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A significant number of ancient landslides with double or multi-sliding zones exist in reservoir areas. However, understanding large-scale reservoir landslides with double-sliding zones remains limited due to the challenges of studying deformation along the sliding zone independently from surface deformation. In this study, the seepage and deformation characteristics of the Taping landslide were obtained through field investigations and long-term in-situ monitoring. For the first time, hydrological factors influencing double-sliding zones were revealed using an attribute reduction algorithm based on long-term field data. The results indicate that the Taping landslide undergoes significant step-like consistent creep deformation, exhibiting failure along double-sliding zones. For the toe part, reservoir water level (RWL) and precipitation are two critical hydrological factors triggering deformation. Shallow sliding is more susceptible to rainfall, while the deep sliding zone is more affected by RWL variations. In the rear part, precipitation has a greater impact than RWL. Daily precipitation is the primary hydrological factor affecting slope movement along the shallow sliding zone. However, accumulated precipitation over the previous seven days is the most crucial factor influencing slope movement along the deep sliding zone. During the RWL drawdown period, shallow sliding initially occurs at the toe, induced by the de-buttressing effect, while deep sliding occurs after the RWL reaches 145 m, induced by the downslope seepage force. Local damage and failure at the toe provide space for the instability of the rear part, reducing the anti-sliding force. Consequently, failure extends to the rear part. The findings of this study hold significant implications for gaining a deeper understanding of the deformation mechanisms of large-scale reservoir landslides with double-sliding zones and improving landslide management and mitigation strategies in reservoir area.
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1 Introduction

The Three Gorges Reservoir (TGR) began impounding water for power generation in June 2003, and by 2008, the reservoir water level (RWL) had risen to 172 m above sea level (a.s.l.). Since 2010, the RWL has experienced annual fluctuations between 145 and 175 m a.s.l. These fluctuations in RWL have been frequently linked to the occurrence of landslides (Tang et al., 2015; Yin et al., 2016). In 2003, when impoundment began, the Shuping landslide was reactivated, and its deformation intensified after the RWL reached 171 m a.s.l. in 2008 (Wang et al., 2008). Similarly, significant reactivation deformation was observed in the Liangshuijing landslide in 2008, when the impoundment reached 171 m a.s.l. (Li et al., 2021). The Outang landslide in Fengjie County, a large-scale ancient landslide, has recently experienced considerable deformation and reactivation due to the combined effects of rainfall and RWL fluctuations (Yin et al., 2010; Zou et al., 2023). Consequently, the reactivation of large-scale ancient landslides along the TGR area has become a critical issue, substantially impacting the reservoir’s safe operation (Huang et al., 2020; Liao et al., 2023).

RWL fluctuations primarily trigger the reactivation of ancient landslides along the reservoir banks (Lane and Griffiths, 2000; Wu et al., 2022). The influence of RWL fluctuations on landslide stability depends on various factors, including the permeability of the slide mass (Zangerl et al., 2009), the geometry of the sliding surface (Paronuzzi et al., 2013), and the rate of RWL fluctuations (Takayama and Fumitoshi, 2023). Tang et al. (2019) classified reservoir landslides in the TGR area into seepage-induced and buoyancy-induced landslides. Examples of buoyancy-induced landslides include the Baijiapu landslide, the Baishuihe landslide, and the Shuping landslide, which primarily undergo deformation during periods of high RWL and reservoir water rising (Seguí et al., 2020). The main mechanism of instability for these landslides is the increase in pore water pressure at the front edge of the landslide and the reduction in effective stress as the RWL rises, inducing deformation (Wang et al., 2008). Seepage-induced landslides, such as the Taping ancient landslide (Zhang et al., 2021a) and Outang landslide (Wang et al., 2021), typically occur during rapid RWL drawdown. The primary mechanism for seepage-induced landslides is the sudden drop in water pressure at the slope’s toe, thus generating the outward seepage force, as the pore water pressure does not dissipate easily (Zhang et al., 2022).

Seasonal precipitation is another crucial factor in the deformation and failure of reservoir landslides in the TGR area (Tang et al., 2019). During the annual low RWL period (i.e., 145 m a.s.l.), the TGR area experiences substantial rainfall, causing rainwater to infiltrate the sliding body. This infiltration increases the sliding body material’s weight, raises the groundwater level (GWL), reduces the effective stress in the sliding zone soil, and ultimately leads to the instability of the reservoir bank slope (Segoni et al., 2018; Zhang et al., 2023). For large-scale reservoir landslides, previous researches has indicated that rainfall in the rear can significantly elevate the GWL. Consequently, the hydraulic head difference between the front and rear edges within the slope substantially increases the hydraulic gradient, which is extremely detrimental to the stability of large-scale reservoir landslides (Zhang et al., 2021b).

Previous research has primarily focused on the deformation response characteristics and instability mechanisms of reservoir landslides with single-sliding zones. However, in the TGR area, numerous ancient landslides feature double-sliding zones and multiple-sliding zones (Tomás et al., 2016; Liao et al., 2021). Due to the varying positions of these slide zones, landslides’ responses to RWL and precipitation differ significantly across distinct sliding zones (Zhang et al., 2023). Consequently, the stability of landslides within each sliding zone also varies under the influence of RWL fluctuations. Despite this, our understanding of the deformation characteristics of reservoir landslides with double-sliding zones remains limited, as it is challenging to study deformation along the sliding zone separately from surface deformation.

This paper uses the Taping landslide in the TGR area as a case study. Through field investigation, we reveal the landslide’s basic characteristics, and long-term in-situ monitoring uncovers the surface deformation characteristics in response to RWL and precipitation. Most importantly, for the first time, long-term inclinometer monitoring reveals the response characteristics of deformation along the double-sliding zones to RWL and precipitation. The findings of this paper significantly contribute to our understanding of the deformation mechanisms of large-scale reservoir landslides with double-sliding zones.




2 Materials



2.1 General description of the Taping landslide

The Taping landslide, a large ancient reservoir landslide, is situated in Quchi town, Chongqing city, China (Figure 1). A field investigation conducted from April to September 2019 revealed the landslide’s fundamental features. Spanning 590 meters in length and with a width ranging from 480 to 550 m (Figure 1C), the landslide has an average thickness of 60 meters. It occupies an area of 28.3 × 104 square meters and comprises a volume of 18.91 million cubic meters. The slope gradient of the landslide is relatively gentle in the rear region (2–7° between 261 and 300 m a.s.l), where Quchi Town is located. However, it becomes steeper in the leading and middle sections (24–37° between 142 and 261 m a.s.l.). In recent years, the active movement zone of the landslide has been found to be concentrated in the southeastern section (Figure 1C), with a width and length of 450 and 330 m, respectively. The active movement zone covers an area of 14.89 × 104 square meters, has an average thickness of 50 m, and contains a volume of 6.34 million cubic meters.




Figure 1 | Location (A, B) and overview photo (C) of the Taping landslide.






2.2 Material composition and structure characteristics

The field investigation disclosed the material composition and structural characteristics of the Taping landslide, as illustrated in a typical geological section presented in Figure 2. As depicted in Figure 2, the upper layer of the sliding body consists of silty clay with a thickness ranging from 10–15 m. Beneath this layer lies a fractured quartz sandstone layer, with a thickness varying between 35 and 80 m, which serves as the primary geomaterial for potential failure. The rock fragmentation degree differs across sections within this layer; the upper part is relatively intact, while the lower part is more fragmented. The bedrock is located below the fractured quartz sandstone layer and comprises sandstone and carbon shale from the Xujiahe Formation in the Upper Triassic system (T3xj). The strata’s orientation is 130° with a dip of 22°. Drilling cores also indicate that a mud layer exists beneath the bedrock, and a gravelly soil layer with a thickness of 2–5 m is embedded within the fractured quartz sandstone layer.




Figure 2 | Cross-section of the Taping landslides (from Zhang et al., 2021a).







3 Spatiotemporal movement of large-scale landslide with double-sliding zones



3.1 In situ monitoring system

To obtain the GWL, surface displacement, and subsurface displacement of the Taping landslide, a long-term in-situ monitoring system has been established since 2014. This monitoring system primarily consists of displacement and hydrological monitoring stations, with the detailed layout shown in Figure 3. Surface displacements were obtained from GNSS measurement stations, providing readings with an accuracy of ±2.5 mm+l ppm in planimetry and ±5.0 mm+2 ppm in altimetry. Data collection intervals were set at 10-day intervals and reduced during periods of rapid RWL fluctuations and heavy rainfall. Subsurface displacements were measured using inclinometers, including an automatic displacement monitoring station (SB02) and manual displacement monitoring stations (SB05, SB06, SB07, and SB10).




Figure 3 | Plan map of the Taping landslide and the layout of the in-situ monitoring system (modified from Zhang et al., 2021a).



Hydrological monitoring included GWL, RWL, and precipitation. Real-time GWL data were automatically collected by pore water piezometers (P1, P2, P3, and P4), with locations shown in Figure 3. Data on RWL variations were obtained from the weather station in Wushan town, while rainfall data were gathered from a rain gauge installed in Wushan town. Although the rain gauge is only 2 km away from the Taping landslide, its precipitation data has been discontinuous since 2008 due to frequent failures. In contrast, the rainfall data monitored by the Wushan town weather station are accurate and continuous, so they were used in our research.




3.2 Groundwater level responses to RWL fluctuation

Figure 4 shows the monitored GWL variations from April 2017 to September 2019, alongside RWL fluctuations and precipitation. P3 is located at the toe of the landslide, P4 at the middle, and P2 at the rear. The detailed locations can be found in Figure 3. It is evident that the GWL at P3 and P4 are very close and consistent with RWL. Interestingly, when the RWL dropped below 150 meters, the GWL at P4 gradually flattened and eventually stabilized at 149 m, while the GWL at P3 continued to drop to 144 m as the RWL decreased. This led to an increased water head between P3 and P4, primarily occurring during the late stages of rapid RWL drawdown and throughout the low RWL period. When the RWL rose higher than 150 m, the water head between P3 and P4 disappeared.




Figure 4 | Monitoring groundwater levels evolution with RWL and precipitation.



Observations also reveal that the GWL at P2, located in the rear part of the landslide, remains independent of the RWL but exhibits a significant relationship with precipitation. Specifically, the GWL at P2 was mostly stable at around 177 m but would rise by about 1–3 m following continuous rainfall and quickly drop to 177 m after the rain stopped. This may be explained by the distance of P2 from the reservoir bank being too far for groundwater to be affected. Moreover, topographic observations indicate that P2 is close to Quchi Town, which is relatively flat and more conducive to the collection and infiltration of rainwater.

Monitoring results show that the GWL at the toe of the Taping landslide is more susceptible to RWL, and its changes align with RWL fluctuations. As the distance from the reservoir bank increases upslope, the response to RWL becomes more delayed, especially during the rapid RWL drawdown period. The GWL at the rear of the landslide is not affected by RWL, and its changes are primarily related to rainfall.

The toe of the Taping landslide has been identified as the critical zone responsible for initiating rapid movement (Luo et al., 2019; Zhang et al., 2021a) and is most impacted by RWL fluctuations. To investigate the GWL response to RWL operation in detail, seepage lines within the toe part can be delineated based on the monitoring of GWL and RWL, as shown in Figure 5. The red line represents the shallow sliding zone, while the blue line corresponds to the deep sliding zone. The dotted lines represent the seepage lines. The time frame presented in the figure spans from July 2017 to September 2018.




Figure 5 | Schematic diagram of the GWL changes at the toe part of the landslide. (A) RWL maintained a low water level of 146.8 meters; (B) RWL rose from 146.8 meters to 175.0 meters; (C) RWL dropped slowly from 172.6 meters to 161.8 meters; (D) RWL dropped rapidly from 161.7 meters to 145.3 meters; (E) RWL rose from 146.5 meters to 157.5 meters; (F) Rapid RWL changes were required for flood control during summer. The red line represents the shallow sliding zone, while the blue line corresponds to the deep sliding zone. The time frame spans from July 2017 to September 2018. Red arrows indicate the water flow direction, black arrows indicate the RWL fluctuation direction, and green arrows indicate the buoyancy force.



Figure 5A illustrates the seepage line variation after the RWL drops to 146.8 m a.s.l. and remains at a low level. Observations indicate that even though the RWL stays unchanged, the GWL in the slope continues to decrease, causing the seepage line to become progressively flatter. Figure 5B shows the RWL rising from 146.7 m to 175.0 m, causing the GWL at the toe of the landslide to increase as the RWL rises rapidly. The increase in GWL is faster closer to the reservoir bank. As a result, the hydraulic gradient shifts from outward to inward, suggesting the generation of an inward seepage force at this phase. It also implies that, as the RWL rises, the buoyancy pressure within the toe part increases significantly.

Figures 5C, D demonstrate that the RWL dropped from 172.6 m to 145.3 m. Observations show that as the RWL dropped rapidly from 160.1 m to 145.5 m, the seepage line exhibits a “convex” shape, revealing that the GWL within the slope lags behind the RWL operation. It also suggests that the closer to the reservoir bank, the faster the GWL drops, implying that the hydraulic gradient at the toe part increased rapidly. The hydraulic gradient within the toe reached its maximum as the RWL dropped to 145 m. Figures 5E, F show the RWL’s frequency conversion between 145 m and 156 m. During this period, the RWL underwent high-frequency and rapid fluctuations, accompanied by substantial rainfall. The alternating transitions between drawdown and rising of RWL led to a swift and pronounced change in GWL within the slope. Consequently, a limited seepage pressure, either inwards or outwards, could be generated for a brief duration. Moreover, it is noteworthy that significant variations in GWL were predominantly observed at the toe part of the landslide.




3.3 Surface movements

Figure 6 shows the cumulative ground horizontal displacement data of monitoring points J26, J24, and J21 at the toe part of the landslide. It is evident that the landslide exhibits a significant step-like consistent creep deformation pattern, characterized by periodic changes in cycles of short periods of rapid deformation and long periods of slow deformation. The rapid deformation periods occurred from the end of May to the end of August each year (shown in the red boxes in Figure 6A), coinciding with the rainy season, rapid RWL drawdown, and low RWL periods.




Figure 6 | Time history of cumulative ground horizontal displacement in the fast movement zone of the Taping landslide (B and C are partially enlarged views from A). The red boxes in (A) represent the fast movement periods. (B, C) further indicate the RWL inducing fast movement is 151~153 m a.s.l.



It is clear that deformation responses vary under different RWL fluctuations. The landslide remains stable during RWL rise periods and high RWL periods. This stability can be attributed to the buttressing effect and the inward seepage force. Specifically, as the RWL rises, the volume of the submerged zone increases, rapidly increasing water pressures of 30 m on the slope surface, which creates lateral support at the submerged zone (Huang et al., 2018). Furthermore, reservoir water flows into the slope, producing an inward seepage force (Figure 5B). Additionally, results from in-situ pumping tests indicate that the permeability coefficients of the rock mass within the Taping landslide range from 2.2e-6 to 2.0e-5 m/s (Zhang et al., 2021a). This suggests that the rock mass has poor permeability, causing the response of groundwater within the slope to lag behind the RWL and leading to a delayed increase in pore water pressure. This can result in a rapid increase in the effective earth pressure within the slope (Zhang et al., 2023), ultimately reinforcing the slope’s stability (Song et al., 2018).

Fast ground movement occurs during the RWL rapid drawdown periods. Observations also show that the RWL rapid drawdown period often corresponds to the rainy season when rainfall is heavier. This makes it difficult to identify the triggering factors for rapid landslide movement. However, further observation reveals that rapid deformation starts when the RWL drops rapidly to 157 m, indicating that an RWL of 157 m may be a criterion for the onset of fast landslide movement. The reasons for the rapid deformation of slopes induced by RWL rapid drawdown can be attributed to two factors. On one hand, as the RWL rapidly decreases, the water pressure at the toe part can result in a rapid reduction of total soil stress, causing the de-buttressing effect (Cossart et al., 2008). On the other hand, the poor permeability of the slope hinders the dissipation of groundwater within the slope, thus generating outward seepage forces (Figure 5D). Eventually, the combined effect of these factors triggers the fast movement of the landslide.

Figure 7 displays the cumulative ground horizontal displacement data of monitoring points J22, J25, and J40 at the rear part of the landslide (detailed locations are in Figure 3). It is evident that the deformation pattern of ground movement at the rear part of the Taping landslide is consistent with that at the toe part. However, comparing the time history of displacement curves of monitoring points at the rear part (J22) and the toe part (J21), it can be observed that fast ground movement at J22 lags behind that at J21, with a time lag of about 10–15 days (Figure 8). Furthermore, the deformation of J21 reached 125 mm from 2015 to 2018, while the deformation of J22 reached 55 mm. This suggests that the deformation of the toe part is 2–3 times that of the rear part. The deformation of the Taping landslide initiates at the toe part first, followed by fast movement at the rear part. This may imply that the Taping landslide exhibits a possible progressive failure pattern in which the leading section destabilizes first under the RWL rapid drawdown, subsequently leading to failure at the rear part.




Figure 7 | Monitoring results of cumulative ground horizontal displacement in rear part of the Taping landslide.






Figure 8 | Comparison of displacement curves of monitoring points J21 and J22.






3.4 Subsurface movements along double-sliding zones



3.4.1 Subsurface deformation profiles

The subsurface movement characteristics of the Taping landslide can be obtained by the inclinometers, installed in the landslide (the detailed locations can be found in Figure 3). Figure 9 shows the slope subsurface movement along the depths at locations of SB06 and SB07.




Figure 9 | Cumulative horizontal displacements profiles along depths measured by inclinometers: (A) SB06, (B) SB07.



The inclinometer data from SB06 (Figure 9A) shows that has obvious subsurface displacements at depths of 21 m and 54 m. Among these, the maximum subsurface displacements reached 15.73 mm at the depth of 5–57 m from July 2017 to May 2018; furthermore, the other sliding zone at the subsurface displacements at the depth of 21 m reached 12.79 m. Therefore, it can be concluded that the shear plane at 54–57 m is the deep sliding surface of the Taping landslide (the rock mass of drilling at depths of 56–58 m is argillaceous, and the core is clay-like which contains lots of gravel and breccia), and the shear plane at 20–23 m is the shallow sliding surface (this section is a fractured rock mass, and the core is short columnar or columnar). It is relatively stable below the depth of 57 m (drilling data revealed that the material composition below the depth of 56 m is a shale layer at the bottom of the Xujiahe Formation). Moreover, the shear plane at the depth of 5–10 m can be observed in Figure 9A, however, because it is shallow in depth, it is identified as a partial slump within the shallow layer and not a sliding zone that controls the overall failure of the landslide.

The inclinometer data from SB07 (Figure 9B) reveals that the maximum subsurface displacements occurred at the depth of 59 m from July 2017 to September 2018, with the displacements reaching 41.92 mm. This observation suggests that the shear plane situated at a depth of 59–61 m constitutes the deep sliding zone of the landslide, as evidenced by the presence of silty clay and a small quantity of breccia in the drill core at a depth of 58–59.6 m. Furthermore, a distinct shear plane is present along the depth range of 42–45 m, which can be identified as the shallow sliding zone.




3.4.2 Time history of subsurface movement

The time history of displacement along the identified double-sliding zones can be plotted as shown in Figure 10. It can be seen that it is similar to the surface deformation pattern, showing short-term rapid movement and long-term slow movement alternately. The rapid deformation periods last from the end of May to the end of August each year, which is consistent with the rainy season, the rapid RWL drawdown and the low RWL periods. However, there are differences in the deformation characteristics for the shallow sliding zone and the deep sliding zone.




Figure 10 | Time history of subsurface movements along shallow sliding zone and deep sliding zone at location of SB06: (A) is the subsurface movement; (B) is the movement velocity.



As shown in Figure 10A, the deformation of the deep sliding zone is three times greater than that of the shallow sliding zone during July 2017 to September 2018. It indicates that the deformation of the Taping landslide is mainly along the deep sliding zone. Moreover, it also can be found that 157 m RWL is a criteria for fast movement along double-sliding zones, which is consistent with the criteria of surface fast movement. Figure 10B shows the velocity of deformation along the double-sliding zones. It is clear that the deformation velocity along the shallow sliding zone is greater than that along the deep sliding zone when the RWL drops from 157 m to 155 m. However, when the RWL drops from 155 m to 145 m, the deformation velocity along the deep sliding zone is greater than that along the shallow sliding zone. It suggests that as the RWL drawdown, the landslide slides along the shallow sliding zone initially, after that slides mainly along the deep sliding zone. This may be due to the different positions of the double-sliding zones, resulting in differences in the response of deformation to the RWL drawdown. Specifically, for the shallow sliding zone with high elevation, the de-buttressing effect induced by the RWL drawdown is more pronounced and faster than the deep sliding zone. It is noteworthy that when the RWL drops to 145 m, the deformation velocity along the shallow sliding zone decreases to zero, whereas the deformation velocity along the deep sliding zone attains its maximum value. This phenomenon can be attributed to the fact that when the RWL drops to 145 m, it falls below the elevation of the front edge of the shallow sliding zone (i.e., 145.5 m a.s.l.), implying that the RWL has no influence on the shallow sliding zone at this point. Conversely, due to the lower position of the deep sliding zone (i.e., 122 m a.s.l.), when the RWL drops to 145 m, the hydraulic gradient at the toe part, caused by the delay in GWL, reaches its peak, resulting in the maximum deformation velocity.

The different positions of the sliding zone will invariably result in distinct responses to RWLs and rainfall, which, in turn, significantly influence the failure mechanism of landslides with double-sliding or multi-sliding zones. This section presents a qualitative analysis of the long-term monitoring data pertaining to the deformation along the two different sliding zones. A quantitative assessment of the factors affecting the deformation along the two different sliding zones, such as GWL, precipitation, and RWL, will be addressed in the subsequent section.






4 Triggering factors on landslide movement along shallow and deep sliding zones



4.1 Attribute reduction algorithm based upon neighborhood rough set theory

Rough set theory was first proposed by Pawlak (1991), and later, Wilson and Martinez (1997) introduced neighborhood rough set theory to address numerical and categorical data in attribute reduction and classification. Since then, neighborhood rough set theory has been extensively applied to feature selection in landslide triggering factors (Yao et al., 2019; Zhang et al., 2021a). In this study, we utilized an attribute reduction algorithm based on neighborhood rough set theory to investigate the hydrological factors’ impact on the movement within Taping landslide’s different subzones.

Previous researches have qualitatively identified RWL fluctuation (Wang et al., 2008), GWL elevation (Zhang and Zhang, 2017), and precipitation (Kafle et al., 2022) as key factors influencing reservoir landslide deformation. This study examines 20 potential influencing factors, including RWL, RWL variation velocity, GWL variation velocity, precipitation, and hydraulic gradient, to assess their impact on movement along the two distinct sliding zones. Table 1 lists these 20 factors. We selected the displacement velocities along the shallow and deep sliding zones, monitored by SB07, to represent the subsurface deformation characteristics in Taping landslide’s toe part, while the displacement velocities along the shallow and deep sliding zones, monitored by SB06, were chosen to represent the subsurface deformation characteristics in the rear part of the landslide. The SB06 dataset, comprising 20 hydrological factors and daily displacement and displacement velocities, covers the period from July 2017 to September 2018, while the SB07 dataset spans from July 2017 to May 2018.


Table 1 | Candidate condition attributes of daily displacement and displacement velocity along double-sliding zones.






4.2 Influences of hydrological factors on the deformation along double-sliding zones

Through rough set theory, the effects of hydrological factors on the movement along the two different sliding zones of the Taping landslide were ascertained. The computed significance values for each candidate conditional attribute to the displacement and displacement velocity along the double-sliding zones are presented in Tables 2, 3. The results show that the hydrological factors responsible for fast movement along the shallow and deep sliding zones are different for different subzones (i.e., toe and rear parts).


Table 2 | Significance of candidate condition attributes to daily displacement and velocity of double-sliding zones at the toe part.




Table 3 | Significance of candidate condition attributes to daily displacement and velocity of double-sliding zones at the rear part.



The quantitative analysis shows that, at the toe part, RWL and precipitation are two important factors driving deformation along the shallow and deep sliding zones. In terms of deformation along the shallow sliding zones, two of the three factors that have the greatest impact on the double-sliding zones are related to rainfall. Specifically, the average RWL variation velocity over the previous seven days (a6), the daily precipitation (a13), and accumulated precipitation over the previous fifteen days (a15) are three of the most important hydrologic factors affecting the slope movement along the shallow sliding zone (Table 2). However, for the deformation along the deep sliding zones, two of the three factors that have the greatest impact on the double-sliding zones are related to RWL. Specifically, the average RWL variation velocity on the current day (a4), the average RWL variation velocity over the previous seven days (a6), and the daily precipitation (a13) are three of the most significant hydrologic factors affecting the slope movement along the deep sliding zone. The discrepancy may be attributed to the fact that the buried depth of the shallow sliding zone is shallower than the deep sliding zone, and thus is more susceptible to rainfall. Moreover, quantitative result also shows that due to the landslide toe area is closer to the reservoir water, slope deformation along the double-sliding zones are both affected by the RWL variation firstly.

For the rear part, two of the three factors that have the greatest impact on the double-sliding zones are related to rainfall, which indicates that precipitation has a greater impact on the rear part than the RWL. This may be due to the fact that the middle part is a certain distance from the reservoir water, and the response of the GWL lags behind to the RWL, thereby weakening the impact on landslide deformation. In addition, it is not difficult to find that the daily precipitation (a13) is the first important hydrologic factor affecting the slope movement along the shallow sliding zone (Table 3). However, the accumulated precipitation over the previous seven days (a14) and maximum daily precipitation over the previous fifteen days (a18) are the second and third hydrologic factors affecting the slope movement along the deep sliding zone (Table 3). The difference may be attributed by that the deep sliding zone is buried in 65 m deep in the rear part. It takes longer for rainfall to infiltrate and affect the deep sliding zone than the shallow sliding zone.





5 Mechanism of large-scale reservoir landslides with double-sliding zones

Long-term field monitoring and quantitative analysis using attribute reduction algorithms reveal that the deformation of large-scale reservoir landslides with double-sliding zones is a complex process characterized by distinct failure mechanisms in different sliding zones and areas. The shallow sliding zone, due to its shallow burial depth and shorter rainfall infiltration path, is more susceptible to rainfall influence. Additionally, its high elevation leads to a more rapid response to RWL changes. As the RWL rapidly decreases, the buttressing effect from slope surface water pressure diminishes, resulting in a greater deformation velocity along the shallow sliding zone compared to the deep sliding zone. However, when the RWL drops to 145 m, below the elevation of the front edge, deformation along the shallow sliding zone ceases.

Our results show that the Taping landslide’s deformation is mainly governed by the deep sliding zone, evidenced by the greater deformation observed in the deep sliding zone than the shallow sliding zone. In contrast to the shallow sliding zone, the deep sliding zone is more deeply buried and less affected by rainfall. The RWL influences the deformation of the deep sliding zone by altering the GWL. Due to the deep burial and delayed GWL response, deformation velocity remains small in the early drawdown period of the RWL. However, when the RWL drops to 145 m, the water head difference at the slope toe part reaches its maximum, resulting in the highest downslope hydraulic gradient and, ultimately, the deformation velocity within the deep zone. Furthermore, the landslide’s extensive area creates significant differences in GWL responses between the toe and rear subzones concerning RWL changes. The toe part is more susceptible to RWL, while the rear part is more sensitive to rainfall. Deformation is most pronounced at the toe and diminishes towards the rear. Moreover, deformation in the toe occurs first, followed by the rear part with a 14-day lag. This suggests that the toe part will be the first to be impacted by RWL drops. The deep sliding zone at the front edge of the landslide is nearly horizontal, providing a sliding-resistant area relative to the rear sliding body. Once local failure occurs at the toe, they create space for the instability of the rear part of the landslide, and the resistance at the front edge vanishes, further inducing instability of the rear part. Therefore, the potential future failure pattern of the Taping landslide may be as follows: during the RWL drawdown period, the shallow sliding failure will initially occur at the toe induced by the de-buttressing effect, while the deep sliding failure will occur after the RWL reaches 145 m, induced by the downslope seepage force. Local damage and failure at the toe will provide space for the instability of the rear part, reducing the anti-sliding force. Consequently, failure will extend to the rear part.




6 Conclusions

This paper examines the Taping landslide in the TGR area, revealing its basic characteristics through field investigation and surface deformation characteristics in response to RWL and precipitation by analyzing in-situ monitoring data. Most importantly, the response characteristics of deformation along the double-sliding zones to RWL and precipitation are revealed for the first time through long-term inclinometer monitoring and the attribute reduction algorithm. The main conclusions of this paper are as follows:

	• The Taping landslide exhibits a significant step-like consistent creep deformation pattern, marked by periodic fluctuations between short periods of rapid deformation and long periods of slow deformation. The rapid deformation periods typically occur from the end of May to the end of August each year, coinciding with the rainy season, rapid RWL drawdown, and low RWL periods.

	• The subsurface displacement profile reveals that the Taping landslide is not a simple failure along a single sliding zone. Instead, it demonstrates failure along two distinct sliding zones. The depth of the shallow sliding zone ranges from 42–45 m at the toe part and 20–23 m at the rear part, while the depth of the deep sliding zone spans 57–61 m.

	• Hydrological factors responsible for rapid movement vary between different sliding zones and subzones. In the toe region, RWL and precipitation emerge as two critical factors driving deformation. Shallow sliding is more susceptible to rainfall, whereas the deep sliding zone is more affected by RWL variation. In the rear part, precipitation has a greater impact than RWL. Daily precipitation is the primary hydrological factor affecting slope movement along the shallow sliding zone. However, accumulated precipitation over the previous seven days and maximum daily precipitation over the prior fifteen days are the most crucial precipitation factors influencing slope movement along the deep sliding zone.

	• The potential failure pattern of the Taping landslide may be as follows: during the RWL drop period, shallow sliding failure will initially occur at the toe, induced by the de-buttressing effect. Conversely, deep sliding failure will transpire after the RWL reaches 145 m, induced by the downslope seepage force. Local damage and failure at the toe will create space for the instability of the rear part, reducing the anti-sliding force. Consequently, failure will extend to the rear part.
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