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Some slopes experience multiple slides without collapse, while other slopes collapse once they are unstable. The early warning of slope collapse is a difficult but important subject. Considering the influence of weak planes on rock slope deformation and collapse is helpful for interpreting the behavior of deep-seated landslides and designing an early warning system. To investigate the deformation behavior of rock slopes with consideration on weak planes, artificial cemented sand plates were produced and stacked to form physical slope models with different weak plane orientations, where inclined loading was applied to induce the deformation and collapse of the slope. In addition, the deformation of real slopes was examined based on topographic features. The average strain at collapse is referred to as the critical strain, whose value changes for various slopes. Sorted by critical strain in descending order, the slope models include an anaclinal slope with 60° weak planes, an anaclinal slope with 30° weak planes, a cataclinal slope where the 30° weak planes coincide with the slope face, and a cataclinal slope with daylighting 20° weak planes. Similar to the experimental results, anaclinal slopes also present greater average strain values than cataclinal slopes for real slopes. A smaller critical strain implies a higher possibility for slope collapse when unstable. Local deformation does not always lead to collapse, but as the average velocity and the average strain rate of the sliding body increase, or the velocity ratio (VR) between the upper and lower parts of the sliding body approaches 1, a sliding surface inside the slope is likely developing and coalescing. Hence, such deformation features may contribute to a landslide warning system.
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1 INTRODUCTION
The sliding surface of a deep-seated gravitational deformation slope is usually located in the rock mass and is therefore affected by the presence of weak planes. In some large-scale collapses, the orientation of the weak plane aligns with the slope surface or daylight on the slope, leading to plane failures (Wang et al., 2003; Jaboyedoff et al., 2013; Wang et al., 2013; Singh et al., 2017). When the weak plane dips into the slope, the failure mode is often toppling failure (Nichol et al., 2002; Tu et al., 2020; Huang et al., 2022). These cases share the same key property, i.e., they do not collapse. The reason why a slope continues to slide but does not collapse may be explained by the progressive failure of the slope. In slope progressive failure, damage gradually accumulates before collapse. As the sliding surface develops progressively, partial sliding and deformation may occur intermittently before collapse of a slope (Petley et al., 2005; Chang et al., 2015). Hence, an unstable slope may yield either limited sliding or collapse. Among these two conditions, the collapse of a slope is of greater concern, and it is necessary to predict the occurrence of slope collapse.
In recent years, the Central Geological Survey, Taiwan, has been using light detection and ranging (LiDAR)-based digital terrain models to screen out potential large-scale landslides by using topographic features (Lin et al., 2013). For some potential cases, deformation mechanisms were clarified through intensive monitoring including core recognition, log Q values, and inclinometers (Lin et al., 2020). However, some cases do not present recognizable activity. Despite signs of sliding in some cases, it is difficult to determine whether if the potential of slope collapse is high for other cases. For example, according to Chang and Huang (2015), for tens of years, multiple sliding events involving a slaty slope have been reported, and roads and retaining walls have been damaged repeatedly. The sliding surface is over 100 m below the ground surface, and total collapse has not yet taken place. Cleavage in slate is well developed in this case, and bent or displaced cleavages are common in outcrops and rock cores, indicating that the slope has undergone deformation and sliding to some extent. A slope that has previously slid does not necessarily represent immediate danger, but the greater the accumulated slope deformation is, the greater the likelihood of slope collapse. The susceptibility level of slope collapse can be evaluated by critical displacement and critical strain (Moriwaki, 2001; Chigira, 2009) or by strain and strain rate (Jaboyedoff et al., 2012).
Methods for researching the failure mechanism of a slope include in situ investigation and tests, laboratory physical models and numerical methods. Large-scale in situ experiments can provide results that are closer to reality; however, they are costly, and it is difficult to control environmental factors during experiments. Alternatively, laboratory tests favor precise control of environmental factors and material properties and allow accurate measurement of variations in physical quantities. Therefore, scaled physical model experiments and their simulations are often used to study the failure behavior of slopes (Koizumi et al., 2018; Lin and Lo, 2018; Sun et al., 2019; Huang et al., 2021; Song and Tan, 2021; Zhu et al., 2021; Wang et al., 2022; Gong et al., 2023; Li et al., 2023; Sun et al., 2023). There are many types of slope model tests, including centrifuge modeling tests (Adhikary et al., 1997; Cheng et al., 2021), slope models that are soaked with water to weaken slope material (Weng et al., 2015), rotating slope models to make them steeper and cause failure (Roy et al., 2015), simulations of earthquakes using shaking table tests (Yang G. et al., 2018; Chen et al., 2020), and simulations of slope failures caused by rainfall (Lo and Weng, 2017; Yang Y. C. et al., 2018) and excavation (Zhu et al., 2020). In current physical model experiments, to investigate slope deformation and collapse mechanisms, the weak planes are mostly arranged based on known cases. Regarding how weak plane orientation affects the deformation and collapse of a slope, physical model experiment results are rare, and most discoveries are based on field observations (Aydan, 1989; Chigira, 1992; Margielewski, 2006).
Reports on landslides indicate that some slopes collapse without experiencing pronounced slides, whereas some slopes deform and slide several times but still do not collapse. The deformation and collapse of a slope are affected by many factors, including the distribution and strength of geological materials, depth and shape of the sliding surface, stress level at the sliding surface, and orientation of weak planes. These affecting factors correlate with each other in many ways. Stronger geological material strength commonly leads to a deeper sliding surface. The shape of sliding surfaces contributes to slope behavior in affecting the depth and the quantity of deformation area. The stress level at the sliding surface is a result of the geological material strength, depth and shape of the sliding surface, and orientation of weak planes. Generally, the process from instability to collapse along a shallow sliding surface occurs rapidly without many signs of movement. On the other hand, the process from instability to collapse along a deep sliding surface is likely to exhibit many signs of movement before collapse since the process may take a long time. In this study, artificial cemented sand plates comprised of a mixture of gypsum and sand were stacked to form small-scale physical models of anaclinal and cataclinal slopes with four weak plane orientations and two spacing values. Inclined loading was applied at the top of the slope until the slope collapsed. The purpose of the experiments was to relatively compare the features of slope deformation and collapse with various weak plane orientations rather than to simulate specific slopes. Deformation of real deep-seated gravitational deformation slopes were also investigated with topographic features. Experimental results and cases of real slopes both reveal that weak plane orientation influences deformation or average strain of rock slopes. The findings imply that an early warning system for a potential deep-seated landslide needs to take into account the orientation of weak planes.
2 PHYSICAL EXPERIMENTS
2.1 Test materials
The artificial cemented sand plates were piled to form slope models of various orientations and spacings. The Ottawa sand (ASTM C190/C778), gypsum and water were mixed and stirred uniformly in a weight proportion of 1:0.038:0.218. The mixture was poured into an acrylic mold of 200 mm × 150 mm with thickness 20 mm or 15 mm. After the mixture reached the initial set, it was cut into three plates of 200 mm × 50 mm with thickness 20 mm or 15 mm. Then the plates were placed in an oven and dried at 65°C for approximately 60 h (Indraratna, 1990) to expedite the dewatering process. The drying time controls the strength of the cemented sand. After drying for 48 h, the uniaxial compressive strength (UCS) of the cemented sand is 88 kPa; however, after drying for 60 h and a week, the UCSs are both approximately 93 kPa; hence, 60 h was chosen as the curing time. The density of the artificial cemented sand plates is 1.7 g/cm3. From the triaxial compressive tests, the peak cohesion is 22 kPa, and the peak friction angle equals 34°. The elastic modulus is 34 MPa.
2.2 Physical slope model
The stresses in a real slope (the slope angle of 30° and the slope height of 400 m) are simulated using three-dimensional software Plaxis 3D under elastic behavior with a unit weight of 26 kN/m3, a Young’s modulus of 2 GPa, and a Poisson’s ratio of 0.3. The numerical results show that the major principal stress directions dip gently near the slope surface but are steeper in areas away from the surface (Figure 1A). Considering the depth within 100 m, the average major principal stress direction is approximately 30° to the vertical direction. Therefore, the physical slope models were deformed to failure by applying an inclined load of 30° to the vertical direction at the top of the slope model. The stresses in the small-scale slope model are also shown in the numerical results (Figure 1B), using the Mohr-Coulomb model and the aforementioned elastic and strength parameters of the cemented sand. Taking the load of 1000 N as an example, the influenced area in slope model has approximately similar major principal directions with the real slope.
[image: Figure 1]FIGURE 1 | 3D numerical simulation to show directions of major principal stresses in a slope (A) full-size slope (B) physical slope model adopted in this case.
Figure 2A shows the configuration of the physical slope model with a fixed slope angle 30°. Weak planes with four dip angles were adopted, namely, there are anaclinal slopes with weak plane dip angles of 30° and 60° and cataclinal slopes with weak plane dip angles of 30° and 20°, which weak planes daylight at. Two spacing values for the weak plane, 20 mm and 15 mm, were used in this research. Jagged plates were fixed at the bottom of the acrylic model box to prevent sliding along the base. An inclined load was exerted at the top of the slope model until failure occurred. The loading direction transfers through the inclined surface between two acrylic blocks. By lubricating the interfaces of acrylic blocks, the shear component was reduced to approximately zero. The only component of the force for the lower acrylic block was inclined 30° to the vertical direction, as shown in Figure 2A. The inclined loading was applied by displacement control, through raising the slope model at a rate of 1.5 mm/min. The physical model in Figure 2B exhibits an anaclinal slope with weak plane that dips 30° into the slope. No fillings were added between the artificial cemented sand plates, and the strength of weak planes was provided mainly by the friction between blocks.
In Figure 9, the occurrence times of A. local failure, B. peak load, and C. the sliding surface cuts through the slope were determined according to Figures 7, 8A. The variation trends are approximately the same as the cases with 20 mm spacing (Figure 5). First, cracks appear, and then local failure takes place until the peak load. After the peak load, the average velocity and average strain increase with time, and the average velocity maintains approximately the loading rate (1.5 mm/min) after the sliding surface cuts through the slope (Figure 9). VRdecreases progressively with increasing loading, suggesting that cracks first appear in the upper part of the deformation area, then develop downward. Eventually, the upper and the lower parts of the deformation area detach together from the remaining slope and move along with loading (Figure 10).
2.3 Deformation analysis
In this study, a digital high-definition handy cam (SONY HDR CX-450) was used to film the deformation process of the slope. The images clipped from the film were analyzed with particle image velocimetry (PIV) to determine the influence of weak plane orientation and spacing on slope deformation. Every two of the 1-min-time-interval photos were analyzed in chronological order using open-sourced code, PIVlab. PIVlab calculates the displacements of points on the slope within a time interval and transforms them into velocities, producing vectors on the photos, as shown in Figure 2B. PIVlab allows users to describe a deformation area and generate the average velocity in this area. To quantify the progressive development of the sliding surface, this study defines the velocity ratio (VR) as the ratio of the average velocities of the upper part and the lower part of the sliding body:
[image: image]
where VTop is the average velocity of the upper one-third part of the sliding body and VBottom is the average velocity of the lower one-third part of the sliding body (Figure 2C). Changes in VR reflect the development of the sliding surface. As the sliding surface cuts through the entire slope, VR approaches 1, indicating that the upper one-third and the lower one-third of the sliding body move at a similar rate.
[image: Figure 2]FIGURE 2 | (A) Configuration of the physical slope model and deformation analysis of the physical slope model, (B) deformation area, (C) the upper third and lower third of the deformation area to calculate the velocity ratio (VR), and (D) average displacement in the deformation area.
In addition, by adding the average displacement increment of the slope deformation area every minute, its average accumulated displacement can be obtained. Considering that the accumulated displacement of the slope deformation area may be affected by the size and depth of the slope and the length and shape of the sliding surface, a nondimensional index modified from Chigira (2009) is used to represent the average strain [image: image] of the sliding body:
[image: image]
where d = the average (accumulated) displacement of the deformation area (sliding body) and l0 = the length from the top of the scarp to the toe of the deformation area along slope direction, as indicated in Figure 2D. Notably, PIV can estimate very small deformations if high-resolution images are collected. In this study, the resolution is approximately 0.14 mm/pixel, providing a firm base for determining l0, even at the early stage of sliding surface development.
3 INFLUENCE OF THE ORIENTATION OF WEAK PLANES
3.1 Weak plane spacing of 20 mm
Under an inclined load, the four types of experiments first show cracks in the local area, and then the cracks coalesce to form a sliding surface through the slope, which is considered slope collapse (Figure 3). Figure 3A exhibits the slope model of an anaclinal slope with 30° weak planes. Many short cracks appear at 14 min after loading, and as cracks grow toward the slope toe, a sliding surface forms in the 21st minute, when the sliding body starts to move massively. The anaclinal slope with a 60° weak plane (Figure 3B) initially presents cracks inside the slope at 14 min after loading, and the sliding surface cuts through the slope in the 27th minute. Large displacements follow, creating a sliding surface that is shallower than that of the anaclinal slope with 30° weak planes. In Figure 3C, the cataclinal slope with 30° weak planes displays distinct displacements and cracks in the first layer after loading for 9 min. Within the 13th minute, the sliding surface penetrates through the slope, and the sliding body moves along the surface. For the cataclinal slope with a 20° weak plane, sliding along weak planes appears at the slope top (Figure 3D) after loading for 1 min. During the second minute, the cracks extend to the slope surface, and the displacement of the sliding body rapidly accumulates afterward.
[image: Figure 3]FIGURE 3 | Deformation process of the physical model with 20 mm weak plane spacing, (A) anaclinal slope with weak plane dip angle 30°, (B) anaclinal slope with weak plane dip angle 60°, (C) cataclinal slope with weak plane dip angle 30° and (D) cataclinal slope with weak plane dip angle 20°.
The bearing capacities of the four types of slopes are different, as are the changes in average velocity, average strain of deformation area, and VR with time. Figure 4A shows the relationship between load and time. The load represents the vertical load exerted by the apparatus, which is greater than the inclined load on the top surface of the slope. The slopes considering the peak loads in descending order are as follows: the anaclinal slope with 30° weak planes, anaclinal slope with 60° weak planes, cataclinal slope with 30° weak planes, and cataclinal slope with 20° weak planes. Among them, the weak planes daylight in the cataclinal slope with 20° weak planes, and the sliding surfaces in such cases slide along the weak planes without cutting through the artificial cemented sand plates. Therefore, the peak load, which is much smaller than the other three types of slopes, mainly originates from the weak-plane friction angle. Figure 4B shows the load-average strain relationship. Hereafter, the average strain of the deformation area at collapse is referred to as the critical strain. The slopes showing the critical strain from the greatest to the least ones are the anaclinal slope with 60° weak planes, the anaclinal slope with 30° weak planes, the cataclinal slope with 30° weak planes, and the cataclinal slope with 20° weak planes. Notably, the anaclinal slope with 30° weak planes has a larger peak load than the anaclinal slope with 60° weak planes, but the former carries merely a slightly smaller critical strain than the latter. Additionally, the oscillation in anaclinal slopes reflects local failure inside the slopes, which is absent in cataclinal slopes (Figure 4). Every local failure induces an increase in displacement and strain, but as these phenomena lead to a dislocation between artificial plates and the loading acrylic block, the load decreases. As the loading continues, the loads increase again. The variations in the average velocity and average strain in the deformation area and load are shown in Figure 5. Throughout the experiments, there are three distinct points, namely, A. crack initiation (local failure initiation), B. peak load and C. sliding surface cuts through the slope. These points were determined based on the video images (Figure 4) and load-time and load-average strain curves (Figure 5). Local failure initiation always occurs before the peak load, and the sliding surface cuts through the slope after or at the peak load. The red dashed line in Figure 5A represents the loading velocity of the hydraulic machine, i.e., 1.5 mm/min. After point C, the deformation area detaches from the slope and forms the sliding body. The sliding body tends to move at rates close to the loading velocity; i.e., the sliding body moves the same amount as the hydraulic machine (Figure 5A). The increase in average velocities (Figure 5A) corresponds to the increase in average strain (Figure 5B). Approximately after the peak load, the average velocity and average strain increase drastically, and the sliding surface cuts through the slope.
[image: Figure 4]FIGURE 4 | Experimental results of 20 mm weak plane spacing: relationship of (A) load and time, (B) load and average strain of the deformation area.
[image: Figure 5]FIGURE 5 | Experimental results of 20 mm weak plane spacing: (A) average velocity and time, (B) average strain and time [A: local failure initiation, B: peak load, C: sliding surface cuts through the slope).
The change in VR with time manifests the developing process of the sliding surface (Figure 6). VR approaches 1.0 as loading increases with time, signifying that the upper and the lower parts of the sliding body move at similar rates. The first time VR meets 1.0 is very close to the time when the sliding surface cuts through the slope (point C in Figure 5). In addition, cataclinal slopes with 20° weak planes can move easily along the weak plane. Therefore, such a case reaches peak load (point B in Figure 5) shortly after local failure (point A in Figure 5), and then the sliding surface cuts through the slope, making VR approximately 1.0.
[image: Figure 6]FIGURE 6 | Experimental results of 20 mm weak plane spacing: change of velocity ratio (VR) with time, the vertical dashed line and its corresponding number indicates the time when VR approaches 1.
3.2 Weak plane spacing of 15 mm
The test process of the 15 mm-spacing model is shown in Figure 7, which is similar to the slope model with spacing of 20 mm. In the process of loading, cracks appear first; i.e., local failure occurs, the sliding surface cuts through the slope, and then the sliding body moves substantially along the sliding surface. Notably, the load direction changes due to the slight inclination of the lower acrylic block after the sliding surface cuts through the slope and significant movement occurs (Figures 7A, B). In comparison of the shapes of the sliding surfaces, the tilt of the acrylic block may be attributed to the more curved shape of the sliding surface causing rotation of the sliding body after large displacement. For cases with 15 mm spacing, the peak loads of slopes in descending order are as follows: anaclinal slopes with 30° weak planes, anaclinal slopes with 60° weak planes, cataclinal slopes with 30° weak planes, and cataclinal slopes with 20° weak planes (Figure 8). This is identical to cases with 20 mm spacing. For the critical strain, anaclinal slopes with 60° weak planes provide the largest value, and cataclinal slopes with 20° weak planes provide the smallest value, but anaclinal and cataclinal slopes with 30° weak planes yield similar values.
[image: Figure 7]FIGURE 7 | Deformation process of the physical model with 15 mm weak plane spacing, (A) anaclinal slope with weak plane dip angle 30°, (B) anaclinal slope with weak plane dip angle 60°, (C) cataclinal slope with weak plane dip angle 30° and (D) cataclinal slope with weak plane dip angle 20°.
[image: Figure 8]FIGURE 8 | Experimental results of 15 mm weak plane spacing: relationship of (A) load and time, (B) load and average strain of the deformation area.
[image: Figure 9]FIGURE 9 | Experimental results of 15 mm weak plane spacing: (A) average velocity and time, (B) average strain and time (A: local failure initiation, B: peak load, C: sliding surface cuts through the slope).
[image: Figure 10]FIGURE 10 | Experimental results of 15 mm weak plane spacing: change of VR with time, the vertical dashed line and its corresponding number indicates the time when VR approaches 1.
3.3 Deformation of real slopes
The Central Geological Survey of Taiwan has delineated many potential large-scale landslides (Lin et al., 2013), some of which has been investigated with field reconnaissance, borehole drilling, and monitoring. Based on the investigations, potential sliding surfaces may be predicted. Among 48 cases, 22 cases have clear features of scarp and sliding surface. Excluding the oblique slopes, we only take the cataclinal and anaclinal slopes into account. Herein, we estimate the average strain of a potential large-scale landslide according to Chigira (2009) as Eq. 3, which is slightly different from Eq. 2.
[image: image]
where do is the scarp length along the slope direction rather than average displacement of the deformation area in Eq. 2; lo has the same definition as in Equation 2; D is the scarp length in the aerial photo; L is the length from the top of the scarp to the toe of the deformation area in the aerial photo; β is the average slope angle. Figure 11A shows the topographic features of the Guanghua slope for estimating the average strain.
[image: Figure 11]FIGURE 11 | (A) The scarp length (D) and the length from the top of the scarp to the toe of the deformation area (L) in the aerial photo of the Guanghua slope, (B) average strain of real slopes.
In order to verify the trend of critical strain obtained from experiments, some potential large-scale landslide cases that have the topographic features to estimate their average strain are compared in Table 1 with respect to cataclinal and anaclinal slopes. These real slope cases are mostly comprised of argillite, slate and metasandstone, where six of them are cataclinal slopes and five are anaclinal slopes. Similar to experimental results, the real slopes show the trend that the anaclinal slopes exhibit greater average strain than the cataclinal slopes (Figure 11B).
TABLE 1 | Average strain of real slopes.
[image: Table 1]4 DISCUSSION
Deep-seated landslides involve multiple geological conditions and environmental factors. There are limitations to acquiring complete information on slope deformation and collapse in the field. Alternatively, a small-scale slope model test is a viable alternative. Considering the similitude criterion (Yang G. et al., 2018), the small-scaled slope model should adopt a material with downscaled properties. Although we could produce cemented sand of even smaller strength, ruptures occurred when piling the cemented sand plates. Moreover, the stresses in the slope model caused by inclined loading may not fully simulate those in a real slope. Even so, it is believed that the experimental results can be used to relatively compare the deformation and collapse behavior of slopes with various weak plane orientations.
The deformation processes of the four cases with different weak plane orientations are similar, either with 15 mm or 20 mm weak plane spacing (Figures 3, 7). Cataclinal slopes with daylighting weak planes (20° weak plane) sustain exceptionally small load values (Figure 12A) among these cases. The cases with a larger spacing present a higher bearing capacity. The average strain-time relation generally exhibits one turning point, which is close to point C, when the sliding body cuts through the slope (Figure 12B). Before point C, the average strain rates of cases with larger spacing are usually smaller, except for cataclinal slopes with daylighting weak planes. However, the results do not show a clear trend for the critical strains in comparison of two spacing values (Figure 12C). Table 2 lists deformation areas estimated through PIVlab. Regardless of the spacing, all slopes show that anaclinal slopes with 30° weak planes produce the largest sliding body and that cataclinal slopes with 20° weak planes develop the smallest sliding body.
[image: Figure 12]FIGURE 12 | (A) Comparison of peak load between different values of weak plane spacing and comparison between different values of weak plane spacing, (B) average strain and time, (C) critical strain, the average strain as the sliding surface cuts through the slope.
TABLE 2 | Deformation area for each experimental model (unit: mm2).
[image: Table 2]Many cases in Taiwan show that slopes have experienced many slides in decades and not yet leaded to collapse. Limited sliding in a slope does not necessarily mean imminent danger of collapse. Figure 13 indicates that local failures arise at a smaller average strain, and as the average strain accumulates to a certain extent, the sliding surface may cut through slope, which facilitates a collapse. For cases with 20 mm or 15 mm spacing, the average strain corresponding to local failure and collapse of slopes in descending order are as follows: anaclinal slopes with 60° weak planes, anaclinal slopes with 30° weak planes, cataclinal slopes with 30° weak planes and cataclinal slopes with 20° weak planes. The critical strains for slopes with 20 mm spacing are between 0.01 and 0.04, and for slopes with 15 mm spacing, the critical strains are between 0.01 and 0.05. The critical strain values of real-scale slopes may vary with different factors such as weak plane orientation and spacing, depth of the sliding surface, strength of slope material, etc. The experimental results are used to compare the slopes with various weak plane orientations, and the critical strain values do not fully reflect those of slopes in the field.
[image: Figure 13]FIGURE 13 | The average strain at local failure and collapse, (A) weak plane spacing of 20 mm and (B) weak plane spacing of 15 mm.
The deformation analysis in experiments enables us to quantify displacements everywhere in the slope. The average strain in the sliding body is considered after Eq. 2. For real slopes, extensive underground displacement data are unavailable, and the scarp length along the slope direction is considered as Eq. 3, which was proposed by Chigira (2009). In general, the strain of the upper slope is larger than that of the lower slope. Thus, the average strain calculated by Eq. 2 is smaller than that by Eq. 3. Moriwaki (2001) reported smaller critical strain values between 0.006 and 0.02 from shallow landslides and soil slope models. For rock slopes, Chigira (2009) reported critical strain values between 0.01 and 0.16. Unlike the critical strain, it should be noted that Table 1 shows the average strain of real cases of cataclinal and anaclinal slopes at their current state, and the slopes have not collapsed yet. The average strain values are between 0.02 and 0.11. For the real slopes, the anaclinal slopes show greater average stain than the cataclinal slopes, which is similar to the trend of the critical strain revealed by physical slope models.
Compared to the limited sliding of local failure, slope collapse is of paramount importance because it can cause enormous damage and casualties. In both unstable conditions, the factor of safety less than unity may be obtained in the traditional slope stability analysis. To assess whether a deforming slope is going to collapse or whether a warning is necessary requires further understanding of the deformation behavior of slopes. This study reveals that slope collapse occurs after the peak load; when the slope approaches collapse, the average velocity and average strain rate increase, and VR approaches one. In practice, the warning of slope collapse is usually based on the increase in monitored velocity (Federico et al., 2012; Xu et al., 2020), but after the increase, the velocity may drop and the slope may remain stable afterward. Hence, an additional consideration of the VR and the critical strain for issuing a warning of slope collapse is suggested. A possible way of building a warning system that include strain monitoring can be achieved by including borehole strainmeter (Langbein, 2015; Chen et al., 2021) in current intelligent real-time and early warning system (Xu et al., 2020; Fang et al., 2024).
Moreover, when a slope is unstable and intermittent deep-seated slides are measured, the possibility of imminent collapse differs among slopes with various orientations of weak planes. For example, the anaclinal slope with 60° weak planes may have a lower possibility of imminent collapse due to its greater critical strain. In contrast, the cataclinal slope with daylighting weak planes may have a higher possibility of imminent collapse due to its smaller critical strain.
5 CONCLUSION
Understanding the deformation and collapse behavior of slopes is crucial for assessing collapse potential and setting up a warning system. It is known that deep-seated landslides may be affected by weak planes. To clarify this effect, this study conducted topographic analysis for real slopes and physical slope models using artificial cemented sand plates with four weak plane orientations and two spacing values. In experiments, inclined load was applied at the top of the slope model, and the process was analyzed by PIV to acquire the average strain at collapse, which is termed critical strain. The results demonstrate that as loading increases, local failure takes place first. After the peak load, the average velocity and average strain rate increase; then, the sliding surface cuts through the slope, and the slope collapses. The deformation characteristics can be summarized as follows:
1. For the average strain at local failure and at collapse, the slopes showing the values ranging from greatest to least are the anaclinal slope with 60° weak planes, the anaclinal slope with 30° weak planes, the cataclinal slope with coinciding weak planes and the slope face, and the cataclinal slope with daylighting weak planes.
2. Slopes showing the peak load from greatest to least are anaclinal slopes with 30° weak planes, anaclinal slopes with 60° weak planes, cataclinal slopes with coinciding weak planes and the slope face, and the cataclinal slope with daylighting weak planes.
3. For the sliding body, the anaclinal slope with 30° weak planes is the largest, and the cataclinal slope with daylighting weak planes is the smallest.
4. The real slopes at the current state show a similar trend as experimental results. The anaclinal slopes exhibit greater average strain than cataclinal slopes.
5. Slope instability does not mean imminent danger of collapse. As the average velocity and average strain rate increase or the velocity ratio of the upper and lower parts of the slope is close to one, small cracks inside the slope are very likely to coalesce, and a sliding surface is forming. Such phenomena can therefore serve as a warning of slope collapse.
6. The slopes with daylighting weak planes and coinciding weak planes and the slope face show a relatively small critical strain compared to other slopes. Hence, instability or sliding may lead to a higher probability of collapse.
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type? plane dip angle strain
angle
1 Guanghua Anaclinal 55° 37 2 288 9.0% Argillite and
slate
2 Baling 1 Anaclinal 35° 34° 2 343 7.0% Argillte
intercalated
with
‘metasandstone
3 Baling 2 Anaclinal 30° 34° 25 419 60% Argillte
intercalated
with
metasandstone
4 Qingjing Anaclinal 60° 26° 44 751 59% Slate and
‘metasandstone
5 Hetou Anaclinal 320 40° 6 416 1% Sandstone
6 Xiuluan Cataclinal 80° 30° 26 799 33% Argillite and
slate
7 ‘Thyakan Cataclinal 80° 30° 18 594 3.0% Argillite and
slate
8 Jhongsinlun Cataclinal 10° 20° 10 418 24% Argillaceous
sandstone
9 Lushan Cataclinal 70° 23° 30 719 42% Slate
10 Sinsing Cataclinal 29° 21° 16 724 22% Argillite and
slate
1 Xilin Cataclinal 23° 21° 19 874 22% Schist

*Cataclinal slope: the deviation between the dip directions of the slope face and the weak planes is within +20°. Anaclinal slope: the deviation between the dip directions of the slope face and
the weak planes falls within 180°420°.

"D i the scarp length in the aerial photo.
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