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When stress waves propagate in rock slopes, they are influenced by various
factors such as structural plane characteristics (e.g., stiffness, number, spacing,
thickness), sawtooth structural characteristics (e.g., stiffness, angle of sawtooth
structural planes), filling materials (fully filled, partially filled, and different filling
materials), and wave impedance properties, leading to phenomena such as
amplitude attenuation, signal delay, and wave velocity reduction. In this paper,
using the one-dimensional Hopkinson bar model as an example, a numerical
method is employed to analyze the propagation behavior of stress waves
through structural planes with different characteristics. By monitoring key
parameters such as permanent displacement, acceleration, and stress values
of the stress waves, the influencing laws are revealed: When the stiffness
of the structural planes exceeds a certain critical threshold (i.e., 2.8×10⁶ Pa),
the permanent displacement, acceleration, and stress values of the stress
waves significantly increase with increasing stiffness. The increase in structural
plane spacing promotes significant growth in the permanent displacement,
acceleration, and stress values of the stress waves, which is another key factor
affecting the propagation characteristics of stress waves. Conversely, as the
number and thickness of structural planes increase, the response parameters
of the stress waves exhibit a decreasing trend, revealing the hindering effect
of dense and thickened structural planes on stress wave propagation. An
increase in the angle of sawtooth structural planes exacerbates the reflection
and attenuation of stress waves, leading to a significant reduction in the peak
values of permanent displacement and acceleration, which further emphasizes
the influence of structural plane morphology on the propagation path and
energy distribution of stress waves. Additionally, the density of filling materials
has proven to be a non-negligible factor, as its increase helps reduce energy
dissipation, thereby enhancing the propagation effect of stress waves. In cases
where there is a significant difference in wave impedance, the amplitude and
propagation velocity of stress waves are significantly reduced, highlighting the
importance of wave impedance matching in wave propagation. Furthermore,
an increase in the damping ratio further accelerates the energy dissipation
process, resulting in a significant reduction in the amplitude of stresswaves at the
propagation endpoint, which emphasizes the crucial role of damping effects in
the attenuation of stress wave energy. The research results provide a theoretical
basis for the analysis of rock mass dynamic behavior and rock slope stability,
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and have important guiding significance for the engineering design and disaster
prevention of geomaterials under complex geological conditions.

KEYWORDS

stress wave propagation, structural plane characteristics, filling material, wave
impedance, damping ratio, rock mass dynamics

1 Introduction

In recent years, the study of structural planes, their
characteristics, and the propagation patterns of stress waves has
garnered widespread attention. This is primarily due to their
decisive role in the stability of rock masses, thereby exerting a
profound influence on engineering construction (Chai et al., 2020;
Huang J. et al., 2020; Jia et al., 2021). Characteristics of structural
planes, wave impedance, damping, and other factors can lead to
phenomena such as attenuation of stress wave amplitudes, signal
delay, and wave speed reduction (Müller et al., 2010; Song, 2012;
Shafique et al., 2020; Zhou et al., 2021. Therefore, it is essential to
conduct in-depth research on the characteristics of structural planes
and their parameter variations, exploring the propagation patterns
of stress waves passing through structural planes.

In practical engineering applications, exploring the propagation
patterns of stress waves in structural planes has practical value.
In mining engineering, studying the propagation patterns of stress
waves through soft rocks is crucial for improving mining efficiency
and ensuring the safety of tunnels (Qin et al., 2023; Wang et al.,
2023). In geotechnical engineering, the stability of rocky slopes
is frequently governed by multiple structural planes with varying
attitudes (Wei et al., 2024; Zheng et al., 2024). Slope stability is
significantly influenced by the attenuation and propagation behavior
of stress waves through primary structural planes (Song et al., 2021).
A systematic study of stress wave propagation in diverse structural
planes is essential to understanding potential failure modes of rocky
slopes and ensuring engineering safety. In earthquake engineering,
thoroughly investigating the interaction between stress waves and
structural planes has indispensable guiding significance for the
design of key components such as anchor rods and anchor cables.
It is also a critical aspect of ensuring earthquake resistance and
fortification effects (Wang et al., 2022; Yu et al., 2024). By accurately
grasping the propagation characteristics of stress waves in different
structural planes, we can more effectively carry out earthquake-
resistant design and disaster prevention, thereby protecting the
safety of people’s lives and property.

In recent years, significant progress has been made in studying
the influence of structural surface characteristics on the propagation
of stress waves. Scholars have thoroughly investigated the effects
of different structural surface characteristics (such as linear
structural surfaces, nonlinear structural surfaces, filled structural
surfaces, etc.) on the propagation of stress waves through various
means, including theoretical derivation, numerical simulation, and
experimental verification (Zeng et al., 2018; Feng et al., 2020;
Li et al., 2021; Lou et al., 2021). In terms of theoretical derivation,
research on stress wave propagation in jointed rockmasses primarily
focuses on two approaches:displacement discontinuity theory and
equivalent medium theory (Chong et al., 2020; Zhu et al., 2020;
Fan et al., 2021). Displacement discontinuity theory assumes that

joint surfaces consist of a colinear plane made up of voids and
contact points.The theory posits that displacement is discontinuous
at the joint, while stress remains continuous, making it suitable
for studying phenomena like joint crack opening, closing, and
slipping (Zheng et al., 2021; Xiroudakis et al., 2023; Zhang et al.,
2024; Nolte et al., 2000). Evaluated the applicability of displacement
discontinuity theory, concluding that it becomes invalid when joint
thickness approaches the incident wave’s wavelength or when severe
distortion arises at joint contact points, causing resonant scattering.
Equivalent medium theorymodels rocks and structural planes, such
as joints and fractures, as a continuous medium, using equivalent
elastic modulus to describe stress wave attenuation in rock masses.
This approach is primarily used to analyze stress wave propagation
and attenuation in highly jointed rock masses (Liu et al., 2000;
Huang X. et al., 2020; Kim et al., 2021; White, 2000) applied
equivalent medium theory to study stress wave propagation in rocks
with parallel joints, deriving the relationship between equivalent
elastic modulus, joint stiffness, and spacing, and formulated the
stress wave velocity attenuation equation (Yu et al., 2012). Utilized
nonlinear wave theory and the BB model of structural planes
to examine how dual nonlinearity in rock masses and structural
planes affects stress wave propagation (Li et al., 2012). Developed
a time-domain recursive method to investigate the transmission
and reflection of P-waves and SV-waves incident at an angle to
parallel linear and nonlinear structural planes (Fan et al., 2012).
introduced a nonlinear viscoelastic equivalent medium model to
analyze P-wave propagation in rock masses with parallel structural
planes under vertical incidence. In terms of numerical simulation,
with the ongoing development of computer technology, numerical
simulation has gradually become an important means to study
the propagation of stress waves in rock masses with complex
structural surfaces. Numerical simulation software, such as UDEC
and LS-DYNA, is widely used to simulate the propagation of
stress waves in rock masses with structural surfaces of different
dip angles, fillings, and various stiffness values. This reveals the
influence of structural surface characteristics on the propagation
path, energy attenuation, and dynamic response of stress waves
(Chai et al., 2020; Fan and Cai, 2021; Rong et al., 2024). In terms
of experimental verification, scholars have collected stress wave
propagation data through methods such as SHPB tests and on-
site blasting experiments, verifying the correctness of theoretical
derivations and numerical simulation results. For example, the
SHPB test has been used to study the influence of factors such
as joint stiffness and incident wave frequency on the transmission
and reflection coefficients of cylindrical waves in single-jointed rock
masses (Hong et al., 2021; Li et al., 2021).

Despite significant progress, there are still some shortcomings
in current research. First, regarding the simulation of complex
structural surfaces: The morphology of structural surfaces in actual
rock masses is complex and diverse, including different dip angles,
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fillings, and various stiffness values, among others. However, most
existing studies focus on single or simplified combinations of
structural surface characteristics, making it difficult to fully capture
the complexity of structural surfaces in actual rockmasses (Xia et al.,
2020; Guo et al., 2022). Second, considering multi-field coupling
effects: The propagation of stress waves in rock masses is not only
affected by the characteristics of structural surfaces but also by
coupled factors such as ground stress and temperature. However,
most existing studies have ignored these multi-field coupling effects,
leading to certain limitations in the practical applications of research
results (Liu et al., 2020; Chen et al., 2022). Third, regarding the
limitations of experimental data: Experimental verification is an
important aspect of theoretical research, but experimental data often
have limitations due to experimental conditions (Zarastvand et al.,
2022). For example, it is difficult to precisely control experimental
conditions in in-situ blasting experiments, resulting in fluctuations
and uncertainties in the data. Finally, concerning the applicability
of theoretical models:Theoretical derivations are often based on
certain assumptions and simplified conditions, thus limiting the
extent to which these models can be applied in practice (Wang et al.,
2018; Kononenko and Khomenko, 2021). For example, although the
equivalent medium method can simplify the calculation process, it
is difficult to accurately reflect the complexity of structural surfaces
in actual rockmasses (Aligholi and Khandelwal, 2022). In summary,
future research should further focus on simulating the complexity of
structural surfaces, analyzingmulti-field coupling effects, accurately
collecting experimental data, and verifying the applicability of
theoretical models. This will provide a more comprehensive
understanding of how structural surface characteristics influence the
propagation of stress waves.

This paper uses a one-dimensional Hopkinson bar (100 m long
and 1 mwide) to investigate the propagation behavior of stresswaves
through various structural planes. Figure 1 presents a schematic
diagram of the structural plane model.

2 Influence of structural surface
characteristics

The model in Figure 1 applies fixed constraints and viscoelastic
boundary conditions to the bottom surface of the Hopkinson
bar. A sinusoidal velocity pulse, with a frequency of 10 Hz
and amplitude of 1 m/s, is introduced at point A. One or
more structural planes are positioned along the midsection
of the bar. At point B, the permanent displacement, stress,
and acceleration of stress waves transmitted through the
structural planes are recorded. The propagation behavior of stress
waves is analyzed by varying the stiffness, number, spacing,
and thickness of the structural planes, utilizing an improved
Newmark model.

The one-dimensional Hopkinson bar is modeled as a
two-dimensional rectangle with dimensions of 100 m × 1 m.
Quadrilateral elements with dimensions of 0.5 m × 0.5 m are used
for the mesh, as illustrated in Figure 2.

The material parameters of the model are shown in Table 1.

FIGURE 1
Schematic diagram of the 1D Hopkinson bar model with a horizontal
structural surface (Nolte et al., 2000).

2.1 Structural surface stiffness

The effect of varying stiffness in horizontal structural planes
on stress wave propagation is analyzed. Stiffness values of 2.8 ×
104 Pa, 2.8 × 105 Pa, 2.8 × 106 Pa, 2.8 × 107 Pa and 2.8 × 108 Pa
are analyzed.

By varying the stiffness of a single horizontal zero-thickness
structural plane, vertical permanent displacement curves for
different stiffness values were obtained, as shown in Figure 3.
For structural plane stiffness values above 2.8 × 10⁶ Pa,
both vertical permanent displacement and its growth rate
increase with rising stiffness. When stiffness is below 2.8
× 10⁶ Pa, the changes in permanent displacement and
its growth rate are negligible, consistent with observed
results. At stiffness levels below 2.8 × 10⁶ Pa, the system
behaves like a one-dimensional Hopkinson bar without a
structural plane, resulting in minimal change in permanent
displacement.

As shown in Figure 4, the y-direction acceleration
curves indicate that for structural plane stiffness values
exceeding 2.8 × 10⁶ Pa, the acceleration increases with
higher stiffness. For stiffness values below 2.8 × 10⁶ Pa, the
acceleration curves show minimal change. Higher structural
plane stiffness results in greater acceleration values at the
endpoint and earlier stress wave propagation, consistent with
observed data.

As shown the y-direction stress curves indicate that stress waves
are detected earliest at a stiffness of 2.8 × 10⁸ Pa, followed by
2.8 × 10⁷ Pa. For stiffness values below 2.8 × 10⁶ Pa, the stress
wave values are minimal, aligning with observed results. Lower
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FIGURE 2
Meshed model containing structural planes and the locally enlarged mesh diagram of structural planes.

TABLE 1 Material parameters of the model.

Model
parameters

Density
(kg/m³)

Elastic
modulus (Pa)

Poisson’s
ratio

Cohesion (Pa) Tensile
strength (Pa)

Friction angle
(°)

2700 6.5628e10 0.2 4.0e5 2.0e5 35

Interface
Parameters

Normal
Stiffness (Pa)

Shear
Stiffness (Pa)

Friction Angle
(°)

Cohesion (Pa) Tensile
Strength (Pa)

Dilatancy
Angle (°)

2.8e8 2.8e8 15 1.0e5 1.0e4 8

FIGURE 3
Permanent displacement curves in the Y-direction for stress waves
passing through structural surfaces with different stiffness.

stiffness in structural planes induces significant refraction and
reflection of stress waves, resulting in a gradual reduction in their
propagation speed.

The above discussion reveals that when the structural plane
stiffness exceeds 2.8 × 10⁶ Pa, y-direction permanent displacement,
acceleration, and stress values increase with higher stiffness. This
highlights the role of high-stiffness structural planes in enhancing

FIGURE 4
Acceleration curves in the Y-direction for stress waves passing
through structural surfaces with different stiffness.

stress wave propagation. Conversely, when the stiffness falls below
2.8 × 10⁶ Pa, y-direction permanent displacement, acceleration, and
stress values remain largely unchanged as stiffness decreases. This
aligns with real-world observations and highlights the critical role
of stiffness thresholds in stress wave propagation.
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FIGURE 5
Permanent displacement curves in the Y-direction for stress waves
passing through different numbers of structural surfaces.

2.2 Number of structural surfaces

By varying the number of structural planes in a one-
dimensional rock bar, the propagation behavior of stress
waves through different quantities of structural planes is
analyzed. As the number of structural planes increases,
the spacing between them is kept at 1 m from the
centerline.

We will discuss the scenarios of setting up single, two, three and
four Zero-Thickness Structural Surface, respectively.

As shown in Figure 5, with a single structural plane, the
vertical permanent displacement exhibits the fastest rise and highest
peak value. With two structural planes, positioned symmetrically
outward from the center of the rock bar, the stress wave encounters
the first plane earlier compared to the single-plane scenario. The
stress wave undergoes attenuation from refraction and reflection
as it passes through the first structural plane and propagates to
the second. With three structural planes, attenuation intensifies
compared to two; with four planes, propagation slows further,
continuing this trend with additional planes.This demonstrates that
increasing the number of structural planes amplifies refraction and
reflection, resulting in continuous attenuation of the stress wave.
As a result, the permanent displacement at the endpoint decreases
progressively.

As shown the y-direction acceleration curves indicate that with
an even number of structural planes, acceleration is detected earlier
on the time axis, particularly at the spectral peak. For an odd
number of structural planes, the spectral peak appears later in
time. As the number of structural planes increases, the spectral
peak shifts further in time, and the average acceleration value
decreases progressively. This behavior correlates with the refraction
and reflection phenomena, where more structural planes result in
greater attenuation of the stress waves.

As shown the y-direction stress curves for stress waves passing
through varying numbers of structural planes. The stress curve
spectrum is detected earliest with four structural planes, followed

FIGURE 6
Permanent displacement curves in the Y-direction for stress waves
passing through structural surfaces with different spacings.

by three, two, and finally one. This indicates that fewer structural
planes result in a slower arrival of the stress wave at the opposite
endpoint. This phenomenon is attributed to the higher stiffness
and elastic modulus of structural planes compared to the rock
bar, along with energy dissipation during wave transmission.
As noted in Section 1.1, weaker structural planes induce significant
refraction and reflection, reducing the stress wave’s propagation
speed. Increasing the number of structural planes is akin to raising
the elastic modulus, aligning with observed results.

2.3 Variation in structural surface spacing

By adjusting the spacing of structural planes in a one-
dimensional rock bar, we analyze the propagation behavior of stress
waves through structural planes with varying spacings. Using the
centerline as a reference, structural plane spacings of 1 m, 2 m, and
3 m are configured for analysis.

Using the midpoint of the rock mass as the baseline, structural
plane spacings of 1 m, 2 m, and 3 m are chosen above and below to
examine the impact of spacing on stress wave propagation. Figure 6
shows that as structural plane spacing increases, the y-direction
permanent displacement at the far end of the Hopkinson bar
gradually rises, though the increase remains modest. This
occurs because increasing the spacing between structural planes
weakens refraction and reflection, resulting in higher permanent
displacement. At larger structural plane spacings, reflections
between planes nearly vanish, aligning with observed conditions.

Figure 7 illustrates that as structural plane spacing increases,
the y-direction acceleration at the far end of the Hopkinson
bar gradually rises, though the increase remains modest. This
is attributed to the reduced refraction and reflection between
structural planes as their spacing increases, similar to the
explanation for permanent displacement.

As shown the y-direction stress curves for stress waves
passing through structural planes with varying spacings. When the
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FIGURE 7
Acceleration curves in the Y-direction for stress waves passing
through different numbers of structural surfaces.

structural plane spacing is 1 m, the stress wave reaches the endpoint
the earliest.With increasing structural plane spacing, the stress wave
arrives at the endpoint progressively later.This occurs because wider
structural plane spacing slows stresswave propagation anddissipates
energy, resulting in a gradual reduction in the spectral peak value.

2.4 Variation in structural surface thickness

By adjusting the thickness of structural planes in a one-
dimensional rock bar, we analyze the propagation behavior of stress
waves through planes of varying thicknesses. Using the centerline as
the reference, structural plane thicknesses of 0 m, 1 m, and 2 m are
configured for analysis.

Using the midpoint of the rock mass as the baseline, structural
planes with thicknesses of 0 m, 1 m, and 2 m are positioned above
and below to examine the effect of thickness on stress wave
propagation. Figure 8 shows that as the structural plane thickness
increases from zero to 1 m and 2 m, the plane behaves as a
weak interlayer, affecting stress wave propagation. As the thickness
increases, the displacement and its growth rate over time gradually
decrease. This aligns with field conditions, where weak interlayers
absorb stress wave energy, enhancing refraction and reflection
effects. Thicker weak interlayers amplify these effects, reducing
permanent displacement, consistent with the numerical results.

As shown the y-direction acceleration is detected earliest when
the structural plane has zero thickness. As the structural plane
thickness increases, acceleration is detected later at the opposite end
of the rock bar. Increasing structural plane thickness weakens stress
wave propagation, affecting acceleration timing and magnitude,
consistent with field observations.

As shown the y-direction stress curves, the spectral peak appears
earliest for structural planeswith zero thickness, while thicker planes
delay the peak occurrence. Stress values are detected earliest at the
opposite end of the rock bar when the structural plane has zero
thickness. As structural plane thickness increases, point B detects

FIGURE 8
Permanent displacement curves in the Y-direction for stress waves
passing through structural surfaces with different thicknesses.

stress values at progressively later times. The maximum stress peak
decreases as structural plane thickness increases, indicating that
thicker planes weaken the stress wave propagation.

The above discussion reveals that greater structural plane
thickness enhances its role as a weak interlayer, significantly
attenuating stress wave values, consistent with observed conditions.

3 Influence of sawtooth-shaped
structural surfaces

To study stress wave propagation through sawtooth-shaped
structural planes, a sawtooth-shaped plane was positioned at the
model’s midpoint. The sawtooth angle was fixed at 60°, and
the structural plane stiffness was varied at 2.8 × 10⁶ Pa, 2.8 ×
10⁷ Pa, and 2.8 × 10⁸ Pa. A sinusoidal velocity pulse (10 Hz,
1 m/s amplitude) was applied at the bottom surface, with fixed
constraints and viscoelastic boundary conditions at the base.
Permanent displacement, acceleration, and stress were monitored
at the opposite midpoint to examine the influence of structural
plane stiffness on stress wave propagation. Subsequently, sawtooth
angles of 30°, 60°, 90°, 120°, 150°, and 180° were tested to analyze
their effects on stress wave propagation.Themodel dimensions were
100 m × 1 m, with a triangular mesh, as depicted in Figure 9.

3.1 Stiffness of Sawtooth-Shaped structural
surfaces

We will discuss the scenarios where Stiffness values is set to
stiffness values of 2.8 × 106 Pa, 2.8 × 107 Pa and 2.8 × 108 Pa,
respectively.

Varying the stiffness of the 60° sawtooth-shaped structural
plane yielded vertical permanent displacement curves for different
stiffness values, as shown in Figure 10 at a stiffness of 2.8 × 10⁶ Pa, the
sawtooth-shaped structural plane exhibited negligible permanent
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FIGURE 9
Rock bar model with sawtooth-shaped structural surface (Angle:60°).

FIGURE 10
Permanent displacement curves in the Y-direction for stress waves
passing through sawtooth-shaped structural surfaces with different
stiffnesses.

displacement. As the stiffness of the sawtooth-shaped structural
plane increased, permanent displacement rose accordingly,
indicating a positive correlation.

This observation aligns with real-world conditions:low
structural plane stiffness behaves similarly to the rock bar material,
exerting minimal influence on permanent displacement. Noticeable
permanent displacement occurs only when the stiffness of the
sawtooth-shaped structural plane equals or exceeds that of
the rock bar.

Figure 11 shows that the y-direction acceleration curves of
stress waves propagating through sawtooth-shaped structural planes
exhibit significantly lower stress and acceleration values when the
stiffness is below the normal level (2.8 × 10⁶ Pa), with notable
differences observed. This confirms that high-stiffness sawtooth
planes enhance stress wave transmission, whereas low stiffness
increases wave attenuation and energy dissipation.

FIGURE 11
Acceleration curves in the Y-direction for stress waves passing through
sawtooth-shaped structural surfaces with different stiffnesses.

FIGURE 12
Permanent displacement curves in the Y-direction for stress waves
passing through sawtooth-shaped structural surfaces with
different angles.

3.2 Sawtooth-Shaped Structural surface
inclination

We will discuss the scenarios where the angle of the sawtooth
structural surface is set to 30°, 60°, 90°, 120°, 150°, and 180°,
respectively.

Figure 12 shows that the permanent displacement after stress
wave propagation is smallest for a sawtooth-shaped structural plane
with a 180° angle (horizontal), indicating that sawtooth structures
significantly affect displacement. At a 30° sawtooth angle, the
displacement exhibits the highest initial growth rate and peak value.
For other angles, displacement growth rates are similar initially but
diverge after 0.2 s.The descending order of permanent displacement
is 150° > 120° > 90° > 30° > 60° > 180°.
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FIGURE 13
Computational model of partially filled structural surface.

TABLE 2 Material parameters of the rock bar model and filling material.

Rock bar
model

parameter

Density
(kg/m³)

Elastic
modulus (Pa)

Poisson’s
ratio

Cohesion (Pa) Tensile
strength (Pa)

Friction angle
(°)

2700 6.5628e10 0.2 4.0e5 2.0e5 35

Filling
Material

Parameter

Density
(kg/m³)

Elastic
Modulus (Pa)

Poisson’s
Ratio

Cohesion (Pa) Tensile
Strength (Pa)

Friction Angle
(°)

1800 1.0e8 0.15 1.0e5 1.5e5 15

As shown the y-direction acceleration curves exhibit varying
spectral peak values depending on the sawtooth-shaped structural
plane angle.The smallest peak value occurs at 180°. As the sawtooth
angle increases, stress and acceleration values decrease, following the
order 180° < 150° < 120° < 90° < 60° < 30°. This trend aligns with
actual observations, as larger angles enhance refraction, reflection,
and attenuation effects.

4 Influence of filled structural surfaces

As illustrated in Figure 13, a 1 m × 5 m filled structural plane
was positioned at the midpoint of the one-dimensional rock bar to
examine how varying filling degrees and materials affect stress wave
propagation.

4.1 Fully filled and partially filled structural
surfaces

The material parameters of the rock bar model and the filling
material are shown in Table 2.

As illustrated in Figure 14, a structural plane with a 5 m
thickness was subjected to two filling conditions: full filling and half
filling, the latter involving a diagonal triangular fill, to analyze the

y-direction acceleration curves of stress waves. During the initial
0–0.15 s, the triangular filling method enabled the half-filled case
to transmit the stress wave more quickly. As a result, within this
interval, the half-filled case exhibited greater displacement and
growth rates compared to the fully filled case. After 0.15 s, as the
stress wave finishes propagating through the filled region, the fully
filled case exhibits a rapid increase in speed, ultimately resulting in
a final displacement approximately 300% greater than that of the
half-filled case.

As shown the y-direction acceleration curves reveal that at the
initial moment, stress and acceleration values are first detected in
the half-filled structural plane. Over time, the stress and acceleration
values at the opposite end of the rock bar for both fully filled and
half-filled structural planes tend to converge, showing upward and
downward waveform fluctuations.

Figure 14 and the y-direction acceleration curves demonstrate
that fully filled structural planes attenuate stress wave propagation
energy more effectively than partially filled or unfilled ones, likely
due to the absorption and scattering effects of the filling materials.

4.2 Influence of different filling materials

By altering the density of the filling materials, we analyzed the
propagation behavior of stress waves throughmaterials with varying
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FIGURE 14
Permanent displacement curves in the Y-direction for stress waves
passing through different filled structural surfaces.

densities. Table 3 provides the material parameters of the rock bar
model and the various filling materials used in the simulations.

As shown in Figure 15, structural planes were filled with
materials of varying densities. The permanent displacement at the
opposite end of the rock bar increases with higher filling densities.
The permanent displacement at 2,000 kg/m³ is notably higher than
at 1,800 kg/m³ and 1700 kg/m³, attributed to the reduced influence
of the weak interlayer.

The stress and acceleration curves reveal that waveform values
appear earliest for a density of 2,000 kg/m³, followed by 1,800 kg/m³,
and lastly for the lowest density. This demonstrates that higher
density results in faster stress wave propagation.

Figures 15, 16 show that increasing the density of the filling
material enhances the propagation speed of stress waves and reduces
energy attenuation, leading to higher permanent displacement
and acceleration values. This suggests that high-density filling
materials improve stress wave propagation efficiency and minimize
energy loss.

5 Influence of wave impedance on
stress wave propagation

To study the propagation of stress waves influenced by wave
impedance, a zero-thickness structural plane was placed at the
model’s midpoint, with loess material above and rock material
below. A 10 Hz sinusoidal velocity pulse with a 1 m/s amplitude was
applied at the bottom surface under fixed constraints. Monitoring
at the upper surface midpoint was used to examine stress
wave propagation under different loess densities and damping
ratios. Material parameters for the loess are listed in Table 4,
and the computational model for wave-impedance filling is
illustrated in Figure 17.

Wewill discuss the scenarios where loess is set to normal density,
density reduced by 10 times, and density increased by 10 times,
respectively.

As shown in Figure 18, the y-direction acceleration
curves for stress waves passing through a wave-impedance
structural plane demonstrate that increasing or decreasing
the density of loess by a factor of ten, relative to the normal
density, results in an inverse relationship between density and
displacement, with higher densities corresponding to smaller
displacements.

As illustrated in Figure 19, the density increases, the peak
acceleration value decreases, demonstrating a negative correlation.
When a significant wave impedance mismatch exists between the
materials above and below the structural plane, both the amplitude
and propagation speed of the stress wave are notably reduced,
highlighting the critical role of wave impedance matching in stress
wave propagation.

6 Influence of damping on stress wave
propagation

6.1 Definition and impact of damping

In static problems, adjusting the damping coefficient ensures
convergence to a static state, with convergence speed directly
proportional to the damping magnitude. Insufficient damping
causes repeated oscillation of mesh nodes (Gagnon et al.,
2019). In dynamic analyses, damping represents the energy
dissipation in elastoplastic materials, such as rock and soil,
during deformation and failure. Damping significantly affects
wave propagation and the dynamic response of geotechnical
structures. Excessive or insufficient damping can lead to divergent
results, failing to represent actual conditions. Thus, selecting an
appropriate damping coefficient is essential for ensuring accurate
calculation results.

The governing equation for the motion of grid nodes
is given by Equation 1:

m ̈ui + cu̇i + Fie = F (1)

For the characteristic time, assume Te = 2π√m/K, t = Tet
′, the

governing equation becomes Equation 2:

üi +
2πc
√mK

u̇i +
4π2

K
Fei =

4π2

K
F (2)

ζ represents the dimensionless damping ratio. Its expression
is given by Equation 3:

ζ = 2πc
√mK

(3)

From Equation 3, we can obtain the expression for
c, which is Equation 4, consequently,

c = 1
2π

ζ√mK (4)

In the formula, m represents mass, c represents damping, K
represents element stiffness, F represents force, Fi

e represents nodal
force,Te represents characteristic time, üі represents acceleration, ủі
represents velocity.

The damping ratio influences the natural frequency and
vibration duration of elastoplastic materials such as rock and soil.
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TABLE 3 Material parameters of rock bar model and different filling materials.

Density
(kg/m³)

Elastic
modulus (Pa)

Poisson’s ratio Cohesion (Pa) Tensile
strength (Pa)

Friction angle
(°)

Rock Bar Material 2700 65.628e9 0.2 4.0e5 2.0e5 35

Filling Material 1 1700 1.0e8 0.15 1.0e5 1.5e5 15

Filling Material 2 1800 1.0e8 0.15 1.0e5 1.5e5 15

Filling Material 3 2000 1.0e8 0.15 1.0e5 1.5e5 15

FIGURE 15
Permanent displacement curves in the Y-direction for stress waves
passing through structural surfaces with different filling materials.

FIGURE 16
Acceleration curves in the Y-direction for stress waves passing
through structural surfaces with different filling materials.

In dynamic calculations, adjusting the damping ratio modifies
vibration duration, allowing the system’s damping ratio to be
inversely determined from shaking table experiment results.

6.2 Effect of different damping levels

We will discuss the scenarios where the damping is set to 0, 0.4,
and 0.8, respectively.

As illustrated in Figure 20, by varying damping values to study
the stress wave propagation process, displacement curves reveal
that higher damping increases energy dissipation, leading to smaller
endpoint displacements.

As illustrated in Figure 21, the axial stress and acceleration
curves reveal that as the damping ratio increases, stress loss
intensifies, resulting in progressively smaller stress and acceleration
values. Higher damping ratios accelerate energy dissipation,
significantly reducing the stress wave amplitude at the propagation
endpoint.This highlights the crucial role of damping in wave energy
attenuation, particularly in complex geological conditions where
damping effects can critically influence slope stability.

7 Conclusion

7.1 Formation mechanism

The propagation characteristics of stress waves in rock slopes
are governed by various factors, including the characteristics and
parameters of structural planes, wave impedance, and damping.
These elements collectively contribute to attenuation of stress wave
amplitude, signal delay, and reduced wave speed, the physical
mechanism is primarily manifested in the following two aspects.
Firstly, the complexity of structural planes:in actual rockmasses, the
characteristics of structural planes are extremely complex, including
varying dip angles, fill materials, stiffness, density, undulations,
etc. These factors directly affect the reflection, refraction, and
transmission of stress waves at the structural planes. For example,
at inclined structural planes, stress waves may undergo refraction
and reflection, leading to tensile cracking and slippage at the planes;
the fill materials within the structural planes may absorb part
of the wave energy, reducing the amplitude of the wave after it
passes through; fill materials of different shapes can cause both
refraction and reflection in addition to reducing the wave amplitude,
resulting in more complex mechanical behaviors. Secondly, the
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TABLE 4 Material parameters of rock bar model and loess material.

Density (kg/m³) Elastic
modulus (Pa)

Poisson’s
ratio

Cohesion (Pa) Tensile
strength (Pa)

Friction angle
(°)

Rock Bar Material 2700 6.5628e10 0.2 4.0e5 2.0e5 35

Loess Material 1500 1.748e9 0.27 1.05e5 2.0e5 22.8

FIGURE 17
Computational model of wave impedance with filling materials.

FIGURE 18
Permanent displacement curves in the Y-direction for stress waves
passing through structural surfaces with different wave impedances.

interaction between waves and structural planes: when stress waves
propagate to a structural plane, part of the wave is reflected back
into the original medium, while another part is transmitted into
the adjacent medium. This interaction depends on the properties
of the wave (such as frequency, wavelength) and the characteristics
of the structural plane (such as roughness, continuity). If the
structural plane is rough, the wave will undergo multiple scattering
during propagation, leading to dispersion and attenuation of
wave energy.

FIGURE 19
Stress curves in the Y-direction for stress waves passing through
structural surfaces with different wave impedances.

7.2 Conclusion

Using a one-dimensional Hopkinson bar model, this
study systematically analyzed stress wave propagation
under various structural plane conditions, monitoring key
parameters such as permanent displacement, acceleration,
and stress values. The following well-structured conclusions
were drawn:
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FIGURE 20
Permanent displacement curves in the Y-direction for stress waves
passing through rock bars with different damping levels.

FIGURE 21
Acceleration curves in the Y-direction for stress waves passing
through rock bars with different damping levels.

7.2.1 The critical influence of structural plane
characteristics on stress wave propagation

(a) Structural plane stiffness is a critical factor in controlling
stress wave propagation efficiency. When stiffness exceeds a
critical threshold (2.8 × 10⁶ Pa), permanent displacement,
acceleration, and stress values increase significantly,
emphasizing the role of high-stiffness structural planes in
enhancing wave propagation. Below this threshold, these
parameters exhibit minimal variation, underscoring the
stiffness threshold’s importance in the propagation process.

(b) Structural plane characteristics significantly affect stress
wave propagation. Increasing the number of structural
planes enhances wave refraction and reflection, leading

to gradual attenuation. Conversely, increasing the spacing
between structural planes improves propagation, resulting
in higher permanent displacement, acceleration, and stress
values. However, increased structural plane thickness
mimics a weak interlayer, hindering wave propagation and
reducing these parameters.

7.2.2 Unique effects of Sawtooth-Shaped
structural planes

(a) The angle and stiffness of sawtooth-shaped structural planes
jointly influence the propagation path and energy distribution
of stress waves. As the angle increases (from 30° to 180°), stress
wave refraction and reflection gradually intensify, significantly
reducing the peak values of permanent displacement and
acceleration. This highlights the critical role of the sawtooth-
shaped structural plane angle in stress wave energy dissipation.

(b) Variations in the stiffness of sawtooth-shaped structural
planes also significantly impact wave propagation efficiency.
High-stiffness sawtooth planes transmit stress waves more
effectively, whereas low stiffness causes wave attenuation
and energy dissipation, underscoring the crucial role of
stiffness in propagation.

7.2.3 Influence of filling materials

(a) The filling form of structural planes and the density of filling
materials significantly influence stress wave propagation. Fully
filled structural planes attenuate stress wave propagation
energy more effectively than partially filled or unfilled planes.
This is likely due to the absorption and scattering effects of
filling materials on stress waves.

(b) Higher filling material density increases stress wave
propagation speed and reduces energy attenuation. This
leads to higher permanent displacement and acceleration,
indicating that high-density filling materials enhance stress
wave propagation efficiency and minimize energy loss.

7.2.4 Effects of wave impedance matching and
damping

(a) Differences in wave impedance critically affect stress wave
propagation characteristics across structural planes. When
wave impedance differs significantly across the structural
plane, stress wave amplitude and propagation speed decrease
significantly. This underscores the critical role of wave
impedance matching in stress wave propagation.

(b) Increasing the damping ratio enhances energy dissipation,
significantly reducing the stress wave amplitude at the
propagation endpoint. This highlights the crucial role
of damping in wave energy attenuation, particularly
under complex geological conditions, where damping can
significantly influence slope stability.

However, the intrinsic complexity of structural planes in
actual rock masses, including dip angles, fillers, stiffness, and
density, among other characteristics, still remains difficult to fully
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simulate. Most studies discussed in this paper focus on either
single characteristics or simple combinations of structural planes,
thus failing to fully capture the complexity of structural planes
in natural rock masses. Furthermore, the interaction between
stress wave propagation and multi-field coupling effects (such
as ground stress and groundwater) has yet to be investigated.
Future research efforts should be dedicated to more accurately
simulating the complexity of structural planes, conducting in-depth
analyses of multi-physical field coupling effects, improving the
reliability of experimental data, and verifying as well as enhancing
the practicality of theoretical models. These efforts will provide
a more comprehensive understanding of how structural plane
characteristics influence stress wave propagation patterns.

In summary, this study employed a one-dimensional Hopkinson
bar model to simulate stress wave propagation under varying
structural plane conditions, systematically analyzing the effects
of structural plane characteristics, sawtooth-shaped features,
filling materials, wave impedance, and damping on stress wave
propagation. Despite certain limitations in the research process,
the results achieved undoubtedly lay a solid foundation for future
explorations in this field. These findings offer a solid theoretical
foundation for analyzing rock mass dynamics and slope stability,
while also providing valuable guidance for engineering design and
disaster prevention in complex geological settings.
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