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Abstract

The large-volume and high-speed channelized granular flows transformed from energetic rockslides and rockfalls are serious
geological disasters. The submerged sills embedded in the bedrock and immersed in a granular flow are widely used as a
prevention measure in the midstream and downstream of the gullies due to their advantages of high shear resistance, good
energy dissipation, and easy cleaning. However, the influence of the geometric characteristics of the submerged sill on the
energy dissipation of the granular flow is still not elucidated. Herein, the volume-, velocity-, and runout-reduction effects
of the granular flow by the different geometric submerged sill (rectangular, triangular, and cambered) and the geomorphic
characteristics of the deposit were studied through physical modeling tests and numerical simulation tests. The results show
that: (1) the rank of energy dissipation capacity of submerged sills with different shapes follows the order of cambered > rec-
tangular > triangular; (2) the height of the submerged sill can facilitate the energy dissipation and velocity reduction, espe-
cially when the height increases to nearly the depth of the flow; (3) the energy consumption in the interaction process can
be attributed to the friction between the particles and sill, the friction between the subsequent mobile particle and stagnant
one on the dead zone, and the enhanced collision of the particles during the overflow. The research could provide helpful
guidance for disaster prevention and mitigation of channelized granular flow in mountainous areas.

Keywords Channelized granular flow - Submerged sill - Flume modeling test - Numerical simulation - Energy dissipation
mechanism

Introduction

Large-scale rockfall or rockslide initiating from the catch-
ment area of high-altitude gullies can fiercely fragment and
pulverize during the transportation process and transfer to a
high-speed and long-runout avalanche or granular flow (Shu-
gar et al. 2021; Li et al. 2022; Luo et al. 2023). The fluid-
like granular flow tends to exhibit longer runout, stronger
impacts, and wider coverage, causing extremely serious
disasters (Xu et al. 2012; Li et al. 2021). Mitigation strate-
gies refer to protecting the potentially hit areas by passive
structures for intercepting, blocking, or changing the motion
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path of the granular, including check dam, slit dam, flexible
barrier, and baffle pile array (Santi et al. 2011; Vagnon 2020;
Huang and Zhang 2022).

Instead of a single and large terminal barrier just before
the protection target, multiple barriers have been extensively
used because they can progressively arrest granular and dis-
sipate energy by creating a cascading effect (Bi et al. 2018;
Ng et al. 2022, 2022). Since the baffle pile array has demon-
strated exceptional performance in reducing debris disasters,
many researchers have conducted a series of experiments
and tests to reveal the interaction mechanism and improve
its protection capabilities. Choi et al. (2015) analyzed the
effectiveness of barrier piles against high-speed debris flows
and studied the impact of pile height, layout, and spacing on
energy dissipation using the discrete element method. Ng
et al. (2015) conducted a series of experiments to investigate
the effects of various factors such as the baffle array height,
number of rows, spacing between rows, and transverse
blockage on the flow velocity of a debris flow. It was found
that a single row of baffles had a small effect on reducing the
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velocity of the debris flow, and three arrays of baffles can
reduce the flow velocity by 57%. Law et al. (2016) studied
the effectiveness of installing baffles in front of rigid barriers
through flume experiments and DEM simulation. The results
showed that the configuration involving the row number, row
spacing, and baffle height has an impact on their intercep-
tion efficiency. Significantly, it was noted that baffles with a
height greater than 1.5 times the flow depth will not decrease
the peak impact force (Choi et al. 2014; Law et al. 2016).
Similarly, Zhang et al. (2021) also studied the velocity decel-
eration effect of baffle configuration on granular flow and
emphasized that the energy dissipation caused by the baffles
located on the slope is 60.97% greater than that of the ones
on the flat area. Li et al. (2020) used a material point method
(MPM) to investigate how the geometry and arrangement of
baffles affect the movement and deposition of granular flows,
where the baffle efficiency increased with the row spacing
until the spacing exceeded 4 times the pile width. Goodwin
and Choi (20202020) suggested that a double-slit structure
with narrow spacing can effectively control the outflow rate
and achieve “self-cleaning.”

Furthermore, the researchers found that the shape of the
obstacles had an effective role in regulating the energy dis-
sipation and deposition area of the granular flow, especially
the arc-shaped obstacle (Choi et al. 2017; Wang et al. 2017,
2020, 2021; Bi et al. 2021). Choi et al. (2017) declared that
the arc barrier could reduce the rising height of the granular
flow on the barrier and prolong the impact duration. Wang
et al. (2021) indicated that among three different shaped baf-
fles, namely rectangular, circular, and arc-shaped baffle, the
arc-shaped one has the best blocking and energy dissipation
effects and is more advantageous in reducing the impact
force. Bi et al. (2021) pointed out that arc-shaped baffles are
more effective than other shapes, mainly because granular
material could produce friction while moving along the arc
surface, resulting in additional kinetic energy loss. Overall, a
comprehensive understanding of the impact force and energy
dissipation differences through adjusting the configuration
of mitigation structures has been achieved, which includes
factors such as the number of rows, row spacing, height,
and shape. Based on previous studies (Choi et al. 2015; Law
et al. 2016; Choi and Goodwin 2020), it is recommended
that the ratio of baffle pile height to granular flow depth
should be in the range of 1-1.5, and the arc-shaped structure
is suggested.

The mitigation structures used in engineering practices,
especially for narrow and steep channel-type granular flows,
are often damaged by the strong impact force or completely
filled by deposits. Regarding the application of submerged
sills in debris flows, sills can also regulate flow patterns,
enhance energy dissipation, and alleviate the impact force
of the granular flow. According to Chen et al. (2014), the
spacing between staggered indented sills had a significant
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regulating effect on the velocity of debris flows. Chen et al.
(2016) stated that the velocity of debris flows decreased
gradually as the length of the sill section along the channel
increased. Chen et al. (2018) illustrated that the energy dis-
sipation capacity of the sill increased with an increase in its
cross-sectional area.

In fact, submerged sills, as bump-like obstacles immersed
in a granular flow, increase the comprehensive roughness
coefficient of the channel. Consequently, they can effec-
tively reduce the velocity of the flow and dissipate its kinetic
energy. In particular, for granular flows in narrow and steep
channels, sills can reduce the impact force on terminal pro-
tective structures such as check dams, slit dams, flexible
barriers, and baffle pile arrays. However, the way in which
the kinetic energy of the granular flow is transformed and
attenuated during the interaction process with a sill is not
clearly interpreted. In order to reveal the energy dissipation
mechanism of sills against granular flows, the kinetic char-
acteristics of the granular interacting with submerged sills
of different geometric shapes (rectangular, triangular, and
cambered in cross section) were elucidated by physical mod-
eling and numerical simulation tests. Finally, the influence
of different factors on the energy dissipation of the granular
flow is deeply discussed.

Methods
Physical modeling test

The physical experiment device of this study is built on the
basis of the chute designed by Hutter (1993). It consists of
a frame structure, an inclined flume, and a horizontal plate
(Fig. 1). A 20-cm-wide chute consisting of 40-cm-high side-
walls and a 250-cm-long inclined plate fixed at a 45° incli-
nation is used to produce rapid granular flow. The source
container is positioned at the top of the inclined flume with
a height of 150 cm above the ground. The horizontal plate
with 200 cm in length and 100 cm in width is used as the
deposit area.

Unlike large particles, which are dominated by iner-
tial grain collision stress, the kinetics of small particles
are primarily controlled by frictional contact (Sanvitale
and Bowman 2017). Therefore, the fractal dimension may
play a role in energy dissipation. The fractal dimension,
denoted as D, can be used to characterize the particle size
distribution (PSD) and can be obtained from the absolute
slope of the double logarithmic plot of particle number
against particle size. Considering that the fractal dimen-
sion D of actual granular flow ranges from 1.3 to 3.2
(Crosta et al. 2007), the material with fractal dimension
D=1.5 is configured by quartz sand. The weight of the
material used in the experiment was 8 kg with a volume
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Fig. 1 Chute configuration and test materials of the physical modeling tests

of 3220 cm?®. The flow density was assumed to be constant
at 2484 kg/m3, which was the measured bulk density in
the storage container. The content of each grain size was
calculated using Eq. (1), as proposed by Tyler and Wheat-
craft (1992) and Hooke and Iverson (1995). The grain size
distribution curve of the material is shown in Fig. 1.

Mr<BR (R |
= (%) v
where M(r < R) is the mass of particle size less than R, M
is the total mass, R, is the upper limitation of particle size,
and D is the fractal dimension.

The submerged sill is arranged 30 cm away from the
chute port. Three different shapes of submerged sill fab-
ricated by acrylic with the size of 10X 20 cm are used
in the test: cambered, rectangular, and triangular with a
height 7 of 1 cm, 2 cm, and 4 cm, respectively (Fig. 1).
In general, the geometry and height of the submerged sill
are considered in the physical experiment, and 6 physical
experiments are carried out (Table 2). In this study, the
sills are considered completely rigid and are assumed to
not consume any flow energy, both experimentally and
numerically.

The material is released from the source container and
slides down rapidly, eventually accumulating on the hori-
zontal plate. A camera with a rate of 850 frames per second
is installed on the side of the submerged sill to record the
flow velocity and flow state when the granular particles pass
through. Another digital camera is installed on the top of the
deposit area to photograph the morphology of the deposits.
The velocity distribution and flow pattern are obtained using
PIV technology. The 3D morphology of deposits is recon-
structed by ContextCapture software, which has the function
of aerial triangulation. This software can construct a surface
model using images of the deposits from various aerial view-
points and the coordinates of six measured control points.

Numerical simulation

Since the key physical phenomena within the granular flow
cannot be observed by a physical model test, PEC?P, as a
particle discrete element program, is adopted to simulate the
kinetics of granular flow and observe abundant phenomena
during the interaction between the granular and the sub-
merged sill. In the simulation, a linear contact model is used,
which considers both friction and damping between parti-
cles (Fig. 2). This model divides the contact force into two
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(PFC.P, Itasca, 2014)

components: linear elastic and viscous. The linear force F! is
generated by a linear spring with constant normal and shear
stiffness; the viscous force F! is produced by dashpots with
the normal and shear critical-damping ratio. The numerical
model adopts the same channel and baffle configuration as
the flume experiments. And the submerged sill is regarded

as rigid in simulation. Table 1 presents the main parameters
assigned in the numerical simulation. These parameters
were calibrated using various sources of experimental data,
including a lifting cylinder test (Fig. 3), a tilting plane test,
and physical modeling tests, as well as previous studies by
Li et al. (2012), Jiang and Towhata (2013), Scaringi et al.
(2018), and Doan et al. (2023). For the simulation, a total of
39,580 spherical particles with a density of 2650 kg/m? and
the same volume of the experimental sources are generated.
Under the action of gravity (9.8 m/s?), the particles surged
downslope and interacted with the sill, gradually accumulat-
ing in the deposit area. As presented in Table 2, a total of
13 sets of numerical simulation experiments are conducted.

Numerical model validation
According to Shen et al. (2018) and Ng et al. (2017),

dynamic similarity is attained by adopting the Froude
number (Fr =v/+/ghcos0), where v is the flow front

Table 1 Input parameters for
PFC?P

Fig.3 Comparison between the
experimental results and the
simulation results by a lifting

Input parameter Value Calibration
Number of spherical elements 39,580 Generating the same volume of experimental
source and the same particle size distribu-
tion
Ball density (kg/m®) 2650 Measured by the experimental material
Effective modulus (MPa) 380 Lietal. (2012)
Ball-ball friction coefficient 0.57 Measured by a lifting cylinder test
Ball-wall friction coefficient 0.51 Measured by a tilting plane test
Normal critical damping ratio 0.2 Scaringi et al. (2018)
Shear critical damping ratio 0.1 Scaringi et al. (2018)
Particle
radius
0.35
. 0.33

cylinder test. a and b particles
in the cylinder with the same
volume and grading curve and ¢
and d the same ball-ball friction
angle of the deposits, validating
the appropriateness of the fric-
tion and damping parameters
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Table 2 Scheme of physical and numerical tests

Methods Test ID Geometry of Height (cm)
submerged sill

Physical modeling P-N-HO Null h=0
P-T-H1 Triangular h=1
P-R-H1 Rectangular h=1
P-C-H1 Cambered h=1
P-C-H2 Cambered h=2
P-C-H4 Cambered h=4

Numerical simulation =~ N-N-HO  Null h=0
N-T-H1 Triangular h=1
N-T-H2 Triangular h=2
N-T-H3 Triangular h=3
N-T-H4 Triangular h=4
N-R-H1 Rectangular h=1
N-R-H2 Rectangular h=2
N-R-H3 Rectangular h=3
N-R-H4 Rectangular h=4
N-C-H1  Cambered h=1
N-C-H2  Cambered h=2
N-C-H3  Cambered h=3
N-C-H4  Cambered h=4

Table 3 Characteristics of the granular flow for numerical simulation
and experimental test

Characteristic Front velocity v Flow depth h F,
(m/s) (cm)

Experiment 3.6 2.5 8.7

Simulation 3.5 24 8.6

velocity, A is the depth of the flow, g is the gravitational
acceleration, and 6 is the inclination of the chute. In this
paper, v and & are measured when the granular flow moved
to the front of the submerged sill, and the Froude number
of experiment and simulation are 8.7 and 8.6, respectively
(Table 3).

In order to ensure the consistency between the numeri-
cal simulation results and the physical experiments, the
reliability is verified based on the geomorphic character-
istics and kinetic process (Fig. 4). As shown in Fig. 4a,
the granular flow accelerates continuously in the chute
due to the gravity from 0.25 to 0.75 s; the flow rushes out
of the chute at 1.0 s and accumulates at 1.25 s, which is
the same as the experimental result. Because the deposit
geomorphology and motional time in the simulation are
the same as the physical modeling experiments (Fig. 4b
and c), it can be regarded that the simulation method is
reasonable and applicable.

Analysis of physical experimental
and numerical results

Interaction between granular flow and sill

By studying the flow pattern of the granular flow over the
submerged sill, it can be better understood the interaction
process. Figure 5 shows the observed impact kinematics
of the granular flow interacting with the cambered sub-
merged sill for test P-C-H1 in chronological order. Time
starts from the front of the granular flow entering the
camera range. The front flow impacts the cambered sill at
t=0.25 s and overflows it at t=0.33 s. The front velocity
v and the depth & of the flow measured at t=0.25 s are
3.6 m/s and 2.5 cm, respectively (Fig. 5). From t=0.55 s to
t=0.70 s, the granular flow exhibits a stable jet-like run-
up with a consistent angle of 25° (Fig. 5). The side view
shows clear evidence of segregation, with coarse particles
agitating in the front and upper part of the flow and easily
saltating over the sill, as observed in the experiment by Ng
et al. (2017). In the final stage of flow, fine particles con-
centrating in the rear of the granular flow gradually over-
flow the sill or deposit in front of the sill from t=0.85 s
to t=1.00 s. Significantly, the dense laminar flow became
the turbulent flow during the overflow process, which
enhanced the interactions between particles (Faug 2021).

The process of granular flow flowing over the sill in
numerical simulation is investigated, which benefits to
understand the deceleration effect of the sill. As shown in
Fig. 6, no matter what the geometry of the submerged sill,
the velocity-reduction effect is conspicuous. Significantly,
the formed dead zone can act as a protective cushion to
reduce the impact force and the structural wear caused
by granular flow (Bi et al. 2021). Simultaneously, these
intercepted particles in the dead zone both reduce the mass
of the granular flow and intensify the friction with the sub-
sequent particles climbing the slope of the dead zone. Dur-
ing the climb stage, the energy is consumed by the friction
between the passing particles in the flow and stagnant ones
as well as the internal collision among the motive parti-
cles. Therefore, the longer of the dead zone slope would be
more conducive to energy dissipation (Zhang et al. 2020).
It is also noteworthy that the velocity of several particles
increases due to the diverter effect of the triangular sill in
comparison to the rectangular and cambered sills at the
beginning (r=0.875 s) and end (r=1.375 s) of the over-
flow phase (Fig. 6). Therefore, the topographic jamming
effect or fire-hose effect (Morino et al. 2019) that increases
the flow velocity induced by the sill should be taken into
account in actual engineering. As seen in the blank area
on the top surface of the sills (especially for the triangular
sill in Fig. 6), the effective contact area between the sill
and the particles varied during the overflow and was not
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Fig.4 Validation for numerical simulations. a the flow movement of N-N-HO, b deposit of N-N-HO, ¢ deposit of P-N-HO by ContextCapture,

and d the x-axis morphology of deposits in simulation and experiment

equal to the actual area of the sill. In other words, the
construction area did not fully contribute to friction due
to the constant changes in the flow state and contact mode.

The study also investigates the effect of different heights
of the cambered sill (k=1 cm, h=2 cm, and h=4 cm)
on the flow-sill interaction. As the height increases, the
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flow velocity decreases significantly after flowing over
the sill, and the number of stagnant particles increases
significantly (Figs. 7 and 8). Figure 8a shows the mass
of stagnant particles under different shape sills with the
same height, which means the mass-reduction change
slightly due to the sill shape. In other words, the volume
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of dead zones caused by different shape sills is largely
identical but with minor differences. Figure 8b shows the
mass of stagnant particles under the cambered sill with
different height, which manifests that the mass reduction
is immensely influenced by the sill height.

t=1.000s  t=1.125s t=1.250s t=1.375s t=1.500s t=1.750s

Influence of the sill type on the deposition

Because the volume, area, and length of the deposits
can indirectly reflect the energy dissipation mode and
efficiency of the submerged sills to some extent, the
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Fig. 9 Morphology of the deposit under different submerged sill types. a P-N-H1, b P-T-H1, ¢ P-R-H1, d P-C-H1, and e the x-axis morphology

of the deposits

Table 4 Morphological parameters of the deposits

Test ID Deposit area Maximum thick- Longitudinal range  Transverse range of Maximum x-axis coordinate ~X-axis coordinate of
Ay (cm?) ness 7T, (cm) of deposit L, (cm) deposit 7, (cm) of the deposit X, (cm) the centroid X, (cm)

P-N-HO  4109.3 42 67.1 70.0 85.1 45.5

P-T-H1 2929.0 33 64.0 56.0 58.2 249

P-R-H1 21535 42 50.0 52.0 55.0 27.0

P-C-H1 2341.0 35 46.5 52.0 535 23.7

P-C-H2 21385 - 45.5 47.0 50.5 20.0

P-C-H4 1764.1 - 325 42.0 40.5 16.2

morphological parameters of deposits with the three dif-
ferent submerged sills are compared (Fig. 9 and Table 4).

Under the conditions of without submerged sill, cam-
bered, rectangular, and triangular submerged sill, the cen-
troids of the deposit are 45.5 cm, 23.7 cm, 27.0 cm, and
24.9 cm, respectively, and the farthest motion distances
are 85.1 cm, 58.2 cm, 55.0 cm, and 53.5 cm, respectively

(Table 4). Compared with the free flow, the runout of the
deposit is greatly reduced and the particle accumulation is
more concentrated after the submerged sill is installed, indi-
cating a remarkable energy dissipation effect of the sills on
the granular flow (Fig. 9). As shown in Table 4 and Fig. 10,
the use of cambered submerged sill results in the smallest
values for the longitudinal range (L,), the maximum X-axis
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Fig. 10 Comparison of morphological parameters of the deposits
under different submerged sill type

coordinate (X,,,,), the centroid (X_), and the transverse range
(T,) of the deposit. Compared to the case of free flow, the
L,.T,X,,.and X_ of the deposits under the cambered sub-
merged sill are reduced by 30.7%, 25.7%, 37.1%, and 47.9%,
respectively. Overall, the cambered submerged sill exhibits
the best energy dissipation capacity among the tested sill

shapes.

Influence of the cambered sill height
on the deposition

The height of the protection structure is an important fac-
tor on preventing supercritical overflow and affecting the
energy dissipation of the granular flow (Ng et al. 2015). Nor-
mally, with the height increase, more particles accumulate at
the chute port, and the deposit area decreases significantly
(Fig. 11). Table 4 shows that the maximum x-axis coordi-
nate of the deposit (X,,,,) under the submerged sill height
h=1cm, h=2 cm, and =4 cm are 53.5 cm, 50.5 cm, and
40.5 cm, respectively, which reduced by 37.1%, 40.7%, and
52.4% compared to the case of free flow. Additionally, the
X-axis coordinate of the centroid (X,) is 23.7 cm, 20.0 cm,
and 16.2 cm, corresponding to reduction ratios of 47.9%,
56.0%, and 64.5%, respectively. Therefore, the sill height
plays an effective role in mitigating the granular flow.

An important observation is that the jet angle of the gran-
ular flow varies significantly depending on the height of the
submerged sill. Specifically, for heights 7=1 cm, h=2 cm,
and A =4 cm, the jet angle is 25°, 40°, and 45°, respectively
(Fig. 12). In addition, as the granular flow over the sub-
merged sill, the front velocity decreases from 3.6 to 3.0 m/s
for H1, 2.4 m/s for H2, and 2.0 m/s for H4 while passing
the submerged sill (Fig. 12). Notably, the higher the sill, the
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larger the volume of the dead zone and jet angle, and the
more kinetic energy is dissipated.

We compared the energy dissipation effects on granular
flow by changing the shape of the sill with changing the
height of the sill. In terms of runout distance and centroid
position reduction, the differences between different shapes
are 5.5% and 7.3%, while the differences between different
heights are 15.3% and 16.6% (Table 4 and Fig. 10). Thus,
the effect of mitigation by changing the height is greater than
that of changing the shape of the submerged sill.

Mechanism of the sill dissipating the granular flow
energy

Comprehending the energy change in the interaction pro-
cess of the granular flow against the submerged sills can
help us better understand the energy dissipation mechanism.
Because the sill is set to rigidity, the total energy (E7) of the
system consists of three components:

Er=E;+Ex+E,- )

where E; is the gravitational energy, E is the kinetic energy,
and E is the energy dissipation due to damping and friction.

During the whole transportation process of the granular
flow, the gravitational energy (E;) can transform into the
kinetic energy (Ey) and eventually dissipated by the fric-
tion energy and damping energy (E.) (Gong et al. 2021;
Zhang et al. 2022). From the initiation to the emplacement,
the gravitational energy (E;) of the granular flow continu-
ously reduces due to the altitude loss. Meanwhile, the kinetic
energy (Ey) increases as a result of the conversion from the
gravitational energy and reaches its peak at 0.78 s (Fig. 13).
Compared with the free flow, the sill produces more friction
and damping energy consumption, resulting in the kinetic
energy loss of the granular flow. This phenomenon can be
attributed to the change in flow state from a dense laminar
flow to a turbulent flow during the interaction process with
the sill, which increases the friction and collision frequency
within the particles and leads to a higher energy dissipation
rate.

To estimate the energy dissipation of different situations,
the reduction rate # of kinetic energy (Eg) is calculated by
the following equation and presented in Fig. 14,

EKfree - EKsiI]

n=—p— X 100% 3)

Kiree

where the Egis the maximum kinetic energy of the free
flow, and Ey _ is the maximum kinetic energy under different
submerged sill type.

Figure 14 shows that the cambered sill with a height of
2 cm exhibits a higher kinetic energy reduction rate compared
to other shape sills with a height of 4 cm. This suggests that
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the cambered sill is more effective in dissipating energy, even
at a lower height. Presumably, the different shapes of the
sills can create different longitudinal and transverse pertur-
bations in the flow, which in turn increase the frequency and
duration of friction and collision within the particles. The

triangular sill has the weakest energy dissipation capacity
because it only diverts the flow (as shown in Fig. 6) and fails
to produce sufficient perturbations. The superior performance
of the cambered sill rather than the rectangular one can be
attributed to the larger transverse perturbations.
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It is interesting to note that the potential contact area (i.e.,
facing and top surface) has little influence on the energy dis-
sipation in this experiment. Despite the fact that the triangu-
lar sill has the largest area (28.3 h+200 cm?), the cambered
sill has a medium-sized area (31.4 h+ 157 cm?), and the
rectangular sill has the smallest area (20 h+ 100 cm?), the
cambered sill still performs better than the other shape sills
due to its ability to create larger perturbations.

The reduction rate n would have a positive relationship
with the submerged sill height. As shown in Fig. 14, when
the sill height increases from 1 to 2 cm, the energy reduction
rate n has a more significant increase from 14.4 to 19.3%.
However, the energy dissipation effect changes slightly when
the sill height exceeds 2 cm (Fig. 14), which means the sill

@ Springer

height equal to the depth of the flow has a good energy dis-
sipation capacity.

Since the impact force is a considerable issue to evaluate
the mitigation capacity of the sill against the granular flow
(Zhang and Huang 2022), the characteristics of the impact
force are analyzed herein for the optimization design of the
structure. Figure 15a shows the impact force curves on the
submerged sill with different shapes, which are smoothed
by the Fourier filter (FFT). It was observed that the rectan-
gular sill experienced the strongest impact force from the
granular flow (Fig. 15a), mainly due to the normal impact
on the sill as opposed to the oblique impact experienced by
the cambered and triangular sills. As a result, the triangular
and cambered sills can effectively disperse the impact force,
reduce local stress concentration, and improve the durabil-
ity of the structure. Figure 15b shows the impact force on
the cambered submerged sill with three different heights.
This phenomenon that the impact force is proportional to its
height can be explained by the collision frequency, which
would intensify due to the increasement of the contact area.
In conclusion, the cambered sill shows promising engineer-
ing value for mitigating the granular flow and offers the
potential for lower costs by reducing both impact capacity
and deposit area.

Discussion

Scale is a key issue in the design of the experimental model;
the dynamic similarity between the model and the prototype
should be considered before the geophysical applications of
the granular avalanches model. According to Iverson et al.
(2004), ideal granular avalanches represent a limiting case,
in which intergranular fluid and cohesion play negligible
mechanical roles. Armanini et al. (2011) recognized that
the Froude number is the key parameter that influences the
impact mechanisms against a rigid obstacle. In this study, the
interactions between dry granular flows and submerged sill
are investigated, which intergranular fluid is neglected and
therefore needs to be studied further. As the Froude number
of experiments and simulation F,= 8.7 and 8.6 respectively,
the results in this paper are only suitable for granular flow
with the Froude number nearly 8.6 in nature.

Taberlet et al. (2003) demonstrated that sidewall friction
impacts the kinetics and sedimentation of granular flow in
thin channels and proposed an equation (Eq. 4) to evaluate
the comprehensive friction coefficient.

h
an @ =u; +u, W “4)

where ¢ is the comprehensive friction coefficient of the
granular flow, u; is a constant internal friction coefficient of
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the particle material, u,, is an effective friction coefficient
accounting for both sliding and rolling of the particles on
the walls, & is the flow depth, and W is the experimental
channel width.

In this study, the ball-wall friction coefficient (u,,) is
0.51, the flow depth (k) was 2.5 cm, the channel width (W)
was 20 cm, and u,, X h/W was 0.06375, indicating that the
effect of sidewall friction on the granular flow was minimal
and could be ignored. More significantly, the core of this
paper is to study the impact of the sill on the overall energy
consumption of granular flow through a comparative analy-
sis. Assuming that the friction between the particles and
the sidewall is roughly equal in situations with and without
a sill, the friction effect of the sidewall will be eliminated
using the situation without a sill as a baseline.

The mitigation structures in engineering also face the
challenge of invalidation due to the supercritical overflow
of the granular flow (Huang et al. 2021). In this paper, the
jet angle of the supercritical overflow flowing over the
submerged sill is observed by PIV analysis (Fig. 12). The
jet angle increases to 45° as the height of the submerged

Fig. 16 Trajectory of the
granular flow passing the sill,
side-view (according to Hako-
nardéttir et al. 2003)

sill increases to 4 cm, which is agree with the conclusion
by Hakonardéttir et al. (2003), who found that the angle
0+ increases to an angle close to a as the height of the
structure increases. More important, the jet angle 6 deter-
mines the vertical and horizontal components of the veloc-
ity of the granular flow (Fig. 16), which further ascertain
the trajectory of the flow including the subsequent impact
position and the angle of collision between the flow and
the ground. The normal momentum perpendicular to the
ground at the next impact would be partly absorbed by the
bedrock in the form of elastic—plastic deformation. On the
contrary, the tangential momentum along the ground noth-
ing to do with the energy dissipation will push the flow
further. Therefore, the jet angle of the flow while passing
the sill is another important factor of the energy dissipa-
tion, which is associated with the Froude number, grain
size, slope of the gully bed, and geometry of the structure.
Although our study is primarily concerned with the energy
dissipation of granular flows with and without a sill, we
recognize that other factors such as overflow characteris-
tics and landing dynamics can also impact the behavior
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of these flows, which are beyond the scope of our paper.
A comprehensive analysis on these issues can be found in
Ngetal. (20212023).

Conclusion

In this study, physical modeling and numerical simulation
tests are carried out to analyze the influence of the shape and
height of the submerged sill on the energy dissipation and
deposition characteristics of the granular flow with a Froude
number equal to 8.7. The main conclusions are as follows:

1) When compared with free sliding, the submerged sills
with cambered, rectangular, and triangular shapes
reduce the kinetic energy of the granular flow by 14.4%,
12.5%, and 10.2%, respectively; reduce the runout by
37.1%, 35.4%, and 31.6%, respectively; and reduce the
deposit area by 43.0%, 47.6%, and 28.7%, respectively.
In conclusion, the submerged sills can be ranked in
terms of their energy dissipation capacity for the flow
regime (F,=8.7) in the following order: cambered > rec-
tangular > triangular.

2) Among the three types of sills, the rectangular one bears
the highest impact force, as the impact is normal to the
sill rather than oblique for the cambered and triangular
shapes. Moreover, the impact force is proportional to the
sill height due to the increase in contact area.

3) As the height of the submerged sill increases from 1
to 4 cm, the volume-, velocity-, and runout-reduction
of the granular flow all increase significantly, while the
centroid distance and accumulation area of the deposits
decrease noticeably. However, due to the nonlinear effect
of the sill height on energy dissipation, a sill height
equal to the depth of the flow for optimal energy dis-
sipation is recommended.

4) From an engineering and economic standpoint, increas-
ing the submerged sill height will require more concrete,
whereas changing the shape of a sill can be more effec-
tive than simply increasing its height in dissipating
energy and reducing the impact force on itself without
the need for additional materials.

5) The energy dissipation of the granular flow caused by
the submerged sills can be attributed to the friction and
collision between the particles and the sill, as well as
between the subsequent mobile particles and stagnant
ones in the dead zone and within the particles them-
selves. Moreover, the various shapes of the sills can cre-
ate different longitudinal and transverse perturbations in
the flow, which can increase the frequency and duration
of friction and collision between the particles, further
contributing to the overall energy dissipation.
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