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In studies on the impact forces of debris flow boulders, most scholars simplify 
boulders as spheres, thereby neglecting the influence of their irregular shapes. 
Therefore, this study adopts a coupled SPH-FEM method to establish a 
numerical flume model for investigating the impact of irregular boulders in 
debris flows on check dams. The validity of this method is verified through field 
flume tests. Systematic simulations are conducted to analyze the interactions 
among the slurry, single boulders, multiple boulders, and check dams. The 
results indicate that with the increase in slope gradient and boulder mass, 
the boulder impact forces increase significantly, while the buffering effect 
of the slurry gradually weakens. During the movement of multiple boulders, 
collisions and energy exchange between boulders lead to a reduction in 
their impact forces compared to those of single boulders. Specifically, in the 
movement of single and multiple boulders, the peak impact force of Boulder 1 
decreases by approximately 12.97%–27.50%, and that of Boulder 2 decreases by 
about 14.60%–30.87%. The research findings provide a theoretical basis for the 
dynamic response analysis of rigid check dams and the design of engineering 
protection under debris flow hazard conditions.
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 1 Introduction

Debris flow is a gravity-driven multiphase flow commonly occurring in mountain 
gullies, often triggered by earthquakes and rainfall. It is characterized by high velocity, 
intense mobility, strong destructive power, and unpredictability, capable of transporting 
boulders (Schöffl et al., 2023; Yongjie et al., 2024). The boulders entrained in debris 
flows can generate destructive impact forces on rigid check dams (Song et al., 2018; 
Shen et al., 2018; Zhao et al., 2020; Ng et al., 2021; Luo et al., 2022). Therefore, the 
impact of these boulders must be considered in the design of rigid check dams. To 
investigate the fluid-particle-structure interaction, current methodologies are generally 
categorized into three types: semi-empirical analytical methods, experimental methods, 
and numerical simulation methods (Liu et al., 2021). Research shows that semi-empirical 
analytical methods for calculating debris flow impact forces primarily fall into two
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categories. One category focuses on the fluid phase, with the 
hydrostatic model, hydrodynamic model, and mixed model 
being primarily adopted (Vagnon, 2020), where the empirical 
coefficients in these formulas vary depending on the factors 
considered. The other category addresses the impact forces exerted 
by boulders in debris flows, primarily adopting the impulse 
method, energy method, and Hertz contact theory, with simplified 
impact force formulas based on Hertz contact theory being 
predominant (He et al., 2016).

In recent years, numerous scholars have conducted extensive 
flume experiments to study the impact of large boulders in 
debris flows. Wang et al. (2019) performed large-scale laboratory 
tests, and the experimental results showed that large boulders 
entrained in debris flows often lead to peak impact pressures. 
Wendeler et al. (2019) combined laboratory tests with full-scale field 
test results to establish a debris flow load model for flexible barrier 
structures in mountain torrents, providing a basis for barrier design. 
Ng et al. (2021) compared the impact dynamics of debris flows 
with and without large boulders on rigid barriers through large-
scale flume tests, proposing a new estimation equation for the load 
reduction coefficient Kc considering this buffering effect. Lam and 
Wong (2021) analyzed the impact mechanism and dynamic earth 
pressure coefficient of bouldery debris flows on reinforced concrete 
barriers using a 28-m-long flume. Kim and Yune (2025) investigated 
the influence of arrays of cylindrical baffles in front of a rigid barrier, 
with different transverse blockage ratios and numbers of rows, on 
the flow characteristics, dynamic impact force, and boulder travel 
distance of debris flows containing large boulders through small-
scale flume experiments. Wang et al. (2025) explored the influence of 
boulder size and debris flow density on boulder movement through 
flume experiments.

With the rapid development of computer technology, numerical 
simulation has become a powerful analytical tool widely used 
in various fields. In the numerical simulation of debris flow 
fluids, an increasing number of researchers are using numerical 
methods to analyze the flow characteristics, impact forces, and 
environmental effects of debris flows. For the numerical simulation 
of debris flows, methods for the fluid domain mainly include mesh-
based and particle-based approaches (Jia et al., 2023). Traditional 
mesh-based methods, such as the Finite Volume Method (FVM) 
(Mao et al., 2020), have been widely employed in debris flow 
simulations. For example, Li and Zhao (2018) proposed a debris 
flow simulation method combining Computational Fluid Dynamics 
(CFD) and the Discrete Element Method (DEM). However, under 
conditions of extreme deformation, these mesh-based methods used 
in such studies can encounter numerous numerical difficulties (such 
as severe mesh tangling, distortion, and degradation). Although 
accuracy and stability can be improved through remeshing 
(Khayyer et al., 2019), this also increases computational difficulty 
and reduces efficiency (Huaqing et al., 2022). To overcome this 
issue, Smoothed Particle Hydrodynamics (SPH) provides a more 
flexible solution within the Lagrangian framework, successfully 
avoiding mesh dependency issues. SPH is a meshless Lagrangian 
particle method that discretizes the fluid using particles and 
approximates the governing equations using kernel functions, 
making it highly suitable for simulating free-surface flows, large 
deformations, and complex boundary problems. Due to its 
ability to approximate mathematical equations through particle 

interactions, SPH has become an effective analytical tool for solving 
complex fluid mechanics problems and is widely applied across 
various engineering fields, demonstrating significant advantages, 
particularly in simulating complex fluid dynamic behaviors. 
Numerous researchers (Zhang et al. (2011); Wang (2012)), Hu et al 
(2015) have applied the coupled SPH-FEM method in the field of 
impact dynamics. Law et al. (2018) and Liu et al. (2019) applied 
the SPH method to simulate the fluid flow behavior of debris 
flows and achieved promising results. Xiong et al. (2023) and 
Qiao et al. (2023) successfully used the SPH method to simulate 
the fluid motion characteristics of debris flows. Wei et al. (2016), 
Dai et al. (2017), and Shi et al. (2022) used the SPH method to 
simulate debris flows and successfully predicted their propagation 
processes. Feng et al. (2019), Chen et al. (2019), and Luo et al. (2019) 
verified the effectiveness of the Finite Element Method (FEM) 
in simulating the progressive failure of structures induced by 
debris flow impacts. Li et al. (2025) revealed the buffering effect 
of debris flow slurry on boulders, identified boulder impact 
as the primary cause of local damage to frame structures, and 
clarified the significant influence of initial debris flow velocity on 
structural damage.

Both in flume model tests and numerical simulations, scholars 
such as Yongjie et al. (2024), Ng et al. (2021), Luo et al. (2022), 
Liu et al. (2019), and Lu et al. (2025) have uniformly adopted 
spherical blocks. However, boulders under natural conditions are 
usually irregular in shape, thus the influence of their shape on the 
impact force is neglected.

In this study, the geometries of irregular boulders were acquired 
through 3D scanning, and the SPH-FEM coupled analysis method 
was adopted. The numerical model was validated through field 
physical tests to ensure its reliability. The focus of this study is to 
investigate the impact forces exerted by irregular boulders in debris 
flows on rigid check dams, thereby providing a more comprehensive 
and scientific reference for the design and risk assessment of rigid 
check dams against debris flow hazards. 

2 Numerical methodology

2.1 SPH method

SPH is a meshless particle method based on the Lagrangian 
description. It effectively addresses the problem of mesh distortion 
inherent in traditional methods and offers notable advantages 
in handling problems such as free-surface flows and deformable 
boundaries. The core computational principle of SPH is based 
on kernel approximation and particle approximation theories. Its 
essence lies in solving continuum mechanics equations in a meshless 
manner using discrete particle groups.

In the Smoothed Particle Hydrodynamics (SPH) method, the 
first step is to employ a meshless kernel function (Yao et al., 2024), 
which is defined by the following equations:

⟨ f(x)⟩ = ∫ f(x′)W(x− x′,h)dx′

⟨∇ f(x)⟩ = ∫∇ f(x′)W(x− x′,h)dx′
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where W(x− x′,h) is the kernel function, and h is the smoothing 
length. ⟨ f(x)⟩ and ⟨∇ f(x)⟩ are the approximations of the function 
f(x) and its derivative, respectively.

This study employs the cubic spline kernel function 
(Yongjie et al., 2024) (Liu et al., 2021) to balance computational 
accuracy and efficiency.

W(r,h) = C

{{{{{
{{{{{
{

1− 3
2

R2 + 3
4

R3 0 ≤ R < 1

1
4
(2−R)3 1 ≤ R < 2

0 R ≥ 2

where W(r,h) is the centrally-peaked function (r = ∣ x− x′ ∣), R =
rij/h, C is a normalization constant whose value depends on the 
spatial dimensions (in three-dimensional problems, C = 1/(πh3)).

The second step in the SPH method is particle approximation. 
This step discretizes the computational domain into particles that 
carry physical properties such as mass, density, velocity, and stress. 
By superimposing the contributions of these particles via the kernel 
function, the approximate expressions for the function f(xi) and its 
derivative ∇ f(xi) at particle i are obtained as follows:

⟨ f(xi)⟩ =
N

∑
j=1
 
mj

ρj
f(xj) ·Wij,

⟨∇ · f(xi)⟩ = −
N

∑
j=1
 
mj

ρj
f(xj) ·∇jWij,

where i, j are particle indices, N is the total number of particles within 
the support domain, ρj is the density of particle j, mj is the mass of 
particle j, and ∇jWij is the derivative of the kernel function Wij at 
particle j (∇jWij = −∇iWij).

In the SPH simulation of debris flow, treated as a weakly 
compressible fluid. The pressure term is explicitly updated through 
an equation of state (EOS) to avoid the computational cost of implicit 
solutions. The EOS-Gruneisen adopted in this study is defined as 
follows (Yongjie et al., 2024; Chen et al., 2019; Yao et al., 2024):

p =
ρ0C2μ[1+ (1 γ0

2
)μ− a

2
μ2]

[1− (S1 − 1)μ− S2
μ2

μ+1
− S3

μ3

(μ+1)2
]

2 + (γ0 + aμ)E0

where C is the intercept of the adiabatic speed of sound curve, S1, 
S2, and S3 are fitting coefficients, γ0 is the Gruneisen coefficient, a is 
the volume correction coefficient for γ0, E0 is the internal energy per 
initial volume, μ = ρ/ρ0 − 1, and ρ0 and ρ are the initial density and 
the changed density, respectively. 

2.2 SPH-FEM coupling mechanism

To fully leverage the advantages of both SPH and FEM, 
coupling of the two methods is necessary (Figure 1). The SPH-
FEM coupling algorithm follows a primary-secondary approach, 
where SPH particles are designated as secondary nodes and FEM 
elements are designated as primary nodes. This contact algorithm 
continuously monitors potential penetration of SPH particles into 
the segmented surfaces of FEM elements. The “contact thickness” 
parameter defines the outward extension from the contact surface 
where physical contact is evaluated. When any SPH particle enters 

this detection zone, it experiences a repulsive force that scales 
proportionally with either the predicted penetration depth or the 
contact spring stiffness.

The formula for the normal contact force fs f ,n is as follows:

fs f ,n = (ks f ,nδs f + cs f ,nδ̇s f)n

where ks f ,n is the normal spring stiffness, δ̇s f  is the relative normal 
velocity, cs f ,n is the normal damping coefficient, and n is the unit 
normal displacement vector.

The formula for the normal spring stiffness ks f ,n is (Jiang et al.,
2025):

ksf,n =max(SOFSCL m
2Δt2 ,k1

Ks2

V
)

where SOFSCL = 0.1 (soft constraint penalty factor, default value), 
k1 = 0.1 (penalty scale factor, default value), K is the bulk modulus 
of the material, s is the segment area, and V is the element volume.

The formula for the SPH-FEM overlap δs f is:

δsf = hi − dmin

where hi is the smoothing length of the SPH particle, and dmin is the 
distance from the center of the SPH particle to the contact surface.

The formula for the tangential contact force fs f ,t is (Lu et al., 2025):

fs f ,t =
{{{{
{{{{
{

(ks f ,tδs f ,t + cs f ,tδ̇s f ,t) | fs f ,n|μ > |ks f ,tδs f ,t + cs f ,tδ̇s f ,t|

(ks f ,tδs f ,t + cs f ,tδ̇s f ,t)

|ks f ,tδs f ,t + cs f ,tδ̇s f ,t|
| fs f ,n|μ | fs f ,n|μ ≤ |ks f ,tδs f ,t + cs f ,tδ̇s f ,t|

where ks f ,t is the tangential spring stiffness, δs f ,t is the incremental 
tangential displacement, δ̇s f ,t is the rate of change of the tangential 
displacement increment (relative tangential velocity), μ is the 
friction coefficient, and cs f ,t is the tangential damping coefficient. 

3 Flume model construction

3.1 Field model construction

To investigate the impact dynamics of viscous debris flow 
on rigid check dams, this study constructed a large-scale on-
site debris flow flume test facility (Figure 2). The experimental 
apparatus comprises three core components: a slurry preparation 
pond, a debris flow channel, and a signal acquisition zone. The 
key advantage of this on-site facility lies in the use of locally 
sourced soil and boulders, which maximizes the authenticity of their 
physical and mechanical properties, thereby making the generated 
debris flow phenomena more representative of actual conditions. 
The particle size distribution curve of the debris flow slurry is 
presented in Figure 3. While previous researchers including Ng et al. 
and Wang et al. conducted physical debris flow experiments using 
6 m (Ng et al., 2021) and 15 m (Wang et al., 2025) long flumes 
respectively, this study constructed an 11 m long debris flow channel 
with a cross-section of 1 m × 1 m and a slope of 16° based on 
specific site conditions. The channel sides were constructed using 
geotextile soil bags arranged in a staggered pattern, providing not 
only excellent structural stability but also effective simulation of 
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FIGURE 1
Schematic diagram of SPH-FEM coupling.

the rough interface and permeability characteristics of natural soil 
slopes. The channel slope of 16° was determined with reference to 
the gradient of the initiation zone in the Liandeng Gully debris 
flow, thereby directly replicating the steep terrain conditions found 
in nature. The signal acquisition zone was equipped with high-
precision impact force sensors (Figure 4), consisting of two main 
parts: smaller sensors in the lower section for measuring the impact 
forces of debris flow slurry, and larger sensors in the upper section 
specifically designed to capture the impact forces of boulders. This 
configuration enabled the simultaneous separation and real-time 
acquisition of impact forces from both the slurry and boulders in 
the debris flow. All objects in the experiment started with zero 
initial velocity and were set in motion solely by gravitational force. 
To comprehensively observe the dynamic movement process of the 
debris flow, multiple cameras were strategically positioned at key 
locations along the large-scale flume. These cameras documented 
the entire process, recording the initiation, transportation, and 
deposition characteristics of the debris flow.

3.2 Numerical model construction

This study developed three numerical models of flume tests 
(Figure 5) using the LS-DYNA platform, representing three distinct 
working conditions. Figures 5a,b show Boulder1 and Boulder 2 
placed at different locations with different masses, while Figure 5c 
depicts both boulders simultaneously positioned in the debris flow 
channel. The debris flow slurry was simulated using the Smoothed 
Particle Hydrodynamics (SPH) method with the MAT_NULL 
material model (Chen et al., 2019) (Lu et al., 2025). A total of 
23,125 SPH particles were generated with a particle spacing of 
0.04 m. The EOS_GRUNEISEN equation of state was employed 
for fluid pressure calculation (Yongjie et al., 2024; Chen et al., 2019). 
The interaction between the debris flow slurry and both the 
channel and rigid check dam was defined using the CONTACT_
AUTOMATIC_NODES_TO_SURFACE algorithm, while the 
CONTACT_AUTOMATIC_SURFACE_TO_SURFACE algorithm 
was applied to characterize interactions between boulders and the 
channel and check dam. Furthermore, Form16 was selected as the 

FIGURE 2
Field experimental setup.

control equation in CONTROL_SPH, and a density reinitialization 
scheme was implemented to mitigate pressure oscillations caused 
by boundary effects in conventional SPH methods. The check dam, 
irregular debris flow boulders, and channel were all simulated using 
the MAT_RIGID material model (Shen et al., 2018; Li et al., 2020), 
with the check dam and channel subjected to fixed constraints. 
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FIGURE 3
Particle size distribution curve of the slurry.

FIGURE 4
Impact force sensor installation.

The numerical model of the debris flow channel was built at a 
1:1 scale relative to the physical experiment, featuring identical 
dimensions of 11 m length, 1 m width, and 1 m height, with a 
16° slope. The irregular boulders were geometrically reconstructed 
based on 3D scanning data (Figure 6). Boulder 1 and Boulder 2 were 
selected as representatives of typical debris flow boulders: Boulder 
1 exhibits significant elongation along its long axis, while Boulder 2 
has approximately equal dimensions along all three axes. The input 
parameters for the numerical model are summarized in Table 1. All 

motions in the numerical model started with zero initial velocity 
and were driven solely by gravitational force.

4 Results and analysis

4.1 Model validation

To validate the accuracy and reliability of the established 
numerical model, this section systematically presents a comparative 
analysis between numerical simulations and field physical 
experiments. During the numerical model construction, the debris 
flow flume slope was set at 16°, consistent with the field test 
conditions. Figure 7 shows the dynamic process captured during 
the field physical experiment. After t = 1.70 s, the slurry and 
boulders became fully mixed, making it difficult to observe the 
detailed movement of individual boulders. However, footage from 
alternative camera angles confirmed boulder impacts on the sensors, 
demonstrating that the impact forces recorded by these sensors 
were indeed from the boulders. Figure 8 presents the time-history 
curves of impact forces for both debris flow slurry and boulders, 
comparing numerical simulations with field physical experiments. 
The field tests recorded a peak impact force of 2614.3 N for the slurry 
and 7.50 kN for the boulder. The numerical simulations yielded 
corresponding values of 2764.63 N for the slurry and 7.41 kN for 
the boulder, representing relative errors of approximately 5.59% 
for the slurry and 1.2% for the boulder——both within acceptable 
margins. The discrepancies are mainly attributed to the inherent 
non-uniformity of the materials, the simplifications inherent in 
numerical simulations, and the inevitable differences between the 
idealized simulations and the actual on-site conditions. Beyond the 
close agreement in terms of peak impact forces between numerical 
simulations and field experiments, the simulated time-history 
curves of impact forces for both the slurry and the boulders also 
exhibit consistent trends with field observations. These results 
demonstrate that the numerical model developed in this study can 
effectively simulate the interaction between boulder-laden debris 
flow and rigid check dam.

The Froude number (Fr), serving as a key dimensionless 
parameter representing the relative magnitude of inertial 
force to gravitational force in a fluid, directly governs the 
dynamic characteristics of the flow system. The corresponding 
Froude number can be calculated using the following 
modified formula (Jia et al., 2023):

Fr = v

√gh cos θ

 where:v is the flow velocity in front of the barrier, g is the 
gravitational acceleration, h is the flow depth, θ is the channel slope.

In this study, the Froude number measured in the field 
physical experiment was 4.19, while the value obtained through 
numerical simulation was 4.13 (Table 2). The relative deviation 
between the two is only about 1.43%, indicating good numerical 
agreement. This demonstrates that both the experimental and 
numerical methods exhibit high reliability in obtaining this key 
dynamic parameter—the Froude number. Both values fall within 
the natural Froude number range of 1–10 (Lam and Wong, 2021; 

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2025.1724612
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Wang et al. 10.3389/feart.2025.1724612

FIGURE 5
Numerical models: (a) Single boulder 1, (b) Single boulder 2, (c) Multiple boulders.

FIGURE 6
3D scans of irregular boulders: (a) Scan of boulder 1, (b) Scan of boulder 2.

TABLE 1  Material parameters used in the model.

Simulated object Parameter Value Reference

Debris flow slurry (∗MAT_NULL)
Density (kg/m3) 1900 Field measurement

Viscosity Coefficient (Pa·s) 1

EOS_GRUNEISEN
Sound Speed C (m/s) 1484

Yongjie et al. (2024), Chen et al. (2019)
Coefficients S1-S3 S1 = 1.6 S2 = S3 = 0

Irregular boulders (∗MAT_RIGID)

Density (kg/m3) 2650

Shen et al. (2018), Li et al. (2025), Li et al. (2020)Elastic Modulus (Pa) 1 ×  108

Poisson’s Ratio 0.3

Rigid check dam & channel (∗MAT_RIGID)

Density (kg/m3) 3000

Shen et al. (2018), Li et al. (2025), Li et al. (2020)Elastic Modulus (Pa) 3 ×  1010

Poisson’s Ratio 0.24

Wang et al., 2025; Zhou et al., 2018; Choi et al., 2020). The flow 
processes reproduced by both the field physical experiment and the 
numerical simulation are essentially consistent with those of natural 
debris flows in terms of dynamic characteristics, thus effectively 

reflecting the motion dominated by the combined effects of inertial 
and gravitational forces in natural debris flows. This provides a solid 
similarity basis for subsequent mechanistic analysis and derivation 
of behavioral mechanisms. 
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TABLE 2  Calculation of froude number.

Type Flow depth h (m) Flow velocity (m/s) Fr

Physics experiment 0.045 2.73 4.19

Numerical simulation 0.041 2.57 4.13

FIGURE 7
Dynamic process of the physical experiment.

4.2 Coupling analysis of a single boulder

This section elucidates the dynamic characteristics of a single 
boulder within a debris flow impacting a rigid check dam. Taking 
the case of Boulder 1 on a flume slope of 25° as an example, Figure 9 
illustrates the evolution of slurry and boulder movement during the 
impact process from t = 0 s to t = 2.52 s. Motion initiates at t = 0 s. 
At t = 0.22 s, the slurry begins to interact with the boulder. From t 
= 0.22 s to t = 2.52 s, the boulder and slurry move together until the 
boulder collides with the rigid check dam. At t = 1.79 s, the leading 
edge of the slurry impacts the dam, and at t = 2.52 s, the boulder 

collides with the dam. It can be observed that the slurry consistently 
remains at the leading edge of the debris flow movement, indicating 
continuous interaction between the slurry and the boulder after t 
= 0.22 s. When the slurry front reaches the dam, it collides with 
the structure, leading to a decrease in the velocity of the debris 
flow slurry. A portion of the slurry accumulates in front of the dam 
and interacts with the still-descending boulder, further reducing the 
boulder’s velocity. Consequently, the boulder does not impact the 
dam at its maximum velocity, demonstrating that the accumulated 
slurry exerts a significant cushioning effect on the impact force of 
the boulder.
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FIGURE 8
Impact Force Evolution of Debris Flow Slurry and Boulder: (a) Slurry, (b) Boulder (The flume slope is 16°).

FIGURE 9
Evolution of Boulder 1 Impacting the Rigid Check Dam (T = 0 s–2.52 s).

Figure 10 displays the time-history curves of impact forces 
exerted by a single boulder on the rigid check dam under gradually 
increasing flume slope gradients. Analysis reveals that the variation 
trends of impact forces for both Boulder 1 and Boulder 2 are 
generally consistent: the forces increase rapidly, reach a peak impact 
force, then decline gradually before eventually stabilizing. When 
the slope exceeds 20°, two distinct peaks are clearly observed 
in the impact force time-history curves, with the amplitude of 
the second peak consistently being lower than that of the first. 
This phenomenon is primarily attributed to the rebound of the 
boulder after its initial impact with the dam, leading to a secondary 
impact. Furthermore, as the slope continues to increase, the timing 
of the maximum impact force advances progressively, reflecting 
that steeper slopes enhance both the intensity of boulder motion 
and the abruptness of the impact.

Figure 11 illustrates the relationship between flume slope and 
boulder motion velocities (impact velocity and maximum velocity). 
As shown in Figure 11a for Boulder 1, as the slope increases 
from 20° to 40°, both the maximum velocity and the impact 
velocity generally show an increasing trend, with the maximum 
velocity consistently exceeding the impact velocity. However, the 
difference between the two velocities gradually narrows as the slope 
gradient increases. From Figure 11b for Boulder 2, it is observed 
that when the slope reaches approximately 35°, the impact velocity 
and maximum velocity coincide. The discrepancy in their velocity 
variation patterns between Boulder 1 and Boulder 2 primarily 
stems from the coupled effects of boulder mass and slope gradient, 
where Boulder 2 has a mass of 229.39 kg, significantly greater than 
Boulder 1’s mass of 138.56 kg. Analysis indicates that during debris 
flow movement, as the slope gradient increases and the boulder 
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FIGURE 10
Process of single boulder impacting the rigid check dam: (a) Boulder 1, (b) Boulder 2.

FIGURE 11
Relationship between flume slope and velocity: (a) Boulder 1, (b) Boulder 2.

mass increases, the buffering effect of the slurry on the boulders 
significantly weakens.

4.3 Coupling analysis of multiple boulders

Figure 12 illustrates the evolution characteristics of the joint 
movement of the slurry and boulders during the impact of multiple 
boulders on a rigid check dam at a flume slope of 20° with both 
Boulder 1 and Boulder 2, from t = 0.23 s to t = 3.29 s. The specific 
process is as follows: at t = 0.23 s, the slurry collides with Boulder 
1; subsequently, at t = 0.65 s, the slurry collides with Boulder 2; 
at t = 0.91 s, Boulder 1 and Boulder 2 undergo mutual collision. 
Thereafter, the slurry moves together with both Boulder 1 and 
Boulder 2 and they sequentially interact with the rigid check dam: 
at t = 2.00 s, the leading edge of the slurry impacts the dam first; 
at t = 3.16 s, Boulder 2 collides with the dam; finally, at t = 3.29 s, 
Boulder 1 impacts the dam. It is noteworthy that Boulder 2 collides 
with the dam approximately 0.13 s earlier than Boulder 1. The 

collision with Boulder 2 exerted a retarding effect on the movement
of Boulder 1.

Figure 13 presents the time-history curves of impact forces 
exerted by Boulder 1 and Boulder 2 on the rigid check dam 
during the movement of multiple boulders. Overall, the variation 
pattern of the impact forces is consistent with that observed in 
single-boulder impacts: upon contact with the dam, the impact 
force rapidly increases to a peak value, then gradually attenuates 
and stabilizes. However, compared to single-boulder impacts, the 
impact process under multiple boulders conditions exhibits certain 
differences. In single-boulder impacts, multiple peaks may appear in 
the impact force time-history curves due to strong initial collisions 
with the dam, often followed by rebound or secondary contact. In 
contrast, under multiple boulders conditions, in addition to direct 
interactions between the boulders and the dam, mutual collisions 
and interference among the boulders also occur. These interactions 
dissipate part of the impact energy, thereby significantly reducing the 
occurrence of distinct peaks in the impact force curves. Therefore, 
the multi-boulder impact process not only reflects the direct effects 
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FIGURE 12
Evolution process of multiple boulders impacting the rigid check dam (T = 0.23s–3.29 s).

FIGURE 13
Process of multiple boulders impacting the rigid check dam: (a) Boulder 1, (b) Boulder 2.

on the dam but also highlights the influence of dynamic coupling 
effects between the boulders on the characteristics of the impact 
force process.

Figure 14 presents a comparative analysis of the peak impact 
forces under single-boulder versus multiple-boulder conditions. 
Overall, the peak impact forces under multiple-boulder conditions 

are reduced compared to those under single-boulder conditions. 
Specifically, for Boulder 1, the peak impact force decreases by 
approximately 13%–27% in multiple-boulder scenarios. For Boulder 
2, the most significant reduction in peak impact forces occurs at a 
slope of 20°, with a decrease of about 31%, while reductions under 
other working conditions remain within the range of 15%–26%. 
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FIGURE 14
Comparison of peak impact forces: (a) Boulder 1, (b) Boulder 2.

These results indicate that interactions between the boulders 
significantly influence the impact effects. This suggests that during 
the process of mutual interference between the multiple boulders, 
part of the impact energy is dissipated, leading to a reduction in the 
impact intensity of the boulders on the rigid check dam.

Taking the 20° slope case as an example, Figures 15, 16 
comparatively present the normal velocity and resultant velocity 
curves during the movement of the single and multiple boulders, 
respectively. The general consistency observed between the normal 
and resultant velocity trends indicates that the boulder impact force 
is predominantly governed by the normal velocity component. 
During the initial motion stage, both scenarios exhibit similar 
behavior characterized by gradually increasing velocities over 
time, demonstrating that the boulders’ movement is primarily 
controlled by gravitational forces and slurry interactions. However, 
as the motion progresses, inter-boulder collisions in the multiple 
boulders scenario lead to distinctive velocity characteristics 
compared to the single boulder case: during collision instances, 
Boulder 1 experiences velocity reduction while Boulder 2 shows 
corresponding increase, clearly reflecting mutual energy exchange 
between the two boulders. Following collisions, the overall velocities 
in multiple boulders cases remain lower than those in single boulder 
cases, accompanied by significant fluctuations primarily due to 
repeated inter-boulder collisions. After collision with the check dam, 
all boulders exhibit rapid velocity decay approaching zero, regardless 
of their being single or multiple. These findings demonstrate 
that compared to single boulder movement, multiple boulder 
motion involves greater complexity where velocity evolution 
not only reflects external forces but more importantly reveals 
the crucial role of inter-boulder interactions in the dynamics of 
multi-boulder systems.

5 Discussion

Three-dimensional scanning technology was employed 
to reconstruct the real geometric morphologies of irregular 
boulders, overcoming the limitations of simplifying boulders as 

spherical particles in conventional studies. Validation through 
field experiments shows relative errors of only 5.59% for the 
slurry impact force and 1.2% for the boulder impact force, 
with a Froude number deviation of 1.43%, demonstrating the 
model’s reliability for simulating complex debris flow-check
dam interactions.

From a dynamic mechanism perspective, the slurry exerts a 
buffering effect on the impact forces of boulders. This phenomenon 
is consistent with the findings reported by Yongjie et al. (2024), 
Ng et al. (2021) and Luo et al. (2022), but the present study further 
quantifies the influences of slope gradient and boulder mass on 
this buffering effect. Specifically, as the slope gradient increases, the 
slurry’s buffering effect on boulder velocity decreases (Figure 17); 
meanwhile, a larger boulder mass results in a weaker buffering 
effect of the slurry (Figure 18). All boulders in the figures were 
modeled with the geometric shape of Boulder 2 to minimize the 
influence of other variables on the simulation results. These results 
provide crucial theoretical support for the design of check dams in 
high-slope debris flow watersheds.

Comparative analysis of single and multiple boulder impacts 
reveals that the total impact force in multi-boulder scenarios is not 
a simple superposition of individual boulder forces. Kinetic energy 
is partially dissipated through inter-boulder collisions and friction, 
reducing the overall impact. This finding suggests that considering 
only single boulder impacts may overestimate the destructive 
potential, while multi-boulder conditions better represent natural 
scenarios.

This study has several limitations. First, both the boulders and 
the check dam were modeled as rigid bodies in the simulation, 
without accounting for the effects of boulder breakage or local 
deformation of the dam under actual conditions, which may lead to 
an overestimation of the peak impact force. Second, only two typical 
shapes of irregular boulders were selected, which does not cover 
the full diversity of boulder shapes encountered in natural debris 
flow environments. As a result, the influence of irregular boulder 
geometries on impact forces has not been fully and accurately 
quantified. 
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FIGURE 15
Resultant velocity comparison at 20° slope: (a) Boulder 1, (b) Boulder 2.

FIGURE 16
Normal velocity comparison at 20° slope: (a) Boulder 1, (b) Boulder 2.

FIGURE 17
Comparison Diagram of Impact Force Processes and Speeds for Different Slopes (a) Impact Force Processes (b) Speed Comparison.
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FIGURE 18
Comparison Diagram of Impact Force Processes and Speeds for Different Masses (a) Impact Force Processes (b) Speed Comparison.

6 Conclusion

Based on the coupled SPH-FEM method, this study 
establishes a three-dimensional numerical model to simulate 
the impact of irregular boulder-laden debris flows on rigid 
check dams, and the model is validated via large-scale 
on-site flume tests. Focusing on the analysis of impact 
characteristics and dynamic mechanisms under single-boulder 
and multiple-boulder impact scenarios, the main conclusions are
as follows: 

1. During the movement of irregular boulder-laden debris flows, 
the debris flow slurry can exert a buffering effect on the 
boulders’ impact force by dissipating the boulders’ energy. 
Since the slurry contacts the check dam first at the front of the 
flow, a portion of the slurry accumulates in front of the check 
dam, reducing the boulders’ movement velocity. Consequently, 
the boulders do not reach their maximum kinetic energy 
when impacting the dam, thereby lowering the peak
impact force.

2. As the flume slope gradient increases, the impact force of 
the boulders also increases, and the timing of the peak 
impact force advances. This indicates that the boulder 
impact is more intense and abrupt under steeper slope 
conditions. Increasing the flume slope gradient accelerates 
the overall movement velocity of the debris flow, making 
the slurry’s buffering effect on boulder velocity increasingly 
weak. Meanwhile, Increasing the boulder mass enhances the 
boulders’ own inertial force, further reducing the buffering 
capacity of the debris flow slurry. Therefore, under the 
coupled effects of slope gradient and boulder mass, the impact 
intensity and abruptness of the boulders are significantly
enhanced.

3. During the movement of multiple boulders, mutual collisions 
between boulders lead to the boulders’ movement velocity 
remaining consistently in a fluctuating state. Both the 
overall velocity and peak impact force of the boulders 
are attenuated compared to the single-boulder scenario, 

reflecting the energy dissipation effect during mutual 
boulder collisions. Specifically, compared with the single-
boulder scenario, the peak impact force of Boulder 1 
decreases by approximately 12.97%–27.50%, and that of 
Boulder 2 decreases by approximately 14.60%–30.87%. 
This indicates that the energy dissipation caused by 
mutual collisions between multiple boulders weakens 
the impact force of individual boulders on the rigid
check dam.
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