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ABSTRACT: In mountainous areas, rock avalanches swarm downslope leading to large impact forces
on structures. Baffle systems are usually set up in torrent channels to dissipate the flow energy and re-
duce the destructive effects. In this paper, a crown-like baffle system is proposed to better dissipate the
flow energy. The energy dissipation mechanism of this system was investigated based on DEM. The re-
sults reveal more than 90% of the kinetic energy of the granular flow was dissipated by particle-
particle interaction. Two effects, the impedance effect and the deflection effect, were identified. The influ-
ence of these effects leads to the formation and growth of cushions behind the baffles, and these cushions
enhance the particle-particle interaction. Two crown-like baffle systems were compared with a conven-
tional baffle system based on the typical avalanche model. The results reveal the cumulative residual ki-
netic energy of the crown-like baffle system with square baffles decreased by 18.75% with the same
concrete consumption as the conventional baffle system. For the crown-like baffle system with triangu-
lar baffles, the cumulative residual kinetic energy decreased by 6.22% with 83.94% of the concrete con-
sumption of the conventional baffle system. Hence, the proposed baffle system is more cost-
effective compared with the conventional baffle system.

KEY WORDS: rock avalanches, new baffle system, energy dissipation, discrete element method, engi-

neering geology.

0 INTRODUCTION

A rock avalanche is an extremely rapid, massive, flow-like
motion of fragmented rock from a large rockslide or rock fall
(Hungr et al., 2001). Because of their extremely high mobility
and enormous volume, rock avalanches often lead to tremendous
damage downstream. For example, the 2.5 M m’ Punta Thurwie-
ser rock avalanche occurred in the Italian Central Alps on Sep-
tember 18th, 2004, and traveled over 2.9 km from the source (So-
sio et al., 2008). The Chediguan Bridge, located in Sichuan, Chi-
na, collapsed due to falling rock collision in 2009, resulting in
three people being killed and a further 12 being injured (Zhang
etal., 2020). On 14th August, 2019, a rapid rock avalanche led to
seventeen deaths and destroyed a 70-m-long section of a railway
line in Sichuan Province, China (Zhao et al., 2020).

To mitigate the subsequent destructive effects caused by
rock avalanches, many studies have put great effort into consol-
idating the resistance of building structures to disasters (Tiago
and Julio, 2010). However, the reinforcement of existing buil-
dings requires substantial resources. Therefore, countermea-
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sures such as protective dykes, silt dams, and baffle systems,
are often installed in torrent channels (Goodwin and Choi,
2020; Ng et al., 2015; Mancarella and Hungr, 2010; Suda et al.,
2009). Among these measures, the use of baffle systems is par-
ticularly effective in impeding the flow mobility of rock ava-
lanches (Wang et al., 2020a). The function of a baffle system is
to perturb the flow pattern and dissipate the flow energy
through the interactions between the piles and gravel. The re-
sults obtained by flume experiments conducted by Ng et al.
(2015) revealed that three rows of baffles can lead to the de-
crease of runout by 65% and decrease of frontal velocity by up
to 57%. Additionally, baffle systems have the advantage of low
construction cost and strong construction adaptability com-
pared with other countermeasures (Wang et al., 2020a).
Because this structure has great application potential in di-
saster mitigation, it has attracted the attention of many studies.
Flume experiments have been conducted to investigate the flow-
baftle interaction mechanisms (Ng et al., 2015). In addition to
physical modelling, numerical simulations can be conducted to
investigate the interaction between granular flows and struc-
tures. Numerical methods based on continuum mechanics, such
as the depth average technique (Fei et al., 2020), material parti-
cle method (Li et al., 2020), and arbitrary Lagrangian—Eulerian
finite element method (Kwan et al., 2015), can perform reaso-
nably well in estimating global quantities, such as the runout
patterns and overall force in the soil-structure interaction. How-
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ever, these methods cannot satisfactorily describe dynamic be-
haviour, such as shock waves (Khan et al., 2020), dead zones
(Choi et al., 2015), and phase transition (Hu et al., 2015), when
avalanches flow around an obstacle. The discrete element
method (DEM) has been widely used to investigate the granular-
structure interaction mechanism. By conducting a 3D DEM
study, Huang et al. (2020) discovered that the flow-baffle inter-
action is controlled by the evolution of force chains. The DEM
has also been used to investigate the effect of the configuration
on the impact force that rock avalanches exert on baffle
systems (Bi et al., 2019, 2018).

Although baftle systems can effectively dissipate the flow
energy, there is still much room for improving the flow energy
dissipation capability of such systems. The baffle system con-
figuration greatly influences the impeding of the flow mobility
of rock avalanches. Flume experiments have been conducted to
investigate the influence of the baffle height, row number, and
spacing between successive rows on the capacity of flow ener-
gy dissipation (Ng et al., 2015; Choi et al., 2014). Choi et al.
(2015) investigated the effect of configuration on the energy
dissipation of granular flow using the DEM. Several principles
have been proposed to guide the design of baffle systems (Law
et al., 2016). However, the shape of baffle systems can signifi-
cantly affect the energy dissipation process. Based on flume
modelling, three baffle system types have been investigated.
The results reveal that arch-shaped baffle systems have the best
energy dissipation capability among these three baffle system
types (Wang et al., 2020a).

This paper proposes the concept of a crown-like baftle
system. The energy dissipation mechanism and energy dissipa-
tion capacity of the proposed novel baffle system were investi-
gated and verified using the DEM. In the rest of this paper, the
theory of the DEM is first introduced. Then, a brief introduc-
tion on the layout of crown-like baffle systems is given, and
the energy dissipation mechanism of this new baffle system is
investigated using the DEM. A practical-scale numerical model
is established to demonstrate the advantages of the new struc-
ture in terms of economic feasibility and energy dissipation ca-
pability. The results obtained by this study can be useful for im-
proving the design of baffle systems.

1 DEM THEORY

The DEM is particularly promising for modelling rock av-
alanches (Mead and Cleary, 2015; Salciarini et al., 2010). In
this paper, the 3D DEM code EDEM (DEM Solutions, 2020)
was adopted to investigate the interaction between granular
flow and a baffle system. In the DEM, the granular mass is con-
sidered as a group of individual bodies. The motion of the gran-
ular mass is modelled by solving Newton’s equation of motion
for each individual body. The total force and moment imposed
to the particle 7 is expressed as follows

_ dv,
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The total force F, is decomposed into the sum of the con-

tact force and body force 1?"’ When two colliding bodies i and j
undergo deformation, the contact force is decomposed into the

normal force F; and tangential force FZ’ The total moment
comprises the sum of the tangential moment ﬁj and roll mo-

ment ATU’ Based on Newton’s equation of motion, the total
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i, respectively.

The contact force is calculated using the Hertz-Mindlin
(no slip) model, which has satisfactory numerical accuracy and
computational efficiency (Jiang et al., 2018). The normal force
is decomposed into an elastic force, F;, for the elastic deforma-
tion of the particle, and a damping force, F¢, arising from the

energy dissipation caused by viscous deformation.
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Limited by Coulomb’s law of friction, the tangential
force is expressed as follows
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where the normal stiffness S,, tangential stiftness S,, and f are
expressed as follows

S =2-E /K5, (5)

S =8G /RS, (6)
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where E” is the equivalent Young’s Modulus; G is the equiva-
lent shear modulus; R" is the equivalent particle radius; m" is
the equivalent particle mass; v

n

rel

and v}” are the normal compo-
nent and tangential component of the relative velocity, respec-
tively; 0, and J, are the normal overlap and tangential overlap,
respectively; u is the coefficient of static friction; e is the coef-
ficient of restitution.

The rolling friction is implemented by applying torque to
the contact surfaces, as follows

M’ = uF,R, @®)

where u, is the rolling friction coefficient; R, is the distance be-
tween the contact point and the center of the particle; @, is the
unit angular velocity vector at the contact point.

2 LAYOUT OF CROWN-LIKE BAFFLE SYSTEM
Granular material is typical soft matter (van der Gucht,
2018) for which a small change can remarkably alter the state
of the material (Daoud and Williams, 1999). This means that a
reasonable baffle system design can greatly improve the sys-
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tem’s energy dissipation capacity. The influence of the baffle
height, transverse blockage, row number, row spacing, and baf-
fle shape on the energy dissipation capacity of a baffle system
have been extensively investigated (Huang et al., 2020; Choi et
al., 2014). Compared with ordinary shapes, such as the square
and triangle, a structure with a curved surface (Fig. 1) always
achieves better energy dissipation (Wang et al., 2020a; Choi et
al., 2017; Ng et al., 2017). Under this condition, the particles
collide with the structure at an oblique angle, and therefore the
impact momentum of the structure decreases compared with
the frontal impact. When the particles move along the arc, the
flow direction of the particles changes and the flow path of the
particles increases, which results in additional energy dissipa-
tion. Additionally, the structure retains some particles and a
particle cushion is formed. This cushion can dissipate the ener-
gy of subsequent granular flow (Wang et al., 2020b) and may
reduce the impact force in some cases (Choi et al., 2017). How-
ever, this structure is fragile on the brink of an arc and its con-
struction is more difficult.

Inspired by the above-mentioned studies, a crown-like baf-
fle system is proposed by changing the layout of a convention-
al baffle, as shown in Fig. 2. The design principles of this sys-
tem are briefly as follows

(1) To simplify the design of the baffle system, the baffles
are arranged along an arc, as shown in Fig. 2a, where O is the
centre of arc AC, 6 is the central angle of arc AC, and r is the
radius of arc AC. Three square baffles form the design unit of
the baftle system, which is referred to as the crown in this pa-
per. These baffles are tangential to arc AC and horizontally
symmetrical along the symmetry axis OB.

(2) In addition to square baffles, other baffle shapes, such
as triangular baffles, can also be used in this baffle system. The
baffle width is denoted as b and the silt size of the crown is de-
noted as s, as shown in Fig. 2b.

(3) In Fig. 2c¢, the crowns are lined up to form the row of a
baffle system. To better guide the granular material flow along
the arc of the crown, the symmetry axis OB may not be parallel
to the flow direction. Here, y is the deflection angle of the
crown. The gap between two crowns is defined as g. An individ-
ual baftle can be installed between two crowns as a deflector.

(4) Transverse blockage is an important parameter in baf-
fle design. According to the definition of transverse blockage
(Ng et al., 2015), the equivalent transverse blockage 7, is ex-
pressed as follows

[ Ss+se)],
Tb—[l—T} 100 ©)

3 ENERGY DISSIPATION MECHANISM OF CROWN-
LIKE BAFFLE SYSTEM
3.1 DEM Model Program

Jiang and Towhata (2013) conducted a series of flume
tests to investigate the interaction between dry granular flows
and a rigid wall. In this study, the same flume model was adopt-
ed to investigate the energy dissipation mechanism of the
crown-like baffle system. The configuration of the flume mod-
el is shown in Fig. 3. By comparing the final deposition and
time evolution of the impact force obtained by the flume tests
to those obtained by numerical simulation, Huang et al. (2020)
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calibrated a set of DEM parameters based on experimental
measurement (Jiang and Towhata, 2013) and numerical calcula-
tion results (Zhou et al., 2020; Jiang et al., 2018; Shen et al.,
2018). The detailed input parameters are listed in Table 1.

The crown-like baffle system was set in the baffle system
installation section; the vertical view of the baffle system is
shown in Fig. 4. The baffle width was 1.75 cm. The design
parameters of the crown are listed in Table 2. The equivalent
transverse blockage was 40%, which is the upper blockage limit

Figure 1. Examples of curved structure (Wang et al., 2020a; Choi et al., 2017).
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Figure 2. Layout of crown-like baffle system: (a) crown with square baffles;

(b) crown with triangular baffles; (c) example of crown-like baffle system.
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Figure 3. Configuration of flume model.
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of the baffle system defined by Ng et al. (2014). To better eluci-
date the energy dissipation mechanism, granular overflow must
be prevented. Therefore, the baffle height was set to 0.35 m.
Three monitoring sections were set to better understand the ener-
gy dissipation mechanism and evaluate the energy dissipation
capacity of the crown-like baffle system, as shown in Fig. 4.

Section R2

Section R3

Section outlet

Figure 4. Vertical view of baffle system.

Table 1 Flume test simulation input parameters (Huang et al., 2020)

Material DEM parameters Value Source
Density p, (kg/m’) 2550 Limestone
Poisson’s ration v, 0.25 Limestone
Particle Elastic modulus £, (MPa) 100 Shen et al. (2018)
Friction coefficient x, 1.33 Jiang and Towhata (2013)
Rolling friction coefficient z,, 0.06 Calibration
Density p, (kg/m’) 7900 Steel material
Poisson’s ration v, 0.3 Steel material
Rigid wall  Elastic modulus £, (GPa) 200 Steel material

Friction coefficient u, 0.384 Jiang and Towhata (2013)

Rolling friction coefficient £,, 0.01 Zhou et al. (2020)

Density p, (kg/m’) 7900 Steel material

Poisson’s ration v, 0.3 Steel material
Flume base  Elastic modulus £, (GPa) 200

0.466 Jiang and Towhata (2013)

Steel material

Friction coefficient s
Rolling friction coefficient zz,; 0.01

Density p, (kg/m’) 7900

Same with rigid wall

Steel material
Poisson’s ration v, 0.3 Steel material
Elastic modulus £, (GPa) 200

0.268 Jiang and Towhata (2013)

Side wall Steel material
Friction coefficient z,
Rolling friction coefficient #,, 0.01  Same with rigid wall

Jiang et al. (2018)

Restitution coefficient e 0.6

Table 2 Design parameters

Row number 7 (cm) 0(°) 7 (%)
R1 3.6 99 0
R2 6.5 61 12
R3 6.0 68 3

3.2 Numerical Simulation and Analysis of Results
3.2.1 Flow patterns

Figure 5 shows a series of vertical snapshots capturing the
interaction of granular flow with the baffle system; the particles
are coloured according to the velocity magnitude. Under the
guidance of the baffle system, the flow direction of the particles
changes dramatically. To show the change of the flow direc-
tions, the particles are displayed as vectors. The vector direc-
tion represents the velocity direction, while the vector length
represents the velocity magnitude. The vector is coloured ac-
cording to the component of velocity in the y-direction, as
shown in Fig. 6.

After opening the trigger gate for 0.7 s, the flow front
with an approach velocity of 3 m/s began to impact the first
row (Fig. 5a). Seven granular jets formed through the gaps be-
tween the crowns and the silts within the crowns. Owing to the
impedance effect of the crowns, there is an obvious speed dif-
ference between these granular jets. The granular jets that
formed through the gaps between the crowns with higher flow
velocity can be grouped together. The granular jets that formed
through the silts within the crowns with lower flow velocity
can be gathered into another group, as shown in Fig. 5b.

The flow directions of faster granular jets changed drama-
tically when they collided with the second row. The deflected
jets began to move transversely and were deposited behind the
baffles, as shown in Fig. 6b. The accumulated particles began
to form cushions behind the crowns of the second row of the
baffle system, as shown in Fig. 5. Moreover, the slower granu-
lar jets flowed to the front of the second row of the baftle sys-
tem and interacted with the second row and the cushions be-
hind them.

The particles were further divided into six granular jets as
they propagated past the second row. The granular jets of the
second row were more dispersed compared with those of the
first row, as shown in Figs. Sc, 6¢. The dispersed granular flow
was blocked by the third row of the staggered baffles. The arc
of the crown caused the particles to gather in the centre of the
crown and begin to form a cushion behind the third row.

Owing to the impedance effect and deflection effect of the
baffle system, the particles were gradually deposited behind
the baffles. The continuous accumulation of particles in the baf-
fle installation section led to the gradual thickening of the cush-
ions, as shown in Figs. 5d-5f, 6d—6f.

The granular flow became slow and steady since = 1.4 s,
as shown in Figs. 5g—5i. The space between the baffles was gra-
dually occupied by the deposited particle. The transverse veloci-
ty of the particles gradually decreased, as shown in Figs. 6g—6i,
which means that the deflection effect of the baffle system be-
came increasingly weaker. The friction between the deposited
particles and the subsequent granular flow led to the loss of ki-
netic energy.

3.2.2 Evolution of kinetic energy

Baffles are commonly installed in front of rigid barriers to
dissipate the flow energy of granular flow (Bi et al., 2018; Law
et al., 2016). The analysis of the energy evolution is important
for understanding the energy dissipation mechanism of baffle
systems. Moreover, the energy dissipation capacity is a crucial
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Figure 5. Progress of granular flow movement at different times.

metric for evaluating the performance of baffle systems.
Hence, the kinetic energy evolution of the granular flow is tho-
roughly discussed in this section.

Figure 7 shows the evaluation of the kinetic energy of par-
ticles encompassed in the monitoring section outlet. The kinet-
ic energy of the particles encompassed in the monitoring sec-
tion at a given time is calculated as follows

E= S0 gmln[ + 30 S i) (10)

Here, n is the total number of particles in the monitoring
section; the first term represents the translation kinetic energy
of the particles, while the second term represents the rotational
kinetic energy of the particles.

As shown in Fig. 7, the kinetic energy reached 2.78 J at
1.1 s in the case of free flow (without the baffle). Compared
with free flow, the kinetic energy of the monitoring section was
significantly lower when the baffle was installed. The kinetic
energy reached 0.23 J at 1.3 s when the baffle was installed.
The kinetic energy reduction ratio is used to evaluate the dissi-

pation capacity of the baffle system. The reduction of kinetic
energy is defined as follows

E= zt endE, E:z;ndE;(iB (11)

where the first term represents the cumulative kinetic energy in
the case of free flow, and the second term represents the cumu-
lative kinetic energy when the baffle is installed. In the case of
free flow, the cumulative kinetic energy was 13.76 J. When the
baffle was installed, the cumulative kinetic energy was 1.22 J.
Therefore, £ = 12.54 J, which means that the kinetic energy
was reduced by 91% as a result of installing the baffle system.
The kinetic energy reduction caused by the installation of
the baffle system can be divided into two parts: particle-particle
interaction and particle-baffle interaction. The kinetic energy
of the particles that dissipate owing to the inelastic contact be-
tween the particles and the baftles is expressed as follows

= > (En+ En+EL) (12)

ine ine ine

where k is the number of particles interacting with the baftle,
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Figure 6. Velocity vectors of particles at different times.

E}, is the energy dissipation caused by normal collision, £}, is
the energy dissipation caused by tangential shear, and £}, is the
energy dissipation caused by rolling friction. To quantitatively
evaluate the contribution of the particle-baffle interaction, the
cumulative kinetic energy dissipation (> E;,) was calculated
during the simulation. Notably, > E} =0.42 J, which only 3.3%
of the kinetic energy reduction E. This result reveals that the
particle-particle interaction is the main approach for dissipat-
ing the kinetic energy of particles. Therefore, the function of a

baffle system is to enhance the particle-particle interaction.

3.2.3 Evolution of force chain

Force chain is a fundamental approach for investigating
the behaviour of granular material from a meso viewpoint.
Zhang et al. (2017) have pointed out that force chains play an
important role in governing the microstructure of granular ma-

Velocity (m/s)
0.5

0.3

-0.1

terial, and the number of force chains is correlated with the en-
ergy dissipation inside the granular material. In this study, the
force chain was considered to qualitatively investigate the ener-
gy dissipation mechanism. The evolution of the force chains is
shown in Fig. 8.

When the granular flow propagated in front of the first
row, the force chains were very sparse, as shown in Fig. 8a.
This indicates that the granular flow was in the dilute condition
under which the particles interacted through binary and instan-
taneous collisions (Delannay et al., 2017). With the continuous
impact of subsequent granular flow onto the first row of baf-
fles, the force chains behind the first row became denser, as
shown in Fig. 8b. When the particles flowed through the crown
slits, the arches that formed between the baffles led to the jam-
ming of particles, as shown in Fig. 8c. The interaction of subse-
quent incoming flows with arches led to the deceleration of the



310

3.0
2.5 f\\
2.0 —&— With Baffle
= —©— Free flow
>
o
815
o
2
b5]
£
Z 1.0 / %
) f‘#@ﬂﬂﬂ
0.0 0 T 5556
0 1 2 3 4 5

Time (s)

Figure 7. Evolution of kinetic energy of particles encompassed in moni-

toring section outlet.

granular jets. The flow energy was partly dissipated by the con-
stant destruction and regeneration of the arches. The width of
the openings has a strong influence on particle jamming, and a
narrow opening is more conducive to the occurrence of the
jamming phenomenon (Hu et al., 2015). Therefore, granular
jets form through the gaps between crowns with a wider flow
path, and the reduced probability of jamming leads to a higher
flow velocity. Owing to the deflection effect of the baffle sys-

(a) 0.70s (b) 0.75s (c)
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tem, faster granular jets flow along the arcs of the second row
and force chains appear behind the second row, as shown in
Fig. 8d. The force networks behind the baffles indicate the for-
mation of a particle cushion behind the second row.

As the particles propagate past the first row, the force net-
works become increasingly denser. The particles that continu-
ously flow through the gaps between the crowns help the
growth of the cushion behind the second row. Additionally, the
granular jets flowing along the particle cushions enhance the
energy dissipation. Once the particle cushions are formed, the
granular jets flowing through the crown slits collide with the
cushions instead of directly colliding with the baffles, as
shown as Fig. 8h. This mechanism helps the blockage of parti-
cles and enhances the particle-particle interaction. Moreover,
force chains begin to appear behind the third row, as shown in
Fig. 8f. The particles pass the second row as the cushions grow
behind the second row. As shown in Fig. 8g, continuous force
networks appear behind the third row, which indicates the for-
mation of cushions behind the third row.

The particles continuously flow into the baftle installation
section. The force chains gradually occupy the space between
the baffles, as shown in Figs. 8i—8l. The complex force net-
works shown in Fig. 81 indicate that the granular flow is in the
dense condition, under which the response of the granular flow
is governed by the enduring contact among the particles and
the entire force networks have to be continuously rearranged
(Delannay et al., 2017). The rearrangement of the force net-
works leads to the dissipation of flow energy.

" { Normal force (N)
2.0

1.6

0.80s (d) 0.85s

0.8

0.4

0.0

Figure 8. Force chains at different times.
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3.2.4 Evolution of average coordination number

The amount of contact among the particles is another fun-
damental concept for investigating the behavior of granular ma-
terial from a meso viewpoint. A larger amount of contact
among the particles results in more effective restriction on the
particle movement and reduces the rotation of particles, which
leads to greater bulk stiffness (Matthew, 2017). The average co-
ordination number theoretically reflects the average number of
contacts per particle in the rectangular monitoring section, and
is expressed as follows

I ova

Mo (13)

. 1s the contact

co, i

where C, is the average coordination number, n
amount of the ith particle in the monitoring section, and N, is
the total number of particles in the monitoring section. In this
section, the evolution of the average coordination number in
monitoring sections R2 and R3 is investigated as shown in Fig. 9.

As can be seen in Fig. 9, C, in monitoring section R2 and
C, in monitoring section R3 exhibit the same evolutionary
trend. As the time increases, each C, evolution line increases to
a certain extent, and there are two turning points in each C, evo-
lution line. By comparing Figs. 5, 8, it can be seen that these
turning points have an obvious physical meaning. Turning point
N indicates the time when the cushion formation is completed,
and turning point M indicates the time when the space between
the rows has been completely occupied by particles.

The two turning points divide the C, evolution line into
three parts. This indicates that three stages exist during the
granular flow interaction with the baffle system. In this paper,
these stages are defined as the cushion formation stage, cush-
ion growth stage, and steady flow stage. The cushion formation
stage of R2 was shorter than that of R3, which coordinated
with the faster granular jets of R1 as shown in Fig. 5. Because
the space between R1 and R2 was larger than that between R2
and R3, the cushion growth stage was longer in monitoring sec-
tion R2. The influence of the obstruction effect of R3 on moni-
toring section R2 resulted in a higher C, in monitoring section
R2 compared with that in monitoring section R2 at the steady
flow stage.
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Figure 9. Evolution of average coordination number.

3.3 Energy Dissipation Mechanism

For researchers and engineers, understanding the energy
dissipation mechanism of a baffle system is fundamental for
designing baffle systems. Based on the above-mentioned nu-
merical simulation results, this section discusses the energy dis-
sipation mechanism of the crown-like baffle system in detail.

The investigation of the interaction mechanism of tradi-
tional baffle systems has confirmed that particle-particle inter-
action is the main energy dissipation mechanism (Huang et al.,
2020). Based on the energy analysis results, more than 90% of
the granular flow’s kinetic energy is dissipated by particle-
particle interaction and only a small part of kinetic energy is
dissipated by particle-baffle interaction. In the same manner as
the traditional baffle system, the function of the crown-like sys-
tem is to enhance the particle-particle interaction.

The impedance effect and deflection effect occur when
particles interact with the crowns. Granular flows collide with
baffles at different incident angles. When particles collide with
baffles at small incident angles, the reflective forces generated
from the baffles support the blocked particles to form arches
between the baffles, as shown in Fig. 8c. The impedance effect
is caused by the arches that form between the baffles. When an
arch is formed between the baffles, the granular flow is in a
jammed state. The interaction between the subsequent
incoming granular flow with arches leads to the deceleration or
halting of the particles. The crowns can be considered as a type
of barrier when the impedance effect of the crown exerts great
influence on the particles. The deflection effect is caused by
the unique layout of the crown. When the granular flow col-
lides with the baffle at a large incident angle, the granular flow
is deflected and flows parallel to the baffles. Then, the deflected
granular flow tends to flow along the arc of the crown, as
shown in Fig. 6d. The crowns can be considered as a type of
deflecting dam when the deflection effect of the crown exerts
great influence on the particles.

The first row of the baffle system mainly serves as a type
of barrier. Under the impedance effect, the force chains behind
the first row of the baffle system rapidly become denser. The
interaction between the subsequent incoming granular flows
with arches leads to the deceleration of the granular jets that
form through the silts within the crowns.

Based on the evolution of the average coordination num-
ber, the interaction process during the passage of granular
flows through the second and the third rows of the baffle sys-
tem can be divided into three stages. Notably, the crowns play
different roles at different stages of the interaction process.

At the cushion formation stage, the granular jets with
higher kinetic energy are deflected to flow parallel to the baf-
fles and then flow across the baffles, as shown in Fig. 6¢. Be-
cause the flow direction of the granular jets is approximately
vertical to the openings between the baffles, the particles gath-
er behind the crowns and force chains gradually appear behind
the crowns, as shown in Fig. 8d. The low average coordination
number indicates that the granular flows are in a dilute state at
this stage. For dilute flow, particle-particle interactions play a
minor role (Delannay et al., 2017), and the kinetic energy of
the granular jets is seldom dissipated at this stage. Moreover,
during this stage, the crowns serve as a type of deflecting dam.
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At the cushion growth stage, the particles that continuous-
ly flow through the gaps between the crowns help the cushion
growth under the deflecting effect of the crowns. Thicker
cushions ensure that there is a smaller probability of the parti-
cles passing through the cushions, which in turn ensures the
cushion growth. The subsequent incoming granular jets pro-
vide positive feedback to the growth of the cushions behind the
crowns. The cushions contribute to the blockage of particles
and enhance the particle-particle interactions. Therefore, the
average coordination and force chains exhibit rapid growth
during this stage, as shown in Figs. 8e—8h. This indicates that
the granular flows transition from a dilute flow state to a dense
flow state. The kinetic energy of the granular flows is partly
dissipated during the cushion growth. Moreover, jamming oc-
curs between the baffles owing to the impedance effect. The ki-
netic energy of the granular flows is partly dissipated by the de-
struction and regeneration of the arches. During this stage, the
crowns are considered as a type of deflecting dam and a type
of barrier simultaneously.

At the steady flow state, the space between the rows of
the baffle system is occupied by the blocked particles, as
shown in Fig. 5i. The average coordination number reaches the
peak value and complex force networks are formed during this
stage, as shown in Fig. 81. The high average coordination num-
ber indicates that the granular flows are in a dense flow state
and impose a more effective restriction on the particle move-
ment. The rearrangement of the entire force networks leads to
the dissipation of flow energy. Granular flows with low kinetic
energy cause the attenuation of the deflecting effect, as shown
in Fig. 6i. During this stage, the crowns serve as type of barrier.

4 COMPARISON WITH CONVENTIONAL BAFFLE
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height are denoted as a, b, and c, respectively. The slope angle
and length of each region are denoted as a, £, L1, and L2, re-
spectively; L3 is the distance between the front edge of the baf-
fle system and the upper end of slope B. The main parameters
of the geometric scheme are listed in Table 3.

To better reflect the dynamic behaviour of actual ava-
lanches, carefully calibrated micromechanical parameters were
used in this study (Wang et al., 2020c). We assumed that the
baffle system was made of C30 concrete and had the same mi-
cromechanics as the avalanche material. The initial avalanche
deposition was an assembly of 150 000 randomly distributed
spherical particles. The particle radius was set to 0.2 m. The
micromechanical parameters are listed in Table 4.

Figure 10. Geometry of idealized slope.

Table 3 Geometrical parameters of slope

SYSTEM Description Symbol Value
4.1 DEM Model Program Avalanche length (m) a 50
To investigate the effectiveness of the crown-like baffle Avalanche width (m) b 60
system, three layouts, namely, the conventional baffle system, Avalanche depth (m) ¢ 6
crown-like baffle system with square baffles, and crown-like Slope angle 1 (°) u 50
baffle system with triangular baffles, were simulated to deter- Slope angle 2 (°) ) 10
mine their ab.ility of impeding the avalanche mc.)bility. ‘ Slope length 1 (m) I 60
The typically adopted avalanche geometric scheme (Li et
al., 2020; Bi et al., 2018) is shown in Fig. 10. The upper end of Slope length 2 (m) L2 100
the scheme includes a reservoir whose length, width, and Baffle distance (m) L3 19
Table 4 Numerical parameters used in numerical experiments
Material DEM paraments Value Source
Density p, (kg/m’) 2 600
Poisson’s ration v, 0.2
Particle/path Shear modulus G, (MPa) 6 000 Wang et al. (2020c)
Friction coefficient x, 0.4
Rolling friction coefficient x,, 0.15
Density p, (kg/m’) 2500
Poisson’s ration v, 0.2 Code for design of concrete structures (2010)
Baffle Elastic modulus G, (GPa) 30
Friction coefficient x, 0.4
Rolling friction coefficient zz,, 0.15 Wang ctal. (20200)

Restitution coefficient e

0.4 Wang et al. (2020c)
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The conventional baffle system was used as the baseline
to demonstrate the effectiveness of the proposed crown-like
baffle system. The conventional baffle system was configured
based on the optimal parameters proposed by Ng et al. (2015)
and Law et al. (2016), as shown in Fig. 11a. The square baffle,
which has a width of 3.5 m, was used in this scheme. The baf-
fle was set to 8 m, which is 1.5 times taller than the flow depth.
The transverse blockage was set to 40%, which has been con-
sidered as the upper bound of this structure by various studies
(Law et al., 2016; Choi et al., 2014). The design parameters of
the conventional baffle system are listed in Table 5. The same
baffle type was adopted in the scheme of the crown-like baffle
system with square baffles, as shown in Fig. 11b. The third
scheme is the crown-like baffle system with triangular baffles,
as shown in Fig. 11c. To ensure that the baffle cross-sections
have similar rigidity, the side length of the triangle was set to
5.0 m. The design parameters of the two crown-like baftle sys-
tems are listed in Table 6. The baffles were simulated using the

reached 3.03 MJ at 9.04 s. Compared with the conventional
baffle system, the peak kinetic energy values are obviously
smaller with the crown-like baffle system. In the case of the
crown-like baffle system with triangular baffles, the kinetic en-
ergy reached 2.90 MJ at 10.87 s. In the case of the crown-like
baffle system with square baffles, the kinetic energy reached
2.54 MJ at 10.6 s. To better evaluate the energy dissipation ca-
pacity, we calculated the cumulative residual kinetic energy
within the monitoring section outlet, which is defined as follows

E, =" "Eg (14)

where E, is the cumulative residual kinetic energy within the
monitoring section, and E}, is the kinetic energy of the particles
encompassed in the monitoring section at a given time. The cal-
culation results are presented in Table 7.

Table 5 Design parameters of conventional baffle system

wall element and were not breakable. In this paper, only the re- Name Value (m)
lationship between the energy dissipation and the different baf- Horizontal baffle length 3.5
fle layouts is discussed. Finally, monitoring sections were set Vertical baffle length 8

to better evaluate the energy dissipation capacity of the differ- Baffle column spacing 5.25
ent crown-like baffle systems, as shown in Fig. 11. Baffle row spacing 15.75

4.2 Cost-Effectiveness Analysis

As particles flowed past the baffle system, the energy was
partly dissipated. Particles with residual kinetic energy were
monitored by the monitoring section outlet, which was placed
just downstream of the different baffle system layouts, respec-

Table 6 Design parameters of crown-like baffle systems

Crown-like baffle system
with triangle baffles

r(m) 0(°) 7(°)

Row Crown-like baffle system
with square baffles

r(m  6() 7 (©)

number

tively. Figure 12 shows the residual kinetic energy of the parti- RI 72 99 0 7.0 110 0
cles with different baffle system layouts. As can be seen, in the R2 13.0 61 12 15.6 84 3
case of the conventional baffle system, the kinetic energy R3 12.0 68 3 135 236 0

Table 7 Comparison of cumulative residual kinetic energy and concrete consumption in different cases

Baffle layout Cumulative residual kinetic energy E, (MJ) Concrete consumption (m*)
Conventional baffle system 419.6 1 960.0
Crown-like baffle system with square baffles 340.9 1 960.0
Crown-like baffle system with triangle baffles 393.5 16454
L3=19.00m L3=19.00m L3=19.00m
R1 R1 R1
). ‘ \ -~ L
= 6.32m 6T%m
v
3
"T‘ 3. 95 5 WRz 12.00 m R2 % 18.48m R2
>
cb‘o; .A‘Q/
1 ‘6/ 4 v ©
R3 13.54m R3 ' 7.6
| ,.9,}9 & : I R3
Section outlet. x-4

" Section outlet

: Section outlet

Figure 11. Layout of different baffle systems. (a) Conventional baffle system; (b) crown-like baffle system with square baffles; (c) crown-like baffle system

with triangular baffles.
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Figure 12. Evolution of kinetic energy of particles encompassed in each

monitoring section outlet.

As shown in Table 7, the two layouts of the crown-like
baffle system have better energy dissipation capability com-
pared with the conventional baffle system. The cumulative re-
sidual kinetic energy of the crown-like baffle system with
square baffles was reduced by 18.75% compared with the con-
ventional baffle system with the same concrete consumption.
In the case of the crown-like baffle system with triangular baf-
fles, the cumulative residual kinetic energy was reduced by
6.22% with 83.94% of the concrete consumption of the conven-
tional baffle system.

5 CONCLUSION

In this paper, a crown-like baffle system is proposed and
compared with the conventional baffle system. The energy dis-
sipation mechanism and cost-effectiveness of the crown-like
baffle system were analysed using the DEM. The conclusions
drawn from this study are as follows:

(1) More than 90% of the kinetic energy of granular flow is
dissipated by particle-particle interactions. The function of the
crown-like system is to enhance the particle-particle interaction.

(2) Two effects, namely, the impedance effect and deflec-
tion effect can be identified when the particles interact with the
crown of the baffle system. The impedance effect appears
when the particles collide with the baffles at a small incident
angle. The deflection effect appears when the granular flow
collides with the baffle at a large incident angle and the granu-
lar flow is deflected to flow parallel to the baffles.

(3) Under the impedance effect, arches form behind the
first row of the baffle system. The interaction between the sub-
sequent incoming granular flows with arches leads to the decele-
ration of the granular jets that form through the silts within the
crowns. The interaction process is divided into three stages,
namely, the cushion formation stage, cushion growth stage, and
steady flow stage, when the granular flows pass through the
second and the third row of the baffle system. The crowns play
different roles at different stages of the interaction process.

(4) At the cushion formation stage, the granular jets are
deflected to flow parallel to the baffles and form a cushion be-
hind the crown. At the cushion growth stage, the subsequent in-
coming granular jets provide positive feedback to the cushion

Huang Yu, Shi Hao and Zhang Bei

growth behind the crowns. The cushions help the blockage of
particles and enhance the particle-particle interactions. At the
cushion growth stage, the space between the rows of the baffle
system is occupied by blocked particles. The rearrangement of
the entire force networks leads to flow energy dissipation.

(5) Compared with the conventional baffle system, the
crown-like baffle system has better energy dissipation capacity
with the same or lower concrete consumption.

Accordingly, the concept of a crown-like baffle system with
good energy dissipation capacity and cost-efficiency has good
potential for use in mountain disaster prevention applications.

The design of conventional baffle system is relatively sim-
ple and have been successfully implemented in some mountain-
ous areas. When the design parameters could meet the design
requirements, the conventional baffle system may be a more
convenient solution. However, when the design parameters of
the conventional baffle system reach the upper limits and still
cannot meet the design requirements, the crown-like baftle sys-
tem may show its advantages in energy dissipation capacity
and cost-efficiency.

The primary objective of this study is to investigate the
energy dissipation mechanism and energy dissipation capacity
using the DEM. However, exceptional design is required to re-
alize the implementation of the proposed system in efficient di-
saster prevention measures. Therefore, the influence of the de-
sign parameters and flow characteristics on the energy dissipa-
tion capacity must be investigated in future work to facilitate
the optimal design of the proposed structure.
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