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Fragmentation is a universal phenomenon associated with rock avalanches, resulting in an abundance of complex sedimentological structures. If studied in detail, these structures can provide insights into rock avalanche emplacement processes. Here, six typical avalanche cases are carefully analyzed in conjunction with an analogue experiment. Findings reveal the carapace facies is characterized by clast-supported structures composed of large blocks with sedimentological structures that include retained stratigraphic sequences, imbricate structures, and jigsaw structures. The body facies presents a high degree of fragmentation, with block-rich zones, fine matrix-rich zones, jigsaw structures, and inner shear zones. The basal facies displays the highest degree of fragmentation, however, it is mainly composed of millimeter grains with thin shear strips. Consistent with the field investigations, differential fragmentation is also observed in the analogue tests, with the vertical dimension of the carapace facies mainly fragmented along the lines of pre-existing structures; the body facies fragmented with an abundance of new fractures; and the basal facies fragmented into fine grains. Meanwhile, layer sequences preserved in longitudinal and vertical profiles are also observed in the analogue tests, indicating a low disturbance in the propagation. We, therefore, propose that a process characterized by a sparse state, dominated by collisions, minor disturbance, and pervasive dynamic fragmentation likely occurs in the carapace facies, with fragmentation mainly controlled by the breakage of pre-existing, fully-persistent structures. The body facies is mainly controlled by the fracturing of the weak, less-persistent structures, and the basal facies displays the highest degree of fragmentation with an abundance of new fractures. In the entire propagation, the avalanche mass displays low-disturbance laminar flow.
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INTRODUCTION
The occurrence of rock avalanches has increased significantly in recent years and with sometimes catastrophic results, due to large volumes (>1 × 106 m3), extremely high velocities (>20 m/s), and long runouts (>1 km) (Evans et al., 2007; Sun et al., 2011; Huang et al., 2012; Pudasaini and Miller, 2013; Lucas et al., 2014; Iverson et al., 2015; Zhu et al., 2019; Friele et al., 2020; Zhang et al., 2020; Zhao et al., 2020). A typical example of such a disaster is the Xinmocun rock avalanche that occurred in China on June 24, 2017 (Fan et al., 2017). The detached mass transformed into a highly fragmented debris avalanche with a volume of 4.5×106 m3, which traveled downwards rapidly with a runout of up to 4.1 km within 110 s, burying the whole of Xinmocun downstream and killing about 100 people. It was calculated that the maximum velocity of the detached mass was over 50 m/s, thus presenting extremely high mobility (Fan et al., 2017). To explain the hypermobility of rock avalanches, some hypotheses have been proposed, including the frictional heating mechanism (Habib, 1975; He et al., 2015; Wang et al., 2017; Hu et al., 2019), dynamic fragmentation (Davies et al., 1999; Davies and McSaveney, 2009), substrate entrainment (Hungr and Evans, 2004; Iverson and Ouyang, 2015; Aaron and McDougall, 2019; Pudasaini and Krautblatter, 2021), shear induced fluidization (Melosh, 1979; Davies, 1982; Wang et al., 2015), and momentum transfer (Heim, 1932; Van Gassen and Cruden, 1989). Moreover, many studies focusing on field investigations (Hewitt et al., 2008; Weidinger et al., 2014; Dufresne et al., 2016a; Strom and Abdrakhmatov, 2018; Wang et al., 2018, 2019; Dufresne and Geertsema, 2020), laboratory experiments (Iverson et al., 2004; Shea and Vries, 2008; Manzella and Labiouse, 2009; Zhang and McSaveney, 2017; Li et al., 2021, 2022), and numerical simulations (Pudasaini and Hutter, 2007; Cagnoli and Piersanti, 2015; Mergili et al., 2018) have also been conducted to enable better understanding of the emplacement of rock avalanches.
Pervasive fragmentation in rock avalanches, as revealed by their deposits, has been commonly reported and is attracting increasing scientific attention (Hewitt, 2002; Locat et al., 2006; Crosta et al., 2007; Zhang et al., 2016; Dufresne and Dunning, 2017; Zhao et al., 2017; Ghaffari et al., 2019; Knapp and Krautblatter, 2020; Lin et al., 2020, 2021). With the occurrence of dynamic fragmentation in emplacement, crude inverse grading is a diagnostic feature in avalanche deposits, with three facies divided from bottom to top: basal facies, body facies, and carapace facies (Cruden and Hungr, 1986; Blair, 1999; Dunning, 2006; Dufresne et al., 2016b; Wang et al., 2018, 2019, 2020). In each facies, certain unique characteristics are well developed and widely distributed (Dufresne et al., 2016b). The basal facies is mainly composed of angular fine particles less than a centimeter in diameter with common entrainment of the substrate. In this facies, some minor internal sedimentological structures have been reported, such as diapiric structures, small-scale faults, and thin shear strips (Dufresne et al., 2016b; Wang et al., 2019). The body facies mainly consists of highly-fragmented angular clasts, ranging in diameter from micrometer to decimeter scale. This facies is the main part of an avalanche deposit and is usually characterized by more internal sedimentological structures, such as block-rich zones, jigsaw structures, and inner shear zones. Because of the distribution of these structures in the vertical dimension, the body facies can be further divided into subfacies (Pollet and Schneider, 2004; Dufresne et al., 2016b). The carapace facies is the coarsest zone, with an abundance of angular blocks, characterized by a clast-supported structure with preserved source stratigraphy and jigsaw structures (Wang et al., 2019, 2020).
A better understanding of the fragmentation processes of these facies provides knowledge of the emplacement of rock avalanches and facilitates the evaluation of potential hazards. Focusing on the three facies outlined above, various studies have reported differential fragmentation (Davies et al., 1999; Strom, 1999; Pollet and Schneider, 2004; Dufresne et al., 2016b; Dufresne and Dunning, 2017; Strom and Abdrakhmatov, 2018). Furthermore, shear-related dynamical fluidization mechanisms have been proposed to explain the hypermobility of rock avalanches (Melosh, 1979; Davies, 1982; Davies and McSaveney, 2009; De Blasio and Crosta, 2015; Wang et al., 2015; Haug et al., 2016). However, studies focused on the differential fragmentation found in avalanche deposits remain limited and further work is needed to understand rock avalanche emplacement. To address this need, first, the surficial and internally deposited features of several typical cases were investigated in detail. An analogue study was then designed and conducted to reproduce the differential fragmentation processes of avalanche masses. Finally, a comparison of the field investigations and the analogue study was carried out, to understand the emplacement processes of rock avalanches from the viewpoint of differential fragmentation. A further aim is to provide sufficient field evidence and analogue data for use in future analogue and numerical studies of rock avalanches.
REGIONAL GEOLOGICAL SETTING
The study focuses on the Tibetan plateau, which formed ∼55 Ma and resulted from the intensive and ongoing plate collision of India with Eurasia (Larson et al., 1999). The Tibetan plateau is the youngest and highest mountainous region in the world, characterized by a wide variety of geologies, geomorphologies, and climates. Global positioning system (GPS) data indicate that convergence is still occurring in the plateau, with numerous earthquakes generated (Larson et al., 1999; Tapponnier et al., 2001; Zhang et al., 2004). In just the past 100 years, there have been 36 events with Ms > 7, as reported by the Advanced National Seismic System (Figure 1).
[image: Figure 1]FIGURE 1 | Geological map of the Tibetan plateau with the locations of the studied rock avalanches marked.
Owing to the effects of intense tectonic activity and long-term weathering, intensely fractured bedrock is widely distributed with high topographic relief, which is thought to be particularly favorable for the generation of catastrophic bedrock landslides (Strom and Abdrakhmatov, 2018; Wang et al., 2018, 2019, 2020). Many massive rock avalanches have been reported in this area, and are increasingly attracting scientific attention (Yuan et al., 2013; Weidinger et al., 2014; Reznichenko et al., 2017; Strom and Abdrakhmatov, 2018; Wang et al., 2018, 2019, 2020). Figure 1 shows the locations of the rock avalanches investigated in this study, with three located along the Longmenshan thrust in the southeastern margin of the Tibetan plateau, and triggered by the Wenchuan earthquake in 2008. The remaining are prehistoric cases, with the Luanshibao rock avalanche in the Maoyaba basin along the Litang-Dewu fault system, the Nyixoi Chongco rock avalanche in the Yadong-Gulu rift in the South Tibetan normal fault system, and the Tagarma rock avalanche in the Tarim basin of the Pamir-western Himalayan syntaxis. Table 1 lists some details of these cases. In Table 1, the Fahrböschung is defined as the ratio of the drop height (H) to the horizontal runout (L) between the crown and top, as proposed by Heim (1932) to quantify the hypermobility of rock avalanches.
TABLE 1 | Details of the studied rock avalanches.
[image: Table 1]Figure 2 shows the plan views of the studied rock avalanches, exhibiting the stereographic projections of the preferred structures developed in their source areas. As revealed in Figure 2, most of the cases studied are crossed by faults at the toes of their source areas, except for the Daguangbao and Donghekou rock avalanches, with faults nearly parallel to their flanks. Longitudinally, the topographies of their source areas are steeper than their transition and accumulation zones. The lithologies of the source areas are different, with one originating in sedimentary rock, three originating in igneous rock, one originating in metamorphic rock, and one originating in mixed layers of sedimentary and metamorphic rock (Table 1). Highly fractured preferred structures are widely developed in their source areas (Figure 2), controlling failures of the bedrock. Unlike the source areas, the transition and accumulation zones are characterized by relatively planar topographies, with their substrates mainly consisting of quaternary deposits, including glacial moraine deposits, alluvial deposits, pluvial deposits, residual deposits, and talus.
[image: Figure 2]FIGURE 2 | Remote images of the Xiejiadianzi (A), Daguangbao (B), Donghekou (C), Luanshibao (D), Tagarma (E), and Nyixoi Chongco (F) rock avalanches with the stereographic projections of their source area preferred structures. JS, joints; F, foliation; S, slope; B, bedding plane; I: source area; II: transition zone; III: accumulation zone.
METHODS
Field investigation
Field investigations are the main method for examining the deposited characteristics of these rock avalanches, and these were performed based on Google Earth images, 1:200,000-scale geological maps, and 1:100,000-scale geomorphological maps. During the field investigations, high resolution cameras were employed to record these surficial and internal sedimentary structures, with a handheld Magellan global positioning system, a TruPulse200X laser rangefinder, and a compass used to confirm location, orientation, and size. 1:1,000-scale aerial images of the Nyixoi Chongco and Tagarma rock avalanches were acquired using fixed-wing unmanned aerial vehicles. The resolution of the aerial images is high enough to observe the surficial landforms of the avalanche carapace facies. Additionally, an area-by-area technique and sieve analyses were used to quantify the inverse grading features revealed by their internal vertical profiles.
Experimental setup
To explore the differential fragmentation in rock avalanche propagation, analogue model tests were also designed and conducted, with an overview of the experimental system given in Figure 3A. The experimental apparatus consists of an inclined flume (2.0 m long and 0.1 m wide), with its dip angle being 45°, a horizontal flume (2.4 m long and 0.1 m wide), and a material releasing box (0.4 m long and 0.1 m wide). Both of the side walls of the flumes are made of 0.8 cm thick plexiglass. To control the release of the material, a releasing gate was installed, as shown in Figure 3B.
[image: Figure 3]FIGURE 3 | Schema of the experimental setup (A,B) and initial layout of blocks (C).
To simulate the fragmentation process of avalanche masses in small-scale experiments, fragmentable analog material with relatively low strength was prepared using the scaling law based on the material properties of the Xiejiadianzi and Luanshibao rock avalanches. The main parameters used for the design of the analog material are [image: image] (stress), [image: image] (elastic modulus), [image: image] (strain), [image: image] (cohesion), [image: image] (internal friction angle), [image: image] (dimension), [image: image] (density), and [image: image] (gravitational acceleration), with the scaling law being as follows:
[image: image]
Referring to Lin et al. (2020), the scaling ratios of length, gravity, and material solid density were selected as the base dimensions, with their values being 600:1, 1:1, and 1:1, respectively. The values of the parameters used for the preparation of analogue material are listed in Table 2, and are according to dimensional analysis (Bolster et al., 2011; Iverson, 2015). Using the calculated values listed in Table 2, raw materials, including barite, quartz, gypsum, sodium silicate, sodium carboxymethyl cellulose, and glycerol were chosen to produce the fragmentable analog blocks, following the preparation process in Lin et al. (2020). The size of the analogue blocks was 100 * 100 *10 mm3, with the compressive strength, elastic modulus, cohesion, internal friction angle, and bulk density being 0.42 MPa, 106.56 MPa, 48.05 kPa, 29.39°, and 1.83 g cm−3, respectively. The total weight of each test was 7.8 kg. To ensure the reproducibility of each test, three repeat tests were conducted.
TABLE 2 | Parameters used for similarity analysis of the protype and similar materials.
[image: Table 2]For data collection, a high-speed camera (850 f/s) with 0.3 megapixels was used to record the fragmentation and propagation processes of the detached mass when it slid onto the horizontal plane, as shown in Figure 3. A 1080 p high-definition camera (HD camera), was employed to record the initial releasing process to make sure the release steps of each test were consistent. After the deposition of the detached mass in each test, the oblique photography technique was employed to obtain the final deposited characteristics (Li et al., 2021). The grain size distribution of each fragmented detached mass was calculated to quantify the degree of fragmentation.
DEPOSITIONAL CHARACTERISTICS
The detached rock masses of the studied rock avalanches are characterized by variable volumes (3.5–750 × 106 m3), runouts (2.0–5.4 km), and drop heights (500–1,500 m). It is calculated that their Fahrböschung values fall into the range of 0.19–0.41 (Table 1), indicating the high mobility of the mass propagations. Series of variable surficial characteristics were observed along their traveling paths, including ridges in varying shapes, scales, and orientations, toreva blocks, hummocks, jigsaw structures, and preserved bedrock sequences (Sun et al., 2011; Huang et al., 2012; Wang et al., 2012, 2018, 2019, 2020). Vertically, inverse grading was revealed, with three facies presented from bottom to top, i.e., basal facies, body facies, and carapace facies. In each facies, different sedimentary features were revealed. In the following, detailed descriptions of the depositional characteristics of the investigated cases are presented.
Depositional characteristics of the carapace facies
The carapace facies are characterized by wide distributions in particle size, ranging from micrometers to tens of meters, and mainly composed of blocks with clast-supported structures (Figure 4). Most blocks are irregular and angular, with very sharp edges, retaining their original fractured shapes. Controlled by internal structures, in most of the investigated rock avalanches blocks are mainly present in tabular shapes of varying thickness. Their top and bottom surfaces are usually planar and smooth, especially in the Daguangbao, Donghekou, and Tagarma rock avalanches, with well-developed bedding or foliated structures.
[image: Figure 4]FIGURE 4 | Clast-supported structures composed of blocks in the carapace facies of the Xiejiadianzi (A), Daguangbao (B), Donghekou (C), Nyixoi Chongco (D), Luanshibao (E), and Tagarma (F) rock avalanches. The red arrow in each subfigure indicates the main movement direction of the avalanche masses with these dashed lines marking the preferred inclinations of fragmented blocks.
As shown in Figures 4B–F, 5A, imbricate structures consisting of platy-shaped blocks (i.e., clusters of superimposed blocks fragmented to different extents) are commonly distributed, especially in the Daguangbao and Tagarma rock avalanches. The top surfaces of some imbricate structures face upstream (i.e., blocks marked by red dashed lines in Figures 4B–E) with the rest facing downstream (i.e., blocks marked by red dashed lines in Figures 4B–E). Figure 5A is an enlarged view showing the imbricate structures in the Tagarma rock avalanche with the top surface facing downstream. As exhibited in Figure 5A, the surface of each block is smooth and planar, indicating the control of foliation. Additionally, jigsaw structures are observed in the carapace facies, especially in the Daguangbao, Nyixoi Chongco, and Tagarma rock avalanches. Figure 5B shows one jigsaw structure observed in the Tagarma rock avalanche, with fragmented sub-blocks also presenting an imbricate structure, which is consistent with the structures of the source scar (Wang et al., 2020). Figures 5C–E show some jigsaw structures deposited in the Daguangbao rock avalanche, which are characterized by varying degrees of fragmentation. In the jigsaw structures shown in Figures 5C,D, original lithological sequences are well preserved with minor disturbance after fragmentation, indicating an extremely low disturbance in the propagation. Figure 5F shows one jigsaw structure observed in the Nyixoi Chongco rock avalanche.
[image: Figure 5]FIGURE 5 | Photos showing imbricate structures (A) and jigsaw structures (B–F) deposited in the carapace facies of the Tagarma (A,B), Daguangbao (C–E), and Nyixoi Chongco (F) rock avalanches.
Depositional characteristics of the body facies
Due to post-avalanche erosion, some well-preserved outcrops are revealed in the studied cases, providing opportunities to observe their internal sedimentary structures. As the outcrops reveal, the thicknesses of the body facies vary greatly versus runout under the control of underlying topographies, especially for the Nyixoi Chongco rock avalanche (Wang et al., 2012, 2019, 2020; Zeng et al., 2019). Figure 6 shows the deposited profiles of the Xiejiadianzi, Tagarma, and Nyixoi Chongco rock avalanches photographed during field surveys. The body facies are mainly composed of highly fragmented, angular clasts, ranging from micrometer to decimeter scales in diameter, which are obviously finer than those of the carapace facies. As the main part of rock avalanches, a series of internal sedimentological structures are observed, such as fine matrix-rich sub-zones, block-rich sub-zones, jigsaw structures, and inner shear bands (Wang et al., 2018, 2019, 2020).
[image: Figure 6]FIGURE 6 | Deposited profiles of the Xiejiadianzi (A), Tagarma (B), and Nyixoi Chongco (C) rock avalanches. Red arrows indicate the movement directions of the avalanche mass.
As shown in Figure 6A, the body facies of the Xiejiadianzi rock avalanche can be further divided into a block-rich sub-zone with directionally aligned blocks and jigsaw structures, and a matrix-rich sub-zone mainly composed of micrometer to centimeter grains. In the outcrops of the Tagarma and Nyixoi Chongco rock avalanches, block-rich sub-zones are also observed, with directionally aligned clasts distributed as shown in Figures 6B,C. Grain sizes in the block-rich sub-zones mainly range in the dozens of decimeters along long axes.
Depositional characteristics of the basal facies
The basal facies is the lowest zone of rock avalanches in direct contact with the substrate, and is the thinnest zone compared with the upper facies. It is usually less than 1 m in thickness. Due to the intensive interaction between the avalanche mass and the substrate, the fragmentation degree of this facies is obviously higher than the upper avalanche mass, with grains mainly finer than a centimeter in the long axes (Wang et al., 2012, 2015, 2019, 2020). Coarse clasts larger than several centimeters can also be observed occasionally. Figure 7 shows the layout of both outcrops of the Xiejiadianzi and Nyixoi Chongco rock avalanches. As shown in Figure 7A, grains in this facies also have angular shapes with low roundness, and are obviously different from the underlying rounded alluvial deposits. Additionally, intensively deformed shear structures can be observed in this facies and substrate (Figure 7B), including diapiric structures, convoluted laminations, faults, and basal décollements.
[image: Figure 7]FIGURE 7 | Layouts of the basal facies of the Xiejiadianzi (A) and Nyixoi Chongco (B) rock avalanches.
EXPERIMENTAL RESULTS
Figures 8A–F show the propagated process of the detached mass, with snapshots during 0.35–0.48 s presented in Figures 8G–J to reveal some detailed information about the propagation. From Figures 8A–F, it can be seen that the detached mass mainly behaves as a laminar flow during the whole propagation process with differential fragmentation in the vertical dimension. The snapshots shown in Figures 8G,H further prove the low disturbance of the detached mass in propagation, as the lines marked in red and yellow highlight the lamina flow. As the blocks circled by the red lines indicate, the ones on the top surface display a low fragmentation degree with its initial sequence preserved. The block marked by the yellow lines is fragmented into small clasts, but still preserves its relationship with the upper blocks. Finally, a stratified internal structure, as observed in the source area, is generated in the final deposit (Figure 9A). Such a propagated model was already proposed by Strom in 2006. As exhibited in Figure 9A, a “multilayered” deposit is finally generated, due to pervasive fragmentation of differing extents during propagation, and similar to the inverse grading observed in rock avalanche deposits. According to the propagated features and final deposited sequence, the detached mass can be divided into three zones from rear to front, i.e., the tensional zone, compressional zone, and spreading zone (Figure 9A), which is consistent with the propagated processes proposed in some rock avalanches (Wang et al., 2018, 2019). The frontal spreading zone is relatively thin with clasts deposited relatively sparsely. The deposit in the middle compressional zone is thickest, with some compressed features present, such as folds. Furthermore, some deposited structures, including clast-supported (Figure 9A) and jigsaw structures (Figures 9B,C), can be observed.
[image: Figure 8]FIGURE 8 | Photos recording the propagated process of the detached mass (A–F) with snapshots during t = 0.35–0.48 s. The red and yellow lines in G–J mark the distribution of preserved block sequence.
[image: Figure 9]FIGURE 9 | Final deposit of the detached mass (A) with vertical layering of the deposit from top to bottom (B–D).
To give a more direct sense of the vertical differential fragmentation of the detached mass, the deposited mass was divided into three layers from top to bottom, i.e., the upper, middle, and lower layers, as shown in Figures 9B–D. It can be seen that the upper layer is mainly composed of non-fragmented and low-fragmented blocks. In the propagation, they were mainly fragmented along the pre-existing, fully persistent discontinuities among blocks. Imbricate structures and retained original stratigraphic structures, similar to those observed in the Tagarma and Daguangbao rock avalanches, are widely distributed in the upper layer. The fragmentation degree of the middle layer increases obviously, with most blocks fragmented into clasts of centimeter size. Although the fragmentation degree increases, jigsaw structures are commonly developed in this layer, which is similar to that observed in the avalanche cases. The lowest layer is completely composed of fragmented blocks, with the most fragmented in millimeter size.
DISCUSSION
As described above, the deposit of the experimental study presents an inverse grading feature with a clast-supported structure, retained original stratigraphic structure, imbricate structure, jigsaw structure, and folds, which is similar to that observed in natural rock avalanches. As argued by Strom (1994, 1999), retained original stratigraphic structures are commonly distributed in rock avalanches that occurred in the Pamir and Tian-Shan Mountains and are suggested as indicators of a slight disturbance in avalanche propagation (Strom, 1994, 1999). Jigsaw structures commonly observed in rock avalanches have also been regarded as indicators of a slight internal disturbance in the propagation of an avalanche mass (Paguican et al., 2014; Dufresne et al., 2016b; Wang et al., 2019). Hence, we believe the high consistency between the experimental results and the field observations further proves that a relatively steady movement, with differential fragmentation and slight internal disturbance, should be considered the main propagation form of rock avalanches.
During the propagation, the detached mass in the carapace facies is in a relatively sparse state, with clasts mainly suffering a relatively low stress level dominated by collisions. Fragmentation in the carapace facies is mainly controlled by the breakage of pre-existing fully persistent discontinuities with low stress levels that already existed in the bedrock when detaching from the source area (Charrière et al., 2016; Wang et al., 2020). Furthermore, fragmentation associated with breakages of rock bridges of less persistent structures also occurs, due to continued dynamic interactions among blocks. The body and basal facies are in a relatively dense state with intensive fragmentation occurring. Fragmentation in the body and basal facies is associated with the breakages of rock bridges of less-persistent structures or the generation of new fractures. The stress level suffered by the body and basal facies is higher than that of the carapace facies.
CONCLUSION
To understand the differential fragmentation and propagation mechanisms of rock avalanches, the sedimentological features of several natural cases were investigated here in detail along their entire travel paths. Furthermore, an analogue model study was conducted to verify the ideas based on the field investigated data. The main findings are as follows:
1) The carapace facies is a commonly observed sedimentological unit in rock avalanche deposits, featuring large blocks armoring the depositional surface. Clasts in this facies are deposited in a relatively sparse state, with a series of complex sedimentological structures, including conservation of stratigraphic sequences, clast-supported structures, imbricate structures, and jigsaw structures. Compared with the carapace facies, the body and basal facies display in a dense state with higher fragmentation.
2) The analogue model results reveal that the detached mass mainly behaves as a laminar flow during propagation with stratified internal structures, as observed in the source area generated in the final deposit. In the propagation, pervasive fragmentation of differing extents occurs in the vertical dimension, with the formation of a “multilayered” deposit. The mass near the top surface is in a sparse state during propagation, and is mainly dominated by impact collisions with the lower main body, and presenting a dense flow.
3) Based on the high consistency of the sedimentological structures obtained from the field investigations and analogue model, we propose that rock avalanches should display in a laminar-dominated propagation with vertical differential fragmentation. The carapace facies should propagate in a sparse state, dominated by impact collisions. During propagation, the facies is characterized by minor disturbance and pervasive dynamic fragmentation. The dynamic fragmentation process is mainly controlled by the breakage of pre-existing, fully persistent structures with low stress levels. The body and basal facies should propagate in a dense state dominated by shearing. During intensive shearing, abundant new fractures are generated, resulting in a higher degree of fragmentation.
Through detailed field investigations and a primary analogue model study of the propagated and deposited features of rock avalanches, possible explanations of their propagation mechanisms are proposed in this study. With this study, we hope to provide more field evidence and laboratory data that can be used in further studies of rock avalanches.
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