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The dynamic response characteristics of high and steep slopes under the action of earthquakes and blasting was focused on, especially the frequency distribution and propagation laws, which are crucial for slope stability assessment. Using stress wave theory as the theoretical basis and advanced FLAC3D numerical simulation technology, we systematically analyze the frequency response of slope under different joint conditions under seismic waves. The nonlinear characteristics of reflected P-wave coefficient and the significant sensitivity of joint to incident wave frequency are revealed when the Angle of incident P-wave changes. The results show that with the increase of the incidence Angle of the incident P-wave, the reflection coefficient of the reflected P-wave decreases slowly at first and then increases sharply to 1.0. The reflection coefficient of the wave at the joint is more sensitive to the frequency of the incident wave. In a biplanar rock mass, multiple reflections of waves between structural planes produce transmitted waves with different time differences.
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1 INTRODUCTION
In recent years, with the cross-development of seismic engineering and geotechnical engineering, the propagation characteristics of seismic waves in complex geological structures and their effects on engineering structures have become a research focus. In particular, as a kind of structure with special geological characteristics, the frequency distribution characteristics of ceramic-soil joint slopes under the action of seismic waves have attracted much attention. Yue M simulated the influence of different seismic wave frequencies on ceramic soil joint slope through indoor shaking table test, and found that the existence of joint significantly changed the propagation path and frequency distribution of seismic waves, and the high-frequency component attenuated more significantly when passing through the joint, while the low-frequency component was relatively well preserved (Yue et al., 2024). Sun L used discrete element method (DEM) to simulate the propagation process of seismic waves in ceramic soil joint slopes, revealing the mechanism of the influence of joint geometry (such as spacing and inclination Angle) on the frequency distribution of seismic waves, and pointing out that the complexity of joint network increases the complexity of seismic wave dispersion (Sun et al., 2023). Based on the field monitoring data and numerical simulation results, Han Q established a frequency response model of the ceramic-soil joint slope under the action of seismic waves, which can better predict the frequency distribution characteristics of the slope under different seismic intensity and provide an important basis for slope stability assessment (Han et al., 2023). Edinliler A studied the quantitative relationship between seismic wave frequency and slope joint characteristics (such as joint density and filler properties) through statistical analysis, and proposed slope damage assessment indexes based on frequency distribution, providing a new method for rapid evaluation of slope stability after earthquakes (Edinliler and Yildiz, 2023). Matsumaru T focused on the influence of the frequency distribution of seismic waves on the dynamic response of the slope containing ceramic soil joints. Through dynamic finite element analysis, he found that high frequency seismic waves were more likely to cause local resonance of the slope and aggravate the slope failure. However, low-frequency seismic waves cause overall slope instability mainly through cumulative effect (Matsumaru et al., 2022). Zhang P proposed a comprehensive evaluation framework for the dynamic response of a ceramic-soil joint slope by comprehensively considering multiple factors such as frequency, amplitude and duration of seismic waves, and emphasized the key role of frequency distribution in evaluating the dynamic stability of the slope (Zhang et al., 2022). Huang Q applied the research results of seismic wave frequency distribution to practical projects, optimized the reinforcement design of a ceramic-soil joint slope, and effectively improved the seismic performance of the slope by adjusting the reinforcement measures to reduce the adverse effects of specific frequency seismic waves on the slope (Huang et al., 2022). Combined with the earthquake early warning system, Xie W proposed a slope early warning method based on the frequency distribution characteristics of seismic waves. Through real-time monitoring of the frequency changes of seismic waves, Xie W gave early warning of the possible instability risk of slope, providing strong support for disaster prevention and emergency response (Xie et al., 2024).
The scholars mainly consider the factors such as charge amount, detonation mode, detonation center distance, terrain conditions, etc., and summarize the law of the influence of different factors on blasting vibration frequency (Chen and Liu, 2019; Kaneshiro et al., 2020; Azarafza et al., 2021). However, the influence of the depth of buried blasting source on the blasting vibration frequency is not discussed. When analyzing the frequency propagation law of blasting seismic waves, most scholars rely on a single method to analyze the frequency propagation law of seismic waves, but do not analyze the frequency attenuation characteristics of seismic waves quantitatively and qualitatively from the Angle of spectrum curve change (Nanehkaran et al., 2023; Briffa et al., 2020; Azarafza et al., 2022). Because it does not consider the complex basic characteristics of the frequency component of blasting vibration signal, the proposed frequency prediction formula is not scientific (Zhang et al., 2023). This paper mainly studies the frequency characteristics and propagation laws of blasting seismic waves, but in engineering practice, the impact of blasting seismic waves on structures is the result of the joint action of peak vibration velocity and frequency (Mao et al., 2024). In the future, the research results should be combined with the peak vibration velocity to evaluate the impact of blasting earthquakes. Based on the stress wave theory, the propagation law of seismic wave frequency in slope rock mass is deduced, the rock mass medium and joint fracture are simplified, and the propagation law of longitudinal wave is mainly studied. The conclusion has some limitations in engineering application, so it is necessary to study this theoretical knowledge more systematically in the future.
2 PROJECT OVERVIEW
Niuhaohao kaolin (China clay ore) is located in Chaozhou City, eastern Guangdong Province, in the administrative division of Chaoan County Wenci town and Dashan town junction. The exploration area of the mining area is located in the subtropical oceanic monsoon climate area, and the China clay deposits are distributed on the hills with relatively slow slopes. In terms of regional structure, the mining area is located to the northwest of the Neocathaysian Chaozhou-Puning fault, and to the south of the middle of the Mesozoic Sanrao volcanic eruption basin. The lithology is mainly rhyoclastic crystalline tuff, interfused tuff and rhyoclastic tuff, and their weathering crust is often China clay ore body. The upper member of Nanshancun Formation (JKnc) is distributed in the southern part of the mining area, and its lithology is mainly gray-dark gray rhyolitic rock debris tuff, which can be partially formed into China clay ore after weathering. A fault can be seen in the north of the mining area, moving toward the northeast, with the occurrence of 350°∠70°. Due to the development of structural cracks in the fracture section, surface water formed by atmospheric rainfall infiltrated along the cracks, polluting the orebodies on both sides of the cracks, and having a greater impact on the ore quality. Meanwhile, China clay ore contains weak structural plane, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram and location of slope. (A) Schematic diagram of slope (B) location of the slope.
2.1 Model test system
The slope is greatly affected by mining blasting, and the cumulative damage is serious. Vibration table test was used to simulate slope vibration. In-situ rock samples are used as original rock samples to produce similar materials. Material parameters are obtained through physical and mechanical properties testing, in which the prototype material and similar material are determined by the law of similarity, with a similarity ratio of 129. Meanwhile, physical and mechanical properties of similar materials are obtained through conventional physical tests, such as shear test and compressive test, etc. Relevant parameters are shown in Table 1, 2.
TABLE 1 | The physical and mechanical parameters.
[image: Table 1]TABLE 2 | Basic properties of the soil in the slip zone.
[image: Table 2]Because the blasting seismic wave is difficult to simulate, the test adopts sine wave to simulate the vibration load, which has most of the characteristics of seismic wave and simplifies the calculation. The intensity of blasting vibration load in Daye Iron Mine is converted to vibration table acceleration and corresponding sinusoidal wave is applied. The number of cycle loads is divided into 12 levels from 750 to 12,000. The intensity of cyclic loading is graded on a 4-point scale from 0.5 to 2.2. Horizontal vibration is very important for slope stability, so horizontal X direction loading is adopted, the shaking table system is shown in Figures 2, 3.
[image: Figure 2]FIGURE 2 | Shaking table system.
[image: Figure 3]FIGURE 3 | Variation of shear strength parameters of similar materials in fault zones. (A) cohesion force (B) internal friction Angle.
According to the test parameter table, the experiment was carried out, and the shear strength parameters of the fault zone during the statistical test were shown in Figure 3.
As can be seen from Figure 3: Under the same circumstances, the cohesive force of soil in the fault zone of slope changes greatly, followed by the friction Angle. Meanwhile, in the slope failure process, the cohesive force dominates. When the seismic vibration intensity is less than or equal to 1.5 cm/s, the percentage of the cohesive force weakening value increases from 4.73% to 62.47%, and the internal friction Angle increases from 3.29% to 33.32%. When the seismic vibration intensity is equal to 2.2 cm/s, the percentage of cohesion weakening value increases from 30.72% to 97.11%. When the seismic vibration intensity is equal to 2.2 cm/s, the failure is caused by the inertial force.
2.2 Establishment of numerical model of bedding rock landslide
Based on the actual working conditions, a bedding rock slope model is established. The maximum absolute height in the vertical direction is 680 m, the slope height is 423.6 m, the slope Angle is 43°–46°, the fault is 300 m high, and the inclination is 70°. The slope model is shown in Figure 1, where the x direction is east-west and the y direction is north-south. The FLAC3D software is used to simulate the cumulative degradation law of strata rock landslide under the cumulative action of blasting. The materials in this calculation model are shown in Table 1, 2. The mechanical parameters of landslide slip zone (fault zone) are implanted into the numerical model through FISH language, and the mechanical parameters of slide zone that are compatible with the characteristics of landslide evolution are constantly updated. Thus, the dynamic simulation in accordance with the real evolution law of sliding slope is realized.
(1) Numerical model of bedding rock slope with faults established in FLAC3D.
(2) The sliding bed was fixed and set as an elastic material, the sliding strip (fault zone) and the sliding body as an elastic-plastic material, and the whole material was assigned parameters. At the same time, the numerical model was run to equilibrium to form a complete initial stress field.
(3) Remove the displacement stress field after the initial stress balance, assign the mechanical parameters of the material in the fault zone when the slip zone (fault zone) is subjected to 750 times of blasting vibration, and run the model to calculate the equilibrium.
(4) After the above calculation model is balanced, continue to invoke the calculation results of the model. In addition, the mechanical parameters of materials with 1,500, 2,250, 3,000, 3,750, 4,500, 5,250, 6,000, 7,500, 9,000, 11,500 and 12,000 times of blasting vibration were successively assigned to the fault zone materials, and the numerical model convergence calculation was continued.
(5) If the numerical model cannot be calculated to convergence, the calculation is stopped and the corresponding calculation results are output.
(6) The dichotomy calculation principle was adopted to reduce the shear strength value based on the limit equilibrium theory, and the strength reduction principle was adopted to reduce the value of the shear strength, and the iterative accuracy of the stability coefficient was set to be less than or equal to 0.02, and the reduction coefficient was taken as the safety stability coefficient of the slope as the result of this calculation.
(7) Model calculation convergence criteria When the operation is less than the typical time step, the typical time step of the model can be obtained by rough trial calculation, so that the unbalance ratio in the model is less than the critical value, the model can be considered convergence, otherwise the model will not converge. At the same time, the convergence of the model calculation can be combined with the change trend of the displacement monitoring of the key parts of landslide to assist the judgment.
In order to monitor the displacement change at the landslide front in the process of landslide evolution, a numerical monitoring point was set at the front of the model (as shown in Figure 4). In the calculation process of the numerical model under different blasting vibration intensities, the horizontal displacement of the monitoring point changes with the increase of the calculation time step, as shown in Figure 5. Moreover, the model experiment is compared with the displacement obtained in FLAC3D. As can be seen from Figure 5, the displacement variation law of slope is basically the same under different blasting vibration conditions, and the error difference between the data obtained by model experiment and the data obtained by FLAC3D model is not large, thus verifying the accuracy of the model parameters calculated by FLAC3D.
[image: Figure 4]FIGURE 4 | Schematic diagram of numerical model of bedding rock landslide with fault zone as slip zone (1 represents slip bed, 2 represents slip zone (fault zone), 3 represents slip body, and 4 horizontal displacement monitoring points).
[image: Figure 5]FIGURE 5 | Changes of the horizontal displacement of the monitoring point with the increase of the calculation time step during the calculation of the numerical model.
3 THEORETICAL ANALYSIS OF SEISMIC VIBRATION FREQUENCY PROPAGATION CHARACTERISTICS OF ROCK SLOPE
Based on the stress wave theory of the corresponding medium model, the general law of seismic wave propagation in slope rock mass is analyzed. On this basis, combined with the seismic vibration frequency characteristics of slope rock mass measured on site, the slope rock mass and seismic wave are simplified to some extent, and the characteristics of seismic vibration frequency propagation of slope rock mass are analyzed. The research results will have a certain universal value.
There are two kinds of rock response to seismic loads: transient deformation and non-transient deformation. The transient deformation is time-independent elastic deformation, and the non-transient deformation is time-dependent viscous deformation. When analyzing the response of rocks under dynamic loads, the viscoelastic model takes into account both the elasticity and viscosity of the medium, in which the elastic properties of the medium are described by linear elastic law and the viscous properties of the medium by linear viscous law. The one-dimensional forms of the two are expressed as follows (Equations 1, 2) (Matsumaru et al., 2022):
[image: image]
[image: image]
Under the condition of small deformation, ignoring the difference between Lagrange variable and the Euler variable, the velocity gradient is equal to the strain rate, that is (Equations 3, 4):
[image: image]
Then Formula 2 can be rewritten as:
[image: image]
That is the linear relationship between stress and strain rate.
Where σ is the stress, E is the Young modulus, ƞ is the viscosity constant, ε is the strain, ν is the particle velocity, x is the space position, X is the particle position, is the strain rate, u is the displacement, t is the time.
For the viscoelastic medium model, many hypotheses have been proposed: Maxwell solid model, Kelvin solid model, standard linear viscoelastic model and so on. Among them, the Kelvin solid model is one of the most used models in seismic exploration. This model is a parallel connection between an elastic unit (spring) and a linear viscous unit (sticky pot) (Figures 6, 7) to describe the viscoelastic characteristics of the medium.
[image: Figure 6]FIGURE 6 | Cell model. (A) Spring unit (B) glue pot unit.
[image: Figure 7]FIGURE 7 | Kelvin solid model.
In the Kelvin solid model, the strain of the spring and the pot is equal , as shown in Equations 5–7 (Azarafza et al., 2021):
[image: image]
The total stress is the sum of the stresses of both:
[image: image]
By connecting the lines (1), (4), (5) and (6), the constitutive relation of the Kelvin solid model can be obtained:
[image: image]
3.1 Influence of viscoelastic joint on seismic wave frequency
The characteristics of stress wave propagation are directly affected by the mineral composition, density, porosity, structural plane property and scale of rock mass medium, especially the structural plane of rock mass. In this section, the joint crack of rock slope is abstracted as viscoelastic joint, and its mechanical properties are described by Kelvin solid model. Seismic waves are reduced to simple harmonics of a single frequency. The transmission characteristics of seismic waves at viscoelastic joints are analyzed, and the influence of rock slope joint cracks on seismic wave frequency is studied.
Suppose that a series of harmonic longitudinal waves from medium 1 oblique incident Angle into the viscoelastic joint into medium 2, wave transmission and reflection occur at the joint, and reflection and transmission wave are generated in medium 1 and medium 2 respectively. The schematic diagram of harmonic longitudinal waves oblique incident on the viscoelastic joint is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Schematic diagram of transmission and reflection of harmonics at viscoelastic joints.
The displacement function of the P wave is shown in Equation 8 (Nanehkaran et al., 2023):
[image: image]
The displacement function of SV wave is shown in Equation 9.
[image: image]
In Equations 8, 9, when m = 1 and 2, they represent the up and down waves respectively, and r and i represent the real and imaginary parts of the complex numbers respectively. AP and AS are the amplitudes of P and SV waves respectively, t is time and j is an imaginary unit. The complex velocity of P and SV waves is shown in Equation 10 (Zhang et al., 2023):
[image: image]
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In Equation 11, ν is Poisson’s ratio.
For both medium 1 and medium 2 calculated according to the Kelvin model, the modulus in complex form can be obtained, as shown in Equation 12.
[image: image]
In Equation 11, E is the elastic modulus, η is the viscosity coefficient, and ω is the angular frequency. The viscoelastic joint satisfies the generalized Snell law is shown in Equation 13.
[image: image]
3.2 Harmonic reflection coefficient in viscoelastic joint
The viscoelastic joint model is shown in Figure 9, where kn and kt are the normal and tangential stiffness of the joint respectively, and ηn and ηt are the normal and tangential viscosity coefficients of the joint respectively.
[image: Figure 9]FIGURE 9 | Viscoelastic joint model.
The most widely developed shear joints of slope rock mass are those cutting diorite rock mass, and the scale is generally small. The slope rock mass joints are simplified, ignoring joint thickness and joint quality. When harmonic transmission passes through the viscoelastic joint, the stress on both sides of the joint is continuous and the displacement is discontinuous, and the displacement discontinuity is equal to the ratio of stress and stiffness on both sides of the joint, namely:
[image: image]
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In Equation 14, KX and KZ respectively represent the equivalent tangential stiffness and equal canonical stiffness of the joint, expressed as:
[image: image]
[image: image]
Combined with the above formula, the transmission and reflection coefficients of P-wave oblique incidence of viscoelastic joint are obtained, as shown in Equation 16.
[image: image]
The calculation formula for each matrix is as follows Equation 15:
[image: image]
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3.3 Transreflectance of harmonics in viscoelastic joints
According to the above analysis of the in-situ seismic vibration data of the slope, considering that about 95% of the energy of the seismic vibration of the slope is concentrated in 0–80 Hz, assuming that the frequency of the incident harmonic longitudinal wave is 50 Hz and the incident harmonic frequency is kept unchanged, the transmittance and reflection law of the viscoelastic joint at different angles of the stress wave is analyzed.
If the physical and mechanical properties of the rock mass on both sides of the viscoelastic fracture are assumed to be the same, with a density of 2710 kg/m3, a modulus of elasticity of 30.41 GPa, a Poisson’s ratio of 0.23, and a viscosity coefficient of 0.6 MPa s, and the incident harmonic frequency is 50hz, the node parameters are described as follows: the normal viscosity coefficient is 15 MPa s, the shear viscosity coefficient is 15 MPa s, the normal stiffness is 1.0 GPa/m, and the shear stiffness is 1.0 GPa/m. By substituting these parameters into Equation 17, the transmission and reflection coefficients of the incident wave in the viscoelastic fracture can be obtained.
Set the physical and mechanical parameters of the rock mass and joint as described above, change the incident angle of the incident wave, and calculate the transmission coefficient and reflection coefficient of the P-wave incident at different angles of the viscoelastic joint, as shown in Figures 10.
[image: Figure 10]FIGURE 10 | Relation between reflection coefficient and incidence Angle.
As can be seen from Figures 10, in the case of inclined incidence of a simple harmonic p-wave to a viscoelastic joint, when the incidence Angle varies between 0° and 90°, with the increase of the incidence Angle of the incident P-wave, the reflection coefficient of the reflected P-wave presents a trend of first slowly decreasing and then sharply increasing to 1.0. When the incidence Angle is 65°, the reflection coefficient of the reflected P-wave reaches the minimum value of 0.16. When the incidence Angle is 90°, the reflection coefficient of the reflected P-wave reaches the maximum value of 1.0. The reflection coefficient of the reflected SV wave increases first and then decreases. When the incidence Angle is 0° and 90°, the reflection coefficient of the reflected SV wave reaches the minimum value of 0; when the incidence Angle is 43°, the reflection coefficient of the reflected SV wave reaches the maximum value of 0.43; The transmission coefficient of the transmitted P wave increases slowly first and then decreases sharply. When the incidence Angle is 90°, the transmission coefficient of the transmitted P wave reaches the minimum value of 0. The transmission coefficient of the transmitted SV wave increases slowly at first and then decreases sharply. When the incidence Angle is 0° and 90°, the transmission coefficient of the transmitted SV wave reaches the minimum value of 0.
Based on the spectral feature analysis of the seismic vibration data from the site slope, the seismic wave is a composite signal with multiple main frequencies. The signal components in the seismic vibration data from the site slope are mainly concentrated in the range of 0–400 Hz, and the high-frequency components are more abundant in the vibration signals near the seismic source. In order to increase the universality of the analysis work, this section selects simple harmonic waves with different frequencies within the range of 0–500 Hz for analysis. Setting the physical and mechanical parameters of the rock mass and joints, when the incidence angle is 30°, the transmittance and reflection coefficients of the harmonic longitudinal wave incident on the viscoelastic joint with different frequencies are calculated and shown in Figure 11.
[image: Figure 11]FIGURE 11 | Relation between reflection coefficient and frequency.
As can be seen from Figure 11, when a harmonic p-wave is inclined to incident the viscoelastic joint, the reflection coefficients of reflected P wave and reflected SV wave gradually increase with the increase of incident P wave frequency, and eventually tend to be stable. The transmission coefficient of the transmitted P wave decreases gradually, and finally tends to 0, while the transmission coefficient of the transmitted SV wave increases first and then decreases. When the incident P-wave frequency is less than 100 Hz, the transmission coefficient and reflection coefficient change very fast, and when the incident P-wave frequency is greater than 100 Hz, the transmission coefficient and reflection coefficient change relatively slowly. From the general trend, the greater the frequency of incident P wave, the greater the reflection coefficient of stress wave and the smaller the transmission coefficient, indicating that the joint has the characteristics of high frequency filtering, and the higher the frequency of stress wave passing through the joint, the less the component retained.
When the incident Angle is 30°, the normal and tangential viscosity coefficients of the joint are changed at the same time, and the normal and tangential viscosity coefficients are kept consistent. The transreflectance coefficient of the incident longitudinal wave varies with the incident simple harmonic frequency under different joint viscosity coefficients, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Relation between transreflectance coefficient and frequency under different viscosity coefficients. (A) Reflected P wave coefficient (B) reflected SV wave coefficient (C) Transmitted P wave coefficient (D) transmitted SV wave coefficient.
As can be seen from Figure 12, in the case of a simple harmonic longitudinal wave inclined incident viscoelastic joint, when the joint viscosity coefficient η varies between 3 and 30 MPa s, with the increase of the joint viscosity coefficient, the transreflectance coefficient of the stress wave maintains a constant trend with the frequency of the incident wave, but its variation range gradually increases. As can be seen from Figure 12A, when the frequency of the incident P-wave is greater than 200 Hz, the reflection coefficient of the reflected P-wave is basically unchanged, keeping at about 0.6, while when the frequency of the incident P-wave is less than 50 Hz, the reflection coefficient of the reflected P-wave decreases with the increase of the joint viscosity coefficient. It can be seen from Figure 12B that the influence of the joint viscosity coefficient on the reflection coefficient of reflected SV is basically the same as that of reflected P wave. As can be seen from Figure 12C, when the incident P-wave frequency is less than 100 Hz, the transmission coefficient of transmitted P-wave increases with the increase of joint viscosity coefficient. However, when the incident P-wave frequency is greater than 100 Hz, the joint viscosity coefficient has limited influence on the transmission coefficient of transmitted P-wave. As can be seen from Figure 12D, when the incident P-wave frequency is less than 200 Hz, the transmission coefficient of transmitted P-wave increases with the increase of joint viscosity coefficient. However, when the incident P-wave frequency is greater than 200 Hz, the joint viscosity coefficient has limited influence on the transmission coefficient of transmitted P-wave. The variation law of the transreflectance coefficient with incident wave frequency under different viscosity coefficients in Figure 12 is summarized as follows: With the increase of the joint viscosity coefficient, the greater the fluctuation range of the wave transreflectance coefficient with frequency, indicating that the greater the joint viscosity coefficient, the more sensitive the wave transreflectance coefficient at the joint is to the incident wave frequency.
When stress waves are reflected multiple times between tectonic surfaces (such as joints, faults, etc.), a portion of the energy is absorbed or converted into other forms of energy (such as heat) with each reflection. Therefore, with the increase of the number of reflections, the energy of the transmitted wave will gradually decay. This energy attenuation will cause the amplitude of the transmitted wave to decrease, which will affect its propagation distance and effect.
Multiple reflections will not only lead to energy attenuation, but also cause waveform distortion. Waves of different frequencies may have different attenuation degrees and phase changes during reflection, which makes the transmitted wave waveform complicated and difficult to predict. Waveform distortion may make the transmitted wave no longer maintain the original waveform characteristics, thus affecting the information and energy distribution carried by the transmitted wave.
4 INFLUENCE CHARACTERISTICS OF SLOPE ROCK MASS STRUCTURE
4.1 Influence characteristics of slope rock mass structure on blasting vibration frequency propagation
A slender rod model was established, as shown in Figure 13. The model dimensions were 1 m × 400 m × 1 m, with the structural plane located at the position of y = 200 m in the slender rod. In order to ensure the computational accuracy of the numerical simulation of stress wave propagation, the mesh size ∆l of the model must be less than 1/8 to 1/10 of the input waveform wavelength. Considering the model size and the computational accuracy requirements, the grid size in the x and z directions of the rock rod was 0.2 m, and the grid size in the y direction was 1 m. The upper and lower boundaries of the model were non-reflective boundaries, and the normal displacement was constrained on the side. The slender rod material was modeled using a linear elastic model, and the structural plane was modeled using a Coulomb shear model.
[image: Figure 13]FIGURE 13 | Structural face bar model.
The slope rock mass and blasting seismic wave are simplified to some extent, and the slope rock mass is assumed to be elastic isotropy. With reference to the physical and mechanical parameters of the rock mass of the slope, the density of the rock rod model material is 2710 kg/m3, the elastic modulus is 30 GPa, and the Poisson’s ratio is 0.23. Using the relationship between the elastic modulus, shear modulus, density, and the elastic wave velocity, the longitudinal wave velocity can be calculated to be 3350 m/s. The blasting seismic wave is simplified into simple harmonics with a single amplitude and frequency. With reference to the measured blasting seismic wave data, the simple harmonic frequency is 50 Hz and the amplitude of vibration velocity is 1.0 cm/s. The simplified blasting seismic wave waveform is applied to the bottom of the rock rod model, and the expression of the waveform is as follows (Equation 18):
[image: image]
In order to prevent the superposition of incident wave and transparent reflected wave, a measuring point is selected at y = 50 m and y = 350 m respectively, and the speed in the y direction of these two points is selected to be monitored. The transmission coefficient is defined as the ratio of the peak vibration velocity at the side measurement point above the structural plane to the peak vibration velocity at the side measurement point below the structural plane. In this section, the case of vertical incidence is selected for comparative analysis, where RS = TS = 0. The same rock material and structural plane parameters are substituted into the analytical iterative equation and the numerical model respectively, and the calculation results under different structural plane stiffness are calculated. Figure 14 shows the transreflectance waveform when the normal stiffness and tangential stiffness of the structural plane are both 2 GPa/m, and Figure 15 shows the transreflectance coefficients calculated by theoretical calculation and numerical simulation under different structural plane stiffness.
[image: Figure 14]FIGURE 14 | Transreflection wave when the structural plane stiffness is 2 GPa/m. (A) Theoretical calculation results (B) numerical simulation results.
[image: Figure 15]FIGURE 15 | Reflection coefficients of different structural plane stiffness.
As can be seen from Figure 14, the reflected P-wave and transmitted P-wave morphology obtained by numerical simulation are very close to the theoretical calculation results, with high precision. When the structural plane stiffness is in the range of 0.5–5.0 GPa/m, the error of stress wave transmission coefficient and stress wave reflection coefficient calculated by finite difference calculation and theoretical formula is less than 2.9% and less than 8.5%. As can be seen from Figure 15fig15, the error of permeability coefficient and reflection coefficient calculated by numerical simulation and theoretical derivation is not large, and the results are in good agreement, while the reference (Baziar and Dehghani, 2021) and reference (Wu et al., 2021) differ greatly from the numerical simulation, and cannot truly reflect the actual change law. In summary, it is feasible to use numerical simulation method to calculate stress wave propagation in single structural plane rock mass. At the same time, it can be seen that when the stress wave passes through a single structural plane, the transmission coefficient of the stress wave increases exponentially with the increase of the structural plane stiffness, while the reflection coefficient of the stress wave decreases exponentially. The transmission coefficient and reflection coefficient of stress wave vary from 0 to 1. In the work of disaster prevention and mitigation, the monitoring and early warning of dynamic response and stability of slope should be strengthened. By monitoring the dynamic response data of the slope in real time, the abnormal changes of the slope are found in time, and the corresponding disaster prevention and reduction measures are taken. At the same time, we should strengthen the research and analysis of seismic wave spectrum characteristics, and provide strong support for the formulation of scientific disaster prevention and reduction programs.
Under the condition that rock materials and structural plane parameters remain unchanged, the trans reflectance of stress waves of different frequencies passing through the structural plane is simulated and analyzed. The statistics of trans reflectance coefficients are shown in Figure 16.
[image: Figure 16]FIGURE 16 | Transreflectance coefficients of incident waves of different frequencies.
The results in Figure 16 show that when the stress wave passes through a single structural plane, the reflection coefficient of the stress wave increases exponentially with the increase of the frequency of the incident wave, while the transmission coefficient of the stress wave decreases exponentially, indicating that the higher the frequency of the stress wave, the more energy the stress wave passes through the structural plane, and the effect of high-frequency filtering exists in the structural plane in the rock.
4.2 Frequency variation of stress waves passing through biparallel structural planes
By comparing the results of theoretical calculation and numerical simulation, the feasibility of the FLAC-3D finite difference program for simulating stress waves passing through a single structural plane is verified, and it is concluded that the stiffness of the structural plane and the frequency of the incident wave are two important factors affecting the reflection coefficient of stress waves in the rock mass with the structural plane, as shown in Figure 17. Due to the multiple transmission and reflection of stress waves between multiple structural planes, the wave field in rock mass with multiple structural planes is very complicated. Compared with single-structural plane rock mass, the frequency variation characteristics of stress waves passing through multi-structural plane rock mass are also different. Under the condition that the stiffness of the structural plane and the frequency of the incident wave remain unchanged, the simulation method is applied to analyze the propagation of stress waves in the rock mass with the double parallel structural plane.
[image: Figure 17]FIGURE 17 | Rock bar model with a double parallel structural plane.
The boundary conditions, dimensions, and other parameters of the longitudinal wave vertical incidence model of rock mass with double parallel structural planes are consistent with that of the single structural plane model. Based on the single structural plane model, a new parallel structural plane is added. The distance between the two structural planes is set as d, and the location of the measuring point remains unchanged. The parameters of the medium, structural plane, and incident wave are shown in Table 3.
TABLE 3 | Material parameters of rock mass.
[image: Table 3]4.3 Influence of structural plane spacing on transmission coefficient
The distance between structural planes is an important factor affecting the propagation of stress waves in multiple structural planes. The transreflectance of stress waves through two parallel structural planes with different distances is analyzed by changing the distance between structural planes while keeping other parameters of the model unchanged. Since the incident wave is set as a periodic sine wave, there is a crest and a trough, and the changes of the crest and trough after passing through the structural plane are calculated respectively. A dimensionless parameter, spacing ratio ξ, is introduced, which is defined as the ratio of the spacing d between two structural planes to the incident wavelength λ. The change of stress wave transmission coefficient through a double structural plane is shown in Fig. 18fig18. The values of the spacing ratios corresponding to the spacing d of different structural planes are shown in Table 4.
TABLE 4 | Values of spacing ratios of different structural plane spacing.
[image: Table 4]As can be seen from Figure 18, when the stress wave passes through the double parallel structural planes, the transmission coefficient of the sine wave peak first increases and then decreases with the increase of the spacing (distance ratio) of the structural planes. When the spacing of the structural planes is greater than 15 m, i.e., the spacing ratio of the structural planes is greater than 0.22, the transmission coefficient of the wave peak is stable at 0.70. With the increase of the spacing ratio of the structural planes, the transmission coefficient of the sine wave trough shows a trend of first increasing, then decreasing, and then increasing again. When the spacing of the structural planes is greater than 30 m, i.e., the spacing ratio of the structural planes is greater than 0.45, the transmission coefficient of the trough is stable at 0.64. This phenomenon indicates that the transmission coefficient of stress wave is inevitably related to the ratio of the spacing of structural planes within a certain range.
[image: Figure 18]FIGURE 18 | Transmission coefficients of different structural plane spacing.
4.4 Influence of structural plane spacing on the waveform
The waveform of a periodic sinusoidal stress wave passing through the double-parallel structural plane with different structural plane spacing (spacing ratio) is shown in Figure 19. It can be seen that when the structural plane spacing is 2 m (the spacing ratio is 0.03), the reflected wave dp is reflected twice on the double structural plane, and the incident wave ap is superimposed. When the distance between the structural planes is 80 m (the distance ratio is 1.19), the reflected wave dp is separated from the incident wave ap after two reflections on the double structural plane. Combined with Figures 18, 19, it can be seen that when stress waves pass through biparallel structural planes when the ratio of structural plane spacing is less than a certain critical value, the waveform and amplitude of transmitted stress waves passing through the biparallel structural planes will change due to the superposition effect of reflected wave and incident wave. When the structural plane spacing ratio is large enough, the reflected wave and the incident wave will separate without superposition. In two-plane rock mass, the transmitted waves with different time differences are generated by multiple reflections between the structural planes. The transmitted waves passing through parallel structural planes can be regarded as a superposition of transmitted waves generated at different times.
[image: Figure 19]FIGURE 19 | Comparison of transmission waveforms at different structural plane spacing.
5 CONCLUSION
Blasting is a necessary means of mining production and engineering construction in China, such as ore mining and rock excavation. While bringing huge benefits, geological disasters such as landslide and collapse induced by blasting dynamic load are not uncommon. The problem of slope instability caused by blasting dynamics has become an important scientific and technical problem in the field of mine production and geotechnical engineering construction in China. The damage of blasting vibration not only depends on the intensity of blasting seismic waves, but also closely related to the frequency of seismic waves. While summarizing the attenuation law of peak particle vibration velocity, further study on the distribution characteristics and change law of blasting seismic wave frequency is of great significance to the research and engineering application of blasting vibration control.
In the case of a simple harmonic p-wave inclined incident viscoelastic joint, when the incident angle changes between 0° and 90°, the reflection coefficient of the reflected P-wave presents a trend of slow decrease at first and then sharp increase to 1.0 with the increase of the incident P-wave incident Angle. The greater the frequency of the incident P-wave, the greater the reflection coefficient of the stress wave and the smaller the transmission coefficient, indicating that the joint has the characteristics of high-frequency filtering. The higher the frequency of the stress wave passing through the joint, the less the component is retained.
When the incident P-wave frequency is less than 50 Hz, the reflection coefficient of the reflected P-wave decreases with the increase of the joint viscosity coefficient. With the increase of the joint viscosity coefficient, the greater the fluctuation range of the wave transreflectance coefficient with frequency, indicating that the greater the joint viscosity coefficient, the more sensitive the wave transreflectance coefficient at the joint is to the frequency of the incident wave.
When the stress wave passes through a single structural plane, the transmission coefficient of the stress wave increases exponentially with the increase of the structural plane stiffness, while the reflection coefficient of the stress wave decreases exponentially. In a certain range of the structural plane spacing ratio, the transmission coefficient of the stress wave is inevitably related to the structural plane spacing ratio.
In two-plane rock mass, the transmitted waves with different time differences are generated by multiple reflections between the structural planes. The transmitted waves passing through parallel structural planes can be regarded as a superposition of transmitted waves generated at different times.
This paper mainly studies the frequency characteristics and propagation laws of blasting seismic waves, but the impact of blasting seismic waves on structures in engineering practice is the result of the joint action of the peak vibration velocity and frequency. In the future, the research results should be combined with the peak vibration velocity and applied to the impact evaluation of blasting earthquake. When the propagation law of seismic wave frequency in slope rock mass is deduced based on stress wave theory, the rock mass medium and joint fracture are simplified, and the propagation law of longitudinal wave is mainly studied. The conclusions drawn have certain limitations in engineering application, and it is necessary to study and study this theoretical knowledge more systematically in the future.
To sum up, engineers should consider geological characteristics, seismic factors, slope shape and size, supporting structure and other relevant factors when designing slope in earthquake-prone areas to ensure the stability and safety of slope. Through scientific design and construction, it can effectively reduce the destructive effect of earthquake on slope and ensure the safety of people’s lives and property. When studying the change rule of seismic wave propagation frequency in rock mass with structural plane, some assumptions and simplification have been made on structural plane, seismic wave, incidence Angle and superposition effect, and the conclusions drawn based on these assumptions are not precise enough. In the future, complex and special situations in practical engineering should be taken into account to make the research work more systematic and comprehensive.
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