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Abstract

:

During the in situ leaching process of ion-adsorption rare earths, leaching solution needs to be constantly injected to the mine slopes. As a consequence, landslides are highly likely to occur due to the increasing water level of soil mass. To solve this problem, we conducted a mechanical analysis on the rising water level after solution injection, which shed light on the mechanical principle of slope instability brought about by rising water level. With water level variation as the major factor, we established an early warning system for landslide risks on the basis of the real-time monitoring of water level. Within the system, a self-designed landslide early warning model is embedded. In addition to monitoring the water level variation in slopes, this system can be employed for real-time data processing. With the integration of early warning model algorithm, the real-time graded early warning of slope landslide risks is achieved within the mining process of ion-adsorption rare earths. By discussing the real-time monitoring method, framework of landslide early warning system, FIFC landslide early warning model, optimization method of water level, and selection of landslide-inducing factors, this research provides an effective solution to the landslide early warning within the mining process of ion-adsorption rare earth minerals. Thus, it can be employed as a favorable reference for other types of early warning systems.






Keywords:


real-time monitoring; landslide early warning; water level; slopes of rare earth mine












1. Introduction


Landslides are one of the costliest and deadliest natural phenomena in the in situ leaching of ion-adsorption rare earths. One of the solutions is to establish a landslide early warning system for safety production. However, the design and implementation of an effective landslide early warning system is rather complicated due to the heterogeneous soil mass and diverse landslide triggering factors.



Currently, the most commonly used approach in this regard is the integration of early warning and real-time monitoring. According to the previous research [1,2,3], deformation parameters, for instance, field displacement, are applied as early warning indication for slope landslides. Nonetheless, there exists an inherent defect in this approach, i.e., it is too late to sound an alarm in case of a displacement change. Regarding rainfall to be the main factor inducing landslides, many researchers [4,5,6,7] tried to associate rainfall amount and type with landslide early warning. Wang and Luo [8] pointed out that the deformation of ion-adsorption rare earth slope lagged behind solution injection. This is actually the case: leaching solution is injected into the slope for the end of extracting ion-adsorption rare earths in the process of in situ leaching; in the meantime, the accumulation of solution in the ore body gradually changes the mechanical properties of soil mass, which ultimately leads to landslides [9]. This paper establishes a landslide early warning system, which shows the variation in water level by real-time monitoring. Together with the early warning model on water level, this system is capable of sounding an alarm in case of landslides.




2. Effects of Water on Slope Stability


In recent years, many studies on landslide seepage fields, deformation mechanisms, and stability coefficients have been performed [10,11,12,13]. The various factors affecting slope stability include water, slope height and angle, as well as the properties of soil mass. Among these factors, the effect of water, being the largest variable for slope landslide, is the most obvious [14]. In fact, “water” referred to in this paper is actually the leaching solution. In comparison with the landslides of non-RE slopes, highway slopes, and natural slope, the landslide of RE slope has its own features. That is, a large amount of solution gradually accumulates in the slope with the progress of solution injection. It is therefore of great importance to analyze the resulting impacts.



2.1. Basic Hypothesis


During the in situ leaching process, the slope below water level is assumed to be in a saturated state, and the slope above water level to be in the initial state, then the variation in water level during the in situ leaching of rare earth ore can be described with the following model (Figure 1).



Figure 1a indicates the circumstance before solution injection (the height of the infiltration line is 0). Figure 1b shows the situation in the wake of a slowly rising water level (H2).



 γ  is the natural density of rare earths,    γ  s a t     is the bulk density of saturated soil below the saturation line, H1 is the thickness of soil layer above infiltration line, H2 is the thickness of soil layer below infiltration line.




2.2. Mechanical Analysis of Rising Water Level in the Wake of Solution Injection


The ion-adsorption rare earths in southern Jiangxi are predominantly sandy soils, which contain approximately 20% clay [15]. A long-term engineering practice and tremendous amount of testing results reveal that the principle of effective stress is applicable and effective to both the saturated sand and clay [16]. Thus, the principle [17] can be used for mechanical analysis of rare earth slopes before and after solution injection.



First, we deduced the following equation in accordance with the bulk densities of soil layer and leaching solution:


    γ   s a t   = γ + e ⋅  γ w   



(1)







 e  is the natural porosity of rare earths.



The effective stress of the bottom soil layer is equal to the sum of total stress of soil and pore water pressure (a negative figure):


   σ s ′  = σ − u  



(2)







The effective stress at the bottom layer before solution injection is equal to the total stress:


   σ ′  = σ = γ  H 1  + γ  H 2   



(3)







The total stress at the bottom after solution injection is:


  σ = γ ⋅  H 1  +  γ  s a t   ⋅  H 2   



(4)







The water pressure of bottom pore after solution injection is:


  u =  γ W  ⋅  H 2   



(5)







On the basis of Equations (1)–(5), we worked out the effective stress of bottom soil layer in the wake of rising infiltration line:


    σ  s ′  = γ    ( H   1  +   H  2  ) + ( e − 1 )   γ  w    H  2   



(6)







According to the above formula, we know that     σ  s ′  ≺   σ  ′   . That said, during the in situ leaching process of rare earth ore, the water level inside the slope rises with the injection of leaching solution. As a result, the effective stress of soil gradually decreases. In accordance with the Terzaghi effective stress principle, effective stress mainly refers to the pressure between soil particles. The reducing pressure brings about a smaller friction between soil particles, which in turn causes a decrease in shear strength of soil mass. In addition, the softening of soil after soaking in leaching solution also reduces the shear strength of soil mass, which is demonstrated in changes in cohesion and internal friction angles.





3. Establishment Approaches for Landslide Early Warning System


3.1. Design of Landslide Early Warning System


The design, implementation, and operation of a feasible real-time landslide early warning is a complex systems engineering [18]. First, an operative landslide early warning model is the key to the effectiveness of landslide early warning system. Second, real-time data of rare earth slopes is to be transmitted to the database through certain technical means. Third, we need to calculate and analyze the collected data in real time before feeding it back to the database. Fourth, the processed data are read and re-calculated with the landslide early warning model. Fifth, the early warning information is delivered. In addition to the above-mentioned five steps, some groundwork needs to be laid. These include: on-the-spot investigation, which aims to determine the layout of on-site monitoring points; determination of landslide-inducing factors, for the purpose of simplifying early warning model; numerical simulation, which provides basic data for the establishment of landslide early warning model. Figure 2 shows the operation flow chart of landslide warning system on the basis of the real-time monitoring of water level.




3.2. FIFC Landslide Early Warning Model


What follows is a brief introduction of failure index fragility curve. On the basis of the fragility curve theory, it is an improved version of the fragility curve. First proposed by the United Nations ISDR, the concept of vulnerability [19] attributes disaster losses to hazard factors, exposure, and vulnerability. With the first application to the assessment of flood disasters, the vulnerability curve was then introduced to the evaluation of geological hazards, for example, earthquakes, typhoons, mud-rock flow, and landslides, among others [20,21,22]. As a measurement to the extent of damage to the hazard-affected body, vulnerability, as the key to disaster damage estimation and risk assessment, functions as a link between disaster-causing factors and hazard. Expressed with the relationship curve or equation between disaster (h) and damage (d), i.e., V = f (h, d), it is alternatively known as vulnerability curve or damage/loss curve. It is employed to measure the correlation between the intensity of different disasters and their corresponding losses (rates) [23].



In the landslide early warning model for ion-adsorption rare earth slopes, the safety factor value represents the degree of potential disasters; the water level height is employed to represent the main disaster-causing factors. Some other elements, for instance, slope height, slope angle, cohesion, and internal friction angle, should also be taken into consideration. The correlation among these factors can be described with Equation (7). Before drawing the failure index vulnerability curve, we need to standardize the values of safety factors and water level heights (0–1).    W i    and    F i    stand for water level index and safety factor index after standardization. Equations (8) and (9) show the conversion process. The changing water levels under different working conditions, including slope height, toe of side slope, cohesion, and internal friction angle, lead to the variation in slope safety factor. The scenario of these variations is numerically simulated. The failure index vulnerability curve is drawn on the basis of the collected data. Figure 3 is a schematic diagram of the vulnerability curve under a particular working condition:


  V = f (  W i  ,  F i  )  



(7)






   W i  =  {    0   P  L  max   < P L     P L / P  L  max        for    P  L  F S = 1   ≤ P L ≤ P  L  max       1   P L < P  L  F S = 1        



(8)






   F i  =  {    0    W i  <  W  i min       1 − ( F S − 1 ) / ( F  S  d r y   − 1 )   for    W  i min   ≤  W i  ≤  W  i c       1    W  i c   <  W i       



(9)







  P  L  max     is the maximum water level line before solution injection (  F S = F  S  d r y    ).   P  L  F S = 1     is the corresponding   P L   when the slope safety factor   F S = 1  .    W  i c     is the critical water level index (the corresponding    W i    when   F S = 1  ). Wimin is the minimum water level index (the corresponding water level index when   P L = P  L  max     and   F S = F  S  d r y    ).



Figure 3 is the schematic diagram of vulnerability curve under a specific working condition. In accordance with the actual circumstances of rare earth mines, similar vulnerability curves can be established in this way. In practical applications, we can calculate the corresponding water level index (   W i   ) with the set formula by reading the slope water level. The matching safety factor index (   F i   ) defines the corresponding early warning risk. These operations are achieved by the embedded programs in the landslide early warning system.




3.3. Optimization of Water Level Line


The in situ leaching technology realizes the leaching of ion-adsorption rare earths by continuously injecting solution into the slope. The research of Guo and Zhao [24] shows that the failure of slope often coincides with intense solution injection. Thus, monitoring the change of water level during the in situ leaching process is a feasible method for the early warning of landslide risks.



Figure 4 is the water level data previously collected in a rare earth mine in southern Jiangxi. In the in situ leaching of rare earth ore, the water levels measured at different points on the same line (the bedrock of 0 m) increases at first, then decreases, before stabilizing at a certain point. The reason for the increasing water level in the first stage of solution injection is: some solution accumulates in a certain area of the ore body without stable seepage in the ore body in that the whole rare earth ore body is still in an unsaturated state (the water level sensor is installed in this area). Upon the formation of a stable seepage inside the ore body, the water level at the monitoring point inside the ore body decreases to a relatively constant value and fluctuates within a small range (under the condition of constant solution injection intensity).



In addition, the water level of each monitoring point demonstrates a similar variation tendency. The height of water level after stabilization is not entirely consistent, which is ascribed to the following reasons: The slight differences in permeability coefficients for the soil mass near each monitoring point; different depths of bedrock at the site. Averaging the water level of each monitoring point on the same survey line at a certain moment, we then get an average water level height. Using this water level height as the PL proxy value, landslide early warning is realized. Figure 5 shows the schematic diagram of waterline optimization.




3.4. Selection of Landslide-Induced Factors


As previously mentioned, we take diverse elements into consideration when developing early warning system for landslide risks. These elements include water level, slope height, slope angle, cohesion, and internal friction angle. The altitudes for most ion-adsorption rare earth slopes in South China are lower than 500 m above sea level, with a slope height of 20–50 m and slope angle of 30~50°. The research of Wu Changfu [25] shows that slope height has little effect on slope stability. Therefore, the effect of slope height on its stability can be excluded. In the following, we are going to discuss the effects of slope angle, cohesion, and internal friction angle on the slope stability.



The value ranges for the three factors (slope angle, cohesion, and internal friction angle) were determined on the basis of the actual circumstances of ion-adsorption rare earth slopes in southern China (Table 1). We then conducted comparative tests with these parameters, including: slope angles of 35°, 40°, and 45°; cohesive forces of 4 kPa, 11 kPa, and 18 kPa; internal friction angles of 27°, 29°, and 31°.



While establishing the geometric model for sensitivity analysis, we shall as far as possible, exclude the interference of irrelevant factors. These include the thickness of each layer of rare earth ore, including topsoil layer, complete- weathering layer 1, complete-weathering layer 2, semi-weathered layer, and bedrock. The thickness of each layer in this modeling was designated as follows: the thickness ratio of topsoil, complete-weathering layer 1, complete-weathering layer 2, semi-weathered layer, and bedrock was 2:8:8:6:11; the slope height was set to be 35 m. The cohesion density, cohesion force, and internal friction angle of topsoil layer were designated to be 13.6 kN/m3, 5 kPa, and 30°, respectively; the density of complete-weathered layer was 11.8 kN/m3; the cohesion force and internal friction angle of complete-weathered layer 1 were set to be 18 kPa and 31°, respectively; the density, cohesion, and internal friction angle of semi-weathered layer were set to be 10 kN/m3, 3 kPa, and 35°, respectively; the bedrock density, cohesion, and internal friction angle were set to be 24 kN/m3, 2 kPa, and 65°, respectively. It should be noted that the parameters in Table 1 only affect those of complete-weathering layer 2, i.e., the part of the complete-weathering layer below the phreatic line. The specific comparison test groups are shown in Table 2.



On the basis of the experimental groups in Table 2, we established the corresponding numerical model for GeoStudio 2012 sensitivity analysis. The safety factors with the most dangerous landslide surface were calculated for each group. At first, the safety factors for three internal friction angle values were worked out with a slope angle of 40°, and a cohesion of 11 kPa. Then, the safety factors for three cohesion values were calculated with a slope angle of 40°, and an internal friction angle of 11 kPa. In the same way, the safety factors at different slope angles were calculated. The results are shown in Figure 6 and Table 3. Figure 6a–g respectively correspond to the calculation results of groups 1–7.



Then, we draw the sensitivity analysis curves upon normalizing all parameters to be within 0~1. For example, “0” demonstrates that c is 0 kPa, and “1” shows that c is 18 kPa. On the basis of the numerical simulation results, the sensitivity curves under different slope angles ( α ), cohesion forces (c), and internal friction angles ( φ ) are drawn in a graph (Figure 7).



The hierarchical effects of slope angle, cohesion, and internal friction angle on the sensitivity of slope stability are described as: slope angle > cohesion > internal friction angle. That said, the influence of slope angle is the most significant, followed by cohesion. In comparison with slope angle and cohesion, internal friction angle has little effect on the slope stability. The reason for this can be accounted in the following: the ion-adsorption rare earth ore is a mixture of sand soil and 20% fine-grained clay soil. The internal friction angle is mainly controlled by the gradation of soil. Mainly demonstrated on the rare earth fine particles, the erosion effect of leaching solution on the large particles is extremely small. In general, in situ leaching has slight effect on the overall gradation. In the final analysis, the influences of internal friction angle variations on soil mass strength and slope stability are smaller than those of the other two factors during the leaching process of rare earth ore.



In accordance with the above analysis, we consider the effects of slope stability caused by the variation in internal friction angles as a secondary factor when establishing a landslide early warning model. In this research, the effect of internal friction angle changes on the slope stability is excluded.





4. Verification of Landslide Early Warning System


4.1. Overview of Testing Site


The testing site is the slope of an ion-adsorption rare earth mine, which is located in Anyuan County, Ganzhou City, Jiangxi Province. Surrounded with east-west low hills, the site is characterized by flat terrain and abundant surface water. The western part is slightly higher than the eastern one. Exposed below an elevation of 340 m, with a slope height of 38 m, and a slope angle of 30°, the weathering crust in the form of streak-like migmatites is well developed. With sparse vegetation, the hillsides have been reclaimed to terraced fields for planting navel oranges. The sampling statistics show that the maximum depth of the complete-weathering layer is 24.5 m. The thickness of surface soil layer ranges 0.4–2.0 m, with a maximum thickness of 4.0 m. The thickness of the complete-weathering layer is 2.0 to 24.5 mm, while that of the semi-weathered layer is 2.2 m. Figure 8 is the layout of the water level monitoring points.




4.2. Establishment of Landslide Early Warning Model


On the basis of the slope parameters of the testing area, we established corresponding numerical simulation model (Figure 9). With a slope of 30° and slope height of 38 m, the layer thickness ratio of surface soil layer, complete-weathering layer 1, complete-weathering layer 2, and semi-weathered layer is set to be 2:8:8:2. The density, cohesion, and internal friction angle of the surface soil layer were designated to be 13.6 kN/m3, 5 kPa, and 30°, respectively; the density of complete-weathering layer is 11.8 kN/m3; the cohesion and internal friction angle of complete-weathering layer 1 are set to be 18 kPa and 31°; the density, cohesion, and internal friction angle of the semi-weathered layer are set to be 10 kN/m3, 3 kPa, and 35°; the bedrock density, cohesion, and internal friction angle are set to be 24 kN/m3, 2 kPa, and 65°.



In accordance with the previously mentioned landslide-inducing factors analysis, the model material parameters only influence the cohesion of the complete-weathering layer 2. The research of Yu Biao [26] shows that the cohesion of rare earth ore gradually decreases from 17 kPa to 3 kPa with the increasing leaching time. Considering the fact that the soil mass is in the state of confined pressure, we designated the four values of cohesion to be 6~18 kPa (with a step size of 4 kPa). The specific comparison test groups are shown in Table 4.



We then worked out the corresponding factor of safety (FS) by changing the heights of water level line on the basis of different cohesive forces. Until the water level line (FS) of 1 is calculated, the calculation of the geometric model of the cohesion is stopped. Applying different FIFC landslide early warning models to distinctive leaching stages, we determine the corresponding landslide warning alert. Table 5 shows the calculation results. Figure 10 is the early warning model.



The setting of early warning threshold is important in landslide early warning. In this research, we adopted the widely established safety factor threshold model (Table 6).




4.3. Operation and Display of Landslide Early Warning System


The landslide early warning model was embedded into the self-developed online monitoring system. In accordance with the particular stage of in situ leaching process, the system is capable of deciding corresponding early warning modes, which can be displayed on the early warning platform. These provide decision-making basis for safe production. Upon experimenting the intensity attenuation law for rare earth ore at different leaching time, Chen Xun et al. [27] established a correlation model between leaching time and cohesion (c). During the leaching process, the cohesion decreases linearly with the adding leaching time. Thus, the in situ leaching process of rare earth ore can be divided into four stages, which match the four early warning models under different cohesion conditions (Figure 11). Depending on the amount of early warning models, the number of stages should be adjusted accordingly. With the water level dynamic data measured on No. 3 line of the experimental area, we divided the whole leaching process of rare earth ore into four stages. In practice, the system cannot distinguish these four stages by time, for the non-existence of complete time-water level sequence curve prior to the end of rare earth mining. Therefore, the ratio of mother solution to rare earth ore reserves is applied as an indicator to distinguish the four models in this system. On the basis of the daily collection volume of mother solution and rare earth reserve index, we determine the stage of leaching. Thus, the corresponding early warning model can be decided.



Figure 12 is the interface of the online landslide early warning system. The main interface displays the real-time dynamic data of the slope water level during the in situ leaching process, as well as the graded early warning level. This system applies SQL + C++ programing, which is efficient in data processing. On-site testing and comparison shows that water level monitoring delay does not exceed 15 s. The system calculates the real-time monitoring data every minute and automatically refreshes it once on the early warning platform.





5. Conclusions and Outlook


The frequent occurrences of landslides have haunted the in situ leaching of ionic rare earths. The solutions to landslide lie in the following steps: analyzing the causes behind landslides, identifying potential landslide areas, and then establishing real-time monitoring and landslide early warning systems. The major findings can be summarized as follows:




	(1)

	
Water is the most relevant factor of landslides in the process of in situ leaching of ionic rare earths. As water level in the slope rises, the effective stress on the slope soil mass below the water level decreases. The reduced friction between soil particles results in a decrease in soil strength. Due to the soaking of leaching solution, the softening of soil mass reduces the shear strength of soil, which increases the probability of landslides.




	(2)

	
By monitoring the water level in the rare earth slopes, we understood the real-time variation in water level. Then, we developed an adaptive data acquisition technology. The automatic data processing method can effectively optimize the water level data on the same survey line and transform it into an early warning trigger condition when necessary.




	(3)

	
A real-time early warning system against landslides was developed on the basis of the real-time monitoring of water level changes in slopes. Distinctive models were established according to different slope heights and angles in accordance with various working conditions. The underlying logic of this early warning model is factor of safety. The early warning parameters, for instance, slope height, slope angle and stage of leaching (ratio of mother liquor collection of rare earth ore to reserves of rare earth ore), are automatically calculated with algorithms. The early warning information is real-time displayed and timely issued on the C++ based platform.




	(4)

	
By applying the landslide early warning system to a rare earth slope (with a slope height of 38 m, and a slope gradient of 30 degrees) in southern Jiangxi, we realized the early warning of landslide in the process of in situ leaching of rare earths. According to the leaching stages of the slope, the system, upon its automatic selecting different cohesion models, achieved landslide early warning on the basis of the real-time monitoring of water level.




	(5)

	
This study provides an effective solution to early warning against landslides during the mining process of ion-adsorption rare earth deposits in Southern Jiangxi. Moreover, the system can be applied to establish early warning systems against other kinds of landslides, for instance, landslides caused by rainfall. Admittedly, there is still room for technology improvement in this landslide early warning system. For example, the water level line can be further optimized. In this system, the average value of water level is applied to optimize the water level line. It needs to be improved. In the future study, we can establish a water level monitoring model to replace the average water level model. Furthermore, the variation in cohesion of rare earth minerals in different ionic rare earth mines with the passage of time should be taken into consideration for a higher early warning accuracy of landslides.
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Figure 1. Slope models before and after solution injection. 
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Figure 2. Operation flow chart of landslide warning system on the basis of the online monitoring of water level. 
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Figure 3. Schematic diagram of vulnerability curve. 
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Figure 4. Variation in water level at different points on the same line of a rare earth slope with time. 
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Figure 5. Schematic diagram of water level optimization. 
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Figure 6. Calculation results for testing group 1–7. 
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Figure 7. Sensitivity analysis curve. 
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Figure 8. Layout of monitoring points in the testing site. 
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Figure 9. Slope model (with a slope height of 38 m and a slope angle of 30°). 
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Figure 10. Landslide early warning model for ion-adsorption rare earth with a slope of α 30°. 
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Figure 11. Principles of landslide early warning model at different leaching stages (c refers to cohesion in the figure). 
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Figure 12. Self-developed landslide early warning system. 
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Table 1. Values for sensitivity analysis parameters.
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	Serial Number
	  Slope   Angle   α  /°
	  Cohesive   Force   c  /kPa
	  Internal   Friction   Angle   φ  /°





	1
	35
	4
	27



	2
	40
	11
	29



	3
	45
	18
	31
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Table 2. Sensitivity analysis test group of complete-weathering layer 2.
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	Serial Number
	  Slope   Angle   α  /°
	  Cohesive   Force   c  /kPa
	  Internal   Friction   Angle   φ  /°





	1
	35
	11
	29



	2
	40
	4
	29



	3
	40
	11
	27



	4
	40
	11
	29



	5
	40
	11
	31



	6
	40
	18
	29



	7
	45
	11
	29
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Table 3. Calculation results for sensitivity analysis.
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	Serial Number
	Slope Angle/°
	Cohesive Force/kPa
	Internal Friction Angle/°
	Factor of Safety





	1
	35
	11
	29
	1.334



	2
	40
	4
	29
	1.135



	3
	40
	11
	27
	1.17



	4
	40
	11
	29
	1.21



	5
	40
	11
	31
	1.251



	6
	40
	18
	29
	1.284



	7
	45
	11
	29
	1.055
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Table 4. List of parameters of the model.
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	Slope Angle/°
	Cohesive Force/kPa
	Water Level/m





	30
	18
	1~   W  i c    



	30
	14
	1~   W  i c    



	30
	10
	1~   W  i c    



	30
	6
	1~   W  i c    
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Table 5. FS for different cohesion/water line.
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Slope Angle/°

	
30

	
30

	
30

	
30




	
Cohesive Force/kPa

	
18

	
14

	
10

	
6






	
FS (PL = 0)

	
1.653

	
1.613

	
1.565

	
1.517




	
FS (PL = 1)

	
1.653

	
1.613

	
1.565

	
1.517




	
FS (PL = 2)

	
1.653

	
1.613

	
1.565

	
1.517




	
FS (PL = 3)

	
1.649

	
1.613

	
1.565

	
1.517




	
FS (PL = 4)

	
1.589

	
1.556

	
1.523

	
1.490




	
FS (PL = 5)

	
1.525

	
1.492

	
1.459

	
1.426




	
FS (PL = 6)

	
1.455

	
1.423

	
1.390

	
1.357




	
FS (PL = 7)

	
1.382

	
1.349

	
1.317

	
1.284




	
FS (PL = 8)

	
1.305

	
1.272

	
1.240

	
1.208




	
FS (PL = 9)

	
1.306

	
1.270

	
1.161

	
1.129




	
FS (PL = 9.2)

	
1.208

	
1.176

	
1.145

	
1.113




	
FS (PL = 10)

	
1.141

	
1.110

	
1.078

	
1.047




	
FS (PL = 11)

	
1.056

	
1.025

	
0.995

	
0.964




	
FS (PL = 11.5)

	
1.013

	
0.982

	

	




	
FS (PL = 11.7)

	
0.995
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Table 6. Early warning hierarchy of landslide risks.
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	Safety Factor
	Early Warning Risks
	Measures to Be Taken





	>1.3
	Green signal (Safety)
	No measures required



	1.2~1.3
	Yellow warning (remains to be monitored)
	Keeping close observation



	1.1~1.2
	Orange alert (Alerting)
	Formulating treatment measures



	<1.1
	Red alert (Dangerous)
	Taking emergency measures (Pre-landslide state)
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