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Numerical analysis of dynamic
behavior of falling rock block
iImpact against soil-rock mixture by
coupling DEM-FDM approach

Yulong Zhang?, Qiwen Guo?, Haixia Zhang'*?, Yuhan Wang?, Xin Wang* & Xin Zhang?

Rockfall, as a common geological hazard, exhibits extremely complex impact dynamic behaviors that
are significantly influenced by factors like the impact falling height and the composition of soil layers.
To this end, this paper initially establishes a three-dimensional impact model of falling rock based

on the DEM-FDM, which takes into account the near-field impact effect. In this model, the near-field
DEM of the soil-rock mixture considers the spatial configuration of rock blocks, while the far-field

FDM is employed to analyze the mechanical response of impact. On this basis, numerical analyses

are conducted on the impact dynamic response of falling rock and the failure mechanism of soil-rock
mixture at different falling heights, followed by series of parametric sensitivity analyses. The results
indicate that the impact dynamic response of falling rock and the failure degree of soil-rock mixture
increase significantly with the falling height, yet the failure mode remains consistent. The increase

in particle stiffness reduces the dynamic amplification factor, exacerbating the failure degree of

the model along with the energy dissipation through friction and damping. The increase in particle
strength elevates the dynamic amplification factor and mitigates the degree of failure of the model

as well as energy dissipation through friction and damping. Moreover, there is a threshold effect for
the influence of the proportion of rock block on the dynamic behavior of the soil-rock mixture, but the
variation of all three parameters exerts no effect on the failure mode resulting from rockfall impact
against the soil-rock mixture. These findings contribute to a better understanding and prediction of the
impact-collision of rockfall on soil-rock mixture.
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Rockfall hazards occur when unstable rock blocks detach from slopes, cliffs, or embankments due to factors such
as geological structures, climate changes, or human activities. These detached rock blocks generally undergo a
process of initiation, acceleration, collision and rebound. Other than rock blocks rolling and sliding in landslides,
its movement is mainly predominated by the falling, impacting and rebounding, presenting obvious abruptness
and uncertainty. Such kind of movement characteristic easily leads to the different impact-collision and resultant
damage of impacted infrastructures, such as rock particle internal failure and microcrack expansion of soil-
rock mixtures, as well as exacerbating disaster chains!=. Further, different impact-collision induced by complex
shapes, i.e., point impact or face impact, also mean different failure damages, even for two shaped blocks with the
same falling height*°. It is thus crucial to capture the dynamic behavior of falling rock blocks impact soil-rock
mixtures, specially incorporating the actual shape of rock blocks®.

Over the past decades, numerous scholars have carried out theoretical, experimental, and numerical studies
on the dynamic behavior of soil layers under rockfall impact-collision’®, and proposed various empirical
methods to evaluate impact dynamics®!%-12. For instance, Chen et al.® developed a rockfall impact model by
utilizing viscoelastic contact theory to quantify the rockfall impact process and introduced a novel time-history
solution method for rockfall impact parameters. Tian et al.'> employed deep learning and computer vision
techniques to develop a non-contact method for reconstructing the impact force. Prades-Valls et al.!? utilized
high-speed cameras to investigate the dynamic parameters of rockfall impact and carried out full-scale field
experiments to validate their method. Shen et al.!! performed simulations of three full-scale impact load tests
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using the finite element method (FEM) and proposed a new method for evaluating the maximum impact load.
As a result, the dynamic behavior of soil layers under rockfall impact has been widely investigated'*~', and it
is known that there is an impact domain after the impact process. However, FEM in numerical studies often
encounters difficulties in handling large mesh deformation in the impact domain, failing to accurately reflect the
deformation and failure caused by the impact. To address this issue, scholars have developed the discrete element
method (DEM) to describe the dynamic behavior of rockfall impact and have carried out extensive numerical
studies'’"!. Shen et al.'¥(2020) employed the DEM to study the impact response and failure mechanism of
different rock shapes and irregular rock block impact surfaces against the soil buffering layer, effectively
evaluating dynamic parameters such as impact force and penetration depth. Zhang et al.!? carried out a DEM
analysis to study the impact mechanism between falling rock and granular soil, revealing the dynamic response
and energy distribution evolution. The results of these studies proved the effectiveness of the DEM in replicating
the dynamic response of falling rock impact and the failure mechanism in the impact domain, but DEM exhibits
high computational cost, specifically in scenarios simulating large-scale soil-rock mixtures. It requires tens of
thousands to hundreds of thousands of particle elements when simulating the impact of soil-rock mixtures with
a large size, and the calculation time can take weeks or even months, making it difficult to meet the demand for
rapid evaluation of multiple working conditions in engineering design, and unable to efficiently characterize
the impact of dynamic behavior. It is worth noting that existing numerical studies mainly focus on isotropic
pure soil layers, regardless of whether they use FEM or DEM alone or even FEM-DEM coupling methods.
These studies also ignore the core microstructure characteristics of soil-rock mixtures, including the random
spatial distribution of irregular rock blocks and the heterogeneous particle gradation between rock and soil,
which directly affect the impact stress transmission path. In reality, soil layers are typically complex soil-rock
mixtures composed of irregularly shaped and sized rock blocks, exhibiting diverse and nonlinear mechanical
properties?®?!. The mechanical behavior of such soil-rock mixture under impact is more difficult to predict and
control?>?*, Shen et al.* found that the dynamic behavior of the soil-rock mixture under rockfall impact differed
significantly from the soil layer, but their study simplified the construction of the soil-rock mixture as consisting
of regular-shaped rock blocks, ignoring the influence of irregular rock shapes on the mechanical properties of
the soil-rock mixture.

To address these issues, this study proposes a DEM-FDM coupling numerical analysis method considering
near-field impact effects. This method effectively reduces the computational cost of simulating the rockfall impact
process and enables synchronous simulation of particle deformation and failure along with the dynamic response
of the rock mass, and it fills the limitations in existing research through two core designs: The near-field uses
spherical harmonic functions to reconstruct irregular rock blocks, solving the problem of simplified rock block
shapes; The far-field uses FDM instead of full-domain DEM, improving computational efficiency and addressing
the limitation of high computational cost of DEM. The established DEM-FDM three-dimensional impact model
includes a near-field DEM of soil-rock mixture, which considers the spatial configuration of the rock blocks and
uses a three-dimensional rock block reconstruction method to construct a complex soil-rock mixture model
with irregularly shaped rock blocks. This method fully accounts for the impact of irregular rock block shapes on
the dynamic response and failure mechanism of the soil-rock mixture. The far-field FDM analyzes the dynamic
response during the rockfall impact. The combination of these two allows for efficient numerical analysis of the
dynamic response and failure mechanism of the soil-rock mixture under rockfall impact.

In this study, we propose the DEM-FDM coupling numerical analysis method to investigate the dynamic
behaviors of soil-rock mixture under rockfall impact. The core innovations of this method are: (1) Establishing a
near-field/far-field partitioned model—using DEM in the near-field to reconstruct irregular rock blocks and FDM
in the far-field to simplify rock mass calculation, balancing computational efficiency and simulation accuracy;
(2) Fully considering the influence of irregular rock block shapes on impact response, which fills the limitation
of simplified rock block shapes in existing studies. A series of numerical simulations are performed for rockfall
impact at different falling heights, focusing on impact dynamics, energy evolution, and failure mechanism of
the soil-rock mixture. Moreover, the effects of three parameters, namely particle stiffness, particle strength, and
rock block proportion, are considered and discussed. Section "Establishment of a three-dimensional rockfall
impact model" briefly introduces the rockfall impact model configuration and DEM-FDM coupling mechanism.
Section "Parameter calibration and model verification" presents the particle contact model, region determination,
parameter calibration, and model verification to confirm the effectiveness of the DEM-FDM coupled rockfall
impact model. Section "Rockfall impact simulation results” provides the results of rockfall impact simulations
at different falling heights, including dynamic response, energy evolution, and failure mechanism. Section
"Parameter sensitivity analysis" discusses sensitivity analyses of particle stiffness, particle strength, and rock
block proportion on the dynamic behaviors of the soil-rock mixture under rockfall impact. Finally, some main
conclusions based on the results of the above analysis are provided in Section "Conclusions".

Establishment of a three-dimensional rockfall impact model

Construction of soil-rock mixture

In previous work, we proposed a three-dimensional (3D) modeling method based on spherical harmonic
function reconstruction'>!6, which accurately reproduced the irregular microscopic shape of 3D rock blocks.
This method evolved from the reproduction of individual irregularly shaped rock particles to an improved
method for generating rock clusters composed of different non-overlapping rock particles based on spherical
harmonic function reconstruction?%,, as shown in Fig. 1. It controls rock block shapes by adjusting the order
n of spherical harmonic (SH) functions and the shape coefficient ¥. Rock block cluster generation involves four
sequential stages: size statistics acquires templates with long axis (Lr), middle axis (Ir), and short axis (Sr) from
the rock particle contour template library,sphere estimation generates random spheres in the active layer with
radius equal to the half-long axis,trial and error checks for sphere overlap, replacing non-overlapping spheres
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Fig. 1. Development process of three-dimensional irregular rock particle reconstruction®.

with rock blocks; reproduction completes 3D modeling of multi-sphere, non-overlapping rock clusters via SH
reconstruction and iteration.

The focus of this section lies in expanding the improved irregular rock clusters generation method
and applying it to the construction of soil-rock mixture within the DEM-FDM rockfall impact model. It is
accomplished by scanning the contours of the irregular rock clusters and integrating them with high-precision
spherical harmonic functions to generate multiple rock blocks with irregular shapes and sizes. Subsequently,
these irregular rock blocks are combined with soil particles within a specific size range and in a certain quantity.
Through the linear contact model incorporated in the DEM, a linear contact bond is formed between them,
which accurately restores the mechanical properties of the particles within the soil-rock mixture. Once the
internal particle interactions reach equilibrium, a complex soil-rock mixture is formed. The constructed soil-
rock mixture is then assembled with the rock mass generated by the FDM to form the DEM-FDM three-
dimensional rockfall impact model.

DEM-FDM coupled model configurations

The DEM-FDM coupled model for rockfall impact against the soil-rock mixture is shown in Fig. 2. It can be
observed that the model consists of a central soil-rock mixture region and surrounding rock mass. The soil-rock
mixture is constrained by four side walls and a bottom wall, with dimensions of 1.6 m in length and width, and
0.4 m in thickness. Before simulating the rockfall impact process, all particles within the soil-rock mixture are
subjected to gravity deposition to eradicate all kinetic energy of the particles. Subsequently, a falling rock is
positioned directly above the middle of the soil-rock mixture, with an incident angle of 0°. The initial vertical
impact velocity vo of the rockfall impact is determined by the falling height hy (i.e. vo = \/2ghy). In this study,

numerical simulation studies on rockfall impact against soil-rock mixture with falling heights of 1.25, 5, 11.25,
and 20 m are carried out. Meanwhile, to monitor the alterations in the mechanical parameters of the soil-rock
mixture in the X, Y, and Z directions during the impact process, five measurement circles possessing a radius of
0.19 m are uniformly distributed at intervals of 0.26 m along both the X-axis and Y-axis, centered at a point 0.2
m below the impact surface. The radius of the measurement circles is determined by matching the particle size
characteristics of the soil-rock mixture, ensuring each circle encloses a sufficient number of particles to satisfy
the statistical validity requirement for mechanical parameter calculation. The interval of 0.26 m is determined
based on the stress attenuation law, which enables the complete capture of stress gradient changes in the soil-rock
mixture. These measurement circles are used to monitor the mechanical parameters of the soil-rock mixture,
specifically for measuring the average normal stress, average displacement, and porosity of particles within each
circle, with an optimized sampling frequency to ensure accurate capture of transient dynamic responses during
the impact process. Fig. 2(a) shows the shape and position of the central measurement circle (measure 1), and
Fig. 2(b) shows the distribution of 10 measurement circles. The five measurement circles along the X-axis are
labeled measure 1-5, and the five along the Y-axis are labeled measure 6-10.

Description of DEM-FDM coupling mechanism
In the DEM-FDM coupling analysis, to accurately simulate the interaction between the particles and the
continuum elements, it is necessary to handle the transformation between the local coordinate system and the
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Fig. 2. DEM-FDM coupled model configurations: (a) front view; (b) top view.

global coordinate system. The local coordinate system takes the center of the particle as the origin, and the
Z-axis points along the particle radius towards the contact point. The global coordinate system is consistent with
the FDM model. The conversion is achieved through the Euler angle rotation matrix, and the rotation angle is
calculated based on the spatial coordinates of the particle center and the contact point. Based on this coordinate
conversion mechanism, the boundary force transfer between DEM and FDM domains can realize accurate two-
way interaction: first, the contact force between DEM particles is decomposed into normal components and
tangential components in the local coordinate system, then converted to the global coordinate system via the
Euler angle rotation matrix, and further distributed to the corresponding FDM mesh nodes through the nearest
neighbor interpolation method; at the same time, the reaction force calculated by the FDM domain according
to its stress-strain relationship is transmitted back to the DEM domain along the same coordinate conversion
and node mapping path, ensuring force balance between the two domains. For the verification of iterative steps,
a dual convergence criterion is adopted to ensure the stability of coupling calculation: the absolute difference
between the force transmitted by DEM and the reaction force calculated by FDM at the interface node must be
less than a preset force threshold, and the absolute difference between the particle displacement calculated by
DEM and the node displacement calculated by FDM must be less than a preset displacement threshold; if the
criteria are not met, the force and displacement values at the coupling interface are updated, and DEM and FDM
re-calculate in the same time step until convergence is achieved or the maximum number of iterations is reached,
and the rationality of the iterative steps is finally verified by comparing the calculation results before and after
convergence. Fig. 3 illustrates the 3D contact geometry between particle and continuum element, where the
subscripts C, B, and E represent contact, particle, and element, respectively. When considering the individual
contact between a single particle and a continuum element, particle-element contact can be represented by the
contact point ;  at the contact surface, and the contact force F, iC is composed of the combination of normal
contact force Fl Vand tangential contact force F, i[sc ! The resultant force and resultant moment on the contacted
particle after the transmission of the reaction force of the continuum element as described as follows:

Fz‘[B] - Fi[B] _ Fi[C] (1)
MIP) o MIB) o (41O _ Bl i) @

where Fi[B] and M, i[B] represent the resultant force and resultant moment on the contacted particle after
superimposing the reaction forces of the continuum element, ;" is the coordinate of the contact point, z;  is
the coordinate of the center point of the contacted particle, and e represents the unit vector.

For the continuum element at the contact surface, the contact force at the contact point is distributed to the
nodes through area-weighted values, and the total contact force at each node can be expressed as:

Fz‘[E] _ Fz’[E] + Fi[C]K (3)

where F, Z.[E] represents the nodal force in the continuum element at the contact surface, and K is the area weight
function, which is calculated through linear interpolation based on the influence area of the contact point.
Since the overlap between the particles and the continuum elements is very small, the moment generated by the
tangential contact force on the continuum element can be neglected. Based on the equations above, the positions
and contact forces between the particles and continuum elements can be updated, enabling data interaction
during the DEM-FDM coupling process.
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Fig. 3. Three-dimensional contact geometry between particle and continuum element?”.
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Fig. 4. Linear contact bond model: (a) particle-particle (b) particle-boundary.

Parameter calibration and model verification

Contact model

In the soil-rock mixture, the irregular rock particles and soil particles can be viewed as a collection of spherical
particles. The simulation in this study adopts a linear contact bond model, where contact between two particles
forms a bond connection. This model is suitable for discrete media exhibiting particle bonding effects, accurately
capturing the interlocking and cohesive characteristics of rock fragments and soil particles in soil-rock mixtures.
It effectively simulates both the initial elastic deformation during impact and the subsequent fracture of contact
bonds, capabilities that pure friction-based models lack in representing such bonding behavior. Fig. 4 shows
the particle-particle and particle-boundary linear contact bond model, representing the normal and tangential
interactions between particle-particle and particle-boundary. Stiffness parameters are introduced to describe the
relationship between contact force and relative displacement in the linear contact bond model?3, as shown in Fig.
5. The force-displacement criteria of this contact model can be expressed as:

FS = kngs (4)
AFS =k AS (5)

where k, and ks represent the normal stiffness and tangential stiffness, respectively, F}; is the normal contact
force, gs is the relative normal displacement between two spherical particles, AF and Ads are the tangential
contact force increment and the relative tangential displacement increment, respectively. The values of these are
continuously updated with the time step.

When the normal force exceeds the tensile strength, the contact bond breaks, and both normal and tangential
forces become zero. If the tangential force exceeds the shear strength, the contact bond breaks, but the contact
force is not zero. The elastic limit of the tangential force can be expressed by the following inequality:

[FS| < | Fyl (6)

where p represents the friction coefficient.
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Fig. 5. Linear contact force-displacement criterion: (a) normal force; (b) shear force; (c) failure envelope.
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Fig. 6. Evolution of the whole process of rockfall impact with time at hy= 5 m: (a) impact force; (b) bottom
force.

Analysis of key region and first-impact dynamic behaviors

To determine the key analysis region for the dynamic response and failure mechanism during the process of
rockfall impact against the soil-rock mixture, a numerical simulation study on the whole process of the rockfall
impact was carried out. Taking the falling height hy = 5 m as an example, an analysis was conducted on the
evolution laws of the impact force Fyjock and the bottom force F. throughout the whole process of the rockfall
impact, as shown in Fig. 6. It can be observed that both Fyoc and Fr in each impact process show an increasing
trend followed by a decrease, The duration of the impact decreases continuously, and as the number of impact
increases, the maximum values of Fy;ock and F. exhibit a nonlinear decreasing trend. The first rockfall impact
generates a significantly higher Fy;ocr and F.. than subsequent impacts. Fig. 7 illustrates that the maximum values
of impact force Fyiock, and bottom force F. decrease as the number of impacts increases, which corroborates
this observation. Fig. 8 shows the evolution of the crack increment distribution in the soil-rock mixture during
the whole process of the rockfall impact. It can be observed that after the first rockfall impact, the impact energy
is fully applied to the intact particle system, resulting in a significant expansion of the failure range with the
largest crack increment. With increasing impact, the rebound kinetic energy of the falling rock decreases, and
the subsequent energy is preferentially dissipated by the primary crack network, which is insufficient to generate
new cracks. Thus, the increment of cracks and their range in the soil-rock mixture significantly decreases, and
the extent of new failure weakens. It should be noted that the cumulative total number of cracks still increases
with the number of impacts, but the increment amplitude is much smaller than that of the first impact. From
the above, it can be concluded that the rockfall impact mainly contributes to new failure in the first impact, with
subsequent impacts showing a gradual weakening of the new dynamic response and failure degree against the
soil-rock mixture. Furthermore, comparing the displacement results of the surrounding rock mass formation in
the soil-rock mixture after each rockfall impact, it can be seen that the maximum displacement of the rock mass
caused by the transmitted impact is no more than 8 mm. This indicates that the rockfall impact mainly affects
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the near-field soil-rock mixture, with minimal impact transmitted to the far-field rock mass. Therefore, in the
following research on rockfall impact at different falling heights, a detailed analysis of the dynamic behaviors in
the near-field soil-rock mixture during the first impact process will be conducted.

Parameter calibration

This study mainly focuses on the dynamic response and failure mechanism of the near-field soil-rock mixture
subjected to rockfall impact. Therefore, the macroscopic mechanical parameters of the soil-rock mixture are
mainly calibrated, with the damping coefficient derived from our previous work, which was iteratively calibrated
using the collision restitution coefficient!>!¢. To obtain the macroscopic mechanical parameters of the soil-rock
mixture, triaxial compression simulation tests were conducted using the particle flow program. A cylindrical
sample with a diameter of 800 mm and a height of 1200 mm was selected for the simulation, with confining
pressures set to 300, 500, and 800 kPa to calibrate the required strength and deformation parameters. The random
generation of soil particles with diameters ranging from 0.12 to 0.18 m, rock particles with diameters ranging
from 0.3 to 0.45 m, and a rock block proportion of 0.3 were used. The porosity was set at 0.35, and the density of
the soil-rock mixture was set at 2600 kg/m>. The loading schematic and the distribution of irregular rock blocks
are shown in Fig. 9. Referring to the laboratory triaxial compression test results of the soil-rock mixture?’, initial
strength parameters (F,,Fs and ¢) were assigned to the simulated sample, and the strength parameters were
iteratively adjusted through repeated triaxial compression simulation tests. After calibration through the triaxial
compression simulation test, the resulting stress-strain curve of the soil-rock mixture is shown in Fig. 10. It can
be observed that the strength parameters of the simulated soil-rock mixture are consistent with the laboratory
test results. The final calibrated physical parameters, strength parameters, and damping coefficient of the soil-
rock mixture are shown in Table 1.
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Fig. 9. Calibration of parameters of the triaxial compression simulation test of soil-rock mixture: (a) loading
diagram (b) irregular distribution of rock blocks.
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Fig. 10. Comparison of stress-strain curves of soil-rock mixture under triaxial compression test.

Soil particle diameter d (m) 0.12-0.18 | Particle density p (kg/m?) 2600
Rock block particle diameter d;- (m) | 0.3-0.45 | Young’s modulus of particle E (MPa) | 10
Porosity of soil-rock mixture p 0.35 Tensile strength of particle F',, (N) 300
Proportion of rock block v 0.3 Shear strength of particle Fs (N) 900
Damping coefficient a 0.5 Friction coefficient ¢ 0.3

Table 1. Coupling simulation parameters of DEM-FDM.

Model verification

To verify if the established DEM-FDM model can accurately reflect the dynamic behaviors during the complete
rockfall impact process, a numerical simulation study of rockfall impact against the soil-rock mixture under
no-damping condition was carried out. By eliminating the effects of damping-induced energy dissipation on
velocity and kinetic energy, this condition enables a focused assessment of momentum transfer during impact,
thereby facilitating a more direct validation of the accuracy of force transmission within the DEM-FDM

Scientific Reports|  (2025) 15:40465 | https://doi.org/10.1038/s41598-025-24348-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

coupling model. The simulation results were compared with theoretical results to verify the effectiveness of the
DEM-FDM coupling model. A falling rock with a radius of 0.25 m and a mass of 210 kg is released from rest at
a height of 1.0 m above the surface of the soil-rock mixture model, undergoing free vertical fall. The study aims
to investigate the variation patterns of the rocK’s velocity and energy throughout the first impact process. For the
soil-rock mixture, all material parameters are adopted from the calibrated values listed in Table 1, except for the
damping coeflicient, which is set to zero.
Fig.11showsthesimulationresultsofthefallingrockvelocityandkineticenergyduringtherockfallimpactagainst
the soil-rock mixture model, where the calculation of kinetic energy follows the method proposed in our previous
work?. From the velocity variation shown in Fig. 11(a), the complete rockfall impact process can be divided into
three phases: free falling, colliding-rebounding, and rebounding-rising. According to the law of conservation of
1—0.25) = 3.83

mechanical energy, the instantaneous speed before the impact Ve = V2gh = \/2 x 9.8 x (

m/s. By converting the speed using the theoretical f,.\ 13 it can be known that the vertical velocity results

of the falling rock before impact V, - V, agree with the simulated values. During the impact, since energy
loss is not considered, the vertical velocity after rebounding V. is equal to V. During the rebounding-rising
phase, the theoretical and simulated vertical velocities V. - V, are consistent. Ignoring the rotational effect, the
kinetic energy before the impact Fxa = 1/2mv* = 1/2 x 210 x 3.83% = 1.54K J. According to the kinetic
energy variation shown in Fig.11(b), the comparison between the theoretical and simulated results of kinetic
energy B, — B, shows good agreement as well.

From the qualitative point of view, the DEM-FDM coupled model can reproduce the evolution of velocity
and kinetic energy of the impact process. From the quantitative point of view, the DEM-FDM coupled model
can also well realize that the simulation results of velocity and kinetic energy are consistent with the theoretical
calculation results. Therefore, the above DEM-FDM coupled model can effectively simulate the dynamic
behavior of the soil-rock mixture impacted by falling rock.

Rockfall impact simulation results

Dynamic response to rockfall impact

Fig. 12 illustrates the evolution of the impact force Fyocr acting on the falling rock and the impact-induced
bottom force F. during the first impact process under different falling heights. From Fig. 12(a), it can be seen
that when the falling rock collides with the soil-rock mixture, Fiocr rapidly increases to its peak value and then
decreases to zero in a short period, with the duration of the impact being 0.04 s. Both the peak value of Fyock
and its rate of rise increase progressively with falling height. Specifically, at a falling height of h; = 1.25 m, the
peak Fyiock reaches 117 kN with a rate of rise of 8239 kN/s, whereas at h. = 20 m, the peak increases to 401 kN
with a rate of rise of 54410 kN/s. These represent increases by factors of approximately 3.4 and 6.6, respectively,
compared to the lower-height condition, indicating a significant intensification of impact energy with greater
falling height. Fig.12(b) reveals a noticeable time delay in the response of the F¢, which is attributed to the finite
propagation time required for the stress wave generated by the impact to travel from the model surface to its
base. Upon arrival of the stress wave, F rapidly rises to its peak and then gradually decreases to zero as the wave
dissipates. With increasing falling height, the peak F. increases from 157 kN at hf = 1.25 m to 665 kN at hf = 20
m. The dynamic amplification factor, defined as the ratio F./Fyiock, increases from 1.34 to 1.66, demonstrating
a more pronounced amplification effect under higher impact energy conditions. This phenomenon is primarily
attributed to stress wave superposition and the constraint imposed by the fixed base boundary: the incident stress
waves reflect at the rigid base, and the constructive interference between incident and reflected waves leads to a
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Fig. 11. Comparison of results of rockfall impact under no damping condition: (a) velocity change; (b) kinetic
energy change.

Scientific Reports |

(2025) 15:40465 | https://doi.org/10.1038/s41598-025-24348-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) 500 T T (b)730 T : :
hy=1.25m h;=125m
100 ¢ hy=5m 1 600 hy=5m ]
hy=11.25m hy=11.25m
he=20m - 450 F hy=20m |
Z
S
7 =" 300 .

\ Ve

0.00

0.02 0.03 0.04 0.00 0.01 0.02 0.03 0.04
Time (s) Time (s)

Fig. 12. Change of force during rockfall impact at different falling heights: (a) impact force (b) bottom impact
force.

(a) 4.0

et
()
T

N
~
T

Normal stress,o,™ (MPa)

—— (b) 40—

R?=0.99928

R?=0.99965 hy=1.25m hy=125m

[ ]
1
bt
o
T

N
i
T

Normal stress,,™ (MPa)

1.6 - E 1.6 —
0.8 - 0.8 —
0.0 0.0
-0.8 0.8 -0.8 0.8
X Y

Fig. 13. Maximum normal stress distribution in the middle of the model with different falling heights: (a) X
direction (b) Y direction.

transient stress concentration near the base, resulting in a peak F that exceeds Fyiock. This amplification is most
prominent during the initial stress wave arrival and does not conflict with the overall trend of energy dissipation,
which dominates in later stages of wave propagation. Moreover, under high-speed impact conditions, the larger
Fyiock induces noticeable stress oscillations at the base following wave arrival. Consequently, Fi. does not return
immediately to zero after the primary peak but exhibits minor post-peak fluctuations.

The stress distribution in the soil-rock mixture model reflects the stress wave transmission effect during
the rockfall impact process and reveals the stress state across different regions of the model. Fig.13 shows the
maximum normal stress o> and o,"** at different falling heights and its distribution along the X-axis and
Y-axis in the middle of the model. It can be observed that as the falling height increases, the peak values of the
stress distributions in both the X-axis and Y-axis significantly increase. The peak value occurs at the impact

location, and o3"** and o,"** gradually decreases as the distance from the impact point increases. When the
distance increases to 0.26 m, 0;;"** and 0,"** decreases by nearly 85% compared to the peak value. Notably, due

max

to the anisotropy of the soil-rock mixture model, the maximum normal stress o ** and ¢,*** distribution along
the X-axis and Y-axis are asymmetric (see Fig. 13). However, this distribution can be accurately fitted using a
Gaussian function, with the specific expression being:

_ 2
max __ A _olzzze)” 12“)
o; =00 + e w
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where 7 represents the X or Y direction, o9 is the asymptotic line of the fitting function, %\/m is the height of
the curve, z. is the central position of the peak value, and w is the standard deviation. As shown in Fig. 13, the
stress distribution along the X-axis and Y-axis for different falling heights during the rockfall impact process
is highly consistent with the Gaussian function (R*>0.99). Specifically, the R? values of the stress distribution
curves along both the X-axis and Y-axis at all tested falling heights range from 0.99915 to 0.99968. Meanwhile,
the peak height of the Gaussian fitting curve increases significantly with the increase in falling height: it rises
from 1.2 MPa at h; = 1.25 m to 3.3 MPa at h. = 20 m (an increase of 175%). This indicates that the Gaussian
function can reliably describe the stress distribution caused by rockfall impact at different falling heights, which
in turn provides an accurate basis for determining the stress wave transmission characteristics during the impact
process.

During the rockfall impact process, the influence of impact force on the soil-rock mixture model is clearly
manifested through changes in porosity, which can indirectly reflect stress wave propagation and the post-impact
failure behavior of the model. Fig. 14 illustrates the normalized porosity variation along the X-axis of the soil-
rock mixture model after impacts at different falling heights, with normalization based on the model’s overall
initial porosity. It should be noted that the initial porosity was uniformly distributed throughout the model, as
ensured by the four-step preparation procedure described in Section "Construction of soil-rock mixture". Pre-
impact measurements using measurement circles confirmed a consistent initial porosity of 0.35+0.01 across
the model, with a coefficient of variation below 3%, indicating high uniformity and effectively eliminating any
confounding effects of initial porosity heterogeneity on the analysis of impact-induced changes. As shown in
Fig. 14, increasing the falling height leads to a significant increase in the amplitude of porosity variation. At h;=
1.25 m, porosity at the impact point first decreases and then increases, with a maximum variation of only 0.04.
The porosity changes at Measure 2 and Measure 3 are less than 0.01 and thus negligible. This suggests that under
lower falling heights, the rockfall has a smaller initial impact velocity, resulting in a weaker dynamic response
and limited stress wave transmission—only particles near the impact zone experience minor compression and
rebound, while those in the far-field remain largely undisturbed. In contrast, when h; = 5 m, 11.25 m, and 20
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Fig. 14. Changes in porosity of the rockfall impact model at different falling heights.
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m, the collision induces rapid compression of the soil-rock mixture at the impact point: porosity drops sharply
within a short time, and both the magnitude and duration of this compression increase with falling height.
This demonstrates that higher falling heights result in greater impact velocities, prolonged contact durations,
and more intense stress disturbances during penetration, thereby inducing stronger compression and larger
porosity reductions. Notably, after the rockfall detaches from the model, porosity at and around the impact
point gradually exceeds the initial value (0.35). This behavior can be attributed to the following mechanism:
under high-impact conditions (h; > 5 m), the intense force causes widespread fracturing of inter-particle contact
bonds. Consequently, rock fragments and soil particles slide along newly formed fractures, disrupting particle
interlocking and leading to localized loosening. This results in a more disordered particle arrangement and
enlarged void spaces, ultimately causing porosity to surpass its initial uniform level. Furthermore, as the stress
wave propagates to Measure 2 and Measure 3, porosity variations become more pronounced, which aligns with
the stress wave patterns observed in Fig. 13 and further supports the role of stress wave propagation in driving
spatial porosity changes within the soil-rock mixture.

Energy evolution of rockfall impact

During the process of the rockfall impact, it is often accompanied by the conversion and evolution of energy,
including the kinetic energy of the falling rock (E, ), damping dissipation energy (E,), elastic strain energy of the
soil-rock mixture (E,), and particle friction dissipation energy (E,). Investigating the evolution laws of various
energy components during the impact process helps understand the generation and expansion mechanism
of cracks in the soil-rock mixture. These energy components are verified by the initial gravitational potential
energy Wy to satisfy the following balance condition:

Ex+Es+E+FEqg =Wy (8)

Based on our previous study, the four energy calculation formulas are as follows:

1 )
By = 5 Zmivi 9)
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where N, denotes the number of falling rocks, and N_is the number of contacts. The variables m; and v; denote
respectively the inertial mass and translational velocity of falling rock . Exg represents the initial value at the
beginning of the current time step, AuS"" is the incremental slip tangential displacement of the particle i. a,,

. . . . A d
and a; represent the viscous damping coefficients in the normal and tangential directions. <£= and djj are the

relative normal and tangential velocities at the contact. Fig.15 shows the variations of the four energy components
during the impact process. To facilitate observation and analysis, all energy components are normalized by the
initial kinetic energy of the falling rock. When the falling rock collides with the soil-rock mixture model, E,
decreases rapidly from 1.0 to near zero within 0.01-0.015 s, while E_ increases sharply to its peak value in the
same period, accompanied by a gradual increase in E;and E;. Quantitatively, at the moment E, drops to zero, the
proportion of E_ decreases from 0.78 at h. = 1.25 m to 0.49 at h; = 20 m, while the total proportion of dissipative
energy (E;+ E,) increases from 0.22 to 0.51. This occurs because higher falling heights induce massive fracture of
particle contact bonds in the mixture, where tensile and shear bond failures enhance particle sliding and amplify
collision-induced velocity attenuation, thus diverting energy from elastic storage to dissipation. During the
rebounding process, E_ is gradually converted back into E,, with a small portion dissipating as E;and E ;. When
rebound completes, the final proportions at hf =1.25mareE,_=0.57, E;=0.24, and E;=0.18, while at hf =20m
they change to E, =0.28, E;=0.39, and E; = 0.28—driven by irreversible crack damage under high-speed impact,
which disrupts the particle skeleton and makes it difficult for elastic energy to fully convert back to kinetic
energy, while also increasing frictional and damping losses due to broken particle interactions. This energy
variation is closely coupled with crack evolution: as falling height increases, tensile and shear cracks increase
significantly, with shear cracks dominating energy dissipation by promoting particle sliding, thus confirming
that high-speed impacts intensify mixture damage and alter energy patterns.

Rockfall impact failure mechanism

The impact of the falling rock against the soil-rock mixture model induces the formation and propagation of
cracks in the model, and the distribution and degree of failure vary under different falling heights. To accurately
identify and count cracks, the following criteria were employed: a crack was defined as a continuous region
where particle contact bonds were completely fractured, and its range was determined by tracing disconnected
particle clusters with inter-particle distances exceeding 0.03 m and no contact force transmission. Fig. 16 and
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Fig. 15. Conversion and evolution of energy components after rockfall impact at different falling heights.

17 show the crack distribution and crack number evolution after rockfall impact at different falling heights.
From Fig. 16, it can be seen that the failure extent of the model and the number of cracks increase as the falling
height increases, with both the transverse and longitudinal crack propagation becoming more severe. From
Fig. 17, it is evident that during the impact process, both tensile and shear cracks are generated in the soil-rock
mixture model, and the number of shear cracks is greater than that of tensile cracks under all falling heights.
The total number of cracks increases exponentially with the falling height, rising from 299 to 7596, reflecting
the significant enhancement of the failure as the falling height increases. Fig. 18 shows the variation in the
failure range and the proportion of tensile and shear cracks for different falling heights. From Fig. 18(a), it can
be seen that as the falling height increases, the failure range in the Z-axis gradually expands until it penetrates
the bottom, and the failure ranges in the X-axis and Y-axis also increase, which is consistent with the crack
distribution shown in Fig. 17. As shown in Fig. 18(b), the cracks generated in the model after the rockfall impact
are either tensile or shear cracks, with the number of shear cracks occupying a larger proportion than the tensile
cracks. As the falling height increases, the proportion of tensile cracks increases, while the proportion of shear
cracks decreases. However, the proportion of shear cracks, on the whole, remains higher than that of tensile
cracks, indicating that the failure mechanism is primarily dominated by shear failure, which is also supported by
the energy component variations shown in Fig. 15.41598_2025_24348_Figl6_Print.tif

Parameter sensitivity analysis

In this section, a series of numerical simulations are carried out on the rockfall impact against the soil-rock
mixture model, taking the falling rock height hy= 5m as an example. The influence of factors such as particle
stiffness, particle strength, and rock block proportion on the dynamic response and failure mechanism of the
model after impact are studied and discussed. Other basic parameters in the model are consistent with the values
given in Table 1.

Effect of particle stiffness
In the previous parameter calibration study, the particle elastic modulus was set to 10 MPa. To further investigate
the influence of particle stiffness on the dynamic response and failure mechanism of the model, we consider four
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other particle stiffnesses, namely 5, 7.5, 15, and 20 MPa of the particle elastic modulus, respectively. To better
evaluate the effect of particle stiffness on the dynamic response of rockfall impact, the ratio of the peak value
of the bottom force F"** to the peak value of the impact force Fy ooy, is defined as the dynamic amplification
factor o

Fig. 19(a) shows the variation of the dynamic amplification factor o with particle stiffness. It is observed that
with a fixed falling height, the dynamic amplification factor o decreases rapidly as the particle stiffness increases,
and the relationship can be approximated by linear fitting. When the particle stiffness increases from 5 MPa to
20 MPa, the dynamic amplification factor o decreases by approximately 39%. Fig. 19(b) presents the changes in
energy components with particle stiffness. As particle stiffness increases, the brittleness of the model increases,
leading to a greater proportion of friction and damping dissipation, while the proportion of rebound kinetic
energy decreases, particularly when the particle stiffness exceeds 15 MPa, where the friction dissipation exceeds
the rebound kinetic energy.

In addition, Fig. 19(c) and Fig. 19(d) present the variations in total crack number, failure range, and the
proportion of tensile and shear cracks. The total crack number and failure range increase with particle stiffness,
with the increase in the Z-axis failure range being more significant than in the X-axis and Y-axis. These trends
are also confirmed by the energy component distribution in Fig. 19(b). The proportion of shear cracks remains
higher than that of tensile cracks, and the failure mode is dominated by shear failure. In conclusion, increasing
particle stiffness results in increased brittleness of the model, causing greater crack number and failure range,
while weakening the transmission of impact force and reducing the dynamic amplification factor (.

Effect of particle strength

Based on the above research, the effect of particle strength on the dynamic response and failure mechanism of
the model is further explored. As tensile strength and shear strength are proportionally related, the subsequent
discussion focuses on tensile strength, with shear strength varying accordingly. In addition to the particle
strength used in the parameter calibration, we consider four other different particle strengths, namely the tensile
strengths of 150, 225, 450, and 600 N.

Fig. 20(a) shows the variation of the dynamic amplification factor o with particle strength. In contrast to the
effect of particle stiffness, the dynamic amplification factor c increases linearly with particle strength. When the
tensile strength increases from 150 N to 600 N, the dynamic amplification factor « increases by about 22%. Fig.
20(b) shows the changes in energy components with particle strength. As particle strength increases, the inter-
particle interaction becomes stronger, resulting in reduced friction and damping dissipation, while the rebound
kinetic energy significantly increases.

The total number of cracks and the failure range decrease with increasing particle strength, as shown in Fig.
20(c). The total crack number and failure range decrease sharply, with a significant reduction observed. This
trend is also confirmed by the energy component distribution. Regarding the failure mode in Fig. 20(d), shear
cracks dominate, with their proportion increasing as particle strength increases, while the proportion of tensile
cracks decreases. These results indicate that particle strength significantly influences the dynamic response
and failure mechanism. As particle strength increases, inter-particle interactions strengthen, improving the
transmission of impact force and reducing the failure extent of the model.

Effect of rock block proportion
Real soil-rock mixtures typically consist of varying proportions of rock blocks and soil particles. Therefore, it
is essential to investigate the effect of rock block proportion on the dynamic behavior of the rockfall impact to
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Fig. 19. Changes of model dynamic response and failure mechanism parameters under different particle
stiffness: (a) amplification factor; (b) proportion of energy; (c) crack number; (d) proportion of crack types
(pink: tensile cracks; blue: shear cracks).

better understand the dynamic response and failure mechanism in practical engineering applications. Based on
the previous study, we considered four other different rock block proportions, which are 0.05, 0.1, 0.2, and 0.4,
respectively.

Fig. 21(a) shows the variation of the dynamic amplification coefficient o under different rock block
proportions. It is observed that the dynamic amplification factor « initially decreases and then increases with
the rock block proportion, and the relationship can be approximated by linear fitting. Fig. 21(b) shows the
changes in three energy components with increasing rock block proportion. The kinetic energy of the rockfall
first decreases and then increases, while the damping energy and friction dissipation energy initially increase
and then decrease. The total number of cracks and the failure range in the X, Y, and Z directions show a trend
of first increasing and then decreasing, with the most significant change in the Z-axis failure range, as shown
in Fig. 21(c). However, regarding the proportion of tensile and shear cracks in Fig. 21(d), the change in both
crack types is minimal with increasing rock block proportion, and the failure mode is unaffected by the rock
block proportion. This variation indicates that the effect of rock block proportion on the dynamic response and
failure mechanism of the rockfall impact exhibits a threshold effect. When the rock block proportion is near this
threshold, the dynamic amplification factor « is minimized, and the total crack number and failure range are
maximized.

Conclusions

Based on DEM-FDM coupled numerical simulations of rockfall impacting a soil-rock mixture, the dynamic
response and failure mechanism are investigated under various falling heights and material parameters. The
main conclusions are as follows:

(1). The dynamic response is highly sensitive to falling height. As height increases, the peak impact force Fyiock
and bottom force Fe rise significantly, with F exceeding Fiiock due to dynamic amplification. The maxi-
mum normal stress follows a Gaussian distribution, intensifying with falling height. Porosity decreases rap-
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20. Changes of model dynamic response and failure mechanism parameters under different particle

strengths: (a) amplification factor; (b) proportion of energy; (c) crack number; (d) proportion of crack types
(pink: tensile cracks; blue: shear cracks).

2).

3).

idly upon impact and rebounds above the initial value post-impact, indicating compaction and subsequent
cracking. These results emphasize that impact energy, controlled by falling height, is the dominant factor
governing dynamic response, which is essential for energy-based hazard evaluation.

The total number of cracks grows exponentially with falling height, and the failure zone expands in all di-
rections. Shear cracks dominate across all cases, confirming a shear-driven failure mechanism. The rise in
damping and frictional energy dissipation directly corresponds to increased crack propagation, reinforcing
the connection between energy loss and material damage.

Particle stiffness negatively correlates with the dynamic amplification factor, increasing brittleness and en-
ergy dissipation. In contrast, particle strength enhances force transmission, raising the amplification factor
while reducing damage. Rock block proportion exhibits a threshold effect, with peak damage near a specific
value. Among these, particle strength has the strongest influence on dynamic response, followed by stift-
ness, while rock proportion shows nonlinear behavior. This hierarchy offers practical guidance for material
selection in cushion layer design.

Appendix A. Description of 3D rock block reconstruction method

For

S (0

irregularly shaped 3D rock blocks, if the external contour points are known, spherical harmonics (SH)
, @) (0 and @ satisfy 0 < 8 < mand 0 < ¢ < 2m) can be mapped to spherical coordinates as shown in Fig.

22, as follows:

The

S(0,¢) = (x(0,9),y(0,9),2(0,6)" (13)

Cartesian coordinates = (0, @), y (0, @), z (0, ®) of the outer contour points of the rock block can be

expressed by spherical harmonic expansion as:
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Fig. 21. Changes of model dynamic response and failure mechanism parameters under different proportions
of rock block: (a) amplification factor; (b) proportion of energy; (c) crack number; (d) proportion of crack
types (pink: tensile cracks; blue: shear cracks).
S©0,6)=>_ Y arv."(0,0) (14)
n=0m=-—n
ay' refers to the undetermined spherical harmonic, and Y,)"* (0, ¢) refers to the spherical harmonic given by:
m Cn+1)(n—m)! ., ime
Y, (0,0) = /| ———F———P, (cosf)e 15
0.0) =/ 2D o 19
where n and m represent the degree and order of P;" (x) respectively, and the specific expression of P;" (x) is
as follows:
m my2 d™
Pl(z) = (1- )" ~—pu(a) (16)
da™
Pn (z) is a Legendre polynomial of order n defined by Rodrigues’ formula:
1 dv
n(z) = — — (2" - 1)" 17
po(@) = 5o ) (17)
Based on the known surface points of the rock block and the corresponding spherical harmonic values, Eq. (14)
can be extended to a matrix form:
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Fig. 22. Diagram of the hexahedral element in a spherical coordinate system.
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The number of known surface points of the actual rock block is large enough to realize the solution of all
coeflicients , to complete the 3D reconstruction of the irregular rock block. At the same time, the volume and
surface area of the reconstructed irregular 3D rock block are calculated as follows:

T 27 7 7 N
Vi=3l Is (%ﬂx %) -rdfdy
Sy = fo7r 027r % X % dfde

T
©

(19)

Data availability
The data used and analyzed during the current study available from the corresponding author (2301100@stu.
neu.edu.cn) on reasonable request.
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