchanged (Fig. 4(b4)). The numerical simulation results
demonstrate that the run-up mechanism between subcritical and
supercritical granular flows are quite different, subcritical granular
flows only exhibit a pileup mechanism while supercritical flows
show a combination of vertical jet run-up and pileup mechanism.

Figure 5 shows the evolution of run-up heights. In this numer-
ical study, the initial incoming flow is homogeneous, steady, and
uniform so that the run-up height grows without intense fluctua-
tion. Figure sa shows the time series of run-up heights in simula-
tions of different Froude numbers. For the flows with low Froude
numbers (e.g., Ng; < 3.5), the run-up height rapidly reaches its peak
values and then maintains an almost constant level. For flows with
high Froude numbers (e.g., Ng, > 4.5), the run-up height keeps
increasing until the maximum run-up height is reached. This
increase is non-linear: the growth rate varies in different periods.
At first, the run-up heights rapidly increase and the growth rate
reaches its peak value as the flow front impacts the dam. Thereaf-
ter, the growth rate decreases over time, while the run-up process
gradually ceases. After reaching the peak value, the run-up heights
decrease slowly and then maintain a constant level, indicating that
the pileup process is underway. Figure sb shows the time series of
run-up heights for different relative post spacings. Numerical
simulation results reveal that the evolution of run-up heights in
different relative post spacings shares a similar tendency: the run-
up height increases over time to a peak value then remains at a
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Fig. 2 Numerical model. a A chosen section of slit dam. b Plan view of the chosen section. ¢ Side view of the chosen section

constant level. The run-up height evidently depends on relative
post spacing: the greater the relative post spacing, the lower the
maximum run-up height and the lesser time it takes to reach it.
These results indicate that the slit size affects the run-up of gran-
ular flows against slit dams (see later sections).

Comparison of run-up prediction models

Figure 6 shows the relationship between the transverse block-
age B and the normalized outflow velocity a = u,/u,. The numer-
ical simulation results show that as the transverse blockage B of
slit dams increases, the normalized outflow velocity increases
monotonically. Granular debris flows with different Froude con-
ditions (Ng,) all meet with this tendency. This trend is consistent
with the assumption we have made in our analytical model (see
“Analytical model” section). By plotting B against «, it is found

Table 1 DEM input parameters

Input parameter Value

Number of discrete elements 50000
Particle diameter (m) 0.01
Density (kg/m”’) 2630
Total mass of particles (kg) 68.85
Shear modulus (MPa) 24,000
Discrete element/wall friction 0.3
Discrete element friction 0.6
Rolling friction coefficient 0.01
Coefficient of restitution 0.5

that the best match can be obtained when the empirical coefficient
e is equal to 1.519.

Figure 7a shows the comparison between the simulated nor-
malized run-up heights and the analytical approach of Armanini
and Larcher (2001). The results illustrate that this approach cannot
predict the run-up heights of granular flows well: the predictions
are too high when the relative post spacing is low but are too
conservative when the relative post spacing is high. This is because
this approach assumes that run-up process is under the hydraulic
jump condition (Armanini and Larcher 2001), making it inappro-
priate for frictional dense granular flows, in which the flow-
structure interaction mechanism is dominated by pileup (Choi
et al. 2016).

It is reported that the momentum approach can capture the
run-up mechanism of granular flows and can predict the run-up
heights well (Choi et al. 2015b Iverson et al. 2016 Ng et al. 2017).
Using the analytical model derived here (see “Analytical model”),
Fig. 7b shows a comparison between the simulated normalized
run-up heights and the modified momentum approach in this
study. The results indicate that this model can indeed predict the
run-up heights of the granular debris flows against slit dams quite
well. Run-up heights predicted by this model show the same
tendency with the numerical simulation results: higher Froude
number (Ng,) and lower transverse blockage (B) lead to higher
run-up heights. The maximum error between the predicted run-up
heights and the numerical results is below 15.6%. According to
these results, engineers anticipating a dense granular debris flow
can safely use the newly derived equation to estimate the height
required for the slit dam to avoid dangerous overtopping. Further-
more, the results show the influence of the upstream Froude
conditions (Ng,) on run-up heights for granular flows against slit
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Table 2 Numerical simulation plan

Initial Froude
condition (Nf,)

Transverse blockage
(B = biw) (%)

Relative post

spacing (R = b/d)

0 0.5; 1.5; 2.5; 3.5;
45;55;6.5; 7.5

dams. As the Froude number of an incoming flow increases, the
maximum run-up height increases monotonically, which is con-
sistent with Choi et al. (2015b), Iverson et al. (2016), and Ng et al.
(2017).

Figure 8 shows a comparison of the normalized run-up height
predicted by Armanini and Larcher (2001) and the momentum

approach with the reported experimental results (Choi et al. 2016).
It is noted that experimental results match well with the run-up
heights predicted by the momentum approach proposed in this
study while the analytical approach of Armanini and Larcher
(2001) tends to overestimate, consistent with the DEM numerical
result comparisons.

The granular debris flow is composed of an assembly of nu-
merous discrete particles. Therefore, the particle-particle interac-
tions and particle-barrier interactions do significantly affect the
flow dynamics and then pose a strong influence on the run-up
behavior. However, all the analytical prediction models based on
continuum hypothesis (Hdkonardéttir 2003 Jéhannesson et al.
2009 Armanini et al. 2011 Kwan 2012) fail to consider the
particle-particle interactions, which should be taken into consid-
eration in run-up height prediction.

Influence of the relative post spacing on run-up height

Jamming occurs when the flow of grains through a spacing and the
size of the outlet is not large enough (Janda et al. 2008). Such a
jamming is the response of a system to the applied external

e

t=0.4s

t=0.6s

Deadzone

| (b))

Fig. 3 Comparison of flume experiments and computed flow kinematics (test C30-D1-SD5, wherein inclination = 30°, b/d = 5.0). The color of particles denotes the

velocity of particles, and the darker the color, the lower the velocity
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stresses by developing mechanical structures that block the flow.
In granular materials, these structures are called “arches”
(Zuriguel et al. 2005). For the case of granular debris flows
impacting slit dams, flow material can jam behind the dam due
to the formation of arches when the post spacing is not large
enough (Law et al. 2015). Figure ga shows a typical formation
of arches of granular flow behind a slit dam. As the flow
front impacts the slit dam, granular material is subjected to a
reflective dynamic impact force from the barrier. Driven by
the applied stress, particles in front of the flow rearrange and
the structure of the force chains changes, forming an arch
(Terzaghi 1943). Due to the formation of arches, subsequent
granular flow tends to slow down or halt (Arévalo and
Zuriguel 2016).

Figure 9b shows the evolution of the granular outflow rate for
slit dams with different relative post spacings. It can be seen that
outflow rate increases with the relative post spacing since the
wider the spacing, the more flow material can pass through. It
was found that the evolution of the outflow rate tends to fluctuate
periodically, which may be related to the formation of arches.
When arches form, granular material blocks the opening and
momentarily halts subsequent flow, which leads to a decrease in

outflow rate: from a local maximum value to minimum. On the
other hand, the outflow rates tend to increase from a local mini-
mum value to the maximum if the arches collapse. It was also
found that the formation of arches is influenced by the slit size.
Arches are formed easier at low relative post spacings, at times
resulting to near zero outflow rates. As the relative post spacing
increases, there are lesser instances at which arches form and the
outflow rate can easily reach its minimum level.

In analytical models, the maximum normalized run-up height
decreases monotonically as the transverse blockage increases
(Armanini and Larcher 2001). Such a principle is validated for
granular flow problems with a maximum solid volume fraction
of 0.01 (Choi et al. 2016). However, for frictional flows such as
granular flows, the formation of arches and the interparticle con-
tact should be taken into consideration. When the relative post
spacing is small, particles in front of the flow can jam easily behind
the slit dam, blocking the subsequent flow and resulting to a
maximum run-up height that is usually larger than expected.

Figure 10 shows the relationship between the normalized max-
imum run-up heights and relative post spacings. The numerical
simulation results are compared with experimental data (Choi
et al. 2016), which has a similar configuration in channel geometry,
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This is because stable arches can easily form at the slit, provided that
the Froude number of the incoming flow is low (Ng, <2.5). In this
case, there is no significant difference between slit dams of different
slit sizes since the stable arches can block the outlet and halt the flows.
When the Froude number is high (Ng, > 2.5), supercritical flows with
high velocities can break arches easily (Choi et al. 2016). Pardo and
Sdez (2014) observed that the arch strength evidently depends on the
its length: shorter arches are generally stronger because higher contact
stresses can be maintained during constrictions. The length of arches
is directly related to the relative post spacing and the probability of
formation of stable arches decreases as b/d increases (Janda et al. 2008
Arévalo and Zuriguel 2016 Marchelli et al. 2019). In this case, the
relative post spacings affect the run-up height significantly. In general,

16
Experimental results  Numerical results
- N=0.7 (Choi,2016) — Ne=05
- % N.=2.3 (Choi,2016) -0~ Ne=15
= -@- N.=25
E— 12 + -O- Ni=35
= ). - N.=45
=] O N=55
'g —A— N.=65
a D N.=75
=]
] 8
S
el
@
2
©
£
=
<]
=z

12

Relative post spacing, b/d

Fig. 10 Relationship between run-up height and relative post spacing

the maximum run-up height declines as the ratio b/d increases. The
results show that there is a critical value of relative post spacing (Rc):
within the critical value, the maximum run-up height is insensitive
(the decrease rate is within 5%) to the relative post spacing; once b/d
exceeds the critical value, the maximum run-up height decreases
rapidly as the relative post spacing increases. Such a critical value
has been studied in many previous works, and it is noted that a fixed
value for Rc does not exist (Zuriguel et al. 2005 Janda et al. 2008).

As shown in Fig. 10, the numerical results can be interpreted by
demarcating two zones. In zone I (b/d < R, shadow area), the run-
up heights maintain a constant level within a critical range of the
relative post spacing. The critical value Rc decreases with the
increase of N, so that zone I shrinks as the Froude number of
incoming flows increases. In zone II (b/d > Rc, light area), the
relative post spacing has a significant effect on the run-up height:
the maximum run-up height decreases rapidly as b/d increases.
Zone II expands as Nf, increases and eventually spans the full
range of the relative post spacing when the Froude number of the
flow is high enough. In this case, granular material fails to form
stable arches and the run-up height decreases monotonically as
the relative post spacing increases.

Conclusions

An analytical model based on the momentum approach was de-
rived to predict the run-up heights of granular debris flows against
slit dams. A numerical study of granular debris flows impacting
slit dams by discrete element method (DEM) was conducted. The
numerical results were compared with analytical models and re-
ported experimental data. The influence of the Froude number
(Ng,) and relative post spacing (b/d) on the run-up height was
investigated. The conclusions from this study can be drawn as
follows:
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(a) An analytical model based on the momentum approach
which considers the effect of the flow regime and the post
spacing size is proposed. This model can capture the run-up
mechanism of granular debris flows against slit dams and
predict the run-up heights quite well.

(b) The run-up mechanisms between subcritical and supercriti-
cal granular flows are different: subcritical granular flows
result in a typical pileup mechanism, whereas supercritical
flows lead to a combination of vertical jet run-up and pileup
mechanism.

(c) When the Froude number of the incoming flow is low (Ng, <
2.5), the run-up height is not strongly influenced by the
relative post spacing. When the Froude number is
high (Ng, > 2.5), there is a critical value of relative post spac-
ing (Rc): within the critical value, the maximum run-up
height is insensitive to the relative post spacing; once b/d
exceeds the critical value, the maximum run-up height de-
creases as the relative post spacing increases.

The series of numerical simulations by DEM is aimed at investi-
gating the effect of the Froude number (Ng,) and relative post spacing
(b/d) on the run-up mechanism. By introducing a single-phase
model, the effect of fluid in debris flows is not taken into consider-
ation. In the further study, it is worth to explore on the interactions
between solid-liquid two-phase debris flows and slit dams.
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