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ABSTRACT 

A validated Coupled Eulerian-Lagrangian technique was used to study the impedance effect of baffle piles on granular behavior. 
This study focuses on the impact force acting on the rigid barrier and the baffle piles, the arrival time of the granular flow to the 
rigid barrier, and the variation of kinetic energy during the flow. The position of the baffle piles along the slope, the angle of the 
slope, and the shape of the baffle piles were considered in the study. Based on the results, it was found that the baffle piles can 
significantly reduce the impact force acting on the rigid barrier and delay the arrival time of the granular flow to the rigid barrier. 
It is also shown that the impedance effect of baffle piles increases with increasing the angle of the slope; however, on steep slopes, 
the baffle pile should be carefully considered so that the granular material does not fly and hit the rigid barrier directly. Finally, 
circular baffle piles have been shown to absorb less impact force. 
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1.  INTRODUCTION 
Granular flows, such as debris flows and rock avalanches, are 

among the most devastating geohazards and can pose a significant 
threat to infrastructure, assets, and life. To reduce the risk posed 
by granular flows, it is important to design effective structural mit-
igation measures such as check dams (Jeong and Lee 2019; Lee et 
al. 2019), flexible barriers (Kwan et al. 2019; Siyou et al. 2020), 
curved barriers (Choi et al. 2017), and baffle piles (Li et al. 2020). 
Check dams, flexible barriers, and curved barriers are generally 
classified as catching structures, and baffle piles are classified as 
retarding structures. In general, these structural mitigation 
measures dissipate the kinetic energy of the granular flow and 
change the direction of the flow. 

The catching structure is an effective means of retaining gran-
ular flows and resisting impacts along the flow path. However, this 
type of structure is expensive for large applications, and high-
speed, large-scale granular flows can overcome the catching struc-
ture (Jianbo et al. 2020; Li et al. 2020). In contrast, retarding struc-
tures, in particular arrays of baffle piles, are effective in dissipating 
the kinetic energy of granular flow and are rather adaptive. As a 
result, arrays of baffle piles have recently become a more widely 
used structural mitigation measure (Bi et al. 2018; Li et al. 2020). 

A practical design for an array of baffle piles relies on the 
impact force evaluation of granular flow. Consequently, research-
ers have developed small- to full-scale experimental tests (Ng et 

al. 2012; Ng et al. 2014; Jianbo et al. 2020) and conducted numer-
ical analyses (Mast et al. 2014; Choi and Law 2015; Bi et al. 2018, 
2019; Li et al. 2020) to thoroughly study the impact mechanism, 
the layout of baffle piles, and the kinetic behaviors of granular 
flow. For example, Jianbo et al. (2020) conducted small-scale la-
boratory experiments on granular flow, identifying the impedance 
effects of the distance between the baffle piles and the foot of the 
slopes. Li et al. (2020) investigated the influence of baffle piles on 
the debris flow of real landslides and found that the geometry and 
arrangement of baffle piles had significant effects on the move-
ment and deposition of debris. Using the flume tests and numerical 
discrete element analyses (DEA), Choi and Law (2015) studied the 
optimal configuration of the baffle arrays for landslide debris. Bi 
et al. (2018) conducted a series of DEA to investigate the effect of 
a combined baffle avalanche wall system on the kinetic impedance 
of rock avalanches. 

The main issues from the previous research so far include: 1. 
The maximum impact force generally increases with steeper 
slopes (Moriguchi et al. 2009; Lin et al. 2020); however, few stud-
ies have focused on the effect of slope angles. 2. Baffle piles in-
stalled upstream to reduce the impact acting on the barrier have 
not been well studied (Cosenza et al. 2006; Ng et al. 2015). 3. Most 
of the baffle piles were rectangular (Choi and Law 2014, 2015; Ng 
et al. 2014, 2015; Bi et al. 2019; Li et al. 2020); however, Shen et 
al. (2018), Wang et al. (2018), and Huang et al. (2021) show that 
the use of rectangular baffle piles may lead to poorer performance 
in terms of the destruction potential. Consequently, the above-
mentioned issues can be addressed to enhance the effect of baffle 
piles. 

Small- to full-scale experimental tests can reveal more realis-
tic kinetic behaviors of granular flow via advanced experimental 
measurements (Crosta et al. 2009; Song et al. 2017; Lin et al. 
2020; Luong et al. 2020). Nevertheless, the scale effect and sam-
pling can complicate the acquisition of representative results using 
experimental tests. Advanced numerical and large deformation 
analysis techniques, such as the smoothed particle hydrodynamics 
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(SPH) method, the material-point-method (MPM), and the discrete 
element method (DEM), have been developed, and their capability 
in modeling the debris flows has been demonstrated (Chen and Qiu 
2012; Mast et al. 2014; Choi and Law 2015; Bi et al. 2018; Neto 
and Borja 2018; Li et al. 2020; Nguyen et al. 2020; Nguyen et al. 
2022). However, SPH and MPM techniques are not capable of 
reaching the accuracy achieved by finite element analysis (Chen 
and Lee 2004; Lee and Jeong 2018; Jeong and Lee 2019), and 
DEM would require calibrations of the micro-parameters given 
that these parameters may not be easily obtained from experi-
mental studies (Coetzee 2017; Zhang et al. 2018). DEM may be 
more applicable to small-scale simulations due to the computation 
cost (Fei et al. 2020). Recently, the coupled Eulerian-Lagrangian 
(CEL) technique has been proved to be able to estimate the behav-
ior of granular flow and fluid-solid interactions (Lee and Jeong 
2018; Jeong and Lee 2019; Lee et al. 2019; Troncone et al. 2019; 
Lin et al. 2020). The use of the CEL technique does not require 
calibration of the micro-parameters of the material because the 
macro-parameters can be adopted. 

In this study, a CEL technique is used to investigate the im-
pedance effect of the impact force acting on the rigid barrier and 
baffle piles, the arrival time of the granular flow to the rigid barrier, 
and the variations in kinetic energy under various conditions were 
evaluated. The findings are expected to help improve the design of 
baffle piles. 

2. CALCULATION PROCEDURE OF THE 
COUPLED EULERIAN-LAGRANGIAN  
(CEL) TECHNIQUE 

The calculation procedure for the coupled Eulerian-Lagran-
gian technique was based on ABAQUS/Explicit (Hibbitt et al. 
2019). Details pertaining to the calculation procedure of the CEL 
technique and the governing equation between the Lagrangian and 
Eulerian formulations can be found in the literature (Hibbitt et al. 
2019; Hsu 2019; Lin et al. 2020). In this paper, only a brief intro-
duction is presented. 

For the calculation procedure, the mass, momentum, and en-
ergy conservation equation in Lagrangian form can be presented as: 

0d v
dt
ρ + ρ∇ ⋅ =    (1) 

dv b
dt

ρ = ∇ ⋅σ + ρ    (2) 

:de D
dt

= σ     (3) 

where ρ is the material density, v is the material velocity, b is body 
force, e is the internal energy per unit volume, σ is the Cauchy 
stress, and D is the strain rate. In an Eulerian field y(x, t), which is 
a tensor field with spatial coordinates x and time t, the total change 
rate of y(x, t) is calculated based on the chain rule: 

( , ) ( , ) [ ( , )]dy x t y x t v y x t
dt t

∂= + ⋅ ∇
∂

  (4) 

Equations (1)-(3), which are the employed Lagrangian formula-
tions, can be converted to Eulerian formulation by applying Eq. (4). 

( ) 0v
t

∂ρ + ∇ ⋅ ρ =
∂

   (5) 

( )v v v b
t

∂ρ + ∇ ⋅ ρ ⊗ = ∇ ⋅σ + ρ
∂

  (6) 

( ) :e ev D
t

∂ + ∇ ⋅ = σ
∂

   (7) 

Following Eqs. (5)-(7), the Eulerian formulation would lead 
to a general conservation form as follows: 

y S
t

∂ + ∇ ⋅φ =
∂

  (8) 

where φ is the flux function and S is the source term. 
The calculation procedure solves Eq. (8) by dividing it into 

Eqs. (9) and (10): 

y S
t

∂ =
∂

  (9) 

0y
t

∂ + ∇ ⋅φ =
∂

  (10) 

where Eqs. (9) and (10) are referred to as the Lagrangian and Eu-
lerian steps, respectively. 

The calculation procedure for the CEL technique is shown in 
Fig. 1. The mesh undergoing the deformation in the Lagrangian 
step is reshaped to the original regular mesh in the Eulerian step. 
A discrete field was created using the volume fraction tool based 
on the Eulerian part. The reference part with the Eulerian part can 
be determined as the volume ratio, which is based on the Eulerian 
volume fraction (EVF) of each element. Each element in the Eu-
lerian part has a representative percentage of the region occupied 
by a specified material. Material-free and material-filled element 
areas are represented by 0 and 1, respectively. During each com-
putation step of CEL analysis, the material and all the field varia-
bles are stored in the nodes and mapped onto the computational 
mesh (steps 1-2). The unknown field variables are then calculated 
by Lagrangian formulation, and the resulting acceleration, velocity, 
and displacement stored in each node are updated (step 3). 

Additionally, strains and stresses are estimated by the consti-
tutive model adopted in the analysis. The positions of the nodes 
are also updated after a mesh adjustment (step 4). The materials 
can flow freely in the spatially fixed discrete meshes without re-
sistance until the element is filled with material. In the Eulerian 
step, the deformed mesh is remapped to the original regular mesh, 
and the material volume transportation between adjacent elements 
is calculated by the volume fraction tool (step 5). Finally, the en-
ergy, momentum, stress, and strain calculated in the Lagrangian 
step are adjusted accordingly to the material flow between adja-
cent elements (step 6). 

Automatic time incrementation was adopted in this study to 
control the out-of-balance force at the node during the CEL calcu-
lation. The automatic time incrementation scheme provides a sta-
bility limit for the time increment of each computation step ac-
cording to the current dilatational wave speed in each element and 
the highest element frequency in the whole model. All the faces of 
the box are fixed in all directions (X, Y, and Z directions), as 
shown in Fig. 2.  
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Fig. 1 The calculation proced of the CEL technique (after Lin et 
al. 2020) 

 

Fig. 2  Schematic of the CEL model 

In this study, the default general contact model, based on the 
penalty contact algorithm, was applied to simulate the Eulerian-
Lagrangian contact behaviors. The penalty contact algorithm au-
tomatically computes and tracks the interface between the Lagran-
gian structure and the Eulerian materials during the simulation. 
The contact force, Fp, between Eulerian and Lagrangian elements 
can be determined by the following equation: 

 
Fig. 3 Comparison of free surface configurations for the flowing 

sand between experimental results (red dot line) and CEL 
simulations (adopted from Lin et al. 2020) 

Fp = kp dp    (11) 

where kp is the penalty stiffness, which depends on the material 
properties of the interactive elements and dp is the penetration dis-
tance. 

3.  MODEL VALIDATION 

CEL modeling was validated against data from small-scale 
laboratory tests (sandbox model) conducted by Moriguchi et al. 
(2009), which were widely adopted to validate the granular flow-
structure interaction and consequent impact force (Crosta et al. 
2009; Lee and Jeong 2018). The dimensions of the sandbox model 
were 1.4 × 4 × 0.2 m (height, length, and width, respectively). The 
granular material with a length of 0.5 m, a height of 0.3 m, and a 
width of 0.2 and a barrier with a length of 0.7 m, a height of 3 m, 
and a width of 0.2 m were placed on the right side of the sandbox 
and 1.8 m in front of the granular material, respectively.  

The Eulerian domain was fixed and larger than the sandbox 
model, with each dimension extended by 0.05 m. Only granular 
material was assigned to the Eulerian mesh to allow the granular 
media to flow through the Eulerian elements during the analysis. 
The granular material (flow mobility) was characterized by the 
equations of state (EOS) and the Bingham plastic model, which 
were used to describe the hydrodynamic and non-Newtonian fluid 
behavior, respectively. Details for the validation of the CEL tech-
nique can also be referred to our previous work (Lin et al. 2020). 
Table 1 shows the input parameters for the granular material. 

Sandbox, rigid barrier, and baffle piles were defined as rigid 
bodies based on the Lagrangian mesh. The Eulerian mesh of 0.012 
m was obtained from a series of mesh convergence studies. The 
results of the validation were compared to the measurement pre-
sented by Moriguchi et al. (2009). The results show generally good 
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Table 1 Input parameters for the granular material used in this 
study (after Lin et al. 2020) 

 ρ 
(kg/m3) 

EOS, Us-Up Herschel-Bulkley model

C0  
(m/s) 

S γ η  
(Pa･s) 

σ0 
(Pa)

k n

Granular material 1379 100 0 0 100 3000 4 1

Note: ρ is material density; C0 is the bulk speed of sound; S is a linear Hugoniot 
slope coefficient(dUs/dUp); γ is Grüneisen’s gamma at the reference 
state; Us is the shock wave velocity; Up is the particle velocity; η is vis-
cosity; σ0 is yield stress; k and n are the flow consistency and the flow 
behavior index in the power-law regime, respectively. 

agreement between the numerical results and the measurements of 
the free surface configuration for the flowing granular material 
(see Fig. 3) and impact forces (see Table 2). 

Table 2 Numerical results for the impact force exerted on a rigid 
barrier (after Lin et al. 2020) 

Slope angle 
(°) 

Peak impact force Stable impact force
Experiment 

(N) 
CEL 
(N) 

Dimpact 
(%) 

Experiment 
(N) 

CEL 
(N) 

Dimpact 
(%)

45 193.8 213.1 10.0 187.7 187.6 − 0.1
50 200.8 250.3 24.7 177.9 213.1 19.8
55 268.7 306.7 14.1 161.5 189.0 17.0
60 404.6 405.3 0.2 183.5 195.2 6.4
65 501.1 501.1 0 180.8 170.3 − 5.8

4.  DESIGN OF THE CEL MODELS 

The CEL models in this study mainly consist of four parts: 
sandbox, granular material, baffle piles, and rigid barrier (Fig. 2). 
The sandbox is 3.1 m in length, 1.4 m in height, and 0.3 in width. 
The slope angles (inclinations) considered were 45°, 55°, and 65°. 
The granular material, with a length of 0.5 m, a height of 0.3 m, 
and a width of 0.3 m, was placed on the right side of the sandbox 
model. The granular material flow in the sandbox under different 
slope angles was simulated by applying different gravity compo-
nents. A rigid barrier with a length of 0.1 m, a height of 0.3 m, and 
a width of 0.3 m was placed in front of the granular material at a 
distance of 1.8 m. 

Rectangular and circular baffle piles were considered in the 
analysis. The rectangular and circular baffle piles were set to have 
the same volume. Considering the size of the sandbox, the dimen-
sions of the rectangular baffle piles were set to be 0.03 m in length, 
0.03 m in width, and 0.2 m in height, and the circular baffle piles 

were set to be 0.01693 m in radius and 0.2 m in height. 
Various positions of the baffle piles along the slope were nor-

malized, namely the ratio of travel distance of granular material to 
baffle piles (Lb) and to the rigid barrier (Lr). The following values 
of Lb/Lr are considered: 0.01, 0.16, 0.28, 0.43, 0.58, 0.63, 0.7, and 
0.73. Three layouts, named layouts A, B, and C, were designed as 
shown in Fig. 4. where different rows of baffle piles were installed. 
In this study, up to two rows of baffle piles are considered. The 
spacings between consecutive rows and neighboring baffles were 
0.21 m and 0.07 m, respectively. The height of the baffle piles and 
the spacing between successive rows and neighboring rows fol-
lowed Choi and Law (2015), who examined the optimal geomet-
rical configuration of baffle piles.  

The Froude number (Fr) has been identified as a key parame-
ter for scaling the impact of granular flow on structures and can be 
used to achieve dynamic similarity (Hübl et al. 2009; Choi and 
Law 2015). Fr is expressed as follows:  

r
vF
gH

=    (12) 

where v is the frontal velocity before impact, g is the gravity, and 
H is the approach flow depth. The estimated Froude numbers of 
the model ranged from 1.353 to 3.809, which can be characterized 
as granular flows (Hübl et al. 2009). 

The Eulerian domain was 0.05 m larger than the sandbox 
model in each dimension. The same Eulerian mesh of 0.012 m 
used in the validation was adopted for investigating the impedance 
effect of baffle piles on granular flow behavior. Granular material 
was the only object assigned to the Eulerian mesh to allow the 
granular media to flow through the Eulerian elements during the 
analysis, while the other objects, including sandbox, rigid barrier, 
and baffle piles were defined as rigid bodies based on the Lagran-
gian mesh. The input parameters for the granular material were the 
same as those used in the validation, as shown in Table 1. 

In this study, one parameter was deviated from the baseline 
case to investigate the influence of the specific factors (e.g., baffle 
pile’s positions). The details of the investigated factors are listed 
in Table 3. 

Table 3  Factors used in parametric studies 

Specific factors Values / Shapes 
Baffle pile’s position along  

the slope (m)
0.01, 0.16, 0.28, 0.43*,  

0.58, 0.63, 0.7, 0.73
Slope angle (°) 45*, 55, 65 

Baffle pile geometry rectangular*, circular 
*  Baseline case 

 
Layout A                                 Layout B                                  Layout C 

Fig. 4  Baffle piles layout and dimensions
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5.  RESULTS AND DISCUSSION 

Figure 5 shows the observed free-surface configuration when 
interacting with the structures on the baseline case at different 
times. The granular column failed due to the static load and moved 
downwards. Based on the analysis, several stages can be distin-
guished. The granular material spread along and reached the baffle 
piles and impacted the first row of the baffle piles at approximately 
0.53 s. On impact, three granular jets formed from the front of the 
granular and were discharged from space into the first row of the 
baffle piles. At 0.80 s, the granular jets from the center hit the sec-
ond row of the baffle piles. The forward granular flow passed 
through the second row of the baffle piles and split into four gran-
ular jets at 1.3 s. The granular flow continued to flow downward 
and collided with a rigid barrier at 2.31 s. The materials gradually 
slowed down uniformly and settled in front of the barrier after 3.75 
s. The granular flow flew the rigid barrier can also be observed in 
the last stage. The maximum velocity of the whole process was 
about 2.683 m/s. 

Key findings for the impedance effect of the baffle piles on 
granular flow are discussed in the following sections. 

5.1  Impedance Effect of Baffle Pile’s Position Along the 
Slope 

Figure 6 shows the evolution of the impact force acting on the 
rigid barrier at different positions of the baffle piles along the slope 
and without the baffle piles. As can be seen, the baffle piles can 

significantly reduce the impact force acting on the rigid barrier; 
the reduction of impact force was up to 38%. Installing the baffle 
piles in different positions resulted in a difference in the arrival 
time of granular flow to the rigid barrier. The closer the baffle piles 
to the downstream, the less arrival time was required for the gran-
ular flow. However, the baffle piles can help delay the arrival time, 
the residual acting force in the case of no baffle piles is much lower 
than in the case of baffle piles. Reasonably, higher velocity oc-
curred in the case of no baffle piles, resulting in more overflow of 
granular materials. 

The maximum impact force exerted on the rigid barrier in the 
various baffle pile’s positions along the slope is shown in Fig. 7. 
The results showed that the impedance effect of the baffle pile’s 
position along the slope can be separated into two types. When 
Lb/Lr > 0.58, the maximum impact force drastically increased. This 
may be because the baffle piles are so close to the rigid barrier that 
the impedance effect is not fully developed. The results from Fig. 
6 also showed that when Lb/Lr > 0.58, the impact force exerted on 
the rigid barrier increased more rapidly. These results demon-
strated that the baffle piles installation near the downstream (Lb/Lr 
> 0.58) should be avoided. A transition point in maximum impact 
force exerted on the rigid barrier can be found at Lb/Lr < 0.58. The 
maximum impact force exerted on the rigid barrier happened when 
the baffle piles were installed in the range of Lb/Lr = 0.15-0.25, 
while the minimum impact force exerted on the rigid barrier was 
observed when Lb/Lr = 0.58, suggesting that the installing the baf-
fle under Lb/Lr = 0.58 may lead to the least impact to the down-
stream. 

  
Fig. 5  The observed free-surface configuration during interaction with structures on the baseline case at different time instants
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Fig. 6  The evolution of the impact force exerted on the rigid bar-

rier in multiple baffle piles' positions and without baffle 
piles 

 
Fig. 7  The maximum impact force exerted on each baffle pile 

To evaluate the destructive potential of the baffle piles in-
stalled at different positions along the slope in association with 
construction costs, the maximum impact force exerted on each baf-
fle pile during the entire process is shown in Fig. 8. A similar max-
imum impact force of the baffle piles, regardless of the baffle 
pile’s positions (locations), can be found, except for Lb/Lr = 0.01. 
This may be because the distance between baffle piles and granular 
material is too close, resulting in the velocity of the granular ma-
terial hasn’t been developed before impacting the baffle piles. Alt-
hough a lower velocity is observed when the granular flow hits the 
baffle piles at a higher position, most of the granular materials hit 
the baffle piles simultaneously (see Fig. 9(a)), leading to a larger 
impact force. On the other hand, although a higher velocity was 
observed in the middle position when the granular flow first im-
pacted the baffle piles, less material collided with the baffle piles, 
as shown in Fig. 9(b).  

The impact force of different layouts (Layouts A–C) on a 
rigid barrier in different positions was also investigated, as shown 
in Fig. 10. It can be observed that using two rows of baffle piles 
always induces the smallest impact force and can delay the time to 
reach the maximum impact force compared with only using one 
row of baffle piles. The impact forces of layouts B and C are only 
slightly different from each other, except for Layout C in the 

downslope (Lb/Lr > 0.58). This difference may be caused by the 
fact that the baffle piles in Layout C under Lb/Lr > 0.58 are too 
close to the rigid barrier, and therefore the granular flow buried the 
baffle piles before hitting the rigid barrier. The results demonstrate 
that a minimum distance is required between the downstream and 
the baffle piles for the effect of the baffle piles to be fully devel-
oped. 

The kinetic energy changes obtained from the CEL analyses, 
considering different baffle pile’s positions along the slope and a 
case without baffle piles, were monitored and shown in Fig. 11. 
The kinetic energy changes in CEL are obtained by the following 
formulation: 

1
2K VE v v dV= ρ ⋅   (13) 

 
Fig. 8  The maximum impact force exerted on each baffle pile 

during the entire process (baffle pile’s positions effects) 
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(a) Lb/Lr = 0.16 

 
(b) Lb/Lr = 0.43 

Fig. 9  Simulated free surface configuration 

 
(a) Model with Layout A 

 
(b) Model with Layout B 

 
(c) Model with Layout C 

Fig. 10 The impact force of rigid barrier, models with different 
baffle pile layouts, and installation positions  

 

Fig. 11 T.he kinetic energy changes in different baffle pile’s po-
sitions along the slope and in a case without baffle piles 

where EK is the kinetic energy, ρ is the material density, and v is 
the velocity vector. 

When the velocity of the granular flow speeded up due to 
gravity, the kinetic energy increased. Then, the kinetic energy dis-
sipated significantly when the granular flow collided with the 
structures. It is evident that when the baffle piles were installed 
upstream, namely smaller Lb/Lr, a greater dissipation would occur, 
resulting in lower mobility of the granular flow. This can also be 
explained by the fact that, with the smaller Lb/Lr, slower develop-
ment of the impact on the rigid barrier would be induced. By in-
stalling the baffle piles under Lb/Lr = 0.73, 30.9% kinetic energy 
dissipation is observed. An additional 38.2% kinetic energy dissi-
pation was observed when the baffle piles were moved from 0.73 
to 0.28. 

5.2  Slope Angle on Impedance Effect 

Figure 12 shows the evolution of the impact force exerted on 
the rigid barrier at different slope angles. The results show that the 
baffle piles present a good impedance ability under different slope 
angles. The maximum impact force was drastically reduced if the 
baffle piles were installed. With the inclusion of baffle piles, the 
cases with slope angles of 45°, 55°, and 65° experienced reduc-
tions in the maximum impact force of 34.6%, 55.0%, and 28.9%, 
respectively. A better impedance performance was observed at 
steeper slope angles; however, the maximum reduction did not oc-
cur at a slope angle of 65°. This can be explained by the following 
phenomenon: when the slope angle was 65°, the granular flow 
flew and hit the rigid barrier directly after it passed the second row 
of the baffle piles (Fig. 13(a)). On the other hand, when the slope 
angle was 55°, the granular flow continued to interact with the 
slope after passing the second row of the baffle piles, resulting in 
more energy dissipation before the granular flow collided with the 
rigid barrier, as shown in Fig. 13(b). 

To further investigate the phenomenon observed for a slope 
angle of 65°, the baffle piles installed under Lb/Lr = 0.16 with dif-
ferent slope angles were also analyzed. Figure 14 shows the evo-
lution of the impact force exerted on the rigid barrier at the higher 
position along the slope (Lb/Lr = 0.16) at three different slope an-
gles. The results indicate that installing the baffle piles can help 
reduce the impact force exerted on the rigid barrier, by 33.72% at 
45° and 55.88% at 65°. Based on the results, to maximize the im-
pedance effect of the baffle piles, the baffle pile should be  
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(a) Slope angle = 45° 

 
(b) Slope angle = 55° 

 
(c) Slope angle = 65° 

Fig. 12 The evolution of the impact force exerted on the rigid 
barrier at different slope angles 

 
Fig. 13  Simulated free surface configuration 

 
(a) Slope angle = 45° 

 
(b) Slope angle = 55° 

 
(c) Slope angle = 65° 

Fig. 14 The evolution of the impact force exerted on the rigid bar-
rier at different slope angles 

carefully considered at a steeper slope angle. Additionally, the ar-
rival time can be delayed by installing the baffle piles; however, 
this effect becomes less significant if the slope angle is increased. 
This is because under a steeper slope angle, although the baffle 
piles reduced the kinetic energy, the higher mobility of the granu-
lar flows remained. 

Figure 15 shows the maximum impact force acting on each 
baffle pile during the flow process at different slope angles. It can 
be seen that, overall, the maximum force acting on the baffle piles 
increased as the slope angle increased. Notably, the results indicate 
that, although a better impedance effect was found at steeper 
slopes, stronger baffle piles are required to prevent destruction. 
Note that the baffle piles were defined as rigid bodies in this study, 
and the failure condition of the baffle piles was not considered 
herein. 

The kinetic energy changes in the cases with and without baf-
fle piles under three different slope angles were also monitored and 
shown in Fig. 16. It can be seen that a steeper slope angle resulted 
in a higher maximum kinetic energy and a higher kinetic energy 
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(a) Slope angle = 45°              (b) Slope angle = 55° 

 
(c) Slope angle = 65° 

Fig. 15 The maximum impact force exerted on each baffle pile 
under different slope angles 

dissipation rate. When the baffle piles were installed, significant 
kinetic energy dissipation was observed under various slope angles. 
The results indicate that the presence of the baffle piles helps to 
dissipate the kinetic energy, so the granular flows decelerated. 

5.3  Shape of Baffle Pile on Impedance Effect 

Figure 17 illustrates the evolution of the impact force exerted 
on the rigid barrier under the different shapes of baffle piles. Sim-
ilar maximum impact force exerted on the rigid barrier and the ar-
rival time of the granular flow to the rigid barrier were found for 
the circular and rectangular baffle piles. 

The maximum impact force exerted on each baffle pile under 
different baffle pile geometries is shown in Fig. 18. It can be seen 
that, overall, the circular baffle piles resulted in a smaller maxi-
mum impact force being exerted on each baffle pile compared to 
the rectangular baffle piles. This may be due to the structural ge-
ometry, as discussed by Shen et al. (2018), Wang et al. (2018), and 
Huang et al. (2021). The structural geometry influences the kinet-
ics of granular flows. Since the impact force was exerted on the 
baffle piles, the impact force can be evenly distributed to each part 
of the baffle piles, leading to a smaller impact force when the cir-
cular baffle piles were installed. Also, the kinetic energy dissipa-
tion showed little difference between the circular and rectangular 
baffle piles (Fig. 19). 

 
(a) Slope angle = 45°                            (b) Slope angle = 55°                           (c) Slope angle = 65° 

Fig. 16  The kinetic energy changes in the cases with and without baffle piles under different slope angles 

                   
Fig. 17 The evolution of the impact force exerted on the rigid         Fig. 18 The maximum impact force exerted on each baffle pile 

barrier under different baffle pile geometries  under different baffle pile geometries  
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Fig. 19 The kinetic energy changes in the cases with and without 

baffle piles under different baffle pile geometries 

6.  LIMITATIONS 

Some limitations of the current study are worth noting. First, 
the sandbox, rigid barrier, and baffle piles were defined as rigid 
bodies based on the Lagrangian mesh with ideal conditions. How-
ever, the rigid barriers and baffle piles may behave elastically or 
plastically. This may have some effect on the impact behaviors. 
Second, this study focused on channelized granular flows, which 
can be classified as one of the most hazardous landslide processes 
(Jakob and Weatherly 2003). The results may not be applicable to 
other types of granular flow. Finally, the CEL technique primarily 
considers mesoscale and granular flows, and collision features be-
tween particles may not be described. These limitations could be 
considered and discussed in future studies. 

7.  CONCLUSIONS 

In this study, the CEL technique was used to investigate the 
impedance effect of baffle piles in various positions, geometries, 
and slope angles. This study focused on changes in the impact 
force acting on the rigid barrier and baffle piles, the time it takes 
for the granular flow to reach the rigid barrier, and the kinetic en-
ergy during the flow. Based on the results, the following conclu-
sions can be drawn: 

 1. The baffle piles can significantly reduce the impact force on 
the rigid barrier and can delay the time for the granular flow 
to reach the rigid barrier.  

 2. Two types of impedance effects of the baffle pile’s position 
along the slope can be bisected at a normalized distance of 
Lb/Lr = 0.58. Installing baffle piles beyond the normalized 
distance should be avoided. 

 3. If the baffle piles were too close to the rigid barrier, the effect 
of the baffle piles may not be fully realized. The smaller Lb/Lr 
would lead to the greater dissipation of kinetic energy. 

 4. Better impedance performance was observed at steeper 
slopes. However, stronger baffle piles are needed to prevent 
destruction. The flew problem should be carefully considered, 
especially at steeper slope angles. 

 5. Similar maximum impact forces exerted on the rigid barrier 
and the arrival time for the granular flow to reach the rigid 
barrier were found for circular and rectangular baffle piles. In 

general, the results showed that the maximum impact force 
for each baffle pile was lower when circular baffle piles were 
used. 
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