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Rock avalanches pose significant threats to infrastructure due to their high kinetic energy. Baffle structure serves as an effective
engineering solution for mitigating rock avalanche hazards. In this study, a new mangrove guard baffle (MGB) was proposed by
combining traditional baffle (TB) designs with the prop root structure of mangroves. Using EDEM software, simulations were
conducted to analyze the impact of baffle type and particle size on the movement velocity, deposition, impact force, and kinetic
energy of rock avalanches. The results indicated that the process of rock avalanche impact on a baffle could be divided into four
stages: initiation, acceleration, impact, and static deposition. The maximum average front velocity obtained by the rock avalanche
in the acceleration phase was about 4.5m/s, and the maximum average tail velocity was about 3m/s. In addition, the MGB created a
larger dead zone and reduced the deposition area. Compared to the STB, under the SMGB, the deposition areas of M1–M4
decreased by 17.9%, 12.7%, 17.1%, and 16%, respectively. MGB demonstrated superior impact force dissipation. When the number
of baffle rows was three, the impact force dissipation rate of SMGB on M4 reached 99%. Compared to TBs, the momentum of the
rock avalanche was reduced by 1%–3%. Considering the economic benefits and protection performance, the arrangement of two
rows of baffles could be the best solution. These findings provided insights into the design of baffle structures against rock
avalanches.

Keywords: economic benefits; kinetic energy reduction; mangrove-guard baffles; particle deposition; rock avalanches

1. Introduction

Rock avalanches are extremely rapid, massive, flow-like move-
ments of fragmented rock from a large rock slide or rockfalls
[1–3]. Rock avalanche exhibits robust destructive power and
extremely high mobility; thus, rock avalanches can cause huge
property losses and casualties [4–6]. As a result, researchers
have increasingly addressed disaster prevention design.

In practical engineering, to reduce the damage caused by
rock avalanches, scientists have proposed various protective
structures. These structures can be divided into either closed
or open. The closed structures, like check dams [7, 8], open
structures like flexible barriers [9], slit dams [10], and baffles
[11, 12]. However, check dams and slit dams are costly and
prone to blockage, and difficult to clean [8]. Flexible barriers are
mainly used for debris flow prevention [13]. In recent years,
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arrays of baffle have been used to counter rock avalanches due
to their low cost, high strength, and excellent blocking perfor-
mance [14–16]. Baffles are usually set downstream of the rock
avalanche flow path, which can effectively disrupt the flow
conditions of the rock avalanche, dissipating the impact force
and energy of the rock avalanche. The typical application of
baffles in actual engineering projects in China is shown in
Supporting Information: Table A1. Square and cylindrical
baffles are widely used in practical engineering.

Many scholars have conducted extensive research on the
effect of baffles in reducing flow velocity or impact force. These
studiesmainly include conventional gravitymodel experiments
and numerical simulations. Ng et al. [11] used a flume model
experiment to study the effects of square baffle (SB) array
layout parameters on the flow state of rock avalanches, finding
that three rows of baffles can reduce jumping by 65% and
frontal velocity by 57%. Building on this, Ng et al. [16] used
small-scale model tests to investigate the interaction mechan-
isms between dry granular flow and multirow SB arrays, pro-
viding references for the design of multirow baffle structures.
Wang et al. [17] proposed an arc-shaped baffle (ASB) structure
and validated its effectiveness through small-scale model tests.
Scheidl et al. [18] studied the impact characteristics of granular
debris flows based on small-scale physical experimental mod-
els, discovering that the peak pressure of granular debris flows
is related to stress anisotropy, volume density, and the height of
rise during impact. Choi et al. [19], Law et al. [20], and Bi et al.
[21] used the discrete element method (DEM) model to inves-
tigate the interaction mechanisms between SB arrays and rock
avalanches, analyzing the impact of baffle array configurations
on the impact force of granular flow. Huang et al. [22] exam-
ined the effect of rock avalanche particle size on the perfor-
mance of square and triangular baffles through DEM
simulation, showing that SBs perform better than triangu-
lar ones.

However, previous studies mainly focused on the square
and cylindrical baffles. The huge impact and destructive force
of rapid rock avalanches often reduce the interception effi-
ciency of traditional baffles (TBs), or even destroy them. There-
fore, optimizing the baffle structure to improve its disaster
resistance is a key issue. Bi et al. [23] optimized the baffle-net
structure, finding that the energy dissipation rate of optimized
structure reached 91%, an increase of nearly 24% over the
original structure. Wang et al. [15] used the discrete element
numerical simulation method to analyze the energy dissipation
effect on rock avalanches of baffles with different shapes, and
found that the arc structure has the best energy consumption
effect. Choi [24] conducted a flume test and found that com-
pared with the vertical-shaped barrier, the arc-shaped barrier
can reduce the rising height caused by the impact of the particle
flow by 17% and prolong the impact duration by 15%. Bi et al.
[25] optimized the design of the TBs, and numerical research
shows that optimized baffles can reduce the particle mass
behind the baffle by 2–3 times. Nevertheless, the effects of
optimization on rock avalanche deposition, impact force dissi-
pation, and energy dissipation are not well quantified. Further-
more, most studies have focused on the macro-level

interactions between the flow-baffle, while the micro-
mechanism has barely been clarified.

Additionally, particle size significantly affects the stress
transmission mechanism within a fluid. As particle size
increases, the stress transmission shifts from being contact-
dominated to collision-dominated [26–28]. This means that
when the particles are smaller, stress is primarily transmitted
through direct contact between them. However, when the par-
ticles are larger, collision and rebound between the particles
become the main mode of stress transfer. In confined spaces,
larger particles are more likely to cause local blockage. These
blockages not only alter the interactions between particles but
also affect the fluid velocity, disrupting the normal flow pattern.
The blockage effect of the particles may lead to localized
increases in fluid pressure or energy dissipation, significantly
alter the kinematics and impact force of the fluid [29].

On the other hand, the particle size distribution affects the
deposition behavior of rock avalanches, leading to the particle
segregation effect [30]. The particle segregation effect shows
that, under specific flow dynamic conditions, smaller particles
tend to deposit at the bottom, while larger particles accumulate
at the top. This variation in particle size distribution influences
the internal movement of particles. It also enhances the climb-
ing ability of larger particles, increasing the impact force and
disaster potential of rock avalanches. By studying the behavior
of different particle sizes, we explore the role of the particle
segregation effect in fluid dynamics. This helps reveal the
mechanical characteristics and disaster risk mechanisms dur-
ing rock avalanche impacts on baffles. Therefore, particle size is
a critical consideration in baffle design.

In addition to particle size, other material properties also
significantly affect the behavior of rock avalanches. Recent
studies have shown that the shape of particles plays a crucial
role in determining flowmobility and stress distribution within
the granular mass. Irregularly shaped particles exhibit higher
interlocking effects, leading to greater resistance to movement,
while more rounded particles tend to enhance flow mobility
due to reduced friction. Moreover, the size-shape correlation
has been found to influence the deposition and impact char-
acteristics of rock avalanches, affecting their overall kinematics
and interaction with barriers [31]. These factors are essential in
understanding the impact force exerted by rock avalanches on
protective structures, as highlighted by Li et al. [32], who pro-
posed a semi-empirical impact force model to account for
irregular rockfall interactions with granular layers.

Furthermore, ice content is another critical factor influenc-
ing rock avalanche behavior, especially in cold regions. The
presence of ice can alter the cohesion between particles, signifi-
cantly modifying their impact force and deposition patterns.
Wang et al. [33] conducted physical and numericalmodeling to
analyze the effect of ice content on rock-ice avalanche interac-
tions with rigid barriers, demonstrating that higher ice content
increases the runout distance and modifies impact forces. Sim-
ilarly, Fang et al. [34] provided new insights into the dynamic
impact mechanisms between geophysical flows and rigid bar-
riers, emphasizing the importance of considering material
properties when designing protective structures. Since this
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study does not incorporate the effects of particle shape, ice
content, or size-shape correlation, future research should con-
sider these factors to provide a more comprehensive under-
standing of rock avalanche dynamics and their implications for
baffle design.

In summary, this paper proposed a mangrove guard baffle
(MGB) based on the design concept of Bi et al. [25] and the
principle of similar function and structure between the baffle
and mangrove. The study aimed to address the issues of low
interception efficiency and severe particle leaps observed in
current baffle research. The research steps are shown in
Figure 1. The study specifically examined the movement
behavior, deposition morphology, impact force dissipation,
and energy dissipation of rock avalanche particles of four dif-
ferent sizes under various baffle conditions. Finally, the inter-
ceptionmechanism of theMGB against rock avalanches and its
economic benefits were discussed.

2. Methodologies

2.1. DEM. In this study, the commercial software EDEM was
used to simulate the interaction between rock avalanches and
arrays of baffle, and the effectiveness of numerical tests has
been validated [35, 36]. EDEM is a particle material simulation
software based on the DEM, which enables the simulation and
analysis of particle handling processes in industrial production
and related manufacturing equipment. The user can set the
properties of each particle (mass, velocity, etc.) and information
about the force applied to the particles. The particle factory
technology of EDEM provides a unique and efficient method
for generating particle assemblies that can well simulate the
movement of landslide debris flows. The mathematical model

selected is Hertz–Mindlin (no slip) model, which is an elastic-
plasticmodel and the default model used in EDEM. It is known
for its accuracy and efficiency in force calculations and has been
widely used to simulate particle flow [35, 37].

2.2. Flume Model and Calculation Scheme. The numerical
model used in this study is shown in Figure 2. The model is
mainly composed of four parts: source box, chute, deposition
platform, and arrays of baffle (Figure 2a). The size of the source
box is 400× 300× 400mm by length, width, and height, the
chute is 4000× 300× 400mm. The slope angle is 35°, and the
deposition platform is 2000× 2000× 400mm. The baffle struc-
tures used in this study are shown in Figure 2b, including STB,
SMGB, CTB, CMGB, TTB, and TMGB. The complete list of
symbols is presented in Table 1. To investigate the effect of
particle size on rock avalanche movement, four types of graded
particles were designed, as shown in Figure 2c. As shown in
Figure 2d, the arrays of baffle in this paper adopt the structure
of three rows of baffles, with the side length of 50mm and the
height (h) of 180mm, which are placed in the downstream
platform. As shown in Figure 2e, the retaining distance Ld=
400mm (the distance from the chute port to the first row of
baffles), the baffle row spacing Sr= 90mm, and the baffle col-
umn spacing is Sc= 70mm. The measurement area is long
enough in Z and Y directions to detect all particles passing
through the measurement area during the simulation process.

2.3. Parameter Inversion. The particle size, shape, and input
parameters of the particles play a key role in EDEM. The shape
of the particles is generally spherical to approximate actual
particles. The most important and difficult part is the influence
of material parameters. While EDEM can model the bouncing,
falling, sliding, and rolling of elementary particles, it is difficult
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FIGURE 1: The design idea of mangrove guard baffle.
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to accurately determine and quantify some of the parameters
associated with these motions. Therefore, in order to ensure
that the established model is suitable for subsequent study, the
model parameters need to be verified. There are generally two
methods to determine the similarity of parameters used in
simulated physical tests: (1) similar deposition shape and (2)
similar impact force. In method (1), parameter inversion is
performed by comparing the deposition morphology between
the physical test and numerical simulation at different time
steps. In method (2), parameter inversion is conducted by
comparing the impact force between the physical test and
numerical simulation. In this study, method (1) was used to
obtain the final material parameters.

In this section, a small-scale physical test of a flume rock
avalanche was conducted, and the final morphology of deposi-
tion between physical test and numerical simulations is shown
in Supporting Information: Figure A1a,b. Then, based on the
physical test, the morphology of deposition of the physical test
and the numerical simulation at different time steps was com-
pared. As shown in Supporting Information: Figure A1c,d,

when t= 1.56 s, the rock avalanche attempted to cross the
arrays of baffle, and the arrays of baffle began to block the
debris. At t= 1.92 s, the rock avalanche moved to the sides
under the action of the arrays of baffle. When t= 4.0 s, all
rock avalanche particles had almost stoppedmoving, exhibiting
a final deposition morphology. The results of numerical simu-
lation in the Figure A1 showed good agreement with the phys-
ical test results.

Savage and Hutter [38] investigated the dynamics of parti-
cle flow using dimensionless expressions. Therefore, although
there is a size effect in the source region, it is still possible to
refer to their research methods and use dimensionless expres-
sions to compare particle flows of different sizes. The dimen-
sionless expression of motion time and velocity is as follows:

t∗ ¼ t
ffiffiffiffiffiffiffiffiffiffi
L0=g

p ; ð1Þ

U∗ ¼ U
ffiffiffiffiffiffiffiffi
gL0

p ; ð2Þ

(d) (e)
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view of schematic, and (e) top view of numerical model.
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where the t∗ is the dimensionless motion time, t is the stan-
dard form of time, U∗ is the dimensionless form of motion
velocity, U is the standard form of motion velocity, g is the
acceleration of gravity, and L0 is the particle length.

Supporting Information: Figure A2 shows the comparison
between the laboratory rock avalanche movement data and the
dimensionless velocity simulated by DEM in this study. It can
be seen from Figure A2 that the velocity changes over time in
both experiments followed the same trend, themaximumvalue
of U ∗ was nearly identical, and the velocity curves were basi-
cally identical. However, there are differences between the sim-
ulation results and the experimental results when t∗ ranges
from 1.0 to 1.5, which may be due to the difference in particle
shape between the simulation and the physical experiment. The
collision between spherical particles in the numerical simula-
tion further reduces the velocity of rock avalanches.

Table 2 summarizes the key material parameters obtained
from the numerical experiments. As shown in Supporting

Information: Figures A1 and A2, the simulation plan for this
study is presented in Supporting Information: Table A2. The
final deposition conditions and dimensionless velocity (U∗)
from the simulation experiments are generally consistent
with the results of the physical experiments. Given the good
agreement between the numerical and experimental results,
these parameters can be used for further study of granular
avalanches.

3. Results and Analysis

3.1. Analysis of the Movement of Rock Avalanches With
Different Baffles. Figure 3 illustrates the impact process and
velocity changes of rock avalanches with a particle size ofM1 as
they impact the STB. As depicted in Figure 3a, at t= 0 s, par-
ticles gradually formed in the source area. Once all particles
were formed, they remained in a static deposited state. At t=
0.45 s, under the influence of gravity, the particles began to
collapse, displaying a distinct stratified trend in velocity; parti-
cles at the forefront achieved higher velocity, while those at the
rear, compressed by themass above, had not yet begun tomove
and thus maintain lower velocity (Figure 3b). By t= 1.2 s, as
shown in Figure 3c, all particles have started to move. At t=
1.45 s, as the particles reached the platform, stratification
occurred with some particles experiencing a bounce effect,
impacting the baffles at higher velocity, while others, due to
gravity and friction, flowed along the platform at lower velocity
(Figure 3d). The baffles intercepted a significant volume of
moving rock avalanche particles, leading to the formation of
a deposition zone where particles at the rear encounter the
previously formed deposition, causing them to disperse lat-
erally along the original path, as shown in Figure 3e. Ultimately,
by t= 4.0 s, under the combined effects of the baffles and the
accumulating particles, all particles ceased moving and settled
into a complete static deposition. The results suggested that the
process of rock avalanche particles impacting the baffle can be
divided into four stages: initiation, acceleration, impact, and
static deposition.

The front velocity refers to the movement velocity of the
leading edge of geological disasters, such as landslides and
debris flows. By measuring and analyzing the front velocity,
the development trend and potential hazards of the disaster can
be assessed. Tail velocity refers to the movement velocity of the
trailing edge of the disaster. The tail velocity helps in evaluating
the duration of the disaster and the material transport volume
[39]. The velocity calculation in this study is based on the
Hertz–Mindlin (no slip) model, which determines particle
motion through Newton’s second law and contact force calcu-
lation [40]. The instantaneous velocity vi of a particle i is given
by:

mi
dvi
dt

¼∑Fijþmig; ð3Þ

where mi is the particle mass, Fij represents all contact forces
acting on particle i, and g is the gravitational acceleration.
The front velocity vfront is defined as the average velocity of
the particles at the leading edge, while the tail velocity vtail is

TABLE 1: The list of symbols.

Abbreviation/symbol Explanation

STB Square traditional baffle
CTB Cylinder traditional baffle
TTB Triangular traditional baffle
SMGB Square mangrove guard baffle
CMGB Cylinder mangrove guard baffle
TMGB Triangular mangrove guard baffle
M1, M2, M3, M4 Particle size distribution
α Slope angle

Ld
The distance between the first row of the

arrays of baffle and the chute port
h The height of baffle
W The width of chute
Sc Baffle column spacing
Sr Baffle row spacing
δ Particle diameter
ρs Particle density
GS The shear model of particle
υs Particle poisson’s ratio
ρ0 Baffle (flume) density
G0 The shear modulus of pile (flume)
υ0 Baffle (flume) poisson’ ratio
ec Coefficient of restitution
μ1 Particle friction coefficient
μr1 Particle rolling friction coefficient
μ0 Baffle (flume) friction coefficient
μr0 Baffle (flume) rolling friction coefficient
g Gravitational acceleration
Δt Time steps
t∗ Nondimensional travel time
U∗ Dimensionless form of travel velocity
VRR, v Velocity reduction ratio
BR, n Blockage ratio
IFDR, η Impact force dissipation ratio
EDR, ε Energy dissipation ratio

Advances in Civil Engineering 5
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TABLE 2: DEM input parameters.

Material parameters Value Contact parameters Value

Particle diameter, δ (mm) 1–40 Coefficient of restitution 0.5
Particle density, ρ ðkg=m3Þ : 2100 Particle friction coefficient, μ1 0.8
Shear model of particle, GS (GPa) 0.8 Particle rolling friction coefficient, μr1 0.15
Particle poisson’s ratio, υ0 0.25 Baffle (flume) friction coefficient, μ0 0.453
Baffle (flume) density, ρ ðkg=m3Þ: 7900 Baffle (flume) rolling friction coefficient, μr0 0.05
Shear modulus of baffle (flume), G0 (GPa) 70 Gravitational acceleration, g (m/s2) 9.81
Baffle (flume) poisson’ ratio, υ1 0.3 — —
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FIGURE 3: The moving processing of rock avalanches: (a) t= 0 s, (b) t= 0.45 s, (c) t= 1.2 s, (d) t= 1.45 s, (e) t= 2.2 s, and (f ) t= 4 s.
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the average velocity of the particles at the trailing edge [41] as
follows:

vfront ¼
1
Nf

∑
Nf

i¼1
vij j; ð4Þ

vtail ¼
1
Nt

∑
Nt

i¼1
vij j; ð5Þ

where Nf and Nt are the number of particles in the front and
tail regions, respectively.

Figure 4 illustrates the front and tail velocity of rock ava-
lanches of different sizes. As shown in Figure 4, as the particle
size of rock avalanche increased, the peak velocity of front and
tail increased. The front velocity of rock avalanches intercepted
by two types of baffles initially followed the same trend, with

peak velocity fluctuating around 4.5m/s. This indicated that
the velocity during the acceleration phase (before t= 1.2 s) was
mainly determined by the material. At t= 1.45 s, the front
velocity of the rock avalanches began to show differences due
to the interception of the two types of baffles. With SMGB
interception, the front velocity of the rock avalanches further
decreases. All four sizes of rock avalanches exhibited the same
phenomenon, indicating that SMGB had a certain effect in
reducing the front velocity of the rock avalanches. It is impor-
tant to note that due to the high front particle velocity during
rock avalanches, some particles leaped over the baffle, resulting
in a still high front velocity. In addition, tail velocity was slowed
down due to the deposition of particles at the front, which were
affected by interparticle friction, with the baffle having a mini-
mal effect. Therefore, the MGB had a limited impact on reduc-
ing both the front and tail velocity.
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FIGURE 4: Front and tail velocity of rock avalanches with different size: (a) M1, (b) M2, (c) M3, and (d) M4.
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Notably, the tail velocity varied significantly with the size of
rock avalanche. The peak tail velocity rises from 2m/s to over
3m/s. This indicates that as the size of the rock avalanche
increases, both the intensity and duration of the disaster also
increase.

3.2. Analysis of Rock Avalanches Deposition Form Under
Different Arrays of Baffle. In the field of geological hazards,
when the granular flow is impeded by barriers along its flow
path, it may transition from a flowing state to a quasi-static state,
forming a hydrodynamic dead zone [42, 43]. However, it should
be noted that a dead zone primarily refers to the dynamic char-
acteristics of the geological hazard process, rather than the final
static deposit. The volume of dead zones is a critical factor in
baffle design. Dead zones can affect the overall flow behavior of
the rock avalanche particles, potentially causing localized erosion

or deposition, thereby impacting the stability and functionality of
the structure. Figure 5a illustrates the deposition process of rock
avalanche particles and the changes in the dead zone from t=1.4
to 2.5 s. It can be observed that due to the effect of the prop roots
of the MGB, a larger dead zone was formed in front of the first
row of baffles (Figure 5b, c). From a disaster prevention perspec-
tive, a larger dead zone indicates that more rock avalanche par-
ticles are intercepted and deposited by the baffles, reducing the
number of particles that continue to flow downstream, thereby
lowering the risk of impact and damage to downstream struc-
tures or facilities from rock avalanche particles.

To evaluate the blocking effect of different baffles on rock
avalanche particles, a quantitative comparison of the resulting
dead zones was conducted. The size of the dead zone Rd was
quantified by the ratio of the volume of dead zone (Vd) to the
total volume of the rock avalanche particles (Vt),

Dead zonet = 1.6 s t = 1.8 s Dead zone

Time (s)
(a)

(b) (c)
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FIGURE 5: The process of rock avalanches deposition: (a) comparison of rock avalanche deposition morphology under different baffles
interception, (b) the morphology of dead zone with STB at t= 1.8 s, and (c) the morphology of dead zone with SMGB at t= 1.8 s.
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Rd¼
Vd

Vt
; ð6Þ

Vd¼∑
N

i¼1
Vi;Vi ≤ Vth; ð7Þ

Vt¼∑
N

i¼1
Vi ; ð8Þ

where Vi represents the volume of an individual particle, and
N is the total number of particles that satisfy V<Vth. In
granular flow studies, dead zones are typically identified
using a velocity threshold method. A dead zone is defined
as the region where particle velocity falls below a critical

threshold Vth, typically set to 5%–10% of the maximum
flow velocity [44] as follows:

Vth¼α Vmax; α 2 0:05; 0:10½ �; ð9Þ

Vd¼∑
N

i¼1
Vi;Vi ≤ Vth; ð10Þ

where Vmax is the maximum particle velocity in the entire
simulation, α is an empirical coefficient, commonly chosen
between 0.05 and 0.10 [45].

As shown in Figure 6, the dead zone variation curve initially
increased and then stabilized over time, indicating that the dead
zone gradually formed and reached a certain volume as time
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FIGURE 6: The change of dead zone: (a) M1, (b) M2, (c) M3, and (d) M4.
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progressed. After a specific time threshold, no additional dead
zone formation occurred, leading to an equilibrium state. Addi-
tionally, curves that rose quickly indicate that the dead zone
formed more rapidly, meaning that the baffles effectively
reduced particle velocity at an early stage, preventing further
propagation of rock avalanche particles. For M1–M4, the
CMGB had a relatively high dead zone volume ratio (Rd=
0.051, 0.070, 0.064, and 0.075), showing the best interception
efficiency, which was more conducive to disaster prevention as
it could intercept a greater number of particles. However, due to
substantial accumulation of particles in front of the baffles, more
frequentmaintenance and clearing of the deposits were required.
TTB had the lowest dead zone volume ratio among all baffles,
and an excessively low dead zone ratio indicated a poorer block-
ing effect, allowing a large number of rock avalanche particles to
flow downstream, increasing the risk of impact.

Overall, the effectiveness of a baffle depended not only on
the final dead zone volume ratio (Rd) but also on the rate at
which the dead zone formed and its steady-state behavior. An
optimized baffle design should rapidly generate a sufficient
dead zone to prevent excessive particle movement downstream
while also considering maintenance challenges associated with
excessive particle accumulation.

In order to study the effect of different baffles on the depo-
sition morphology of rock avalanche particles, this research
analyzed the static deposition morphology of rock avalanche
particles with four different particle sizes impacting six types of
baffles. The study calculated both the area of the deposition and
the mass of the dispersed particles, aiming to provide a viable
method to evaluate and compare the effectiveness of different
baffle designs. As shown in Figure 7, there was a significant
difference in the deposition morphology of rock avalanche
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FIGURE 7: Influence of baffle type on rock avalanches deposition form: (a) M1, (b) M2, (c) M3, and (d) M4.
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particles under different baffles. For rock avalanche particles
ranging from M1 to M4, TB showed a larger deposition area
compared to MGB. According to deposition morphology, this
is because the particles intercepted by TB traveled further
distances.

Figure 8 shows the trend of deposition area under different
baffles. As the particle size of the rock avalanches increased, the
area of the deposition morphology tended to decrease, with
SMGB and CMGB showing smaller deposition areas for sizes
M1–M4. When intercepted by SMGB, the deposition areas for
M1–M4were 0.536, 0.531, 0.507, and 0.467m2, respectively. In
contrast, when blocked by STB, the deposition areas for
M1–M4 were 0.65, 0.61, 0.61, and 0.56m2, respectively. Simi-
larly, when intercepted by CMGB, the deposition areas for
M1–M4 are 0.563, 0.548, 0.522, and 0.493m2, respectively.
While blocked by CTB, the deposition areas for M1–M4
were 0.80, 0.71, 0.68, and 0.61m2, respectively.

As shown in Figure 9a, inorder to quantitatively analyze the
extent of the rock avalanche hazard in the area around the
baffles, these areas are divided into three regions (I, II, III).
The interception performance of the different baffles is evalu-
ated by calculating the particle mass in the three regions.
Figure 9b–d illustrates the mass distribution of rock avalanche
in three regions. Under MGB interception, rock avalanches
showed a greater mass distribution in region I and region II.
This phenomenon was particularly pronounced under M4
condition. Under the interception of SMGB and CMGB, the
mass ofM4 in region I and region II exceeded 400 g, surpassing
the mass observed with STB and CTB. In contrast, region III
exhibited the opposite phenomenon. Under the same particle
condition, when the rock avalanche was intercepted by SMGB,
CMGB, and TMGB, the mass distribution in region III was
lower compared to STB, CTB, and TTB, respectively. The
SMGB demonstrated the best interception performance, espe-
cially against the M4. Under SMGB interception, M4 had the

lowest deposition mass in region III, which was only 196.8 g.
Under the interception of STB, CTB, CMGB, TTB, and TMGB,
the deposition mass of M4 in region III was 279.3, 549.4, 489.3,
714.7, and 413.4 g. Therefore, the interception performance of
SMGB was improved by 1.42, 3.02, 2.48, 3.63, and 2.1 times
compared to STB, CTB, CMGB, TTB, and TMGB, respectively.

The particle mass distribution in region III indicates the
severity of the rock avalanche hazard. Lots of particles in region
III suggest that more rock avalanche particles have not been
intercepted, posing a threat to personnel and facilities within
the protected area. When intercepted by SMGB, CMGB, and
TMGB, the rock avalanche exhibits a lower mass in region III,
thereby reducing the threat to the protected area.

In addition, the mass distribution of rock avalanches with
different particle size within the same region varies greatly
within the same region. For example, in region I, M1 was
only about 113 g under SMGB blocking, while M4 was more
than 480 g, which was more than 4 times. Therefore, particle
size has an important influence on the distribution of rock
avalanches.

3.3. Influence of Baffle Type on Rock Avalanches Impact
Force. The capacity to dissipate impact force is a crucial factor
in assessing baffle performance [11]. As shown in Supporting
Information: Figure A3, retaining walls are placed in the areas
before and after the baffles. The retaining wall is regarded as a
rigid body material, and the impact force on the retaining wall
is measured to indirectly reflect the ability of the baffle to
dissipate the impact force of the rock avalanche particles. To
evaluate different baffles more intuitively, the impact force dis-
sipation rate η is defined as follows:

η¼ F0−Fn
F0

× 100%; ð11Þ

where F0 is the impact force of rock avalanche particles on
the retaining wall before the first row of baffles. Fn is the
impact force on the retaining wall after the nth row of baffles,
where n= 1,2,3.

As shown in Figure 10, the impact force dissipation rates of
M1, M2, M3, andM4 rock avalanche particles against different
baffles were compared.

For M1 particles (Figure 10a), TMGB displayed high
impact force dissipation efficiency at the first row of baffles,
with a rate of 67.7%. By the second row, the impact dissipation
efficiency of SMGB, CMGB, and TMGB against rock ava-
lanches exceeded 90%. At the third row of baffles, the dissipa-
tion rates for all types of baffles surpassed 90%. For M2
particles (Figure 10b), SMGB displayed high impact force dis-
sipation efficiency at the first row of baffles, with a rate of
82.1%. By the second row, the impact dissipation efficiency
of SMGB and CMGB against rock avalanches exceeded 95%.
For M3 particles (Figure 10c), SMGB and TMGB displayed
high initial dissipation efficiency at the first row of baffles,
with rates of 63.93% and 76.59%, respectively, while CTB was
only at 24.75%. By the second row, the efficiency of STB and
SMGB significantly improved, exceeding 92%. At the third row
of baffles, the dissipation rates for all types of baffles surpassed
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FIGURE 8: Deposition area of rock avalanches.

Advances in Civil Engineering 11

 7074, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/adce/9530970 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [07/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



95%. For M4 particles (Figure 10d), SMGB, CTB, and CMGB
showed exceptional efficiency at the first row, with rates of
96.88%, 94.80%, and 99.88%, respectively. In contrast, STB
and TTB were relatively lower, at 44.37% and 9.51%, respec-
tively. In the second row, except for TTB and STB, the dissipa-
tion rates approached 100%, indicating increased effectiveness
after successive interceptions. By the third row, nearly all the
baffles reached dissipation rates close to 100%, suggesting a
substantial reduction in impact force.

Overall, as particles pass through more baffles, all baffle
types effectively increase the dissipation of impact force.
SMGB and TMGB maintain high dissipation rates throughout

the process, reflecting their consistent and efficient design in
impact force reduction. Even baffles with lower initial effi-
ciency, such as CTB, show a significant increase in dissipation
rate after particles pass through multiple rows, demonstrating
that a multilayered baffle setup remains effective even when
initial performance is not high.

3.4. Influence of Baffle Type on Rock Avalanches Kinetic
Energy. To investigate the effect of different baffles on the
energy dissipation of rock avalanches, this study measured
the kinetic energy (Ek) changes of rock avalanche particles of
sizes M1–M4 during their impact on various baffles. The Ek
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FIGURE 9: Particle mass distribution outside the main deposition region: (a) region distribution, (b) region Ⅰ, (c) region Ⅱ, and (d) region Ⅲ.
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was measured from the start of the particle movement until
their final static deposition, with a significant time frame of t=
1.2–2.0 s selected for the analysis, as depicted in Figure 11. Prior
to t= 1.2 s, the particles accelerated downhill under the influ-
ence of gravity, leading to an increase in kinetic energy. After
t= 1.2 s, as the particles impacted the platform, the ongoing
propulsion of the particles from behind kept the kinetic energy
on an upward trend until t= 1.6 s, at which point all particle
sizes, except for the largest (M4), reached their maximum
kinetic energy. After t= 1.6 s, the particles began to decelerate
due to friction and interception by the baffles, causing the
kinetic energy to gradually reduce to zero. Figure 11 reveals
that under the interception of six different baffles, the peak

kinetic energy of rock avalanche particles follows the order
M1<M2<M3<M4. The larger particles (M4), possessing
higher potential energy, achieve higher velocities during the
acceleration phase, but due to poorer flow ability, the peak
kinetic energy occurs later (t= 1.7 s). Additionally, the peak
kinetic energy of particles impacted byMGB baffles is generally
lower than those impacted by TB, with a reduction of approxi-
mately 1%–3% for the same particle size.

In conclusion, particle size directly affects the kinetic
energy changes of rock avalanche particles, with larger particles
exhibiting higher peak energies, posing greater demands on the
design of baffles. Although MGB shows some effectiveness in
reducing peak kinetic energy, the difference is not significant
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FIGURE 10: The performance of baffle type to dissipate impact force: (a) M1, (b) M2, (c) M3, and (d) M4.
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FIGURE 11: Kinetic energy of rock avalanches for different baffles: (a) STB, (b) SMGB, (c) CTB, (d) CMGB, (e) TTB, and (f ) TMGB.
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compared to TB, indicating room for improvement in baffle
design to enhance energy dissipation capability.

4. Discussion

4.1. Analysis of Rock Avalanches Movement Characteristics
With Different Baffles. Baffle structure is a “deceleration zone”
built between the rock avalanches and the affected body, which
can effectively restrain themoving distance and velocity of rock
avalanches and reduce the kinetic energy of the flow to achieve
the purpose of protecting the affected areas. However, the
structures of arrays of baffle in previous studies were mostly
square, and research showed that the shape of baffles had a
great impact on their performance [24]. Wang et al. [15] and
Wang et al. [46] analyzed the performance of ASBs, CB, and
SB, and found that with the same parameter, the arc-shaped
structures perform better than CB and SB on the blockage ratio,
deposition area, and energy consumption on rock avalanches.
In order to better compare the performance of different arrays
of baffle, the velocity reduction ratio (VRR) is defined as v as
follows:

v¼V0 −Vb

V0
× 100%; ð12Þ

where V0 is the velocity of rock avalanches before passing
through the first row of baffles, Vb is the velocity of rock
avalanches after passing through baffle.

The blocking ratio (BR) is defined as n as follows:

n¼mt−mb

mt
× 100%; ð13Þ

where mt is the total mass of rock avalanche particles, mb is
the particle mass after the baffle.

The impact force dissipation ratio (IFDR) is Equation (11),
where the value of n is taken as 3.

The energy dissipation ratio (EDR) is defined as ε as fol-
lows:

ε¼ E0−Eb
E0

× 100%; ð14Þ

where E0 is the maximum kinetic energy of rock avalanches
before passing through the first row of baffles, Eb is the
maximum kinetic energy of rock avalanches after passing
through baffles.

Figure 12 analyzes the characteristics of the movement of
the rock avalanches with different baffle structures, triangular
baffle [22], SB, ASB [46]. As shown in Figure 12, the VRR of
different baffles for rock avalanches was compared. The VRRs
of SB, TB, ASB, and SMGB were 0.27, 0.19, 0.26, and 0.45,
respectively. About BR, TB, ASB, and SMGB had higher block-
age ratios, all above 85%, which enabled them to interceptmore
particles, but also more likely to cause particle deposition.
However, the BR of TTB was only 18.84%, and the reason
for the large difference was the location. Huang et al. [22]
placed TTB on the chute, and the inertia and the gravity of
rock avalanche particles made it easier to pass through the gaps

between the arrays of baffle. The IFDR of different arrays of
baffle is shown in Figure 12. In terms of the IFDR, SMGB>
ASB>TTB>TB, and the IFDR were 91.6%, 47.5%, 92%, and
99.6%, respectively. It was noted that the IFDRof TTB here was
greater than that of TB, which was different from the results of
this study, and its reason was also related to the location. The
TTB placed at the chute could disturb the flow condition of
random rock avalanches to a greater extent, and further reduce
the impact force compared to TB, which was placed on the
platform. Finally, the EDR of different baffles for rock ava-
lanches was compared. Four baffles had good effects on the
kinetic energy consumption of rock avalanches, and SMGB
and ASB had better energy consumption effects, both reaching
more than 80%. Due to the great differences in the actual set-
tings and research conditions of the arrays of baffle, the com-
parison indicators used are dimensionless, so the indicators can
only preliminarily validate the superiority of MGB in rock
avalanche prevention.

4.2. The Mechanism of Rock Avalanches–MGB Interaction.
Figure 13 analyzes the mechanism of particle interception and
energy dissipation capability of the MGB. When rock ava-
lanche particles impacted the baffles, they interacted with
both the main structure and the prop root structure
(Figure 13a,b). The main structure was similar to STB, dissi-
pating the velocity of the rock avalanches during this interac-
tion (Figure 13c1). As shown in Figure 13c2, the rock avalanche
interacted with the baffle, where part of the kinetic energy was
absorbed by the main structure, while the remaining energy
was absorbed by the prop root. In addition, particle-to-particle
collisions further dissipated kinetic energy. When rock ava-
lanche particles hit the prop root structure, larger particles
were intercepted by the prop roots and could not pass through
the gaps between the baffles. This caused particle blockage,
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FIGURE 12: Analysis of rock avalanches movement characteristics of
different baffles.
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forming a buffer cushion that decreases impact force of subse-
quent rock avalanche particles (Figure 13c3).

Supporting Information: Figure A4a,b illustrates the parti-
cle segregation and climbing behavior of rock avalanche parti-
cles (M1–M4) after interacting with SBs. From the final
deposition state, it was evident that particle segregation was
closely related to particle size configuration. During moving,
smaller particles, due to their lower mass and higher energy,
tended to migrate to the lower layers, while larger particles,
with greater inertia, remained in the upper layers. This particle
segregation effect led to a gradual increase in the overall climb-
ing height of the rock avalanches. Figure 14a quantitatively
compared the final climbing height of different rock avalanche
particles, showing that the climbing height under the SMGB
was generally higher than that under the MGB. Under the
SMGB, the climbing height increased with particle size, with
M1–M4 particles reaching climbing heights of 81, 97, 115, and
138mm, respectively. In contrast, under the STB, although the
overall climbing height was lower than that under the SMGB, it
still showed an increasing trend with particle size, withM1–M4
particles reaching heights of 77, 96, 110, and 120mm, respec-
tively. It was noteworthy that when interacting with the second

and third rows of baffles, the climbing height of rock ava-
lanches exhibited an opposite trend.

Figure 14b shows the dynamic process of particle segrega-
tion and climbing for the rock avalanches. Figure 14 b1 illus-
trates the climbing process of particle flow along the baffles,
where larger particles, due to their higher kinetic energy,
reached greater height during movement. Figure 14b2 depicts
the particle segregation process, where smaller particles, due to
their better flow ability, concentrated more at the lower levels,
while larger particles were gradually pushed to the top by the
underlying smaller particles, further increasing the overall
climbing height. Finally, Figure 14b3 shows the state of parti-
cles gradually coming to rest, with a clear stratification phe-
nomenon, smaller particles increased in proportion from top to
bottom, while the proportion of larger particles decreased,
demonstrating a significant particle segregation characteristic.

4.3. The Economic Benefits of Different Baffles Against Rock
Avalanches. Different shapes of baffles were used in this study.
Due to the difference in shape, the volume of each type of baffle
is different, so the cost is also different. In this study, the height
of each baffle is 18 cm. The base length of the SB is 5 cm, the

V V
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Collision

Absorb
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Dissipated
energy 

Decreased
velocity 

t = 1.7 s F
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FIGURE 13: Protection mechanism of MGB: (a; a1–a3) the process of interactions between rock avalanche and baffle; (b; b1–b3) the process of
interactions between rock avalanche and SMGB; and (c; c1–c3) the mechanism of velocity decrease, energy dissipation, and impact force
dissipation.
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diameter of the cylindrical baffle is 5 cm, and the side length of
the triangular baffle is 7.5 cm. Based on the physical model
experiment and the geometric similarity to actual working con-
ditions, we estimated the concrete volume and cost required for
the baffles. These estimates were made using the model size of
the six baffle types (Supporting Information: Table A3).

In order to analyze the economic benefits of different baf-
fles, we introduced a cost–benefit ratio (CBR). CBR is a crucial
economic indicator used to measure the economic benefits of a
project or measure, indicating the benefits brought by the unit
cost. In this study, the direct economic loss caused by the rock
avalanche is assumed to be 1million dollars, and the benefit
represents the economic loss recovered. The benefit value is
calculated as the product of the direct economic loss and the
baffle protection effectiveness (refer to Section 3.3). The cost
represents the material cost of the baffles. The CBR curves for
each baffle type are shown in Supporting Information: Figure
A5. Under the impact of M1–M4, the baffles with the highest
CBR are CTB (111.64), SMGB (155.87), SMGB (121.34), and

CMGB (234.35), respectively. Almost all baffles showed a
decreasing CBR with an increasing number of baffle rows,
indicating that increasing the number of baffle rows will
increase the cost, but the improvement of protection effect
was not significant. Although the CBR decreased with the
increase in the number of baffle rows, its values were all greater
than 1, indicating that there was still a benefit. Furthermore,
from a safety perspective, a single row of baffles is insufficient to
intercept all rock avalanches. Therefore, on the whole, the two
rows of baffles are a more reasonable arrangement, which not
only meets the protection requirements but also controls the
cost. Therefore, overall, two rows of baffles are considered a
reasonable arrangement, achieving the required protection
while controlling cost.

In addition, material selection plays a crucial role in both
the cost and sustainability of protective structures. While TBs
use reinforced concrete or steel, alternative materials have been
explored to enhance sustainability and cost efficiency [47]. The
use of environmentally friendly or recycled materials in
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engineering could offer promising solutions for improving the
economic feasibility of protective structures against rock
avalanches.

5. Conclusion

Baffle structures are effective measures against rock avalanche
hazards. Building upon TB designs, this study proposed a new
mangrove-guarded baffle based on the structure of mangrove
roots. Using EDEM software, the study simulated flume rock
avalanches and obtained a series of input parameters by simi-
larly comparing with physical models in terms of deposition
and velocity changes. After calibrating these parameters, the
research explored the impacts of baffle type and particle size on
the movement velocity, deposition morphology, impact force,
and kinetic energy changes of rock avalanche particles. The
following conclusions could be drawn from this study:

1. The process of rock avalanche particles impacting baffles
was divided into four stages: initiation, acceleration,
impact, and static deposition. The size of the particles
determined the evolution of the velocity. With the
increase in the size of the rock avalanche particles, their
frontal and tail velocity increased, which was due to the
decrease in the friction between the particles.

2. Under the CMGB, the volume of the dead zone pro-
duced was the largest. The dead zone volume ofM1–M4
accounted for 5.08%, 7.0%, 6.44%, and 7.49% of the total
volume, respectively. Compared to the STB, under the
SMGB, the deposition areas of M1–M4 decreased by
17.9%,12.7%,17.1%, and 16%, respectively. The MGB
effectively retained the particles and restricted its move-
ment through prop roots.

3. Multirowed baffle configurations significantly enhanced
impact force dissipation in rock avalanches. The SMGB
and TMGB baffles demonstrated superior impact force
dissipation, with SMGB achieving up to 99.88% efficiency
for M4 particles by the third row, highlighting its advan-
tage in dissipating the energy of rock avalanches.

4. MGB had some effectiveness in dissipating the energy of
rock avalanche particles, but the effect was not signifi-
cant compared to TB, reducing the dynamic energy of
the rock avalanche flow by only 1%–3%. Therefore, the
kinetic energy of cuttings is mainly affected by the size of
particle size.

5. The protection mechanism of the MGB was realized
through three aspects: the main structure and the prop
roots structure jointly reduced the velocity, absorbed
energy, and dissipated the impact force of the rock ava-
lanche. In the actual project, considering the economic
benefits and protection performance, the arrangement
of two rows of baffles could be the best solution.
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