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Seismic activities often trigger catastrophic events including collapses and rockfalls on rocky slopes. This research endeavors to understand the dynamic behavior and damage modes in uniform rocky slopes with unstable rock masses. To achieve this objective, the paper constructs a physical model of uniform rocky slope with unstable rock mass and performs triaxial loading shaking table tests. Subsequently, the seismo-dynamic responses and associated damage modes of the slope are scrutinized, and the initiation and deformation mechanisms of the hazardous rock are revealed. Further, we obtained the marginal spectral energy evolution characteristics of measurement points of both the unstable rock and bedrock. This deciphers the damage evolution characteristics of the weak structural plane. The results indicate that there are distinct elevation and surface amplification effects within the rock slopes, which systematically lessened with increasing seismic intensity. The vertical deformation of unstable rock mass is more sensitive to high seismic intensity. The seismic-induced initiation process of unstable rock masses is split into three stages: trailing edge tension cracking, sliding damage of structural planes, and a complete failure of structural plane shear capacity. It is also established that the Hilbert and marginal spectra effectively identified the damage process of unstable rock masses containing weak structural planes.
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1 INTRODUCTION


Numerous slopes vary in complexity and steepness in the mountainous regions, posing significant threats to transportation, housing, and public buildings along the routes (Huang, 2011; Tang et al., 2010; Zheng et al., 2023). Collapses and rockfalls are important manifestations of the destruction of rocky slopes (Kusak, 2019; Macciotta et al., 2014; Moos et al., 2022; Yang et al., 2023; Zhan et al., 2022). Recent years have seen growing attention in the engineering community toward slope safety, leading to substantial research progress in understanding landslides, collapses, and other disasters under static conditions (Cheng et al., 2017; Istiyanti et al., 2021; Yang et al., 2022; Yun et al., 2023; Zhao et al., 2019), as well as advancements in slope protection engineering (Jiang et al., 2022; Wei et al., 2024). However, the western region is adjacent to the seismically active Qinghai-Tibet Plateau, characterized by numerous faults and fault zones, which predispose the area to frequent earthquakes (Ren et al., 2018). These seismic events significantly contribute to triggering collapses and rockfalls in the weathered rock layers of these slopes (Oswald et al., 2021; Valagussa et al., 2014; Zheng et al., 2022). Consequently, it becomes imperative to examine how rocky slopes, particularly those with unstable rock masses, behave and potentially fail when subjected to seismic activity. Such research could advance early detection of post-earthquake rockfall initiation and enhance the seismic resilience of slope engineering.

Under seismic loads, rocky slopes undergo elevation amplification effects, which directly affects the weak structural interfaces within the rock mass due to the bedrock’s thrust, causing surface cracking (Alfaro et al., 2012; Song et al., 2020). In this scenario, the slope acts as the disturbance object, the rock mass represents the impacted object, and the structural surfaces serve as the transmission medium. It can be seen that the triggering factor for rock mass sliding during seismic events is the structural surface’s load-bearing capacity failure post-seismic activity. Current scholarly work has yielded significant findings concerning the seismic stability of rocky slopes, focusing on risk assessment (Deng et al., 2020; Jeong et al., 2024; Yeznabad et al., 2021), multi-source coupling (Li et al., 2023; Martino et al., 2022), numerical analysis (Bouckovalas and Papadimitriou, 2005; Li H. et al., 2017), theoretical analysis (Zhang et al., 2022), and anchor destruction (Jia et al., 2024; Lin et al., 2017; Liu et al., 2016). Centrifuge modeling and shaking table tests are extensively utilized to examine the cumulative damage and failure mechanisms of seismic rocky slopes (Fang et al., 2023b; Song et al., 2021). Theoretical approaches such as acceleration response (Lin et al., 2017), Fourier transform spectrum (Li L.-Q. et al., 2017; Li et al., 2018), Hilbert-Huang Transform (HHT) (Fan et al., 2016), and transfer functions (Yang, 2013) are applied to investigate the gradual damage and instability of rocky slopes. Nonetheless, these studies predominantly focus on the seismic damage behavior of rocky slopes, with little consideration given to secondary disasters such as collapses and rockfalls triggered by the failure of rocky slopes with unstable rock masses. Microseismic signals are widely used in studying seismic rockfalls due to their effectiveness in providing information about surface processes (Feng et al., 2021). They serve as an efficient tool for early warning and localization of rockfalls. However, they are susceptible to disruption by external environmental factors and can be costly to implement. The seismic destruction of such slopes represents a complex dynamic coupling system (Chen et al., 2023), where the energy transfer between the slope and unstable rock, along with the condition of structural surfaces, is essential for evaluating rock stability. Furthermore, most research relies on uniaxial shaking table tests, neglecting multi-directional seismic forces' impact, which results in a gap with reality and an incomplete simulation of the seismic interaction between bedrock and unstable rocks.

To reveal the dynamic coupling mechanism of rock slopes and unstable rock mass systems, as well as the seismic damage behavior and damage evolution characteristics of weak structural planes, this paper simulates the dynamic behavior of uniform rocky slopes under seismic action using triaxial shake table tests, with a unstable rock mass containing weak structural planes set at the top of the slope. Analysis of monitored acceleration and displacement data reveals the initiation mechanism of the unstable rock mass. Utilizing the HHT method revealed the extent of damage to weak structural surfaces and the energy transfer dynamics. The results provide valuable insights for advancing engineering practices in rocky slope management.




2 EXPERIMENTAL STUDY




2.1 Test equipment


The rock slope model featuring an unstable rock mass underwent shaking table tests at Southwest Jiaotong University. The table has size of eight by 10 m and supports a maximum load of 160 tons (see Figure 1). The system functions over a frequency range spanning 0.1–50 Hz, allowing it to replicate a broad spectrum of seismic loads across three dimensions and six degrees of freedom. It can achieve a peak horizontal acceleration of ±1.2 g and horizontal travel of up to 800 mm along the X and Y-axes.


[image: Figure 1]



FIGURE 1 | 
Schematic diagram of shaking table.






2.2 Modeling


Materials that mimic the properties of soil or rock have been extensively utilized in physical modeling experiments to study slope dynamics. In shaking table tests for slopes, it is essential to maintain similarity between the prototype and the model. Due to the substantial geometric dimensions of actual slope engineering, achieving correspondence across all parameters within a single similarity system is challenging. This study establishes a similarity system utilizing 17 independent physical quantities commonly employed in shaking table tests. The model is constructed based on Buckingham’s π theorem and similarity theory (Yue et al., 2024). This theorem states that if phenomena are similar, the relationship describing various parameters can be transformed into a functional relationship between similarity criteria, and the functional relationship of the similarity criteria should be the same. Through analysis and organization, 17 independent physical quantities involved in this experiment are selected to establish a similarity system. These physical quantities must satisfy Equation 1:


[image: image]


Taking physical dimensions L, volumetric weight γ, and gravity acceleration g as control parameters, the similarity relationships among various physical quantities are established as shown in Table 1.





TABLE 1 | 
Similarity ratio of the model.

[image: Table 1]


To simulate the rock mass for the study, a blend was selected comprising barite powder, quartz sand, gypsum, water, and glycerin, with a weight ratio of 31:60:20:10:1. For the simulation of weak structural planes, a blend consisting of loess, river sand, and water in a weight ratio of 4:7:1 was employed (Fan et al., 2025). In mixed material construction, manual compaction is performed every 20 cm to ensure uniformity and density. To verify the compaction effect, density measurements of the compacted soil samples are taken at various locations using a ring knife after each layer is compacted. Table 2 provides the mechanical parameters for both the model materials and the structural surfaces.





TABLE 2 | 
Physic-mechanical parameters of materials.

[image: Table 2]


To accommodate the size and loading constraints of the shake table, a specially designed and constructed rigid model box was used for the tests, as depicted in Figure 2. Robust bolts firmly attached the box to the table, facilitating the efficient transfer of seismic waves to the internal slope model. This model had dimensions of 2.9 m in length, 1.0 m in width, and 2.3 m in height. To observe the slope’s dynamic response to different seismic forces, triaxial acceleration sensors and displacement sensors were strategically positioned along its central cross-section through the monitoring points marked on the foam boards on both sides of the model box. The location and side view of the model, as well as the sensor positions, are illustrated in Figure 3. The triaxial acceleration sensors had a measurement range of [image: image] and sensitivity of [image: image], while the displacement sensors had a range of [image: image] and sensitivity of [image: image]. All sensors operated at a sampling rate of 1,000 Hz. In rock slope studies, the boundary condition is often considered a semi-infinite medium. As vibration waves propagate through the slope, they gradually attenuate, dissipating energy through radiation and damping. Polyethylene foam boards are used to reduce vibrational energy from boundary reflections, simulating the actual slope conditions of a “non-reflective” or “free field.” Within the model enclosure, a 10 cm thick layer of polyethylene foam acted as a padding to absorb and reduce the energy of vibrations caused by boundary reflections.


[image: Figure 2]



FIGURE 2 | 
Rigid model box.
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FIGURE 3 | 
Sensors arrangement and model side view.






2.3 Test conditions


Based on the ATC-63 standards (Council, 2009), at least three seismic records, either artificial or actual, should be used for time-history analysis in shaking table tests. For this test, the seismic events selected as models were the typical Wolong, EL Centro, and Kobe earthquakes. These seismic waves were adjusted based on a time similarity ratio. After the adjustment, the durations for the Wolong, EL Centro, and Kobe seismic waves were reduced to approximately 36 s, 8 s, and 8 s, respectively. The seismic waves were applied in three different directions. Before application, each wave was normalized to achieve a peak amplitude of 0.1 g and subjected to baseline correction. Furthermore, varying vibration amplitudes were adjusted to mimic different seismic intensities. Before each seismic loading, the test model was subjected to frequency scanning using white noise to provide data for subsequent studies on how the rock-soil mass of slopes evolves in terms of damage following an earthquake. The selected white noise signal had low energy and frequency bandwidth (covering the resonant frequency band of the slope model at least three times). Specifically, the signal exhibited a vibration acceleration of 0.05 g and was characterized by a dominant frequency range spanning 0–150 Hz, as depicted in Figure 4. The sequence for applying the seismic waves is detailed in Table 3, while the time history curves and spectral characteristics of normalized waves in the X direction are depicted in Figure 5.


[image: Figure 4]



FIGURE 4 | 
White noise time history curve.







TABLE 3 | 
Seismic wave loading sequence.
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FIGURE 5 | 
Acceleration curve and its spectral characteristics of normalized input waveforms in X-direction. (A) WL wave; (B) KB wave; (C) ELwave.







3 DYNAMIC RESPONSE CHARACTERIZATION




3.1 Accelerated response


The dynamic characteristics of slopes during seismic processes can be reflected by acceleration signals. To better understand the acceleration response of rocky slopes internally and on the surface at various depths along the free surface direction (X direction), two sets of monitoring points (A2, A3, A4) and (A5, A6, A4) under seismic excitation were selected for analysis, as depicted in Figure 6. Within the rock slope, elevational and surface amplification effects are apparent, and these effects intensify as the slope’s height increases. Moreover, as seismic intensity rises, the acceleration amplification effects at different depths gradually weaken and tend to equilibrium.


[image: Figure 6]



FIGURE 6 | 
Evolutionary characteristics of acceleration response at different depths. (A) Measurement points A2, A3 and A4; (B) Measurement points A5, A6 and A4.



Wave effects such as reflection, transmission, and waveform transformation on the slope surface or interface can result in local acceleration distortion on the slope surface. Consequently, single-point acceleration values do not adequately represent the vibration response of the slope. To effectively examine the dynamic response of rocky slopes with unstable rock masses, it is vital to create contour maps illustrating the peak acceleration amplification factors during seismic events. The 0.8gKB wave condition resulted in a rock mass failure; therefore, for clarity and appropriate comparison, the KB seismic wave is employed as a case study in the paper. Utilizing data from seven effective triaxial acceleration sensors from the model test, contour maps of peak acceleration amplification factors have been presented in Figures 7, 8. In these figures, the X-direction denotes the slope surface’s free direction, while the Z-direction indicates its vertical orientation (see Figure 3).


[image: Figure 7]



FIGURE 7 | 
Contour maps of peak acceleration amplification factors in X-direction.




[image: Figure 8]



FIGURE 8 | 
Contour maps of peak acceleration amplification factors in Z-direction.



As seismic intensity increases, the vibration amplification region of rocky slopes expands from its top toward its interior. This expansion demonstrates that the plastic zone within the slope mass enlarges with increased seismic intensity. Under different seismic intensities, the peak acceleration exhibits significant elevation amplification effects, but the vibration field in two directions shows obvious differences. At low seismic intensities, the amplification of acceleration is more significant in the direction parallel to the free surface of the slope-rock mass system compared to the vertical direction. In contrast, during high-intensity seismic events, the amplification behavior is reversed, with the vertical direction experiencing greater acceleration amplification than the free surface direction. Figure 9 illustrates the amplification factors within the rock mass, depicting how these factors evolve with increasing seismic intensity. As seismic intensity escalates, the amplification factor at point A7 shows a rise in the Z direction while it diminishes in the X direction, indicating that vertical deformations of the rock mass are more sensitive to higher seismic intensities. Strong vertical vibrations are critical indicators of damage to the fragile structural planes in rocky slopes and unstable rock masses.


[image: Figure 9]



FIGURE 9 | 
Evolution of the amplification factor for unstable rock mass.






3.2 Fourier spectrum evolution


To investigate the evolution of the Fourier spectrum characteristics of unstable rock masses and bedrock under various seismic intensities, this study analyzes the acceleration data recorded at the free surface at points A4 and A7, which flank the weak interface. Figure 10 illustrates the pertinent results. When peak seismic accelerations reach 0.1 and 0.2g, the fourier spectra of the unstable rock masses and bedrock are nearly identical, each displaying a distinct single peak. However, as seismic intensity increases to 0.4g, this single peak transforms into multiple peaks, with point A7 exhibiting notably higher amplitudes than point A4. This multi-peak pattern intensifies further with a seismic intensity of 0.6 g. These observations suggest that at lower seismic intensities, the bedrock-interface-unstable rock mass system behaves as a cohesive unit, undergoing collective movement with minimal damage at the weak interface. The sliding mass, in turn, attenuates high-frequency wave components while accentuating low-frequency components. Once the seismic intensity reaches 0.4g, the unstable rock mass undergoes substantial sliding and internal disruption. This results in a scattering effect as seismic waves traverse the interface, generating derived waves and a complex wave field that manifests as the observed multi-peak phenomena.


[image: Figure 10]



FIGURE 10 | 
Fourier spectrum evolution of A4 and A7 measurement points under seismic loading. (A–D) represent the input 0.1 g, 0.2 g, 0.4 g, and 0.6 g KB seismic waves respectively.






3.3 Deformation response


The evolution curves of displacement increments monitored on the surface of the slope model under three seismic wave conditions are plotted in Figure 11. These increments reflect the slope’s permanent damage and deformation characteristics. Under these conditions, displacement increments at monitoring point D2 become pronounced starting from a seismic intensity of 0.4g, marking the development of elastoplastic zones in the slope’s upper region. In contrast, monitoring point D3 mainly notes displacement increments under a 0.6 g seismic wave, indicating substantial damage to the structural planes within the unstable rock mass. Therefore, it is deduced that noticeable slope damage initiates at a seismic intensity level of 0.4g, with significant cracking and propagation of the weak structural planes becoming apparent at a seismic intensity of 0.6 g.


[image: Figure 11]



FIGURE 11 | 
Evolution of displacement increment. (A–C) are the KB seismic wave, El seismic wave, and WL seismic wave respectively.



The time-history curve of slope surface displacement measurement points under a loading condition before rockfall (input of 0.6 g WL seismic wave) is plotted, as shown in Figure 12. Significant increments in displacement are recorded at all three points, with the least displacement at the slope’s toe (monitoring point D1). Notably, peak displacement occurs in the slope’s middle to rear part (monitoring point D2), where the unstable rock mass exhibits the most substantial permanent displacement. This observation suggests that the initial phases of seismic activity introduce cumulative damage to the structural planes within the unstable rock mass.


[image: Figure 12]



FIGURE 12 | 
Displacement time-course curve with input 0.6 g WL seismic wave.







4 MECHANISM OF INITIATION AND DAMAGE OF UNSTABLE ROCK MASS




4.1 Rockfall initiation process



Figure 13 depicts the triaxial acceleration time-history curves for the brief fall duration of the unstable rock mass under a 0.8 g seismic event. The acceleration curves show marked deviations from the initial waveform, including a pronounced increase in amplitude. Before the collapse, the acceleration in the X-direction spikes to 1.6 g. This suggests that the rock mass has lost intimate contact with the underlying bedrock and that the weak structural planes are heavily compromised, disrupting waveform transmission through the rock mass. Figure 14 provides real-time imagery capturing the onset of instability in the rock mass, taken with an industrial-grade camera, while Figure 15 presents the corresponding displacement time-history curve. Under the influence of the 0.8 g KB seismic wave, the initiation of the rock mass can primarily be divided into three stages: (1) Rear edge cracking: e previous 17 seismic events, the rear edge structural surface accumulated minor damage, which closed after the earthquakes ended. Under a horizontal seismic force of 0.8 g KB wave, the rear edge structural surface of the rock mass was the first to fail (during the 26.5s–27.3s period), resulting in approximately 4 mm of horizontal displacement. During this stage, the acceleration amplitude in the X direction peaked at 1.67 g. (2) Structural plane sliding damage: The significant horizontal displacement of the unstable rock mass rapidly led to the failure of the shear resistance at the bottom structural surface, causing the rock mass to slide (during the 27.3s–28.2s period). During this stage, the unstable rock mass experienced approximately 80 mm of horizontal displacement, and the acceleration amplitude in the X direction stabilized. (3) Total loss of shear capacity in structural planes: The bottom structural surface completely failed, losing its load-bearing capacity and resulting in the failure of the unstable rock mass. During this stage, 56 mm of deformation occurred within 0.4 s.


[image: Figure 13]



FIGURE 13 | 
Acceleration time-history curves for the fall process of the unstable rock mass.




[image: Figure 14]



FIGURE 14 | 
Record of unstable rock mass initiation.




[image: Figure 15]



FIGURE 15 | 
Time-displacement response curve of the unstable rock mass with input 0.8 g KB seismic wave.






4.2 Damage identification of structural plane of unstable rock mass


The Hilbert-Huang Transform is a commonly acknowledged technique for analyzing vibration signals, providing an effective depiction of the spectral features of seismic responses. It has been utilized by several researchers for structural damage identification. The HHT analysis method is primarily composed of two fundamental steps: Empirical Mode Decomposition (EMD) and Hilbert Spectrum Analysis (HSA) (Diao et al., 2021; Hamdi et al., 2013). The method unfolds in the following steps:

(1) From the monitored signal x(t), identify the upper envelope X
max(t) and lower envelope X
min(t) by pinpointing the local extreme points. Subtract the mean m
1(t) of these envelopes from x(t) to generate a new sequence h
1(t). Assess if h
1(t) meets the Intrinsic Mode Function (IMF) criteria. If it does, designate h
1(t) as the first IMF component. If not, substitute h
1(t) with x(t) and repeat until an IMF component is isolated.

(2) Subtract this IMF component from x(t) and treat the resultant sequence as the new original sequence. Continue to isolate subsequent IMF components until the residual sequence R

n
(t) either becomes a monotonic function or decreases beneath a predefined threshold, culminating the process.

(3) Apply the convolution of the IMF component h
1(t) with 1/(πt) as in Equation 2:


[image: image]


Where [image: image] represents the Cauchy principal value; [image: image] represents each order of IMF component; [image: image] represents frequency.

In the amplitude-time plane, the original signal can be expressed as Equation 3.


[image: image]


In the equation, n represents the number of IMF components; [image: image] and [image: image] respectively represents the instantaneous amplitude and frequency of IMF components.

The HHT offers a significant advantage by minimizing the fitting errors of the Fourier transform. This capability allows it to overcome the time-frequency correspondence challenges dictated by the Heisenberg uncertainty principle (Yue et al., 2024). HHT is especially effective for examining sudden signals, offering detailed insights into both the time-domain and frequency-domain responses observed during structural vibrations. Consequently, deploying the HHT method to investigate seismic responses in slopes can provide a more accurate representation of the evolving damage state in rock masses.

This study focuses on recognizing the damage patterns in the structural plane of unstable rock masses. By selecting monitoring points A4 and A7 as representative examples, the acceleration data oriented toward the free surface is analyzed using the HHT. This analysis is illustrated in Figure 16. The resulting Hilbert spectrum predominantly exhibits energy concentration across two frequency bands: low frequency (10–20 Hz) and high frequency (30–45 Hz), with the peak amplitudes chiefly within the low-frequency range. At an acceleration of 0.1g, the peak magnitudes corresponding to both the bedrock and the unstable rock mass are congruent, suggesting no apparent damage to the slope or rock mass, as corroborated by Section 3’s analysis. At 0.2 g acceleration, the bedrock’s peak amplitude surpasses that of the unstable rock mass, although both exhibit relatively subdued energy distributions in both frequency bands compared to the unstable rock mass, indicating damage to the weak structural planes. At 0.4 g, there is a marked escalation in energy distribution across both frequency bands, and the amplitude of the Hilbert Spectrum for the rock mass far exceeds that of the bedrock. At this time, both the slope and the rock mass experience a certain degree of damage. Concurrently, a decreasing trend in the dominant seismic energy frequency band within the unstable rock mass indicates diminished shear resistance along the weak structural planes. At 0.6 g, similar peak amplitudes are observed for the bedrock and the unstable rock mass, but the latter displays a pronounced increase in high-frequency energy.


[image: Figure 16]



FIGURE 16 | 
Hilbert spectrum of slope A4/A7 monitoring point with input KB seismic wave.



The marginal spectrum assesses how much each frequency contributes to a signal’s total energy over its entire duration. The marginal spectrum traits derived from the Hilbert spectrum in Figure 16 are illustrated in Figure 17. When seismic waves travel through a slope, any damage at a specific location can lead to disrupted energy transmission, causing significant fluctuations and anomalies in the marginal spectrum. This behavior is reflected in the marginal spectrum characteristics of an unstable rock mass. Both the slope and the unstable rock mass primarily release energy in the low-frequency range. As the seismic intensity increases, displacement occurs between the bedrock and the unstable rock mass. The wave impedance of weak structural surfaces increases, amplifying low-frequency vibrations and attenuating high-frequency vibrations. This makes it difficult for high-frequency energy to transfer to the rock mass, resulting in the rock mass having less high-frequency energy than the bedrock. An increase in shear failure points lowers the main frequency band of the unstable rock mass. A reduction in low-frequency vibrations combined with an increase in high-frequency energy serves as critical indicators of impending failure along weak structural planes.


[image: Figure 17]



FIGURE 17 | 
Marginal spectral curves. (A) A4 Monitoring point (B) A7 Monitoring point.







5 DISCUSSION AND LIMITATIONS


Based on the method proposed by Fang et al. (2023b), a summarized protocol of the physical model tests is provided in Table 4, which directly presents the brief and essential information from the tests. Nevertheless, despite careful planning and execution, this study has limitations. The homogeneity of the materials used in the shaking table experiments may lead to idealized results that do not fully simulate actual site characteristics. Additionally, cost constraints limited the number of comparative tests. Factors such as the slope of weak structural surfaces and material strength may affect the outcomes. The potential impact of bedrock damage and cracking on unstable rock masses introduces further uncertainty.





TABLE 4 | 
Summarized protocol of the test.

[image: Table 4]


Nevertheless, the findings provide valuable insights for assessing slope stability in engineering. Strong vertical acceleration can indicate damage to weak structural planes and unstable rock masses. Seismic damage also correlates with shifts in energy and frequency, aiding in the multi-field information monitoring of landslide deformation and failure (Fang et al., 2023a).




6 CONCLUSION


This study reveals the seismic damage patterns and dynamic response characteristics of uniform rocky slopes containing unstable rock masses through triaxial shaking table tests. The principal conclusions are:

(1) Within a rock slope, both elevation and surface amplification effects are notably significant, with their prominence escalating as the slope’s elevation rises. However, as seismic intensity grows, the acceleration amplification effect diminishes over time and eventually reaches a point of stabilization.

(2) The vertical deformation of unstable rock masses exhibits heightened sensitivity to elevated seismic intensities. Strong vertical acceleration shaking can serve as a key signal for damage to the weak structural planes of rock slopes and unstable rock masses. At lower seismic intensities, the acceleration amplification is notably more significant in the horizontal direction along the free surface compared to the vertical direction.

(3) The initiation process of unstable rock masses under seismic events is categorized into three stages based on experimental observations. Rear edge cracking: Horizontal seismic forces precipitate the initial failure of the rear structural planes, leading to notable horizontal displacement; Structural plane sliding damage: Excessive horizontal movement causes the rapid degradation of shear resistance along the lower structural planes, resulting in the rock mass sliding; Total loss of shear capacity in structural planes: A comprehensive failure of the load-bearing capability of the lower structural planes leads to the falling of the rock mass.

(4) Hilbert spectrum and marginal spectrum effectively identify the structural plane damage process of unstable rock masses. Energy distribution in rock slopes and unstable rock masses mainly concentrates within two frequency bands: 10–20 Hz and 30–45 Hz. Under low seismic intensity, the contact between the bedrock and unstable rock mass is relatively intact, and the Hilbert spectrum and the marginal spectrum exhibit comparable characteristics. Under high seismic intensity, there is significant energy loss that results in pronounced fluctuations and sudden changes within the marginal spectrum. This serves as an indicator of damage to structural planes. A notable reduction in low-frequency vibration frequencies, coupled with a rise in high-frequency vibration energy, are crucial signals pointing to the failure of these structural planes.
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