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Rock avalanches are a significant threat to transportation or hydraulic infrastructure, as they can also cause catastrophic secondary destruction in large practical engineering or to nearby residents. Earthquake-induced rock avalanches have been the most common and prominent natural hazard phenomena among geological hazards in recent years. Earthquake-induced rock avalanche events usually begin when a massive rock mass or multiple rock masses separate from a rock slope, progressively fragmenting and transforming into fast-moving, cohesionless rock falls. Earthquake-induced sequential collapse often occurs on weathered and fractured rock cliffs in horizontal strata, and its kinematic dynamics and destabilization mechanism are significantly different from those of isolated collapse due to weathering. In this study, the failure characteristics of the initiation and movement process of the avalanche are revealed in detail, through physical model experiments and analytical solutions, thereby obtaining an earthquake-controlled mechanical model equation. Our methods use the inflection points of the displacement time curve at the top of the rock wall and the digital images acquired by the shaking test bench to quantify the critical damage time point and to characterize the critical morphology of continuous collapse. A mathematical model of analytical solution is proposed, which aims to address the kinematic mechanics mechanism of sequential collapse under translational and rotational motion models. The comparative analysis results of the experiment and analytical solutions reveal that the transformed motion pattern is controlled by the ratio between the model stacking height, the rock block size, and the seismic acceleration. Whereas the rotational motion pattern is mainly influenced by the nodal dip angle, model stacking height, and seismic acceleration. The results of the study are of great scientific importance to elucidate the destruction mechanism of the earthquake-induced sequential collapse of rock avalanches and to determine the evolution characteristic of subsequent rockfalls motion of dangerous rocks. The proposed framework for the analysis of rock avalanches can be applied to understand the critical topographic features and mechanical mechanism behavior of analogous geological hazards.
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1 INTRODUCTION
Rock avalanches are usually triggered by strong earthquakes and cause large rock falls or long-distance debris flows that threaten the safety of inhabitants, highways, and other constructions (Erismann et al., 2001; Gong et al., 2022; Gong et al., 2020; Zhang et al., 2022). In the 60,104 landslides triggered by the 2008 Wenchuan earthquake (Ms=8.0) in China (Gorum et al., 2011; Fan et al., 2018; Fan et al., 2019), the major failure mode of rock avalanche along the highways is sequential collapse induced by earthquakes that occurred at weathered and fractured rock cliffs with horizontal strata. This is different from previous phenomena regarding the weather-induced collapse of individual blocks or continuous collapse caused by groundwater effects. Investigating the critical morphological characteristics of sequential collapse key issues to clarify the failure mechanisms of earthquake-induced sequential collapse and to determine the initial state of the movement dynamic in the subsequent rockfall.
Most research interest in earthquake-induced rock avalanches has focused on the trigger mechanisms, the initiation failure characteristics, the movement dynamics, and the material properties of rock avalanches (Yin et al., 2021; Guo et al., 2020a; Liu et al., 2020; Liu et al., 2022). In particular, larger geological hazards derived from the process of rockfall occurrence or dynamic propagation, such as rock falls or debris flows, have attracted the attention of many researchers (Matasci et al., 2018; Zhang et al., 2018; Singeisen et al., 2020; Mitchell et al., 2022). However, both the analysis of dynamic propagation (Chen et al., 2006; Baggio et al., 2021; Liu et al., 2022; Zhao et al., 2022) and the assessment of the rockfall movement distance (Chen et al., 2010; Zhu et al., 2020; Donati et al., 2021; Ma et al., 2021) were closely related to the influence of initiating damage factors on the triggering mechanism in rockfalls. There are Some other studies on earthquake-induced rock avalanches focus on other damage modes, such as spatial slip mode, compression shear-slip mode, tensile-tipping mode, and rarely on earthquake-induced sequential collapse damage mode (Togo et al., 2014; Zeng et al., 2019; Guo et al., 2020b; Guo et al., 2020c; Do et al., 2020; Yang et al., 2022). Sequential collapse is an initial damage situation of earthquake-induced rock avalanche, which often occurs on weathered and fractured rock cliffs near the horizontal strata, where the triggering mechanism is different from the isolated rock fall mode caused by differential weathering or improper excavation (Singeisen et al., 2020; Aaron et al., 2016; Aaron et al., 2019; Dufresne et al., 2016; Hilger et al., 2019).
Weathered and fractured rock cliffs with horizontal stratigraphic levels are highly common topographic features along mountainous highway areas and roadways in the earthquake-stricken areas of Wenchuan, Sichuan Province, China. High-intensity earthquakes usually lead to the collapse of dangerous rocks on steeper cliffs and simultaneously trigger a chain of rock collapse damage in the near-horizontal strata and adjacent dangerous rock masses along the roadside, followed by sequential rock falling disasters (Sanders et al., 2021; Zhao et al., 2022). As shown in Figure 1, the dangerous rock mass consists of multiple groups of irregular rock layers, steeply inclined rock joints, and blocks cut by vertical tensile fractures. Those dangerous rocks that have separated from the stable rock mass have the distinctive characteristics of being upright, cascading, overhanging, and pillar-shaped. These dangerous rocks are more upright and have relatively weak horizontal stability, so weathering, earthquakes, rainfall, and freezing are most likely to trigger chain collapse damage of the critical rocks (Gorum et al., 2011; Marc, Hovius, & Meunier, 2016; Fan, et al., 2018).
[image: Figure 1]FIGURE 1 | Examples of dangerous rock mass on rock cliffs. (A) Potential unstable rock mass. (B) Dangerous rock mass.
The previous studies were published in which failure mechanisms and modes of the rock avalanche include bulging-slip failure, bulging-toppling, overall slip shear, seismic cracking-slip collapse, block avalanche-slip failure, overall shear dislocation failure, compression-drawing-slip failure (Zhang et al., 2013; Moretti et al., 2015; Zhang et al., 2020b; Moretti et al., 2020; An et al., 2021; Guo et al., 2021; Zhang Y. W. et al., 2022). Regarding the scale of the rock avalanche, researchers suggested that the scale can be divided into individual block collapse or sequential collapse (Paguican et al., 2014; Ouyang et al., 2019). The individual block collapse occurs in a whole rock mass, and the falling rock undergoes consistent motion during the rock avalanche processing. Sequential collapse, however, consists of a cascade of multiple rock blocks, therefore, the rock collapse of multiple dangerous rock blocks and its associated mechanical mechanism is similar to retrogressive effect failure. The key to the sequential rockfalls feature is the variation in the spatial topological relationship among multiple dangerous rock masses.
In this paper, geologic analysis, model tests, and analytical solutions are employed to investigate the critical morphological characteristics of rockfall cascading collapse at cliffs induced by earthquakes. Based on the spatial topological relationships among multiple rockfalls, especially displacement velocity, critical failure time, and damage morphology, the damage characteristics of group occurrence of collapse are identified. In addition, a theoretical analytical solution is proposed to calculate the critical failure state of cascading collapse according to the analyses of the morphological characteristic of the rock avalanche. These analyses allow explaining the propagation process of sequential rock avalanches, providing additional insights into the rock avalanche problem.
2 ROCK AVALANCHES SUSCEPTIBILITY ASSESSMENT
The governing factors of earthquake-induced rock avalanches mainly include the lithology, geological structures, and topographic and geomorphic characteristics of the rock cliffs. The representative topographic and geomorphic characteristics of the dangerous rocks are shown in Figure 2. Although the rock orientation of the three mountain belts strongly differs, the topographic characteristics of the rockfall for the three terrane zones are almost consistent, such as, the gradient of the rock cliff is greater than 70° or nearly upright. However, the undersurface of the rock cliff is a gentle incline where residual sediment damage has accumulated. The geomorphic characteristics of dangerous rocks are usually cliffs formed by almost horizontal or low-angle sedimentary strata. The release of high-ground stress leads to several vertical tension fractures or steeply dipping joints cutting into some dangerous block of cascading rock at the top of the rock cliff.
[image: Figure 2]FIGURE 2 | Geologic environment of dangerous rocks on cliffs. (A) Level layer. (B) Inverse layer. (C) Bedding layer.
Based on the field geologic survey of rock avalanches, the heights of the rock cliffs are generally between 50 m and 140 m, with an average height of 86 m (Bergillos et al., 2022; Flor-Blanco et al., 2022; Zhang Y. et al., 2022). The gradient of the rock cliff is in the range of about 70° to 90°. The investigation of unstable and dangerous rock masses revealed that representative rock formations weathered into many layers, with tension fractures and fracture joints at the top of the rock cliffs. According to the size of the rock block, the dangerous rocks are classified into boulders (>1,000 m3), large (100–1,000 m3), medium (10–100 m3), small (1–10 m3), and fallen rocks (<1 m3) (Yin et al., 2021; Qin et al., 2023).
It is important to determine the causes of the formation of such topography and the factors that lead to earthquake-induced rock avalanches to assess the risk of rock falls, develop measures to prevent and control dangerous rocks, in addition, to determine the mechanism of rock avalanches in plateau areas. Numerous lateral spreading phenomena have been observed in the topography of earthquake-induced rock avalanches. The vertical and overhanging top of the rock cliff is very likely to promote lateral spreading, which could trigger another rock fall of the former rock pillar.
The vertical tensile fractures or steeply inclined joints on the cliff are re-expanded and developed downward under high-ground stress, whereby the gently inclined sedimentary layers are subject to shear breakdown at the base of the cliff due to the pressure of the dangerous rock at the top of the rock cliff. The creep deformation of soft and weak rock layers in the fracture-hazardous rock mass or due to differential weathering of soft and hard rocks will lead to the formation of cavities in soft rocks, and subsequently, stress weathering accelerates the development of cavities. With the expansion of the cave, the dangerous rock lost the support of the rock stratum at the base of the rock cliff, and then a chain reaction occurred. To assess the risk of dangerous rockfalls, develop measures to prevent rockfalls, and determine the mechanical mechanisms of earthquake-induced rockfalls in the southwestern plateau region, it is important to determine the causes of the formation of such topographic characteristics and the critical factors leading to rock avalanches.
3 PHYSICAL MODEL EXPERIMENTS
3.1 Apparatus of model experiments
In this paper, the experimental apparatus includes a unidirectional and horizontal shaking table system. The dangerous rock accumulation test shaking test table and high-speed camera device are shown in Figure 3. The unidirectional and horizontal shaking table system is manufactured by Nanjing Tech University and is composed of a power system, control system, and support and guidance systems (Chen et al., 2016; Hushmand et al., 2016; Xu et al., 2021; Yang et al., 2021). The power system is equipped with a pneumatic pressure source. The control system is refitted from an IPO controller in WFI and CDAS. The support and guidance systems are composed of a shaking table-board, connecting device, a guide rail, and inhibiting device.
[image: Figure 3]FIGURE 3 | Schema of the experimental setup for shaking table and laminar container. (A) Schematic diagram of the shaking table system. (B) The shaking table and laminar shear soil box. 1-control table; 2-CDAS; 3-signal converter, 4-pneumatic power equipment; 5-model box; 6-air pressure supply system; 7-bearing platform; 8-guide rail; 9-limiting device; 10-WFI Pneumatic power equipment; 11-limiting device; 12-connecting device; 13-V shape of groove.
In the operation of the shaking table system, the maximum displacement of the table is ±13 mm, the maximum acceleration is 1 g, the frequency of shaking is between 4 and 50 Hz, the maximum load capacity is 240 kg, and the maximum overturning moment is 800 Nm. The model framework is shown in Figure 4. The size of the shaking table-board is enlarged to 1 m×1 m. The seismic force transferred from the bedrock to the rock at risk is applied by the support plate, which is made of a Plexiglas plate with dimensions of 300 x 600 mm and a thickness of 20 mm. The support plate is fixed to the shaker plate by two hinges and two support members. The angle between the support plate and the shaker plate is changed by moving the position of the two support members. The operation process of the shaker in this paper is referred to as the reference (Srilatha et al., 2013; Yang et al., 2017; Yang et al., 2020; Panah et al., 2021; Dong et al., 2022; Kuo et al., 2015; Yin et al., 2021
[image: Figure 4]FIGURE 4 | Model frame of the shaking table.
3.2 Shaking table test design and modification
The seismic waves for these model experiments were imposed by sinusoidal waves with accelerations of 0.05 g, 0.1 g, and 0.2 g, corresponding to seismic intensities of 6, 7, and 8°, respectively. The relationship between modulation frequency, modulation amplitude, and acceleration in a shaker system is as follows:
[image: image]
where [image: image] is the modulation amplitude, [image: image] is the modulation frequency, and [image: image] is the seismic acceleration. The detailed values and waveforms of the relationships among earthquake intensity, seismic acceleration, wave frequency, and wave amplitude are shown in Table 1 and Figure 5.
TABLE 1 | Frequency and amplitude of the sine wave.
[image: Table 1][image: Figure 5]FIGURE 5 | Sine form and time-history curve of the seismic wave.
3.3 Model materials
According to the similarity ratio of geometry, different sizes of molds were used to produce simulated critical rocks, as shown in Figure 6. The simulated rock blocks consisted of three cubic bricks with dimensions of 1.5×1.5×1.5 cm, 3×3×3 cm, and 5×5×5 cm which were made by mixing cement, sand, water, barite powder, and liquid laundry detergent in a similar ratio rule. The mixing ratio is adopted as:
[image: image]
Three sizes of simulated rock blocks represent different degrees of fragmentation. Four joint dips (60°, 70°, 80°, and 90°) and four heights (27 cm, 30 cm, 33 cm, and 36 cm) are used for the stacking of rock blocks. The stacking pattern of the blocks is shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Physical model design of the shaking experiments facility. (A) Mold of block stone. (B) Stacking pattern.
3.4 scheme of physical model experiments
In this study, eleven model experiments are performed to investigate the failure patterns and the critical failure state of sequential collapse of the dangerous rocks at a cliff under varying conditions, including block sizes, stacking heights, joint dips, and seismic accelerations, as shown in Table 2.
TABLE 2 | Experimental conditions and scheme of the model experiments.
[image: Table 2]3.5 Seismic response of rock blocks
The model experiments aim to describe the damage mode and critical damage state of sequential collapse by observing the relative displacement and relative rotation between rock blocks. Since conventional strain sensors and deformation sensors cannot measure relative displacement and relative rotation, image, and video digital measurements have been proposed as the primary method for measuring rock mass displacement in model experiments. The detailed sequence of operations is as follows.
1) The shaking process and displacement of stacked blocks over time are recorded by the high-speed camera.
2) A digital image time series recording the rock displacement is extracted from the digital video using Adobe Premiere and Windows Media Player software packages, as presented in Figure 7.
3) The displacements of rock blocks on the digital image are measured by the inquiry distance tools with AutoCAD. The connection point between the shaker plate and the Plexiglas plate is considered the origin of the workplace coordinate system.
4) The size of the rock masses on the digital image is also measured by the above method and compared to the known size of the rock masses. Therefore, the actual displacement of the rock block can be calculated according to the dimensional scale of the rock block size. The measurement precision of this method is controlled by the pixel size of the image and satisfies the requirement of the model experiments.
[image: Figure 7]FIGURE 7 | Failure forms at different times of the dangerous rock block. (A) t = 0.2 s. (B) t = 0.4 s. (C) t = 0.8 s. (D) t = 1.2 s. (E) t = 1.6 s. (F) t = 1.8 s. (G) t = 2.0 s. (H) t = 2.2 s. 
4 RESULTS OF MODEL EXPERIMENTS
4.1 Failure modes of rock blocks
Under different experimental conditions, the destabilization damage modes of rock masses induced by various factors including block size, stacking height, joint dip and dynamic load acceleration, and dynamic load intensity are displayed in Figure 8. It can be seen that there are two main failure modes of the rock blocks, including sequential collapse and sequence rolling rockfall. There are three alternative modes of continuous collapse: rotational motion, translational motion, and a combination of rotational and translational motion Figure 8A shows that the rotational motion of sequential collapse occurred under conditions that the joint dips are greater than 70° or 80° and the dynamic load acceleration is 0.2. It can be seen that the translational motion of sequential collapse occurred under the conditions that the joint dips are greater than 70° or 80° and the acceleration of dynamic load is 0.05, as shown in Figure 8B. For the combination of rotational and translational motion mode, the dynamic load acceleration is 0.1 (Figure 8C), and the precondition of the above three modes is that the joint dips are greater than 70°, Otherwise, the failure mode transitions from sequential collapse to sliding or exfoliation failure as shown in Figure 8D. When the joint dips are greater than 70°, the sensitivity of the sequential collapse stability increases with the increased vertical tensile crack inclination. Different seismic wave accelerations affect not only the damage time but also the displacement in the critical damage state. The conversion conditions among the three failure modes are based on the acceleration of the dynamic load (frequency and amplitude of the seismic wave) and the ratio between the stack height and the mass size. When the ratio is large (i.e., greater than 6–8) and the seismic wave frequency is low and the amplitude is large, the damage mode of sequential collapse is mainly rotational motion mode. Alternatively, it is the translational motion mode. The hybrid mode is the transition between the rotational motion mode and the translational motion mode.
[image: Figure 8]FIGURE 8 | Failure motion patterns of dangerous rock block during shaking table experiments. (A) Rotational motion pattern of sequential collapse. (B) Translational motion pattern of sequential collapse. (C) Hybrid motion pattern of sequential collapse. (D) Sliding and exfoliation failure pattern.
4.2 Displacement time-history analysis
The displacement time-history curve of the top blocks of the outermost stack is represented as the failure process of sequential collapse. The displacement-time curves in the model experiments of different schemes, including block size, stack height, joint dip, and seismic wave acceleration, are plotted in Figures 9–12. From these plots, it can be found that the horizontal displacement of the rock mass is greater than the vertical displacement and the failure characteristics indicate collapse damage rather than sliding damage. Meanwhile, the trend of displacement varies with the experimental conditions. Here, the moment of accelerated displacement is defined as the critical failure state of the sequential collapse. The black-filled points in these plots are defined as the moments of critical failure states, as the trend of displacement changes into a linear acceleration period after passing through these points.
[image: Figure 9]FIGURE 9 | Displacement time-history curves under different rock block sizes. (A) Horizontal displacement. (B) Vertical displacement.
Figure 9 shows the displacement time-history curves of the top rock blocks of the outermost stack for the block size (b) of 1.5, 3, or 5 cm, respectively, a stacking height of 30 cm, the joint dips of 90°, and seismic wave acceleration of 0.1 g. In the critical failure state, the unstable time of the block of size 5.0 cm is relatively longer than that of the block of 1.5 cm. However, the time when the block of size 3 cm reaches the critical instability state is between 5.0 cm and 1.5 cm. The vertical displacements at critical failure state are essentially the same for different block sizes. The horizontal displacement at the critical failure state increases with the increase of the block size. The ratios between height and block for the model tests were 6, 10, and 20, respectively. When the ratio of stack height to block size increased, the test results indicated that the overall stability of the model was lower.
Figure 10 displays the displacement time-history curves of the rock masses at the top outermost edge of the model at the 90°, with joint inclinations of 80°, 70°, and 60°, when the block size is 3 cm, while the model stacking height is 30 cm with a seismic wave acceleration of 0.1 g. In the critical failure state, the time to approach the critical failure state is shorter as the joints are inclined at larger angles. For the experiments with different joint angles, the changing pattern of vertical displacements in the critical failure state is similar. The calculation results demonstrate that when the joint inclination is 90°, the dangerous rock mass is in an upright state, and the stability of the test model is the worst, in which the rock blocks at the top of the stacked layer are extremely susceptible to rockfall. When the joint dip angle is greater than 80°, the sensitivity of the stacked layer stability is higher, which is easily influenced by external induced factors.
[image: Figure 10]FIGURE 10 | Displacement time-history curves for different joint dips. (A) Horizontal displacement. (B) Vertical displacement.
Figure 11 presents the displacement time-history curves of rock blocks of the outermost top of the stack with heights of 27 cm, 30 cm, 33 cm, and 36 cm when the block size is 3 cm, the joint inclination is 90°, and the seismic wave acceleration is 0.1 g. The critical instability time at different model stacking heights decreases with increasing stacking height, and it can also be noticed that the trends of horizontal and vertical displacements in the critical failure state are also basically the same. Therefore, the failure time is significantly affected by the model stacking height, but not by the displacement values. Based on the calculated results in Figure 11, the ratios between model stack height and rock block size are 9, 10, 11, and 12, respectively. In comparison with the results for the effect of rock block size, that is, comparing the differences between Figures 9A, 11A, it is clear that the stability of the model stack is relatively less affected by the ratio between height and rock block size.
[image: Figure 11]FIGURE 11 | Displacement time-history curves under different stacking heights. (A) Horizontal displacement. (B) Vertical displacement.
The seismic accelerations are set to 0.05 g, 0.1 g, and 0.2 g, respectively, and the rock block size is given as 3 cm, the joint inclination as 90, and the stack height as 30 cm. At this time, the displacement-time variation curve of the outermost top block of the model stack is plotted in Figure 12. At the critical failure state, the failure time decreases with increasing seismic wave acceleration. The horizontal and vertical displacements are essentially similar change patterns for experiments with different seismic accelerations. It is indicated that varying seismic accelerations affect not only the critical failure time but also the displacement value at the critical failure state.
[image: Figure 12]FIGURE 12 | Displacement time-history curves under different seismic accelerations. (A) Horizontal displacement. (B) Vertical displacement.
4.3 Displacement and failure form analysis
According to the failure time corresponding to the critical failure state, the horizontal displacements as a function of the outermost model stacking height represent the failure form at the critical failure state (Figure 13). In Figure 13A, the failure form varies gradually with increasing stacking height, and the ratio of model stacking height to rock block size affects the maximum displacement of the topmost rock block of the stacking. Given the model stack height, seismic acceleration, and steepest joint inclination, the rockfall of the dangerous rock mass at the top of the model became more and more obvious as the rock block size increased. When the value of b is 5 cm, the horizontal deformation reaches up to 65 mm, and the rock avalanches phenomenon occurs, as indicated in Figure 13B. It can be seen from Figure 13C, the difference of different seismic accelerations on the form of failure is relatively small, but the influence of earthquakes on the horizontal displacement of rock blocks and falling rocks is comparatively large, which is a highly sensitive influence factor in rock avalanche damage. Due to the gradual increase of the joint inclination, the failure mode of the model changes from cascading collapse to sliding or exfoliation failure, which can be seen in Figure 13D, when the joint inclination increases to 90°, the experimental model is about to have rock avalanche and falling block phenomenon.
[image: Figure 13]FIGURE 13 | Displacement forms at critical failure state. (A) Different stacking heights. (B) Different block sizes. (C) Different seismic accelerations. (D) Different joint dips.
5 ANALYTICAL SOLUTIONS OF THE SEQUENTIAL COLLAPSE
Growth in the undercutting of the cliff toe eventually causes rock avalanche failure, which is caused by earthquake load, and the secondary failure modes may the cascading collapses and sliding or exfoliation failure. The motion patterns observed in these destabilization damages are mainly translational motion and rotational motion and the translational and rotational motion destabilization patterns. Therefore, based on the limit equilibrium state, the mechanical mechanisms of the maximum translational and rotational motion patterns of the test model are established, as presented in Figure 14.
[image: Figure 14]FIGURE 14 | Translational and rotational motion patterns of the mechanical mechanisms. (A) Translational motion pattern. (B) Rotational motion pattern.
5.1 The translational motion pattern
From Figure 14A, the mechanical equations for the translational motion mode are deduced from the translational motion limit equilibrium state and its corresponding mechanical motion relations. It is assumed that the distance between the slope surface and the joint is [image: image], the thickness of rock strata are [image: image], where, [image: image] indicate the numbering of rock blocks from top to bottom, and [image: image] are relative displacements between [image: image]-th and [image: image]-1-th rock block, [image: image] are the gravitational forces corresponding to rock blocks numbering from top to bottom, and [image: image] are the resultant force of the corresponding rock blocks.
The limit equilibrium state of translational motion between the first and second blocks is that the center of gravity of the first block is not beyond the edge of the second block. Then, the limit of motion equilibrium relationship between the second and third blocks is that the direction of gravity of the first two blocks will not exceed the edge of the third block. By that analogy, the limit equilibrium relationship of translational motion between the (n-1)-th and the nth block is that the final direction of gravity from the first block to the (n-1)-th block extends no further than the outermost side of the nth block. This implies that the resultant force of the experimental model is consistently located at the edge of the next block. Consequently, the expression of [image: image] is as follows.
[image: image]
[image: image]
[image: image]
Therefore,
[image: image]
It is supposed that [image: image] and [image: image] are the horizontal and vertical displacements of the first block on the top of the rock cliff in the translation motion pattern. [image: image] is the number of rock blocks from the top to the bottom of the rock cliffs. The formulas of [image: image] and [image: image] can be derived as follows.
[image: image]
[image: image]
When unit weights of the rock blocks are identical, and [image: image], Eqs 6, 7 can be deduced as below.
[image: image]
[image: image]
5.2 The rotational motion pattern
From Figure 14B, the mechanical equations for the rotation motion mode are deduced from the translational motion limit equilibrium state and its corresponding mechanical motion relations. Assuming that the physical definitions of [image: image], [image: image], [image: image], [image: image] and [image: image] have the same meaning as those of the translational motion pattern in Figure 14A. Where [image: image] are the relative rotation angles between the ith and i-1-th blocks.
The limit equilibrium relationship of rotational motion between the first and second block is that the extension of the direction of gravity of the first rock block must cross the upper right corner of the second one. The limit equilibrium relationship of rotational motion between the second and third blocks is that the extension line of the direction of the resultant force of the first two rock blocks should pass through the upper right corner of the third one. Concurrently, the limit equilibrium relationship of rotational motion between the (n-1)-th and nth rock blocks is that the extension of the direction of the resultant force from the first block to the (n-1)-th block would have to pass through the upper right corner of the nth rock block. This indicates that the extension of the direction of the resultant force of gravity must cross the upper right corner of the next adjacent rock block. From the law of conservation of energy, the equation of [image: image] is typically
[image: image]
[image: image]
Then,
[image: image]
The horizontal and vertical displacements ([image: image] and [image: image]) of the first rock block at the top of the cliff relative to the nth block at the cliff bottom in the rotational motion mode can be attained by averaging the relative rotation angles surrounding the selected nth rock blocks in the selected experimental model. [image: image] is the number of blocks from the block on the top of the cliff to the bottom of the cliff. The formula of [image: image] and [image: image] are expressed as follows:
[image: image]
[image: image]
Hence, when the rock avalanche develops with the combined effect of gravity and seismic forces, and [image: image] accordingly, Eqs 13–15 can be summarized as follow:
[image: image]
[image: image]
[image: image]
In conclusion, the distance between the joints and the slope surface, the thickness of the rock stratum and the number of rock blocks are the three influencing factors that have the greatest impact on horizontal and vertical displacements in rock avalanche damage.
6 VALIDATION OF ANALYTICAL SOLUTIONS USING SEISMIC-INDUCED ROCKFALL EXPERIMENTS
Physical experiments play a significant role in gaining a better understanding of the propagation mechanisms and factors influencing the topography and failure characteristics of rock avalanches. The results of these physical experiments and analytical solutions have revealed the failure mechanisms of rock avalanches. Assuming that all the thicknesses of rock strata are identical, and the distance between the joint and slope surfaces equals the stratum thickness. Therefore, [image: image]. When [image: image], Eqs 9, 16 read as follow:
[image: image]
[image: image]
Eqs 19, 20 are substituted into Eqs 10, 17, 18, the expressions for [image: image], [image: image] and [image: image] then can be summarized:
[image: image]
[image: image]
[image: image]
When [image: image], Eqs 21–23 read as follow:
[image: image]
[image: image]
[image: image]
[image: image]
Equations 25–27 represent the horizontal and vertical displacements of the rock block in the limit equilibrium state of translational and rotational motions. In the comparative verification, when there are translation and rotation motion modes in rock avalanche failure, the size of the rock mass and the stacking height of the model are selected as the verification objects for analysis in the physical experimental model. Based on the parameters of the corresponding experiments and given b=3cm, the displacements of the rock blocks for the translational and rotational motion patterns under the limit equilibrium state are deduced from the analytical solutions as illustrated in Figures 15, 16.
[image: Figure 15]FIGURE 15 | Displacement variation of rock blocks of the translational motion in the limit equilibrium state. (A) Different stacking heights of rock blocks. (B) Different rock block sizes.
[image: Figure 16]FIGURE 16 | Displacement variation of rock blocks of the rotation motion in the limit equilibrium state. (A) Different stacking heights of rock blocks. (B) Different sizes of blocks.
It can be seen that the horizontal displacement value of the rock blocks in the horizontal motion pattern is about 40 mm, whereas the horizontal displacement of the rock blocks in the rotational motion pattern is significantly larger than the horizontal motion, and the variation range of its value is about 28 mm–58 mm, and the maximum value is not more than 60 mm. For different rock block stacking heights, the displacements of the rock block at the top of the rock cliff increase slightly with increasing block stacking height, while the displacement for the same block stacking height decreases significantly with increasing block height. In both horizontal and rotational motion modes, the displacement of the cliff top block increases significantly with increasing block size, as shown in Figures 15, 16.
Figure 17 shows the comparison results between the measured displacements of the model experiments and the predicted displacements of the analytical solutions in translational and rotational motion patterns. The results of the comparison between the analytical solution and the model experiments include simultaneously the translational motion pattern, the rotational motion pattern, or the mixed pattern of rotation and translation and rotation for the cascade collapse. At the same given scale and test conditions, the rock block displacements for rotational motion are usually larger than those for translational motion. The differences in displacement between translational and rotational motion become progressively smaller as the size of the rock blocks decreases. When [image: image] and [image: image], the trend curves of the translational and rotational motion patterns begin to gradually overlap. From Figure 17, all experimental displacement curves in the critical damage state exist near or between the displacement curves in the limit equilibrium state of translational and rotational motions. This result implies that the analytical solution can effectively solve the critical failure state of the critical rock cascade reaction at the rock cliff. There are several rock blocks in the experiment whose displacements exceed the corresponding displacements in the analytical solutions, indicating partial damage to the corresponding rock blocks.
[image: Figure 17]FIGURE 17 | Comparison results of between model experimental and analytical solutions. (A) h = 30 cm; b = 1.5 cm. (B) h = 30 cm; b = 3 cm. (C) h = 30 cm; b = 5 cm. (D) h = 27 cm; b = 3 cm. (E) h = 33 cm; b = 3 cm. (F) h = 36 cm; b = 3 cm.
7 CONCLUSION
The physical model experiment and analytical solutions are conducted to investigate the critical failure characteristics of the earthquake-induced sequential rock avalanche of the dangerous rocks at cliffs, and in particular the failure motion mechanisms of the cascading collapse. Several conclusions have been drawn as follows:
1) This paper conducts a laboratory analog experiment illustrating the characteristic processes of sequential collapse for the rock avalanche with the seismic load in the laboratory, which indicated that the variable seismic accelerations affect not only the critical failure time but also the sequential displacement behaviors at the critical failure state.
2) The earthquake-induced rock avalanche had several topographical features and structural damages, with significant variation in spatial distribution: cascading collapses, sliding, or exfoliation failure.
3) The physical experiments and analytical solution analyses show that from the kinematic perspective, the main rock blocks that fail during the cascading collapses are characterized by translational and rotational motion patterns or mixed motion of translational and rotational.
4) The significant influence factors of an earthquake-induced rock avalanche on the failure mechanism and movement mode are highlighted. The most important influencing factor that elucidate the different motion patterns leading to avalanche development are presented. The transformed motion pattern is controlled by the ratio between the model stacking height and the rock block size and the seismic acceleration. Whereas the rotational motion pattern is mainly influenced by the nodal dip angle, model stacking height, and seismic acceleration.
5) In this paper, the limit equilibrium mechanical states of translational and rotational motion are proposed, and the limit equilibrium formulas for these two motion patterns in the destabilization damage process are derived. Comparing the analytical solution with the results of physical experiments, it is demonstrated that the proposed analytical solution can accurately solve the critical failure state of sequential collapse of dangerous rocks at cliffs in a rock avalanche.
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