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Abstract: The construction of the Three Gorges Reservoir (TGR) has considerably 12 

increased landslide hazard due to the 30-m annual fluctuating reservoir water level. In 13 

this study, the influences of permeability on the stability of dual-structure landslide 14 

with different deposit-bedding interface (DBI) morphology were comprehensively 15 

investigated. A landslide database including 560 recorded dual-structure landslides 16 

was built for the statistical analysis. The DBI morphology, the slope structure and the 17 

permeability were classified and presented. The statistical analysis of the DBI 18 

morphological parameters indicates that the armchair type (AT) is the most popular in 19 

over-dip landslide, the curved type (CT) is very widespread in anaclinal landslide, the 20 

stepped type (ST) is the most common DBI morphology in over-dip landslide, and the 21 

https://doi.org/10.1016/j.enggeo.2021.106480
mailto:dahuang@hebut.edu.cn


This paper has to be cited as Luo, S.-l., Huang, D., Peng, J.-b. & Tomás, R. 2022. Influence of permeability on 
the stability of dual-structure landslide with different deposit-bedding interface morphology: The case of the three 
Gorges Reservoir area, China. Engineering Geology, 296, 106480, doi: 
https://doi.org/10.1016/j.enggeo.2021.106480.  

2 

 

linear type (LT) could be found widely at the under-dip landslide. Two conceptual 22 

models, downslide-locked model and locked model, were proposed according to the 23 

change rules of the dip angle of the DBI. The stability for these two conceptual 24 

models were analyzed and modelled as well as verified by specific case studies. The 25 

numerical results manifest that the permeability and the DBI morphology could pose 26 

significant impacts on the stability of the dual-structure landslide. The variations of 27 

the factor of safety (FOS) of the defined conceptual models are of useful to improve 28 

the design of mitigation countermeasures, consequently, to reduce fatalities and 29 

property losses in the TGR and many other analogous reservoir areas.  30 

 31 

Keywords: Three Gorges Reservoir; dual-structure landslide; Conceptual model; 32 

Deposit-bedding interface morphology; Permeability;  33 

 34 

1. Introduction 35 

Landslides are one of the widespread and catastrophic geomorphological 36 

problems (Gu et al., 2017), which greatly threaten human lives and properties. The 37 

statistical results from the Centre for Research on the Epidemiology of Disasters 38 

(CRED) suggested that landslides should be responsible for over 10,000 deaths and 39 

left 2.5 million people homeless over the past decade (2001-2010) (CRED, 2011). In a 40 

number of cases, high and narrow valleys are usually associated with landslides 41 

(Paronuzzi et al., 2013). The well-known reservoir-induced landslide might be Vajont 42 
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landslide (Italy) occurred in 1963, causing more than 2600 casualties. Accordingly, 43 

the study of this phenomenon allows engineers and geologists to realize the 44 

considerable potential of landslides to threaten the continuation of reservoir 45 

operations and the safety of dams, waterways, and residents living along the 46 

riversides.  47 

In China, the Three Gorges Dam, located near the town of Sandouping of 48 

Yichang County on the upper reach of the Yangtze River (Fig. 1), is the largest 49 

hydropower station worldwide with an installed electrical generation capacity of 22.4 50 

million (Tang et al., 2019b). Since the first trial impoundment of 135 m a.s.l., more 51 

than 5,000 landslides or potential landslides have been identified (Gu et al., 2017; Luo 52 

et al., 2019; Yao et al., 2019). Consequently, the Three Gorges project has been facing 53 

enormous pressures related to the prevention and control of geological hazards. This 54 

is particularly the case for deep-seated slow-moving landslide with large volumes and 55 

complex structures, which pose significant threats not only to the local population but 56 

also to the safety of the Three Gorges project and Yangtze River waterways (Gong et 57 

al., 2021). To accomplish this task, Over the past 20 years, the Chinese government 58 

has invested over 12 billion RMB (approximately 2 billion USD). Despite these 59 

efforts, effective prevention of landslide reactivations using existing technical 60 

measures remains a considerable challenge. Therefore, the landslide prevention and 61 

control is an ongoing and long-term task across the 200-year lifespan of in TGR (Tang 62 

et al., 2019a; Yin et al., 2016).  63 

https://doi.org/10.1016/j.enggeo.2021.106480


This paper has to be cited as Luo, S.-l., Huang, D., Peng, J.-b. & Tomás, R. 2022. Influence of permeability on 
the stability of dual-structure landslide with different deposit-bedding interface morphology: The case of the three 
Gorges Reservoir area, China. Engineering Geology, 296, 106480, doi: 
https://doi.org/10.1016/j.enggeo.2021.106480.  

4 

 

 64 

Fig. 1 Site map of the Three Gorges Reservoir area. Source: © Google Earth. 65 

 66 

According to the second and third phase of survey and prevention works of 67 

geological disasters in the TGR, the number of dual-structure landslides account for 68 

near 80% of the total landslide events (Tang, 2013). Generally, the dual-structure 69 

landslides can be divided into three parts: deposit (mobilized materials), bedding and 70 

DBI (means interface between deposit and bedding) (Caballero et al., 2002; Yang, 71 

2019; Chen et al., 2005; Igwe, 2015; Luo and Huang, 2020). The dual-structure 72 

landslide stability was often assessed once the relatively larger slope deformation was 73 

monitored by in situ instruments and signs of activity were observed. Some other hot 74 

issues including landslide displacement prediction (Li et al., 2021; Yong et al., 2020), 75 

assessment of landslide hazard (Guo et al., 2020; Li et al., 2020b), stability 76 

countermeasures strategies (Tang et al., 2019a; Zhang et al., 2018) and failure 77 
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evolution mechanism (Wang et al., 2021; Zhang et al., 2021) have also been 78 

conducted widely. The DBI morphology is believed as a dominated factor for slope 79 

stability calculation and mitigation measures designs (Hu and Wang, 2010; Stout, 80 

1971; Sun and Hu, 2016). The scientific literature contains many well-documented 81 

case histories for the relationship between DBI morphology and failure mechanisms 82 

(Tannant et al., 2017; Huang et al., 2015; Li et al., 2020a; Pan et al., 2016; Tang et al., 83 

2020). However, surprisingly, works concerning the statistical analysis of the 84 

influence of different kinds of DBI morphology on dual-structure landslide stability in 85 

the TGR is rare. Until now, the relevant example might be the statistical analysis 86 

conducted by Li et al., 2017 and Tang et al., 2019b. The former clarified the 87 

deformation patterns of reactivated landslides with different sliding surface shapes 88 

triggered by fluctuating RWL. The latter studied the hydraulic mechanism models for 89 

four types of sliding surface based on 670 landslide cases in the TGR. In order to fill 90 

the existing gap on this topic, this paper presents a detailed statistical analysis of the 91 

dual-structure landslides stability in the TGR area for various scenarios involving 92 

different DBI morphologies, slope structures and permeability of the mobilized 93 

materials. The statistical analysis performed in this work has allowed to identify the 94 

parameters that play a key role in landslides occurrence. Despite this, these 95 

parameters used in this paper could also be used to develop landside susceptibility 96 

analysis future (Azarafza et al., 2018; Chen and Li, 2020; Hong et al., 2017; 97 
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Nanehkaran et al., 2021; Shahri et al., 2019; Sujatha and Sridhar, 2021; Sun et al., 98 

2020a; Chen and Chen, 2021; Kutlug Sahin and Colkesen, 2021; Wang et al., 2020). 99 

In this study, a large number of dual-structure landslides (i.e. 560 landslides)is 100 

used to establish a landslide database. Firstly, the types and main characteristics of the 101 

DBI morphology, slope structure and permeability were classified and described. 102 

Then, a qualitative statistical analysis for the relationship between DBI morphology 103 

and slope structure was performed. Based on the statistical results, two conceptual 104 

geo-mechanical models were proposed according to the change rules of the dip angle 105 

of the DBI. Subsequently, the effects of the fluctuating RWL and permeability on the 106 

stability of these two conceptual models were analyzed and modeled as well as 107 

verified using two real cases. Finally, some implications for landslide mitigation 108 

countermeasures were discussed.   109 

2. Materials and methods 110 

2.1 Geo-environmental setting 111 

The Three Gorges Project was originally proposed in 1919. However, the 112 

construction was launched on December 14, 1994 and was completed on 2003 (Wang 113 

and Li, 2009; Zhang et al., 2019). The TGR area extends from the dam site to the 114 

Maoer Gorges in Chongqing City. The length of the banks of the mainstream (the 115 

Yangtze River) and its tributaries are about 660 and 1840 km, respectively, including 116 

the regions of Yichang, Zigui, Badong, etc. (Fig. 1).   117 
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The TGR area is considered as a landslide-prone region since it is located at the 118 

transition zone between the second and the third steps of China’s topography with a 119 

complex geological environment (Yin et al., 2016). The TGR area has experienced 120 

three strong tectonic movement: Jinning movement before Sinian, Yanshan 121 

movements in Later Jurassic, and Himalaya movement in Neogene. Consequently, the 122 

landscape of the TGR area is characterized by moderate- to low-altitude mountains 123 

and river valleys (Gu and Huang, 2016; Mei et al., 2013; Tang et al., 2019a). 124 

Generally, the TGR area can be divided into two parts: 1) the eastern part, that extends 125 

from Sandouping town to Baidicheng in Fengjie County, with a length of 160 km; and 126 

2) the western part, which extends from Baidicheng to Maoer Gorge, with a length of 127 

490 km. In the eastern part, the well-known Three Gorges are presented, among 128 

which the geomorphology is characterized by high mountain (the maximum elevation 129 

up to 1,200 m) and deep valleys (as close as to 200 m in width). A relatively wide 130 

valley with a width of 300–400 m and gentle bank slopes between the Three Gorges 131 

could also been identified. The western part crosses the Sichuan-Chongqing basin, 132 

which features low mountains formed by fold zones. The height of the mountain 133 

ridges is about 300–600 m, and the valley width is about 500–1,000 m. The bank 134 

slope has a height of 100–300 m and a gentle slope of 15–30° (Wang and Li, 2009).  135 

Near 30 geological units from Pre-Sinian to Quaternary were found in the TGR 136 

area, which are mainly made of sedimentary strata and a small area of magmatic rocks 137 

and metamorphic complexes. According to the previous works, the geology in the 138 
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TGR area can be divided into four lithological combinations (Huang et al., 2018; Li et 139 

al., 2019b; Tang et al., 2019a; Tang et al., 2019b), among which the Jurassic red-strata 140 

are predominant in the west of Fengjie, and the carbonate rocks partly interlayered 141 

with mudstone, shale and coal seams are widespread in the remaining area.  142 

The TGR area is in the middle part of China and has a wet subtropical climate; it 143 

is warm and humid with abundant rainfall. The filling of the TGR was finished via 144 

three periods of cumulative water impoundment. For each period, the water level 145 

usually kept relatively constant after it reached the target water level so that the 146 

surrounding could archive a balance. The detailed impoundment schedules were listed 147 

in Table 1. After the third period, the reservoir water level fluctuates from 145 m a.s.l. 148 

during the wet season (May–September) for flood control to 175 m a.s.l. during the 149 

dry season (October–April) for hydropower generation in each hydrological year. 150 

2.2 Data preparation 151 

In this study, some landslides information (e.g., location, engineering geology 152 

conditions and hydraulics parameter) at the TGR area were provided by the Nanjiang 153 

Hydrogeology and Engineering Geology Team of Chongqing Bureau of Geology and 154 

Mineral Resources. Moreover, some other landslide database derived from the review 155 

of historical and bibliographical data (Li et al., 2019b; Tang et al., 2019b). Landslides 156 

were observed in Google Earth images and aerial photographs from breaks in the 157 

forest canopy, bare soil, or other geomorphic characteristics typical of landslide scars, 158 

for example, head and sides carps, flow tracks, and soil and debris deposits below a 159 
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scar (Lee, 2005). Moreover, Google Earth images and high-precision aerial 160 

photographs were also used to interpret the position, range, and other useful 161 

information of the landslides (Guzzetti et al., 2012; Yang and Chen, 2010). Field 162 

surveys were developed to confirm and improve the delineation of landslides’ 163 

boundary, and to add the uninterpreted landslide (Li et al., 2019a; Sun et al., 2020b). 164 

Finally, with the above information, a landslide inventory map of the study area was 165 

produced in ArcGIS 10.2 software. A total of 560 dual-structure landslides were 166 

mapped in the study area (Fig. 1). In order to facilitate the analysis, the landslides are 167 

assumed as the mass points. All of the selected landslides have a toe elevation below 168 

than 145 m a.s.l. according to the principles: 1) ensure that the front part of landslide 169 

was submerged during the lowest reservoir water period; 2) the fluctuating reservoir 170 

water poses substantial effect on the landslide behaviors.  171 

2.3 Influencing factors 172 

There is no universal rule for selecting and classifying the controlling factors or 173 

influencing factors for landslide initiation. However, the selection and classification 174 

must be based on physical relationships to produce reliable results. The high number 175 

of reservoir bank instability cases observed in the TGR indicates that clarifying the 176 

role of the slope structure is a critical pre-requirement and foundation for analyzing 177 

the slope failure mechanism and evaluating the slope stability (Guo et al., 2016). 178 

Considering that the relationship between the DBI morphology and the slope structure 179 

of landslide is close, thus, the former should be regarded as an important influencing 180 

https://doi.org/10.1016/j.enggeo.2021.106480


This paper has to be cited as Luo, S.-l., Huang, D., Peng, J.-b. & Tomás, R. 2022. Influence of permeability on 
the stability of dual-structure landslide with different deposit-bedding interface morphology: The case of the three 
Gorges Reservoir area, China. Engineering Geology, 296, 106480, doi: 
https://doi.org/10.1016/j.enggeo.2021.106480.  

10 

 

factor. For the dual-structure reservoir-induced landslides, there are several important 181 

reservoir-specific factors that must be taken into consideration. One of the most 182 

important issues is the effect of the seepage force (inward/outward slope) and 183 

buoyancy force on the slope stability (Iqbal et al., 2018), which suggests that the 184 

permeability of the displaced materials and the filling-drawdown rate could also affect 185 

the slope behaviors. In the light of the above, the various of DBI morphology, the 186 

slope structure and the permeability of the displaced materials are selected as the 187 

influencing factors. 188 

Generally, the slope structure has an ability to affect the slope failure mode that 189 

will pose great impact on DBI morphology, which means that the slope structure has 190 

closely relationship with DBI morphology (Li et al., 2021). Based on previous works 191 

(Carter and Bentley, 1985; Guerriero et al., 2014; Stout, 1971) and our long-term 192 

investigations as well as abundant field survey information (eg., boreholes, trench, 193 

adits data and etc), four classes of DBI morphology were proposed, namely stepped 194 

type (ST), linear type (LT), armchair type (AT) and curved type (CT) (Fig. 2). For ST, 195 

the dip angle of the DBI is characterized by the alternation of steep and gentle. But, 196 

generally, dip angle of ST decrease toward downslope (brown dotted line in Fig. 2); 197 

while the dip angle of LT is nearly constant. For AT, the dip angle is nearly constant 198 

and steep at the upper slope, and then suddenly changes into gentle (even curved 199 

concavely upward) at the toe. The dip angle for the CT decreases smoothly downslope. 200 

According to the suggestions from Guo and Hamada, 2013), the slope structure of the 201 
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dual-structure landslide obtained by field observations can be divided into three 202 

classes based on the relation between the slope angle (θ ) and bedding dip angle (α ): 203 

under-dip slope, over-dip slope and anaclinal slope (Table 2). Furthermore, according 204 

to the standard proposed by China Geological Survey (2012), the permeability ( k ) of 205 

the displaced materials, experimented in situ using single ring method, could be 206 

divided into four classes: namely good ( k > 10 m/d), better (1≤ k <10 m/d), moderate 207 

(0.01≤ k <1 m/d) and poor ( k <0.01 m/d).     208 

 209 

Fig. 2 Sketch of the four kinds of deposit-bedding interface morphology considered in this 210 

work. 211 

 212 
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3. Results 213 

3.1 Characteristics of the landslides 214 

As shown in Fig. 3, the statistical results indicated that the number of landslides 215 

with AT DBI is 183 (i.e. the largest, nearly 32.3 % of the total), followed by landslides 216 

with CT DBI (29.1%). Finally, landslides with ST and LT DBI are 134 (23.9%) and 217 

80 (14.7%), respectively.  218 

 219 
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Fig. 3 (a) Spatial distribution of the inventoried landslide with different deposit-bedding 220 

interface morphologies; (b) Frequency distribution of landslide according to their deposit-bedding 221 

interface morphology. 222 

 223 

Fig. 4 shows the frequency distribution histogram of the slope structure. The 224 

results show that there are 230 under-dip landslides (41.1%), followed by 197 225 

over-dip landslides (35.2%), and then 133 anaclinal slopes (23.7 %).  226 
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 227 

Fig. 4 (a) Spatial distribution of the inventoried landslide with different slope structure; (b) 228 

Frequency distribution of landslide according to slope structure. 229 

 230 

 231 
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 232 

Fig. 5. (a) Spatial distribution of the inventoried landslide with different permeability of 233 

mobilized material; (b) Frequency distribution of landslide according to the permeability of 234 

mobilized material. 235 

 236 

In this study, the permeability of 246 dual-structure landslides was also analyzed 237 

considering the four classes previously defined. Fig. 5 shows that there are 15 238 

landslides with poor permeability (6.1%), 121 landslides with moderate permeability 239 
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(49.2%), 87 landslides with better permeability (35.3%), and 23 landslides with good 240 

permeability (9.4%). The number of landslides with better and moderate permeability 241 

reaches up to 84.5%.  242 

 243 

3.2 Correlation between slope structure and DBI morphology  244 

The analysis of the frequency distribution of the slope structure and DBI 245 

morphology is presented in Fig. 6. For landslide with AT DBI, the number of over-dip 246 

landslide is approximately ten times larger than for anaclinal slopes, and about twice 247 

as larger as for under-dip slopes. It shows that the AT DBI is predominant at the 248 

over-dip slopes. Landslides with CT DBI mainly develop on anaclinal slopes, being 249 

approximately three times more frequent than for under-dip slopes. It indicates that 250 

CT DBI are widespread at anaclinal slopes. Regarding landslides with ST DBI, there 251 

are roughly the same number on anaclinal and under-dip slope (i.e. less than half of 252 

that of the over-dip slopes), highlighting that ST DBI mainly develop on over-dip 253 

slopes. Finally, LT DBI could be found widely at the under-dip slopes (Fig. 3). It is 254 

worth noting that the number of landslides with LT DBI is only 80.  255 
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 256 

Fig. 6 Frequency distribution of deposit-bedding interface morphology for each type of slope 257 

structure. 258 

 259 

Figure 7 shows some typical landslide cases with different slope structures and 260 

DBI morphologies. As shown in Fig. 7a, Muyubao landslide, located at Zigui County 261 

(Fig. 1), has an over-dip slope structure and AT DBI. The geological cross section of 262 

Muyubao landslide shows a steep upper-middle slope and gentle lower slope with an 263 

increased thickness toward the toe. The permeability of the displaced materials is 264 

good (19.87 m/d). Previous studies manifested that the reservoir filling operation is 265 

the main driving factor of landslide activity. The formation mechanism of the 266 
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Muyubao landslide could be sliding-bucking with the DBI morphology is steep at the 267 

upper portion and gentle even curved concavely upward at the lower portion (Deng et 268 

al., 2019).  269 

 270 

Fig. 7 Sketches and geological cross sections of four landslides of the Three Gorges with 271 

different deposit-bedding interface morphology and slope structure: (a) Muyubao landslide with 272 

over-dip slope structure and AT DBI; (b) Shuping landslide with anaclinal slope structure and CT 273 
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DBI; (c) Majiagou landslide with under-dip slope structure and LT DBI; (d) Jinle landslide with 274 

over-dip slope structure and ST DBI. 275 

 276 

Shuping landslide develops over an anaclinal slope with a CT DBI (Fig. 7b). 277 

This instability is located at Zigui County with a volume of 27.5 million m3, 47 km 278 

upstream from the Three Gorges Dam (Fig. 1). As shown in Fig. 7b, the bedrock is 279 

mainly composed, from top to bottom, by sandstone, marlstone and mudstone of the 280 

Triassic Badong Formation. The material of the slide body is composed of silty clay 281 

(colored yellowish brown and gray brown) with gravel with a permeability of about 282 

0.68 m/d. The drawdown operation of the reservoir is believed as the key factor for 283 

the slope movement (Huang et al., 2016; Song et al., 2018). The formation 284 

mechanism of the Shuping landslide is toppling-sliding with the dip angle of DBI 285 

decreases gradually from the rear to the toe.  286 

As shown in Fig. 7c, the Majiagou landslide, located at Zigui County (Fig. 1), 287 

extends from the 135 m a.s.l. at the toe to the 280 m a.s.l. at the crown. The slope 288 

structure and the DBI morphology are under-dip slope and LT, respectively. The 289 

bedrock is made of interbedded gray sandstone and purple-red mudstone, and the 290 

bedding planes at bedrock unit have a nearly constant attitude of 140°/13° (dip 291 

direction/dip angle). The mobilized materials mainly consist of clayey soil with rubble. 292 

The DBI has a constant dip angle downslope. The formation mechanism of this 293 

instability is creeping/sliding-tensing (Xu, 2011).  294 
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 Jinle landslide, located at Xingshan County (Fig. 1), is a typical over-dip 295 

landslide with ST DBI. As shown in Fig. 7d, the bedrock is composed of a medium to 296 

large thickness layer grayish yellow feldspar fine sandstone and a thin to 297 

medium-thickness layer purplish red argillaceous siltstone. The landslide body 298 

consists of clayed soil and rock blocks. The dip angle of the DBI is alternated with 299 

steep and gentle slopes. The formation mechanism of this instability is 300 

creeping/sliding -tensing (Hu et al., 2007).  301 

 302 

3.3 Influence of reservoir operation  303 

3.3.1 Conceptual model  304 

The influence of reservoir level variations on slope stability could be divided into 305 

two stage. Firstly, the reservoir filling causes saturation of slope materials and the 306 

reduction of effective stress (Huang and Gu, 2017; Wang et al., 2007), decreasing 307 

slope stability. This effect is due to buoyancy that might be counterbalanced by 308 

inward seepage force and/or buttressing effect of the reservoir (Paronuzzi et al., 2013), 309 

which is beneficial to the landslide stability. Secondly, when the reservoir experienced 310 

the drawdown operation, groundwater in the landslide discharge outwards and 311 

debuttressing effect on lower slopes is evident (Gutiérrez et al., 2010), which is 312 

harmful to landslide stability. This effect could be regarded as the seepage pressure or 313 

dynamic water pressure effect. However, in this transient condition, the volume of the 314 

submerged soil in the front of the landslide reduces, which is beneficial to the 315 
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landslide stability (Tang et al., 2019b). Consequently, the effect of reservoir level 316 

variations can be variable, since stability conditions of dual-structure landslides can 317 

temporarily improve or worsen. Stability analyses in these situations make it possible 318 

to understand if the buoyancy effect and/or seepage effect prevails over the stabilizing 319 

load or whether the latter prevails over the former.   320 

Therefore, for dual-structure landslides with different DBI morphology, the 321 

influence of drawdown-filling cycles on the landslide stability is relative and complex. 322 

To comprehensive elucidate the change of stability, two conceptual models are 323 

proposed. For ST, AT and CT, the dip angle of the DBI is generally steep at the both 324 

middle and rear part, but gentle at the lower part. The sliding mass placed over the 325 

steep part of the DBI is named as ‘downslide segment’. The sliding force acting on 326 

the downslide segment is usually larger than the resistance force, creating extra push 327 

force toward downslope. The remaining sliding mass that overlies the gentle part of 328 

the DBI is regarded as ‘locked segment’. This segment usually provides a higher 329 

resistance force contributing to prevent downslide segment from movement and 330 

improving slope stability. Thus, the downslide-locked model is proposed in this work 331 

(Fig. 8a) for landslides exhibiting ST, AT and CT DBI. For LT, the dip angle of the 332 

DBI is constant from the toe to the rear part, it means the whole DBI could be 333 

considered as the ‘locked segment’. Thus, a different geomechanics model, namely 334 

locked model, is proposed for landslides with LT failure surface geometry (Fig. 8b).  335 
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 336 

Fig. 8 Sketch of the two considered conceptual models: (a) downslide-locked model; (b) 337 

locked model; (c) forces acting over a slice (see location of the slice in Figure 8a). 338 

 339 
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 340 

3.3.2 Problem formulation 341 

The impacts of the fluctuating RWL on bank slope stability can be quantified by 342 

analyzing the changes in buoyancy force and seepage force on the slope. As shown in 343 

Figs. 8c~d, the seepage force ( sfF ) and buoyancy force ( bfF ) could be expressed as: 344 

                        sf

bf

w

w

F j
F V

γ
γ

=
 =

                     (1) 345 

Where wγ  is the unit weight of water; j is the hydraulic gradient and V is the 346 

volume below the phreatic line at the analyzed element (highlighted by blue, Fig. 347 

8c-d). The hydraulic gradient can be calculated as: 348 

sinj α=          (2) 349 

Where α  is the dip angle of the phreatic line, Fig. 8c-d). 350 

The original slope factors of safety, 0F , defined as the ratio between the resisting 351 

forces ( rF ) along the failure surface and the driving shear force ( sF ), could be 352 

expressed as:  353 

'
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F driving shear forces

ϕ

θ

=

=

∆ +
Σ

= = =
Σ

∑

∑
      (3) 354 

Where n  is the total number of slices; il  is the length of the analyzed slice i ; 355 

iθ  is the dip angle of the sliding surface of slice i ; iG  is the weight of the slice i ; 356 

ic  and iϕ  are the cohesion and internal friction angle of the sliding surface of slice 357 

i ; '
iN  is the effective normal force acting on the sliding surface of slice i . 358 
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The new factor of safety, 1F , when only the seepage force ( sfF ) acting in slice is 359 

considered, will be: 360 

              sf sf
1 0

 +  =
  
r

s s

F F FF F
F F

= +                        (4) 361 

According to the formula (4), in both downslide-locked model and locked model, 362 

the seepage force outward (i.e. sfF is negative, Fig. 8d) caused by the drawdown 363 

operation would decrease the slope stability. On the contrary, the seepage force 364 

inward (i.e. sfF is positive, Fig. 8c) would improve the slope stability.  365 

Additionally, when only the buoyancy force is considered, the variation of the 366 

effective sliding mass w∆  in a slice caused by the buoyancy force bfF  would make 367 

a change of resisting forces ( rF∆ ) and driving shear force ( sF∆ ). Thus, the new factor 368 

of safety, 2F , with influence load w∆  acting in slice, will be: 369 

sf
2

 +
 

cos tan
sin

r

s s

r

s

F FF
F F

F w
F w

θ ϕ
θ

∆ = ∆ +
∆ = ∆
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            (5) 370 

And hence  371 

      2

0

 1+
 

s r s s rr r

s s r s r s r

F F F F FF F F
F F F F F F F F

∆ −∆∆ +
= =

∆ + ∆ +
                         (6) 372 

Consequently, if r s s rF F F F∆ −∆  = 0, then 2

0

=1F
F

(i.e. 
0

tan= arctan
F
ϕθ ) and 373 

consequently, the change of w∆  would have no influence on the slope stability.  374 

Generally, considering formulas (6) and (4), we can see that the effect of the 375 

seepage force on slope stability is closely linked to the seepage direction and the 376 
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permeability, while the buoyant force changes the effective weight of the slide mass 377 

and exerts a different effect on the downslide and locked segments. The actions of 378 

buoyancy and seepage forces on the downslide-locked model during the 379 

filling-drawdown operation are summarized in Table 3 and described as follows: 380 

 When w∆ > 0 (drawdown operation) and 
0

tan< arctan
F
ϕθ ( r s s rF F F F∆ −∆ >0), 381 

indicating that the increase of the effective weight of lower part of the 382 

sliding mass (locked segment) where its dip angle of the sliding surface θ  383 

less than 
0

tanarctan
F
ϕ  could improve the slope stability. Complementarily, 384 

when w∆ < 0 (filling operation) and 
0

tanarctan
F
ϕθ < ( r s s rF F F F∆ −∆ <0), 385 

which manifests that decrease of the effective weight of the front part of the 386 

sliding mass (locked segment) where its dip angle of the sliding surface θ  387 

below than 
0

tanarctan
F
ϕ  could decrease the slope stability. However, the 388 

seepage force caused by the reservoir drawdown and impoundment would 389 

decrease and increase the slope stability, respectively.  390 

 When w∆ > 0 (drawdown operation) and 
0

tanarctan
F
ϕθ >  391 

( r s s rF F F F∆ −∆ <0), indicating the that increase of the effective weight of 392 

middle and rear part of the sliding mass (downslide segment, where its dip 393 

angle of the sliding surface θ  is larger than 
0

tanarctan
F
ϕ ) could decrease the 394 

slope stability. When w∆ < 0 (filling operation) and 
0

tanarctan
F
ϕθ >  395 

( r s s rF F F F∆ −∆ >0), implying the decrease of the effective weight of the 396 

middle and rear parts of the sliding mass (downslide segment, where its dip 397 
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angle of the sliding surface θ  more than 
0

tanarctan
F
ϕ ) could improve the 398 

slope stability. Moreover, the seepage outflow and inflow could also reduce 399 

and rise the slope stability, separately.  400 

Locked model presents a LT DBI and has a constant dip angle. The statistics 401 

showed that this type of DBI is widely found in landslides with an under-dip slope 402 

structure (Fig. 6). According to previous studies (Li et al., 2020a; Qian, 2016; Tang et 403 

al., 2019b), the dip angle of the DBI θ  is usually lower than the internal friction 404 

angle ϕ  in under-dip landslide. Thus, the whole DBI can be considered as the locked 405 

segment according to rigid limit equilibrium method. The stability of the locked 406 

model during the reservoir operation is presented in Table 3.  407 

 408 

3.3.3 Modeling investigation 409 

According to the Table 3, we have clarified the influence of buoyancy force and 410 

seepage force on the stability of two conceptual models during the reservoir operation, 411 

separately. Then, the pressing question that arises is “which one—buoyancy force or 412 

seepage force—is believed as the key factor controlling the slope stability?”. Many 413 

studies indicated that the stability of dual-structure landslides is a function of the 414 

variation of RWL, and strongly depends on the DBI morphology and the hydraulic 415 

characteristics of the slope-forming materials (Deng et al., 2019; Huang et al., 2020; 416 

Tang et al., 2019b). To elucidate the relationship between all these variables, a 417 

parametric analysis has been performed in this section. On the one hand, for 418 
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downslide-locked model, two scenarios are defined according to the range of 419 

fluctuating RWL: a) consistent with the location of the locked segment (Scenario 1, 420 

Fig. 9a); and b) consistent with the location of the downslide segment (Scenario 2, Fig. 421 

9a). On the other hand, only one scenario is considered for the locked model since its 422 

DBI was regarded as the locked segment (Fig. 9b). To investigate the effect of the 423 

permeability on the stability of different conceptual models, the ratio of fluctuating 424 

velocity of RWL ( v , m/d) over the permeability ( k , m/d) was considered. The 425 

generalized RWL operation was shown in Fig. 10. Ratios of k
v

 of 0.001, 0.01, 0.05, 426 

0.1, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 500, 1000 were considered for the analysis. The 427 

calculated results for both conceptual models are shown in Figs. 10a-b. 428 

 429 

Fig. 9. Numerical model of downslide-locked model (a) and locked model (b) used in the 430 

parametric analysis. 431 
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 432 

 433 

Fig. 10 Parametric study of the variation of FOS for downslide-locked model (a) and locked 434 

model (b) during an annual reservoir water level cycle. 435 

 436 
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As shown in Fig. 10a, for downslide-locked model, the stability is closely linked 437 

to both the permeability and the location of the range of fluctuating RWL. For 438 

scenario 1, when the permeability is small, the FOS is positive to the reservoir 439 

operation (i.e. FOS increases during the impoundment period but decreases over the 440 

drawdown period). Particularly, the smaller the permeability is, the more consistency 441 

between the curves of FOS and RWL is. For example, when k
v

 is 0.001, the FOS 442 

approximately mimics the RWL. It means that the seepage effect prevails over the 443 

buoyant effect. However, when the permeability increases, the former (seepage effect) 444 

would be weak and the latter (buoyant effect) gradually control the FOS. When the 445 

k
v

 is larger than 10, the FOS gradually decreases during the impoundment period but 446 

increases over the drawdown period. It means that buoyant effect overmatches the 447 

seepage effect once the permeability is larger enough. The Muyubao landslide is the 448 

representative case of this behavior (See Section 4.1.1). For scenario 2 (Fig. 10a) the 449 

range of fluctuating RWL is consistent with the location of downslide segment. The 450 

FOS increases during the impoundment stage but decreases over the drawdown stage, 451 

indicating that the effect of seepage force always exceeds the effect of buoyant force, 452 

in line with the results listed in Table 3. The Shuping (Song et al., 2018; Wang et al., 453 

2008; Zhang et al., 2020b) and Jinle (Li et al., 2014) landslides exhibit this typical 454 

behavior. Additionally, the simulated results indicated that the increase of 455 

permeability reduce the seepage effect and strengthen the buoyant effect, but the latter 456 

(buoyant effect) nearly cannot dominate the former (seepage effect). For example, the 457 
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FOS is approximately constant when k
v

 is larger than 500. For the locked model, the 458 

FOS in Fig. 10b is nearly the same as that of the calculated results of scenario 1 in 459 

downslide-locked model, namely the action of seepage pressure prevails over that of 460 

the buoyancy as the permeability is poor. Consequently, the slope stability would 461 

increase by the rising RWL and would decrease during drawdown periods. On the 462 

contrary, if the permeability is good, the slope stability would decrease during the 463 

impoundment and increase during drawdown periods. The Majiagou landslide is a 464 

representative case (Ma et al., 2017) of this behavior (See Section 4.1.2). 465 

In summary, when the range of fluctuating RWL is consistent with the location of 466 

downslide segment, the FOS increases during the impoundment stage and decreases 467 

over the drawdown stage. However, for locked model and the RWL fluctuates around 468 

the location of the locked segment of downslide-locked model, the FOS is negative in 469 

the filling operation and positive in drawdown operation as the permeability is larger, 470 

but the FOS increases during the impoundment period and decreases over the 471 

drawdown period when the permeability is small. 472 

 473 

4. Discussions 474 

4.1 The influence of the permeability on slope stability  475 

4.1.1 Downslide-locked model 476 

For downslide-locked model, if the range of fluctuating RWL is consistent with 477 

the location of downslide segment, the slope stability decreases during the drawdown 478 
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period but increases over the filling period. However, when the drawdown-filling 479 

RWL only affects the locked segment, the slope stability depends on whether the 480 

effect of seepage force prevails over the effect of buoyancy force or not. To elucidate 481 

the evolution of the stability of this second case, the Muyubao landslide is selected as 482 

a research object.  483 

 484 

(1) Overview of Muyubao landslide 485 

Muyubao landslide is located on the south bank of the Yangtze River of Zigui 486 

County of Hubei Province (Fig. 1). This is a typical dual-structure landslide classified 487 

as rotational slide according to Cruden and Varnes (1996). It has a maximum 488 

north-to-south length of about 1,500 m and an average width of about 1,200 m (Fig. 9) 489 

and extends from 100 m a.s.l. at the toe to 540 m a.s.l. at the rear part, with a slope 490 

gradient of 20° (Fig. 10). The landslide mass has a volume of 96 million m3, covers an 491 

area of 1.8 km2 and presents an average thickness of 80 m. The mobilized materials 492 

predominantly consist of surficial Quaternary deposit and fractured quartz sandstone 493 

whose thickness increases downslope. This deposit is mainly composed of brown silty 494 

clay and yellow fractured quartz sandstone rubble with a weight content of coarse 495 

particles between 40 and 60%. The size of the blocks varies between 0.2 and 2.0 m. 496 

The bedrock is composed by Jurassic siltstone and Triassic quartz sandstone. The 497 

shear band, consists of a 0.1~0.3 m layer of dark-grey to black coal and shale that 498 

extends along the interface between the bedrock and the sliding mass. The DBI shows 499 
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steep at upper-middle slope and gentle at lower slope. Therefore, the 500 

downslide-locked model is appropriate for this instability. 501 

 502 

(2) Deformation characteristics analysis 503 

 504 

Fig. 11 General view of Muyubao landslide. CD1 to CD12 correspond to the location of the GPS 505 

monitoring stations. See location in Figure 1. 506 

 507 

Before the initial TGR impoundment, the activity signs including the ground 508 

fracture, infrastructure damage and local collapse occurred rarely. However, after the 509 

trial impoundment of 156 m a.s.l., a small-scale shallow earth slides with a volume of 510 

3 m3 at the front of the landslide developed in June, 2007 (Fig. 12a). Subsequently, in 511 

December 2008, a crack of 20 m in length, 20 cm in width and 10 cm in vertical 512 
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dislocation was identified (Fig. 12b) along a track. The current TGR water level 513 

fluctuations, combined with the engineering activities developed on the landslide have 514 

disturbed the geological conditions. Consequently, the head scrap at the rear part (Fig. 515 

12c) tilting an orange grove and creating cracks at the middle part of the landslide 516 

(Fig. 12d).  517 

 518 

Fig. 12. Geological cross section (I-I) of Muyubao landslide (see location in Fig. 1) and signs 519 

of reactivation: (a) earth slide at the toe (2007); (b) damage on a road (2008); (c) head opening at 520 

the rear part of the landslide (2015); and (d) cracks and tilting of an orange grove (2014). 521 
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 522 

 523 

Fig. 13 Deformation of Muyubao landslide: (a) Deformation rate of the landslide between 524 

January 7, 2012 and February 17, 2013 derived from InSAR (modified from Fan et al., 2017); (b) 525 

Time series of the cumulative displacement of GPS stations, monthly rainfall, and reservoir water 526 

level from 2006 to 2018. 527 

 528 
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From January 7, 2012 to February 17, 2013, Interferometric Synthetic Aperture 529 

Radar (InSAR) was used to reveal the movement features of Muyubao landslide (Fig. 530 

13a) (Fan et al., 2017). InSAR measurements indicated that the deformation across 531 

most areas exhibits a similar rate and the cumulative displacement at different area 532 

slightly fluctuated (varying between 170 and 210 mm), which manifested that the 533 

landslide was experiencing overall movement. In terms of temporary characteristics, 534 

the cumulative displacements between Sep. 2006 and Dec. 2018 from five typical 535 

GPS stations (CD12, CD3, CD7, CD6 and CD10 in Fig. 11) was presented in Fig. 13b. 536 

GPS data show that the cumulative displacements for these five monitoring points 537 

increased continuously with time. During the monitoring period, the magnitude of the 538 

displacement increased slightly downslope with 1785.7 mm for CD12, 1700.1 mm for 539 

CD3, 1616.3 mm for CD7, 1566.7 mm for CD6 and 1412.8 mm for CD10.  540 

The displacement-time curves in Fig. 13b indicated that the slope movement are 541 

not constant over time, but are stepped or graded, which is characterized by the 542 

alternation of rapid displacements over a short period and a subsequent low strain rate 543 

over a long period. Each year, the period of former (rapid displacement) extends from 544 

November to early March of the following year, when the reservoir water fluctuated 545 

at relatively higher RWL. The latter (constant displacement) is consistent with the 546 

remaining 7 months of the year (from April to October) as the RWL drops. The 547 

relationship between the slope movement and the reservoir operation implied that the 548 

Muyubao landslide is a buoyancy weight-reducing landslide, and the movement for 549 
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this type of landslide is controlled primarily by the increase of RWL. The deformation 550 

mechanism could be regarded as that a reduction in the floating weight caused by a 551 

high groundwater level has an obvious effect on the locked section in front of the 552 

landslide by reducing the stability of the landslide, which leads to a rapid 553 

deformation. 554 

 555 

(3) Stability change under the effect of fluctuating RWL 556 

The groundwater flow in the Muyubao slope is simulated by means of 557 

GEOSTUDIO software to assist the downslide-locked model to elucidate the stability 558 

variation under the effect of drawdown-filling cycles. Both the SEEP/W module and 559 

SLOPE/W module of the GEOSTUDIO were used. The former is used for the 560 

presentation of seepage hydrology conditions, and then the derived data of seepage 561 

hydrology conditions were used in the SLOPE/W module for the evaluation of the 562 

slope stability. Morgenstern and Price’s method was selected to calculate the factor of 563 

safety (FOS).  564 

The finite element mesh of the numerical model and boundary condition of the 565 

longitudinal section of the landslide are depicted in Fig. 14a. The model consisted of 566 

4977 grid points and 4864 elements. Three different types of materials were used in 567 

this numerical model. The physical and mechanical parameters of the landslide are 568 

listed in Table 4. The model was calculated with three hydrological boundary 569 

conditions: (i) The bottom of the model is the boundary of water proof; (ii) a constant 570 
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water head of 300 m a.s.l., determined by a series of inverse modelling tests and 571 

piezometers data (Huang et al., 2020), was applied at the left vertical boundary; and 572 

(iii) a constant total head of 175 m a.s.l. was applied on the right slope surface. After 573 

the initial calculation, the stability analysis was conducted by taking the reservoir 574 

water into account. In order to simulate the scheduling of RWL more realistically, the 575 

annual RWL curves between 2011 and 2018 were fitted as illustrated in Fig. 14b. 576 

Generally, the annual scheduling of RWL can be divided into 5 phases: slow 577 

drawdown period (January–April), rapid drawdown period (May–middle June), 578 

lowest water period (middle June–late August), impoundment period (late 579 

August–October), and highest water period (November–December).  580 

 581 

Fig. 14. (a). Numerical simulation model of Muyubao landslide; and (b) normal annual water 582 

level operation cycle of the TGR from 2011 to 2018 used in the model. 583 
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 584 

Fig. 15 illustrates the calculated results concerning the relationship between the 585 

FOS and the reservoir operation. During the slow drawdown period, the FOS 586 

decreases slightly from 1.066 to 1.064 at the initiation stage (bounded by the yellow 587 

rectangle in Figure 15). This small variation might be related to new equilibrium state 588 

that is reached due to the change of in-situ stresses (Huang et al., 2016). After that, the 589 

FOS presents a RWL rate-dependent increase, namely the increase rate of FOS would 590 

be significant over the rapid drawdown period, which might be caused by the effect of 591 

the drawdown-filling of RWL focused on locked segment where the permeability of 592 

the sliding mass is good (Deng et al., 2019; Zhou et al., 2019). Thus, according to 593 

Table 3, the destabilizing effect caused by the seepage outflow is largely weaker that 594 

the stabilizing effect caused by the buoyancy force during the drawdown period. 595 

When the reservoir experiences the lowest period, the FOS increases to some extend 596 

and then become constant, as a result of the increase of the effective weight of the 597 

sliding mass at the locked segment due to further discharge of groundwater. During 598 

the filling operation, according to Table 3, the destabilizing effect of the buoyancy 599 

force prevails over the stabilizing effect of the seepage inflow and consequently, the 600 

FOS decreases. Likewise, during the highest level, the FOS slightly decreases due to 601 

the charge of groundwater and subsequently keeps changeless. Generally, during 602 

drawdown-filling cycles, the buoyancy force plays a dominant role in the stability of 603 

Muyubao landslide. This force is negative during the filling periods and positive 604 
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during drawdown periods. The FOS for Muyubao landslide during the 605 

drawdown-filling cycles might be on account of that the permeability of the mobilized 606 

materials is good and the range of fluctuating RWL is consistent with the location of 607 

locked segment.     608 

 609 

 610 

Fig. 15 Relationship between FOS and annual RWL cycle of Muyubao landslide.  611 

 612 

4.1.2 Locked model 613 

To elucidate the evolution of the stability against RWL fluctuations of the locked 614 

model, the Majiagou landslide is selected as case study.  615 

(1) Overview of Majiagou landslide 616 
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Majiagou landslide is located at the left bank of the Zhaxi River, a tributary river 617 

of the Yangtze River in Zigui County, Hubei Province (Fig. 1). As shown in Fig. 16, it 618 

has an approximately tongue shape in plan view and a sliding direction of 291°. This 619 

instability extends from 135 m a.s.l. at the toe to 280 m a.s.l. at the rear part with an 620 

average slope gradient of 15°. The whole slide mass has a N-S length of about 537 m 621 

and a W-E width of 150–210 m, mobilizing a total volume of approximately 2.56×622 

106 m3. The main geological units of the Majiagou landslide consist of surficial 623 

deposits sliding over a sedimentary bedrock (Fig. 17). The sliding body is mainly 624 

composed of maroon silty clay with rock blocks. The rock blocks consist of 625 

strong-weathered mudstone and moderate-weathered sandstone with a size of 0.1–80 626 

cm (occasionally reaches 200 cm). The bedrock is made of interbedded gray 627 

sandstone and purple-red mudstone of the Jurassic Suining Formation, with a dip 628 

ranging from 12 to 30° towards 275°, which is roughly the same as the sliding 629 

direction of the landslide. The shear band is composed of 10–30 cm of weathered silty 630 

mudstone. The DBI shows a constant and small downslope dip angle, being classified 631 

as a translational slide according to Cruden and Varnes (1996) classification. 632 

Therefore, the locked model is appropriate for this instability. 633 

 634 

(2) Deformation characteristics analysis 635 

After the reservoir impoundment, most of the toe area of Majiagou landslide is 636 

submerged by the reservoir water. Under the persistent impacts of fluctuating RWL, 637 
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its surficial morphology is characterized by many signs of reactivation. For example, 638 

the bank retreat along with the strong toe erosion caused by the persistent impacts of 639 

fluctuating RWL is significant (Fig. 17a). Likewise, roads and houses located upslope 640 

suffered severe damage due to the slope movement. A long continuous tension 641 

fracture with a length of 9–12 m, an opening width of 10–15 cm and a visible depth of 642 

10–45 cm was also found between 190 m a.s.l and 210 m a.s.l (Fig. 15b). Additionally, 643 

the cracks at the rear part (Fig. 17d) and nearby the anti-sliding pile (Fig. 17c) were 644 

also frequent.  645 

646 

 Fig. 16. General view of Majiagou landslide (see location in Figure 1). G01 to G05 correspond 647 

to the location of the GPS monitoring stations.  648 
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 649 

 650 

Fig. 17. Geological cross section (I-I) of Majiagou landslide (see location in Fig. 1) and signs 651 

of reactivation: (a) toe erosion at the front part of the landslide; (b) damaged road; and (c) and (d) 652 

cracks developed at the rear part of the landslide and nearby the anti-sliding pile, respectively. 653 

 654 
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 655 

The time series of hydrological factors (i.e. rainfall and reservoir water) and the 656 

displacement time series for five GPS station between February 2007 and November 657 

2009 are shown in Fig. 18. The magnitude of the landslide displacements increased 658 

from the upper monitoring stations to the lower stations with 510 mm for G01, 461 659 

mm for G02, 448 mm for G03, 208 mm for G04 and 135 mm for G05. The 660 

displacement features indicated that the potential instability mode of this landslide 661 

might be retrogressive, characterized by the local failure at the lower part firstly and 662 

then its extension upslope. By far, GPS monitoring station G01 recorded the largest 663 

average annual deformation at approximately 180 mm/year. Each year, the 664 

displacement of G01 alternate cyclically between low (0.1 to 0.5 mm/day) and high 665 

velocities (0.5 to 2.3 mm/day) of movement in response to the reservoir water level 666 

fluctuation and seasonal rainfall. 667 

The comparison of the hydrological factors with slope displacements reveals an 668 

excellent temporal agreement between the displacements and the hydrological factors. 669 

The GPS time series (Fig. 18) show a short period of faster displacement (steep 670 

positive gradients, or steps, in cumulative displacement plots), which correspond to 671 

the drawdown water and rainfall period. Many published works indicated that the key 672 

triggering factors for the slope behaviors of Majiagou landslide is the drawdown 673 

operation (Liao et al., 2020; Ma et al., 2017; Zhang et al., 2020a; Zhang et al., 2018), 674 

which has also been verified in this section. For example, during the maximum daily 675 
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rainfall of 121.1 mm reached in August 2008 the landslide displacements were 676 

negligible, revealing a relatively little correlation with rainfall. The relationship 677 

between the slope movement and the reservoir operation implied that the movement 678 

of Majiagou landslide is controlled primarily by the drawdown of reservoir level. A 679 

seepage outflow caused by drawdown operation has an obvious effect on the landslide 680 

by reducing the stability of the landslide, which leads to the rapid deformation.  681 

 682 

Fig. 18. GPS, reservoir water level, and daily rainfall time series of Majiagou landslide for the 683 

period February 2007 to November 2009. 684 

 685 

(3) Stability change under the effect of fluctuating RWL 686 

As for Majiagou landslide, GEOSTUDIO software was used to clarify its seepage 687 

and stability variations under the effect of drawdown-filling cycles. The finite element 688 
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mesh of the numerical model and boundary condition of the longitudinal section of 689 

the landslide are depicted in Fig. 19. The geological model consisted of 9440 grid 690 

points and the information of groundwater table (232 m) in this model is determined 691 

by referring to Liao et al., 2020. Three different types of materials were used in this 692 

numerical model (Table 4). After the initial condition was reached, the seepage and 693 

stability variation were evaluated by taken the average RWL fluctuation rates between 694 

2011 and 2018 shown in Fig. 14b. Then, the FOS and the seepage condition were 695 

calculated for an annual RWL cycle (Fig. 20). Generally, the change of the FOS is in 696 

line with the RWL during the drawdown period, exhibiting a reduction of the FOS 697 

from 1.23 to 1.08 at the end of fast drawdown period. This reduction happens because 698 

seepage force prevails over buoyancy force. Particularly, groundwater gradients 699 

during the rapid drawdown period (Fig. 20b) are steeper than that over the slow rapid 700 

drawdown period (Fig. 20a), which might produce larger and destabilizing seepage 701 

forces on the slope. Considering that the deformation state of the landslide is usually 702 

regarded as the presentation of the landslide stability state (Huang and Gu, 2017; 703 

Wang et al., 2014), thus the fast displacement occurred during the drawdown period.  704 

In the following three phases, representing the lowest water, filling and highest 705 

water stages. The stability of the landslide increases to 1.12 at the end of the lowest 706 

water level phase due to the dissipation of destabilizing seepage forces (Fig. 20c). 707 

Subsequently, the slope stability increases rapidly as the reservoir level rises, and 708 

reaches the highest FOS value of 1.23 when the RWL rises up the highest level of 175 709 
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m a.s.l. (Fig. 20d). At the last stage (i.e. the highest level period), the slope stability 710 

gradually decreases as that seepage force inward the slope declines (Fig. 20e). Overall, 711 

during drawdown-filling cycles, the seepage force plays a dominant role in the 712 

stability of Majiagou landslide. Seepage forces are negative during drawdown periods 713 

and positive during filling periods. In contrast, buoyancy effects become very 714 

important during periods of steady reservoir levels, as seepage forces steadily decrease. 715 

The FOS for locked mode during the drawdown-filling cycles might be on account of 716 

that the permeability of the mobilized materials is poor.  717 

 718 

 719 

Fig.19. Numerical simulation model of Majiagou landslide. 720 

 721 
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 722 

Fig. 20. (a) Relationship between FOS and annual RWL cycle of Majiago landslide. (b) 723 

Modelling of the evolution of groundwater table during a reservoir water level annual 724 

cycle of Majiago landslide. 725 

 726 
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4.2 Implications for landslide mitigation countermeasures  727 

More than 5,000 landslides and unstable slopes are present in TGR area. To 728 

ensure the safety of people and the operation of Three Gorges Dam, many geohazards 729 

prevention and control projects were implemented during and after the construction of 730 

the Three Gorges Hydropower station. Generally, the main prevention and mitigation 731 

measures for landslide are: i) excavation and load reduction; ii) structural 732 

reinforcements including anti-slide piles, anchors, revetment, etc.; and iii) drainage 733 

system installation and monitoring. The implications of mitigation measures for these 734 

two conceptual models are analyzed below with consideration of the change rules of 735 

stability.   736 

Most of dual-structure landslide in the TGR could be regarded as 737 

downslide-locked model. According to Section 4.3.2, the increase of weight of the 738 

locked segment has likely improved slope stability. Moreover, many previous works 739 

(Li et al., 2019a; Tang et al., 2019a) also manifest that the load reduction at the 740 

downslide segment could also improve the slope stability. Thus, one method to 741 

improve stability is to move sliding mass from the downslide segment to the locked 742 

segment, as successfully made in Shuping landslide (Fig. 21a). Both blocks 1 and 2 743 

have been transferred to the toe area. 744 
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 745 

Fig. 21 Mitigation countermeasures used for different conceptual models. a: General view of 746 

Shuping landslide after excavation and load reduction of blocks 1 and 2; b: General view of Jinle 747 

landslide after revetment construction (modified from Li et al., 2014); c: Stabilizing piles in the 748 
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front part of Majiagou landslide; d: surface and subsurface drainage measures of the Huanglashi 749 

landslide (modified from Tang et al., 2019a). 750 

 751 

The fluctuating RWL is believed as the key driving factors for the slope stability. 752 

For the locked model and downslide-locked model with the action of fluctuating RWL 753 

focused on the locked segment, the predominant effect could transit from the seepage 754 

force to the buoyant force according to the increase of the permeability. Thus, the 755 

effective strategy for this situation is to prevent the larger number of water from 756 

flowing into the landslide body (i.e. to avoid the buoyant effect) and forming larger 757 

hydraulic gradient toward outside the slope (i.e. to avoid the seepage effect). A 758 

successful example might be the revetment construction in Jinle landslide (Fig. 21b). 759 

With the rapid development of technology, currently, engineering measures including 760 

slope re-profiling and reinforcement systems such as anti-slide piles and anchors were 761 

widely adopted for reservoir-induced landslides. A representative case might be 762 

Majiagou landslide (Fig. 21c). The control measures of anti-slide piles in Majiagou 763 

were performed nearly 8 years ago. During this long period of fluctuating RWL, the 764 

stabilizing piles were very effective (Zhang et al., 2018). Therefore, this system can 765 

be considered as a potential countermeasure for similar reservoir landslides in the 766 

TGR.  767 

When the fluctuating RWL exerted his influence over the downslide segment, the 768 

slope stability is always positive to filling operation but negative to the drawdown 769 
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operation. Furthermore, on the one hand the decrease of the stability would be 770 

obvious when the permeability gradually decreases due to the existence of a steep 771 

hydraulic gradient toward outside the slope. On the other hand, the stability of the 772 

landslide keeps nearly changeless once the permeability is larger. Thus, a simple but 773 

effective method for landslide prevention is surface drainage (e.g. drain ditch, 774 

reducing the likelihood of higher groundwater table) and subsurface drainage (e.g. 775 

underground drainage wells and adits) is widely applied in TGR area since they 776 

induce an effect equivalent to the increase of the permeability of the landslide body. 777 

Huanglashi landslide (Fig. 21d) is a good example of the effect of drainage on 778 

downslide segment. The controlling schemes for Huanglashi landslide were 779 

implemented as follows: (a) First, a row of 33 linearly distributed wells spaced from 5 780 

to 10 m was established on the middle part of the landslide. (b) Then, a drainage adit 781 

to collect groundwater beneath the sliding zone was installed. Groundwater flowed 782 

into the adit through drainage wells and runoff into surface ditches. Based on the 783 

monitoring and observations reported by Tang, 2007, the adopted control measures of 784 

drainage system were proved to be effective for the landslide stability.  785 

 786 

5. Conclusions 787 

In this study, an extensive database including 560 dual-structure landslides in the 788 

TGR area were built to analyze the influence of DBI morphology and fluctuating 789 

RWL on the stability. The conclusions are as follows: 790 
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The statistical results show that the number of landslides with AT DBI is the 791 

largest, followed by landslides with CT DBI, and the last two are landslides with ST 792 

and LT DBI. AT DBI and ST DBI are the most popular in slopes showing an over-dip 793 

structure; LT DBI could be widely found at slopes presenting an under-dip structure 794 

that is the most common slope structures; CT DBI is widespread present on slopes 795 

with an anaclinal structure. Most of the landslides have moderate and better 796 

permeability (accounting for 84.5% of the total). 797 

 Two conceptual models—downslide-locked model and locked model—were 798 

proposed according to the change rules dip angle of DBI. The former model includes 799 

landslides with ST, AT and CT DBI. The latter model includes landslides with a LT 800 

DBI. The FOS for these two conceptual models has a close relationship with the 801 

permeability and the DBI morphology, which could be summarized as: 802 

 When the range of fluctuating RWL is consistent with the location of 803 

downslide segment, the FOS increases during the impoundment stage and 804 

decreases over the drawdown stage. When the permeability is high 805 

enough, the FOS might be constant and independent of the fluctuating 806 

RWL.  807 

 For locked model and downslide-locked model with RWL affecting the 808 

locked segment, the FOS gradually change from a positive relationship 809 

with the reservoir operation to a negative relationship with the reservoir 810 
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operation in agreement with the increase of the permeability of displaced 811 

materials.  812 

The FOS for two conceptual models in this work was confirmed by two case 813 

studies, separately. The Muyubao landslide (downslide-locked model) has larger 814 

permeability of the sliding materials and the RWL affecting locked segment, the 815 

buoyancy effect prevails over the seepage effect with the FOS decreased during the 816 

filling operation and increased during the drawdown operation. The Majiagou 817 

landslide is considered as the locked model with smaller permeability of the displaced 818 

materials. The buoyancy effect weaker than the seepage effect with the FOS increased 819 

during the filling operation and decreased during the drawdown operation. 820 

The FOS defined in this work will help to design effective landslide mitigation 821 

countermeasures (e.g. anti-slide piles, excavation and load reduction, drainage 822 

measures, and revetments) and then, to reduce fatalities and property losses. 823 

Complementarily, new technologies can also provide convenient means for the early 824 

detection and prevention of landslides hazards in the TGR and many other analogous 825 

reservoir areas. 826 
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