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Numerical analysis of effect of baffle configuration
on impact force exerted from rock avalanches

Abstract In mountainous areas, channelized rock avalanches
swarm downslope leading to large impact forces on building
structures in residential areas. Arrays of rock avalanche baffles
are usually installed in front of rigid barriers to attenuate the flow
energy of rock avalanches. However, previous studies have not
sufficiently addressed the mechanisms of interaction between the
rock avalanches and baffles. In addition, empirical design ap-
proaches such as debris flow (Tang et al., Quat Int 250:63–73,
2012), rockfall (Spang and Rautenstrauch, 1237–1243, 1988), snow
avalanches (Favier et al., 14:3–15, 2012), and rock avalanches
(Manzella and Labiouse, Landslides 10:23–36, 2013), which are
applied in natural geo-disasters mitigation cannot met construc-
tion requirements. This study presents details of numerical model-
ing using the discrete element method (DEM) to investigate the
effect of the configuration of baffles (number and spacing of baffle
columns and rows) on the impact force that rock avalanches exert
on baffles. The numerical modeling is firstly conducted to provide
insights into the flow interaction between rock avalanches and an
array of baffles. Then, a modeling analysis is made to investigate
the change pattern of the impact force with respect to baffle
configurations. The results demonstrate that three crucial
influencing factors (baffle row numbers, baffle column spacing,
and baffle row spacing) have close relationship with energy dissi-
pation of baffles. Interestingly, it is found that capacity of energy
dissipation of baffles increases with increasing baffle row numbers
and baffle row spacing, while it decreases with increasing baffle
column spacing. The results obtained from this study are useful
for facilitating design of baffles against rock avalanches.

Keywords Rock avalanches . Discrete element
method . Baffles . Interactionmechanisms . Energy dissipation

Introduction
Rock avalanche means extremely rapid, massive, flow-like motion
of fragmented rock from a large rock slide or rockfall (Hungr et al.
2014), which is known to be one of the most dangerous landslide
processes with high destructive impact energy, commonly occurs
in southwest China (Xu et al. 2009; Zhang et al. 2015; Xing et al.
2015; Bi et al. 2016a; Li et al. 2016). Previous studies (Cruden et al.
1990) suggest that Brock avalanches^ should be reserved for events
exceeding about 1 million m3. However, the definition nowadays is
quite different in comparison to its early beginnings. Some very
mobile, small rock avalanches have been described by Hungr et al.
(2014), Hutchinson (2002), Bi et al. (2016a), and Zhan et al. (2017).
What is more, 38 rock avalanches with volumes ranging from 0.4
to 50 × 106 m3 in China have been listed by Zhan et al. (2017),
which are far less than volume of 1 million m3.

This kind of disasters can be deadly as they can be extremely
rapid and may occur without any warning (Bobrowsky and
Highland 2013), which bring tremendous damage to residential

areas. Countermeasures have been made to minimize the rock
avalanche’s risk to downstream residential areas or transporta-
tion routes (Bugnion et al. 2012; Bi et al. 2016a). There are
mainly two kinds of protection structures (Jiang and Towhata
2013; Bi et al. 2016b) that used to minimize this hazard: active
ones (e.g., nets) and passive ones (e.g., protection galleries). As
active ones is hard to carry out because of avalanches’ potential
source area is difficult to figure out, engineers and researchers
usually choose the passive ones such as flexible barriers, pro-
tection galleries, slit dams, and the array baffles (Hauksson et al.
2007; Mancarella and Hungr 2010; Ng et al. 2014; Bi et al. 2016a).
Arrays of baffles are usually used as energy dissipaters for
avalanches, positioned in the downstream of flow route, mostly
in front of the protection zone (Choi et al. 2014a; Law et al.
2015). It is an efficient means to consume the kinetic energy.
Experiments have demonstrated that it could slow down the
flow via its multi-rows by breaking the flow pattern ibid (Ng
et al. 2015): a single row of baffles is ineffective in reducing
frontal hazards velocity; however, increasing the array to three
rows leads to 65% reduction in runout and up to 57% reduction
in frontal velocity.

Studies have been made on the interaction of mechanisms
between the debris and rigid barriers (such as retaining wall)
(Calvetti et al. 2016). Research has also shown that semi-rigid
protection barriers are efficient to defend the rockfall hazard in
Alps areas (de Miranda et al. 2015). Hauksson et al. (2007) con-
ducted a series of laboratory experiments with granular material in
order to reveal some kinetic relationships between snow ava-
lanches and single mast-like obstacle. Bi et al. (2016b) conducted
a series of numerical experiments to reveal the regulations be-
tween the rock avalanches’ impact force and single defending
structure. Thus, the research results can serve as a significant
reference for practice engineering using the arrays of baffles. Yet,
the interaction mechanisms only reflect the relationships between
the geo-disasters and a single obstacle.

Comparing to other protection methods, the arrays of baffle
approach has its unique edge in terms of its low construction cost
and strong constructability in complex areas, such as steep natu-
ral terrain, etc. As this method has potential for use in hazard
protection (avalanche protection, debris flow protection, and
rockfall protection), many scholars have focused their researches
on the arrays of baffles. Ng et al. (2014) implemented laboratory
experiments to study the interaction mechanisms between debris
flows and mudflow-resistant baffle structures, and quantified the
effect of baffle configurations on the increase of flow impedance,
which can be taken as an index to evaluate the energy dissipation.
Choi et al. (2014b) also conducted a series of numerical experi-
ments to investigate the mechanisms between baffle configura-
tion and impedance of channelized debris flow, yet the scales of
experiments are too narrow to reflect the whole picture.
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Considering the extent of the number of studies related to baffles
energy dissipation, one question that has arisen consistently
concerns the impact force that hazards exerted on building struc-
tures. Does the impact force have the relationships with the
baffles’ configuration? What mechanics do they follow between
the hazards’ impact force, baffles, and structures? This confusion
may not only be limited to the general researchers and engineers
but also to all the residents which may settle in the potential
disaster areas. In the present study, numerical analysis using the
three-dimensional Discrete Element Modeling (DEM) is used.
DEM is an effective method for studying geological hazards such
as rockfall, rock avalanches, debris flow, snow avalanches, and so
on. Some theories such as depth-averaged continuum models
(Savage 1984; Hungr 1995), smoothed particle hydrodynamics
(SPH) (Liang et al. 2017; Dai et al. 2017), lattice Boltzmann method
(LBM) (Leonardi et al. 2016), arbitrary Lagrangian-Eulerian finite
element method (ALE-FEM) (Kwan et al. 2015), and material
point method (MPM) (Li et al. 2016), etc. also apply to the study
of geological hazards—even the interaction between hazards and
protective structures. However, the methods above-mentioned
cannot simulate the whole failure and kinetic process such as
the whole block break into individual particles or the effects of
segregation in multiphase size granular mixture geo-disasters.
What is more, some scholars (Ng et al. 2017) have proved that
some numerical methods such as depth-averaged continuum
models are not suitable for investigations of disaster-structure
interaction.

For these reasons, the DEM method is used to simulate a
series of scenarios in which different configurations of barriers
and baffles are made. Input parameters are calibrated by phys-
ical tests and numerical experiments. A practical-scale experi-
mental model is built to simulate the practical rock avalanche
for exploring effects of barrier configure on capabilities of
energy dissipation.

DEM verification
For the investigation of gravity-driven granular materials
flowing down an incline slope with DEM modeling, the param-
eters in models need to be identified first by comparing the
numerical results with some bench mark experiments. Accord-
ingly, the lab-scale model tests are introduced for DEM
verification.

Rolling resistance linear model
The numerical calculations were performed using the commercial
software PFC3D (particle flow code in three dimensions), a simu-
lation tool based on the distinct element method for modeling the
dynamic motion and interaction of assemblies of arbitrarily sized
spherical particles. The discrete elements, so-called balls, interact
with each other by the force-displacement law and Newton’s
second law of motion (Cundall and Strack 1979).

In this study, a Rolling Resistance Linear Model is applied
to model the contact behavior of solid particles. It is based on
the linear model, to which a rolling resistance mechanism is
added. It can be installed at both ball-ball and ball-facet con-
tacts. The effect of rolling resistance at contacts between par-
ticles, and associated energy dissipation, may be of major
importance to many granular applications in dense, quasistatic,

and dynamic regimes (Huang et al. 2014, O’Sullivan 2011, Ai
et al. 2011). Rolling resistance has been proved as the crucial
rule in granular mechanics by several researchers (Oda et al.
1997; Iwashita and Oda 2000). Iwashita and Oda (1998) have
done series of numerical studies about shear band experiment
using rolling resistance at contacts. The developments of shear
bands were simulated well in their researches when the rolling
resistance is considered in the DEM. In real granular systems,
these mechanisms may have different micro-mechanical ori-
gins, such as adhesion of the contact area, or the steric effect
due to surface roughness or non-sphericity about the contact
point. The rolling resistance contact model provided in PFC is
a simple model, based on the linear model, that incorporates a
torque acting on the contacting pieces to counteract rolling
motion. It is based on the review paper (Ai et al. 2011) and on
the work presented in (Wensrich and Katterfeld 2012).

The force-displacement law for the rolling resistance linear
model updates the contact force and moment as follows (Itasca
2016):

Fc ¼ Fl þ Fd; Mc ¼ MT ð1Þ

where Fl is the linear force, Fd is the dashpot force, and MT is the
rolling resistance moment. The linear and dashpot forces are
confirmed as in the linear model, while the rolling resistance
moment is updated with the bellowing steps.

The rolling resistance moment is incremented as follows:

MT≔MT−krΔθb ð2Þ

where Δθb is the relative bend-rotation increment; the rolling
resistance stiffness kr can be defined as follows:

kr ¼ ksR
�2

ð3Þ

where the R� is the contact effective radius and can be defined as
follows:

1
R�
¼ 1

R 1ð Þ þ
1

R 2ð Þ ð4Þ

As showed in Fig. 1, the R(1) and R(2) are the radii of end (1) and
end (2) of the contact respectively. The R(2) will equal to ∞ in the
situation of ball-facet contacts.

The rolling resistance linear model provides two additional
energy partitions: (1) rolling strain energy, Ekr , stored in the
linear spring and (2) rolling slip energy, Eμr , defined as the
total energy dissipated by rolling slip. The whole energy parti-
tions in Rolling Resistance Linear Model are summarized in
Table 1.

The rolling strain energy and rolling slip energy can be calcu-
lated as follows, respectively:
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Eμr ¼ 1
2

MT
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ð5Þ

Ekr ¼ Eμr−
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2

MT� �
o
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þMT

�
⋅Δθμrb ð6Þ

The Δθμrb can be defined as follows:

Δθμrb ¼ Δθb−Δθkb ¼ Δθb−
MT− MT

� �
o

kr

 !

ð7Þ

where the (MT)o is the rolling resistance moment at the beginning
of the time step. The adjusted relative bend-rotation increment of
Eq. (2) has been decomposed into elastic Δθkb and a slip Δθμrb
component.

The key parameters’ analysis in simulation
The final deposition is a key factor to assess the hazard’s risk. In
practical engineering, deposition is directly used as an assessment
index to analyze the geo-disaster (e.g., landslide, debris flow, and
rock avalanches). From the broadest level, deposition includes the
runout and the buried depth of geo-disaster. The main parameters
that affect the final deposition are different kinds of friction
coefficient. There are two kinds of friction coefficient in Rolling
Resistance Linear Model: friction coefficient in linear group μ,

rolling friction coefficient μr in rolling resistance group. To make
sure the main influence factor of these two friction coefficient in
the simulation of hazard deposition, several experiments are
conducted.

The experimental device displayed in Fig. 2 consists of a
0.08-m height cylinder of inner radius Ri resting on a hori-
zontal PVC (Polyvinyl chloride) plane. The tube is partially
filled with a volume V0 of mixture glass beads so as to form a
column. To make sure the reproducible initial conditions, the
tube should always be filled following the same procedure: the
glass beads are poured via a funnel onto a sieve placed above
the tube, resulting in a homogeneous downfall of grains. The
experimental procedure simply consists in quickly removing
the tube by means of a lifting system made of rope and
pulleys. After it is released, the granular column spreads on
the horizontal plane until it comes to rest and forms a
deposit. The type of granular material is quartz particle. The
mean density is 2.6 g/cm3; mean grain size is 3.0 mm. All
particle shapes are standard spheres, all the same size. Sub-
sequent numerical simulations of the models meet the same
conditions. Figure 3 (left) shows the experimental setup. Fig-
ure 3 (right) shows the side view and top view of granular
final deposition.

Several numerical experiments were conducted using the
Rolling Resistance Linear Model to confirm the relationship
between the final deposition and those two kinds of friction
coefficient. Figure 3 shows the experiments in PFC3D. Figure 3a
shows the numerical model. The size of this experimental setup

Fig. 1 The contact plane location for the two fundamental contact types: ball-ball and ball-wall

Table 1 Rolling Resistance Linear Model Energy Partitions

Model group Symbol Description

Linear group Eμ Total energy dissipated by slip

Ek Strain energy

Dashpot group Eβ Total energy dissipated by dashpots

Rolling resistance group Eμr Total energy dissipated by rolling slip

Ekr Rolling strain energy
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is as same as the previous studies in Fig. 2. Figure 3b shows the
final deposition when μ = 0.6, μr = 0.2, whereas Fig. 3c is in the
situation of μ = 0.2, μr = 0.6. The results show that the final
deposition of Fig. 3c is well accordant with the experimental
deposition.

Figure 4 shows the variation of repose angle with the changing
of rolling friction coefficient μr in the situation about two kinds of
friction coefficient μ. The results show that the repose angles are
determined by these two factors obviously. What is more, some
value of repose angle cannot achieve through single kind of fric-
tion coefficient. The proper value is determined by the joint action
of those two factors.

Problem description, geometry, and parameters
A laboratory experiment is conducted for subsequent DEMmodel-
ing to finalize in parameters for further parametric study. The
investigation into the impact forces between baffle configuration

and rock avalanche was conducted using the numerical
experiment.

Experimental model
Figure 5 shows the flume model developed to investigate rock
avalanches interacting with a single baffle. The chute is divided
to two parts. Its up-part is set to 46° while the down-part set to
10.5°. The former is 0.35-m wide, 8-m long, and the latter is 0.35-m
wide, 4-m long.

The distance between the baffle and the end of chute is
0.3 m. Rock avalanches are contained in the storage container
located at the upstream end of the flume, which has a maxi-
mum volume of 3 m3. The rock avalanches are retained by a
spring-loaded door that is secured and controlled by a magnet-
ic lock. Ten force-conductive sensors are installed around the
baffle. Force-conductive sensors are used to estimate the ava-
lanches’ impact force.

Fig. 2 Laboratory experiment. (left: scheme of the experimental setup; right: a side view of final deposition; b top view of final deposition)

Fig. 3 Numerical experiments in PFC3D. (a Initial stage; b final deposition with μ = 0.6, μr = 0.1; c final deposition with μ = 0.1, μr = 0.6)
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To gain clear insights into the complex fundamental flow
mechanism, it is imperative to explore the simplest flow cases first
by using dry granular materials. For that end, dry quartz-chips
having 6-mm mean diameter are utilized in this study. The quartz-
chips material here is the same as in the above experiment. The
impact forces are captured by nine force sensors, which are
installed at the bottom of obstacle and fixed at the deposition
plane. With these nine force sensors installed, it can be ensured
that the impact force vector from different directions can be
measured. These impact force sensors convert the impact force
signal produced by granular flow into an electrical signal based on
the resistance-strain effect. The impact area of each force sensor is
circular with an area of π × 0.032 m2; they collectively cover a total
impact area of 0.0254 m2. The sensors have a measurement range
of 0~300 kPa, with a resolution of 0.05 kPa. The radius of force
sensor is 0.03 m. The main instruments are shown in Table 2.

Validation of DEM simulation using experimental data
Three major limitations exist in the DEM analysis: (i) particle
size is approximated, (ii) only spherical particles are used,
and (iii) input parameters are difficult to determine system-
atically. Although the DEM allows the fundamental particle
motions of bouncing, falling, sliding, and rolling to be
modeled, some input parameters pertaining to these motions
are difficult to determine and quantify accurately and reliably
to ensure that input parameters and modeling techniques are
appropriate for simulating the interaction of flow against
avalanche baffles.

To determine the parameters used in the simulation experi-
ment, two major similitudes are needed for modeling the
avalanche-structure interaction: deposition similarity and impact
similarity. Deposition similarity is achieved by the comparison of
the deposition shape between the physical experiment and the

Fig. 4 Variation of repose angle vs. rolling friction coefficient, for different friction coefficient μ

Fig. 5 Flume model used to investigate rock avalanches interacting with a single baffle
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DEM simulation at different time steps. Impact similarity refers to
the comparison of the impact force between or among
experiments.

Figure 6 shows the comparison of the instantaneous deposition
between the physical experiment and computer simulation at
different time steps. At t = 1.02 s, the instantaneous deposition of
avalanches in laboratory experiments looks like an approximately
isosceles triangle; from t = 6.42 s, it becomes a butterfly-shape.
What is more, the computed analysis shows the same process of
shape-change from t = 1.20 s to t = 9.12 s.

As illustrated in Fig. 7, the measured data in each point is
higher than the calculated data. When the distance from obstacle
to chute terminal is 0 m, the measured data and calculated data
are all the peak values. What is more, the maximum impact forces
vary with the changing distance between obstacle and chute ter-
minal (distance n in Fig. 5) in both the experiments are showed in
this figure. Those of the simulation are higher than those of the
laboratory due to the fact that many gaps exist between the force-

conductive sensors to capture all the impact forces. However, both
the experiments share a similar force changing trend.

Table 3 summarizes the main material parameters identified by
the numerical experiments. Figure 6 shows that the deposition
results of simulation agree well with the experimental ones. Mean-
while, Fig. 7 shows that the trend of maximum impact force
alteration with different obstacle distance corresponds well with
experimental test results. Owing to the good match between the
numerical and experimental results, these parameters are applied
for a further study of granular avalanches.

Parametric study
A comparison between the experimental and the numerical results
indicates that the DEM experiment adopted in this study can well
simulate the laboratory experiment. The scale of a laboratory experi-
ment is typically small, and some of its elements such as particle size are
difficult to control. Therefore, it is advisable to implement a numerical
experiment for investigation of the avalanche-structure interaction.

Table 2 Instruments list in the laboratory experiments

Instruments Brand Model Parameters Pictures 

Impact force 

sensors 

DHC JF-YL

Data acquisition 

instrument 

DHC DH5902

High speed 

photography 

SVSI Gigaview

PIV TSI PIV

YL-30-0.2 Range 300 kPa, ±0.05 kPa 

DH5902

16 data channels; Input voltage: ±10 V, 

±500 mV 

Gigaview

Maximum resolution: 1280×1024; 

shutter speed: 2×10
-3 

ms–30 ms; 

Spectral range: 400 nm–1000 nm 

PIV-1.25 Sampling frequency: >100 Hz 

Fig. 6 Flow-obstacle interaction: comparison between laboratory experiment and DEM simulation. a Deposition in 1.20 s, b deposition in 4.15 s, c deposition in 6.42 s,
and d deposition in 9.12 s
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Problem geometry and numerical model
The geometric scheme adopted for this study is shown in
Fig. 8, which identifies the key parameters, including the
initial avalanche length, width, and height as well as the baffle
length, width, height, and spacing. Four rows of baffles are set

and labeled as R1–R4. The slope angle and the relative length
of each region are designated using the variables α, β, L1, L2,
and L3, respectively. The slope angle is defined relative to the
horizontal. In Table 4, numerical values are assigned to all
geometric parameters used here. Some researchers have listed
relevant data of baffle size (Mast et al. 2014) in practical
engineering designing: baffle length, baffle height, and baffle
spacing. The baffles here are composed of wall element in
PFC3D, which is not breakable after impact. In this study, we
only discuss the relationship between energy dissipation and
baffle configuration.

Table 3 Material parameters used in the numerical experiments

Name Value

Normal contact stiffness of ball (MPa/m) 90

Shear contact stiffness of ball (MPa/m) 30

Normal contact stiffness of wall (MPa/m) 90

Shear contact stiffness of wall (MPa/m) 30

Friction coefficient μ 0.20

Rolling resistance coefficient μr 0.15

Shear critical damping ratio βs 0.12

Normal critical damping ratio βn 0.12

Fig. 8 Geometry of idealized slope

Table 4 Geometrical parameters of slope and defending baffles

Description Symbol Value

Avalanche length [m] a 36.0

Avalanche width [m] b 84.0

Avalanche depth [m] c 6.0

Slope angle 1 [°] α 50.0

Slope angle 2 [°] β 20.0

Slope length 1 [m] L1 60.0

Slope length 2 [m] L2 54.0

Slope length 3 [m] L3 200.0

Horizontal baffle length [m] l = w 6.0

Vertical baffle length [m] h 6.0

Baffle spacing in x direction [m] nc 6, 9, 12

Baffle spacing in y direction [m] nr 6, 18,
30

Baffle spacing in vertical direction
(accurated to one decimal place) [m]

nv 2.1, 6.2,
10.3

Baffle spacing in horizontal direction
(accurated to one decimal place) [m]

nh 5.6,
16.9,
28.2

Fig. 7 Maximum impact force comparison between laboratory experiment and
DEM simulation
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The slope surface and the defending structure are both rep-
resented by Bwall elements^ (an element type embedded in the
PFC3D) in the DEM model. The Bwall elements^ are character-
ized by the Coulomb friction law. The wall friction for the
ground surface and storage area is set equal to the interparticle
friction angle.

The material parameters of the model are the same as those
of the comparison model described in the previous section.
Materials and particle size of the quartz-chips models here meet
the same conditions of the above experiments. Modifications of
geometric parameters are made based on the properties of
granular avalanches to realize agreement between the experi-
ment and the practical considerations. The main parameters are
presented in Table 3, while the changed ones are given in
Table 4.

Results
Figure 9 shows the schematic of Bavalanches-baffles-structure^
model. The building damage caused by rock avalanches is a dy-
namic process that can be regarded as the combined effect of
the rock avalanche’s impact, array of baffles’ energy dissipation,
and structure’s response. The array of baffles is usually set up
before the building structures. Rock avalanche’s kinetic energy

consumption will increase when passing through the baffles.
The impact force exerted on the structure reflects the capacity
of energy dissipation of an array configuration. For the simpli-
fied model, the rectangularly shaped debris flow material may
not have the same impact energy compared with the actual case;
however, this paper aimed to study the regular variation of
impact energy for qualitative analysis rather than quantitative
examination. Simplifying the model makes the analysis simpler
and easier.

There is no doubt that the impact force exerted on structure
is the crucial index that reflects the destructivity of disasters. As
the impact force exerted on the building model is a key aspect
of avalanche risk analysis, a battery of parametric studies were
conducted to unveil the regulars between the impact force and
some main parameters such as row distance, column distance,
and the number of baffle rows. In the practical engineering,
adjusting these three parameters is usually considered as a
feasible way to improve the defending-system’s energy

Table 5 The main parameters used in the parametric studies to study the impact force exerted from rock avalanches

Case number Row distance (m) Column distance (m) Baffle row’s number Corresponding figure

1 6 6 1, 2, 3, 4 Figure 14

2 6 9 1, 2, 3, 4

3 6 12 1, 2, 3, 4

4 6 6, 7, 8, 9, 10, 11, 12 2 Figure 16

5 18 6, 7, 8, 9, 10, 11, 12 2

6 30 6, 7, 8, 9, 10, 11, 12 2

7 6 6, 7, 8, 9, 10, 11, 12 3 (with case 4)

8 6 6, 7, 8, 9, 10, 11, 12 4

9 6, 12, 18, 24, 30 6 2 Figure 19

10 6, 12, 18, 24, 30 9 2

11 6, 12, 18, 24, 30 12 2

Fig. 9 BAvalanches-baffles-structure^ model. a Model of practical engineering. b
Simplified model

Fig. 10 Maximum impact force exerted on single baffle
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dissipation. For this reason, the following studies focus on these
main parameters. The variation of the main parameters is sum-
marized in Table 5.

The impact force exerted on the baffles is known to be
crucial. In addition, the lower impact force is anticipated to
exert on it in the practical engineering. Figure 10 demonstrates
the maximum impact force exerted on every single baffle after
the rock avalanches passing through these baffles when these
horizontal baffle spacing is 6 m. The maximum impact force
exerted on R1 is higher than on the following rows. Figure 11
shows the average impact force exerted on every baffle of each
row with different horizontal baffle spacing. The average im-
pact force here means the average impact force from each
baffle in every column. Impact force of each baffle is recorded

and averaged in every column respectively. Obviously, the
nearly linear change is observable in baffle column distance.
As the horizontal baffle spacing is reduced, the average impact
force exerted on baffles gets smaller.

Influence of baffle row numbers
Figure 12 shows that the energy dissipation in rock avalanches
varies with different numbers of baffle rows, with the conspicuous
indication that increasing baffle rows does enhance the capacity of
particle blocking.

Figure 13 illustrates the impact force evolution with structure
change when different row numbers are applied. The rate of force
increment rises with the decline of row numbers. Figure 14 gives a
glimpse of relationship between maximum impact force and num-
ber of baffle rows. The rate of increment about maximum force
ascends as the column spacing declines.

Fig. 11 Average impact force exerted on each baffle row with different column
distance

Fig. 12 Avalanches’ runout comparison (a–d rock avalanches flow through different
numbers of baffle rows: 4, 3, 2, and 1; e rock avalanches flow without baffles)

Fig. 13 Impact forces exerted on structure with different baffle rows and
calculation step number

Fig. 14 Maximum impact forces exerted on structure with different column
distance and numbers of baffle rows
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Influence of baffle column spacing
Figure 16 shows that the maximum impact forces exerted on
structure varies with the changing distance of baffle columns.
Maximum impact force increases as the column spacing in-
creases. What is more, the slope of line increases with the row
distance increases. Only two baffle rows (Figs. 15 and 16) are
set before the building structure because higher numbers of
baffle rows affect the maximum impact force dramatically
(Fig. 17). Figure 17 illustrates the relationship between the
baffle column spacing and the maximum impact force exerted
on structure. The interaction is apparent: the maximum impact
force goes up as the column spacing grows larger. This is
because the narrow column spacing enables the baffles to
retain more particles, thus raising the impact probability be-
tween disasters and baffles.

To explain this phenomenon, the images of velocities distri-
bution that avalanches passing through the baffles vary with
different distance of baffle column were made which is showed

in Fig. 18. Figure 18(A3) shows that the granular velocities
mainly distribute between the values 0.75 and 1 m/s. However,
Fig. 18(B3) and (C3) shows that the velocities mainly distribut-
ed between the values 1.0 and 1.5 m/s. What is more, the area
of value 1.5 m/s in Fig. 18(C3) is much larger than that of
Fig. 18(B3).

Figure 18 also shows different avalanches deposition varies
with different time steps. Figure 18(A1) shows that when t =
1.82 s, the avalanches deposition has the nearly same shape com-
paring with Fig. 18(B1) and (C1). The flow regime comparisons of
these three situations show that it will take more time steps for the
situation of column distance 6 m that avalanches reach the same
deposition results comparing to the situation column distance 9
and 12 m. It can be concluded from Fig. 16 obviously that reduce
column spacing can decrease the avalanches flow velocities
effectively.

Influence of baffle row spacing
Besides, the dense baffles configuration is known to be of strong
capability for disaster’s energy dissipation. As demonstrated by
Fig. 19, at the column distance of 6 m, the maximum impact force
exerted on structure is much greater than that at 9 or 12 m.
However, the figure also indicates that the maximum impact force
declines as the row spacing increases.

The presented result verifies that the row spacing is one of the
vital factors that affect the energy dissipation greatly. Besides the
effect of baffles, there also exist three other main channels of
energy dissipation upon avalanche movement: (1) collision be-
tween different particles, (2) friction between particles and slope
surface, and (3) friction between different particles. Increasing
the row spacing will amplify the effects of the above three. What
is more, the increment rate of energy dissipation will rise as the
column distance shortens.

To study how the avalanches kinetic changes in more details,
the velocity nephogram in Fig. 20 is made to observe the
changes when avalanches passing through the baffles.
Figure 20(A3) shows that there are small amount of rock
fragments between two baffle rows in the time steps of 6.02 s.
However, in the same time steps, there are still a number of

Fig. 15 Changing distance of baffle columns with only two baffle rows

Fig. 16 Maximum impact forces exerted on structure with different distance of
baffle columns and row spacing

Fig. 17 Maximum impact force exerted on structure with different baffle row
numbers and distance of baffle columns
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Fig. 18 Simulated rock avalanches for velocities change under different column distance conditions. (A1–A4) column distance is 6 m, (B1–B4) column distance is 9 m, and
(C1–C4) column distance is 12 m
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fragments between two baffles in the situation of row distance
30 m (Fig. 20(C3)). Figure 20(A4) shows that the velocities
distribution mainly ranges from 1.0 to 1.5 m/s at the time steps
of 9.02 s. Whereas in the Fig. 20(B4), the velocities distribution
mainly ranges from 0.5 to 0.75 m/s at the same time steps.
What is more, these values mainly range from 0.25 to 0.3 m/s in
Fig. 20(C4). As a conclusion, long row distance makes long-
lasting effective energy dissipation between avalanches and
baffles, which means have more energy dissipation than that
of short row distance.

Figure 21 shows the velocities that avalanches passing through
those two baffle rows, respectively. Velocities of each rock frag-
ment were recorded and take the average when avalanches cross-
ing baffle gaps. In this study, we make reference to the analyze
method of granular flow kinetics which proposed by Savage and
Hutter (1989). This method considers that the common expression
form of granular flow kinetics can transform into non-
dimensional expression form. Thus, despite the size effect in the
source area, granular flow in different scales can make the com-
parison through the non-dimensional expression. The dimension-
less forms of travel time and travel velocity can be written as
follows:

t* ¼ t
ffiffiffiffiffiffiffiffiffiffi
L0=g

p ð8Þ

U* ¼ U
ffiffiffiffiffiffiffi
gL0

p ð9Þ

where t∗ is the non-dimensional travel time, t is the normal form
of travel time, U∗ is the dimensionless form of travel velocity, U is
the normal form of travel velocity, g is the gravitational accelera-
tion, and L0 is the length of granular.

Figure 21a shows that the value of solid line is much higher than
that of dotted line, while the gap between two lines is decreased
along the row distance increased (Fig. 21b). When the row distance
equals 30 m (Fig. 21c), these two lines are nearly coincided with
each other. This is because that the long row distance makes the
enough gap between those two baffle rows (Fig. 20c). When the
row distance is shorter as seen in Fig. 20(A1), velocities that rock
avalanches pass through the baffle gaps are much slower than that
in Fig. 20(B1, C1). Rock avalanches can flow through those two
rows smoothly (Fig. 20(B1, C1)) when the enough distance between
two rows.

Figure 21 also indicated that the slope in (a3) is steeper than (a2)
and (a1), which means that velocity decrease rate of (a3) is higher
than that of (a2) and (a1). This phenomenon proved that increas-
ing the row distance can make more energy dissipation when
avalanches passing through baffles.

Conclusions
A series of preliminary studies and tests on rock avalanche
prevention and mitigation has been conducted, focusing on
the impact force investigation of baffle configuration on im-
pedance of rock avalanches. Laboratory experiments were
made to identify the appropriate parameters for numerical
tests. Based on the numerical verification, discrete element
analysis on rock avalanches impinging on arrays of baffles
was carried out. As impact force is a crucial index for disaster
risk analysis and engineering applications, it is introduced as
major factor to reveal the laws between rock avalanches and
baffles. Certain outcomes were discussed with particular em-
phasis on the influences of baffle row numbers, baffle column
spacing, and baffle row spacing on the impact forces exerted
on the building structure with different arrays of baffles. The
study has confirmed that all the three factors have apparent
effects on the building structure impact. Increasing the baffle
row numbers will enhance the capacity of energy dissipation
effectively. However, in the case of fixed baffle row numbers,
changing the baffle spacing is another effective method to
amplify the efficiency of energy dissipation. In addition to
the common consensus that raising the baffle density makes
high efficiency, the present study verifies that broadening the
baffle row spacing reduces the impact force on building
structure. This is because—beside the effect of baffles—three
other main channels of energy dissipation exist: upon ava-
lanche movement, (1) collision between different particles, (2)
friction between particles and slope surface, and (3) friction
between different particles. Hence, it is advisable to consider
all these factors in the practical engineering design of baffle
configuration.

Fig. 19 Maximum impact forces exerted on structure with different distance of
baffle rows and column spacing
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Fig. 20 Simulated rock avalanches for velocities change under different row distance conditions. (A1–A4) row distance is 6 m, (B1–B4) row distance is 18 m, and (C1–C4)
row distance is 30 m
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