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ABSTRACT 

This study focuses on the Dingjiafen slope in Chuxiong City, China, with the aim of  improving the accuracy 

of  slope landslide risk prediction. Formulas for calculating the critical soil layer thickness at the onset of  

slope instability are derived based on the physical model of  the slope. Using the Digital Elevation Model 

(DEM) and ArcGIS, the critical and maximum soil layer thickness of  each slope unit are calculated to 

predict potential landslide areas. FLAC-3D is employed to simulate and analyze the slope's stability under 

natural conditions, and the numerical simulation results are compared with the predictions in ArcGIS. The 

findings reveal variations in the critical and maximum soil layer thickness among different slope units due 

to diverse topography. The slope units on both sides of  the Chumeng Highway slopes, with a critical soil 

layer thickness ( crD ) between 1 and 3 meters, are connected, aligning with the results of  FLAC-3D three-

dimensional numerical simulation and the actual sliding positions on-site. Applying this method to simulate 

the soil layer thickness at the critical state for each slope unit enables slope stability prediction, offering a 

new perspective for the analysis and prediction of  slope stability. 

Keywords: critical soil layer thickness, maximum soil layer thickness, slope stability, prediction 

 

1. Introduction 

Due to the increasing occurrences of slope instability events caused by natural and anthropogenic factors 

[1], especially the emergence of large and giant landslides, significant threats and losses to human life and 

property have been pose [2]. This seriously affects people's lives, transportation, and the safe operation of 

infrastructure, and has adverse effects on the environment [3]. China is one of the countries most prone 

to geological disasters, with 5,659 geological disasters in 2022, including 3,919 landslides, accounting for 

69.3% [4]. Therefore, it is necessary to analyze and predict the stability of slopes [5]. 
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In the field of slope stability prediction, significant achievements have been made through the use of 

physical models and numerical simulations [6-10]. For instance, the combination of physical models and 

the substitution of surface watershed area for subsurface water flow in slope stability prediction has 

successfully identified the positions of landslides and potential landslides [11-13]. The application of a 

quasi-dynamic moisture index model to simulate the stable state of slope surfaces has shown good results 

in practical applications [14-15]. Researchers have further proposed a landslide hazard prediction hydro-

mechanical coupling model considering the quasi-dynamic moisture index [16], used for regional landslide 

prediction, revealing the success of the quasi-dynamic moisture index model in unstable analysis under 

critical rainfall conditions [17]. In addition, some studies have combined terrain index models and infinite 

slope stability models [15] [18-20], achieving satisfactory results in landslide prediction for slope 

watershed areas. 

Current research mostly focuses on the consideration of physical and hydrological models in slope 

stability analysis and prediction, with less attention to the complex factors of the slope's own geological 

structure, soil thickness, and the role of rainfall in the slope. When considering the influence of soil 

thickness on slope stability, some studies emphasize the strong linear relationship between soil thickness 

and slope gradient [21], while others investigate the impact of soil thickness on surface seepage by setting 

different soil thicknesses in experiments [22]. As slope soil thickness, surface, and bedrock topography 

directly affect the flow path of groundwater and the initiation of landslides [13]. Therefore, based on 

considerations of slope gradient, watershed area, and surface coverage, this paper aims to focus on 

discussing the critical soil thickness at the critical state of slope instability and its impact on slope stability. 

It utilizes geological survey data to establish surface and bedrock DEM, models and verifies the feasibility 

of the critical soil thickness model, and provides a new research perspective for in-depth analysis of slope 

stability through coupling multiple sources of slope data. 

2. Study area 

The study area is located at longitude 101°02′ east and latitude 24°13′ north, K64+200 of the Chumeng 

Highway, southwest of Dingjiafen Village, Shuangbai County, Yunnan Province, approximately 7 

kilometers from Shuangbai County. The natural terrain has a slope ranging from 15° to 25°, and the 

elevation of the slope is between 1752.5 and 1875 meters. Some local slope units are steep, with a maximum 

height difference of 100 meters, as shown in Figure 1. The area belongs to the subtropical plateau monsoon 

climate zone, with distinct wet and dry seasons, an average annual temperature of 15°C, and an annual 

rainfall of 700-800mm. Dingjia River is located at the forefront of the slope, but its impact on slope stability 

is relatively small. There are no other large surface water systems except for Dingjia River. Groundwater 

mainly exists in the residual slope deposit layer of the Quaternary, including angular gravelly clay, gravel 

layer, and bedrock fractures. In some local sections, influenced by the terrain, the flow direction is basically 

consistent with the slope direction. 
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Fig. 1. Study area 

The selected area outlined in purple dashed lines is the research site, consisting of two potential 

landslides, H1 and H2. The dark blue solid line in the upper left represents the location of the Chumeng 

Highway. The potential sliding directions of landslides H1 and H2 are indicated by arrows, aligned with 

the flow direction of the Dingjia River. 

The drilling data show that  

1) 0-1.2m is artificial fill, brownish grey, brownish yellow, purple-red, composed of gravel, crushed 

bricks and clay; 

2) 1.1m- 11.50m is residual slope deposits, brownish red, purple-red with angular gravelly chalky clay, 

angular gravelly clay; 

3) 11m-30m is the upper section of Jurassic Upper Toudian Formation with purple-red and grey 

mudstones interbedded with siltstones, of which the middle and upper part of the landslide are dominated 

by purple-red, and the lower part is grey and purple-red. The upper part of the landslide is mainly purple-

red, and the lower part is grey, purple-red, and according to the physical and mechanical properties and 

the degree of weathering, it is classified into fully weathered mudstone with siltstone, strongly weathered 

mudstone with siltstone, and moderately weathered mudstone with siltstone, as shown in Figure 4 and 

Figure 5, and the location of the boreholes is shown in Figure 3. 
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The geomorphological survey of the study area revealed that the road surface of the Chumeng Highway, 

located above H1, had subsided and cracked, the trees beside the highway had been significantly displaced 

and tilted, and the rim of a well in the study area, H2, had been significantly cracked (Figure 2), which 

suggests that there is a potential for sliding between H1 and H2. 

 

Fig. 2. Slope schematic 

 

(a) 

 

(b) 

Fig. 3. Borehole distribution map  
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Fig. 4. 2-2' Cross-sectional geological profile 

 

Fig. 5. 5-5' Cross-sectional geological profile 
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3. Critical Soil Thickness Model for Slope Instability 

The analysis and prediction of slope stability in this paper require consideration of relevant data such as 

slope topography, slope gradient, upslope watershed area, surface coverage, soil thickness, and its 

characteristics. Surface topography, slope gradient, and upslope watershed area can be extracted from 

DEM models, while surface coverage can be obtained through field surveys. However, obtaining 

information about the bedrock topography is relatively challenging. Therefore, based on exploration 

drilling data, this paper reflects the surface topography of the slope bedrock based on the thickness data of 

slope surface and drilling holes, and obtains information about the geological strata and physical-

mechanical properties of the slope rock-soil through field surveys and relevant indoor experiments. 

Two main controlling factors affecting slope stability due to terrain are groundwater flow convergence 

and surface slope. Groundwater convergence causes a rise in the water table, increasing pore water 

pressure and leading to landslides. The occurrence of landslides often happens in the downhill direction of 

groundwater flow convergence. Soil thickness is the thickness between the bedrock surface and the ground 

surface, mainly influencing the distribution path of rainfall and the depth of the saturated soil layer, as 

shown in Figure 6. 

 

Fig. 6. Slope structure schematic 

Where D   is the thickness of the soil in the vertical direction, in meters, h   is the depth of the 
groundwater level above the sliding surface in meters,   is the slope angle of the ground surface in degrees. 

3.1. Physical Mechanics Model 

The influence of unsaturated and saturated groundwater flow in slopes is significant, and it is also 

constrained by factors such as topography, soil thickness, hydraulic characteristics, etc. To analyze the 

impact of topography and soil thickness on the slope, assuming the presence of an unsaturated soil layer 

(or weathering layer) above the bedrock, based on the Mohr-Coulomb instability law and stability analysis 

of an infinite slope, and considering the effect of dynamic water pressure, the slope stability factor is given 

by 
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Where RF  is the resistance to sliding force, DF  is the downward force, c  is the cohesion of the soil in 

KN/m²,   is the total normal stress in KN/m², u  is the pore water pressure in KN/m²,   is the internal 

friction angle in degrees,   is the slope angle of the ground surface in degrees, s  is the saturated soil unit 

weight in KN/m³, t   is the unit weight of unsaturated soil. w   is the unit weight of water, D   is the 

thickness of the soil in the vertical direction, in meters, h is the depth of the groundwater level above the 

sliding surface in meters, DW   is the dynamic water pressure, cosD wW hI   , where I   is the hydraulic 

gradient, sinI  . 

3.2. Critical Soil Layer Thickness Model 

When the slope stability factor ( 1sF   ), the slope element will be in a critical state of instability. The 

groundwater level ( h ) above the sliding surface is determined by rearranging Equation (1). 
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At this point, the groundwater level ( h ) is the critical groundwater level ( crH ) when the slope is in the 

state of landslide initiation (Borga, M. et al. 1998), as shown in Figure 6. 
When the slope soil thickness ( D ) is equal to the critical groundwater level ( crH ), the slope soil is in a 

saturated zone state. At this point, the soil thickness ( D  ) is the critical soil layer thickness ( crD  ), i.e., 

( cr crh H D D   ). Equation (2) can be written as 
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The symbols in the equation have the same meanings as in Equation (1). 

3.3. Model of Maximum Soil Layer Thickness 

Under steep terrain slope conditions, sliding may occur even in the absence of saturated water flow in the 

slope soil layer. In equation (3), this is specifically manifested by the absence of the term  tan tanw    in 

the denominator, and the soil unit weight is the unsaturated unit weight. In this case, the thickness of the 
slope soil layer reaches the upper limit of the critical soil layer thickness, namely the maximum soil layer 
thickness ( maxD ). 
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The symbols in the equation have the same meanings as in equation (1). The thickness of the slope soil 

layer is related to the cohesion, internal friction angle of the soil, and the slope gradient of the terrain. As 

indicated in equation (4), the soil layer thickness decreases with an increase in the terrain slope. This well 

explains why the soil layer thickness is thinner on steeper slopes, and even exposes rock formations. 

4. Soil Thickness Calculation and Slope Stability Analysis Based on ArcGIS 

4.1. Extraction of Terrain Feature Data 

By utilizing actual surveyed topographic data of the slope and slope borehole survey data, Triangulated 
Irregular Network (TIN) interpolation method is employed in ArcGIS to generate corresponding 1m×1m 
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DEM units. The terrain, slope, upslope contributing area, etc., of each slope unit can be calculated and 
extracted from the corresponding DEM. The physical properties and mechanical indicators of the rock and 
soil mass between the soil layer, weathered weak rock layer, and the instability surface of the bedrock are 
obtained. The critical soil layer thickness ( crD ) and maximum soil layer thickness ( maxD ) when the slope 

unit experiences sliding are studied. The permeability coefficient of the soil is 41 10K   m/s, and relevant 

parameters such as soil cohesion, internal friction angle, etc., are provided in Table 1. 

Table 1. Related Parameters 

sC  [KN/m2]a)   [°]b) s  [KN/m3]c) t  [KN/m3]d) w  [KN/m3]e) 

15.8 28.7 25.38 19.6 9.8 

a) Cohesive strength of soil; b) Internal friction angle; c) Saturated unit weight of soil; d) Unsaturated 

unit weight of soil; e) Unit weight of water. 

Using ArcGIS to generate the slope DEM, as shown in Figure 7, there are two landslide directions on 

the downslope of the Chumeng Highway, namely the H1 landslide and H2 landslide. Through 

investigation, it was found that the deformation of the H1 and H2 landslides is evident, with local sliding 

already occurring. Tension cracks within the sliding body, rupture cracks at the rear of the landslide, and 

shear tension cracks on both sides have developed, and the perimeter cracks of the landslide are 

interconnected. 

 

Fig. 7 Slope surface gradient 

The blue arrows indicate the locations of the Chumeng Highway and potential landslides H1 and H2. 

The purple arrows represent the potential sliding directions of the landslides. 

4.2. Analysis of Critical Soil Layer Thickness for Landslide 

Based on the physical and mechanical indicators of the slope and its rock-soil mass, the critical soil layer 
thickness ( crD ) and the maximum soil layer thickness ( maxD ) calculated using equations (3) and (4) are 

shown in Figure 8. The crD   curve under saturated conditions and the maxD   curve under unsaturated 

conditions are significantly influenced by the cohesion and internal friction angle of the slope soil layer. 

Different cohesion and internal friction angles result in different crD   and maxD   curves. Under the same 

topographical conditions, the maximum soil layer thickness ( maxD ) is greater than the critical soil layer 

thickness ( crD ). 
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Fig. 8. Hyperbolic curve graph of soil layer Thickness 

The horizontal axis represents the slope gradient, and the vertical axis represents the soil layer thickness. 

In Figure 8, in the region marked as ① within the saturated zone, where the slope soil layer thickness 

is less than the critical soil layer thickness, even though the slope soil layer is entirely in a saturated state, 

shallow landslides will not occur. This area is considered a conditionally stable zone. In the region marked 

as ② within the unsaturated zone, where the slope soil layer thickness is between the critical soil layer 

thickness and the maximum soil layer thickness, shallow landslides will be triggered under the influence 

of rainfall. In the region marked as ③ within the completely unsaturated zone, this area is unconditionally 

unstable, and sliding will occur regardless of the presence of saturated water flow in the slope. However, 

it is generally difficult for the slope soil layer thickness to reach the maximum soil layer thickness. 

By substituting soil characteristics and relevant topographic data into equations (3) and (4), using 

ArcGIS software to simulate the critical soil layer thickness and maximum soil layer thickness of the slope, 

the calculated results are shown in Figure 9 and Figure 10. The critical soil layer thickness and maximum 

soil layer thickness at any point on the slope in a critical sliding state can be presented in the figures. Due 

to variations in the terrain and slope of each slope unit, the soil layer thickness at which each unit is in a 

critical sliding state is inconsistent. In this study, the slope's critical and maximum soil layer thickness is 

displayed in increments of 0.5m. 
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Fig. 9. Landslide critical soil layer thickness ( crD ) 

 

Fig. 10. Landslide maximum soil layer thickness ( maxD ) 

Figure 9 shows the critical soil layer thickness ( crD  ) calculated for each point on the slope under 

saturated conditions. The terrain slope between 0 to 5 degrees is relatively gentle, corresponding to the 

slope units in region ① in Figure 8. This region is considered a conditionally stable area and is unlikely to 

experience shallow landslides, although the possibility of an overall slope-induced landslide cannot be ruled 

out. Slope units with critical soil layer thickness ( crD ) between 1 to 3 meters are located on both sides of 

the Chumeng Highway, precisely at the positions where on-site landslide displacement occurs. Figure 9 

shows a tendency of connected slope units in the H2 landslide area with critical soil layer thickness ( crD ) 

greater than 0.5. Under certain rainfall conditions, these slope units may experience sliding influenced by 
both the H1 landslide and its own gravity. 

Figure 10 shows the maximum soil layer thickness ( maxD ) calculated for each point on the slope under 

unsaturated conditions. Similar to Figure 9, the terrain slope between 0 to 5 degrees is relatively gentle, 

corresponding to the slope units in region ① in Figure 8. This region is considered a conditionally stable 

area and is unlikely to experience shallow landslides, although the possibility of an overall slope-induced 

landslide cannot be ruled out. The slope units with maximum soil layer thickness ( maxD ) between 1.5 to 5.5 

meters are located on both sides of the Chumeng Highway, precisely at the positions where on-site 
landslide displacement occurs. 
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As indicated by equations (3) and (4), the critical soil layer thickness ( crD ) and the maximum soil layer 

thickness ( maxD ) are influenced by the cohesion and internal friction angle of the slope soil mass. Conversely, 

the curve states of ( crD ) and ( maxD ) will also alter the cohesion and internal friction angle of the slope soil 

mass.  

When using the ( crD  ) curve under saturated conditions and the ( maxD  ) curve under unsaturated 

conditions to calculate the internal friction angle and cohesion of the slope soil mass, the distribution of 

soil layer thickness is highly sensitive to the slope gradient and related parameters. If the ( crD ) and ( maxD ) 

curves of the soil layer change, the cohesion and internal friction angle of the soil layer thickness will also 
change with variations in the slope gradient. This is closely related to changes in the topography, 
indicating a strong correlation between slope terrain and ( crD  ) and ( maxD  ) curves. Additionally, the 

thickness of the slope soil layer depends on the terrain between the slope surface and the bedrock surface. 
The morphology of the sliding zone-bedrock interface is a crucial factor controlling the connectivity of the 
saturated area. The sliding surface of the landslide is greatly influenced by pore water pressure and the 
topography of the bedrock surface. 

4.3. Criteria for Landslide Assessment 

Based on the analysis in Section 4.2, assuming cohesion ( 0c  ), the occurrence of landslides on a slope is 
related to the topography of the slope surface. 

1) When the soil layer thickness ( crD D ), as the water level of saturated flow cannot be higher than the 

ground surface, the depth ( h ) of saturated flow cannot meet the requirements of the critical groundwater 

depth ( crH ). In this case, even heavy rainfall will not cause shallow landslides, but it may result in saturated 

surface runoff. 
2) When the soil layer thickness ( crD D ) and ( maxD D ), the rise in groundwater level due to rainfall, if 

it exceeds the critical groundwater level ( crH ), can lead to landslides. 

3) For steep slopes, if the internal friction angle (  ) (slope gradient), the critical groundwater level 

( crH ) decreases linearly with increasing soil layer thickness until it reaches 0. This implies that even though 

there is no saturated flow on the slope, if the soil layer thickness on the slope reaches the upper limit ( maxD ) 

of the critical soil layer thickness, shallow landslides may occur. However, it is rare for slope soil layers to 
reach the upper limit ( maxD ) because periodic rainfall always generates some saturated groundwater flow, 

destabilizing the slope when the soil layer thickness is less than ( maxD ). 

4) For relatively gentle slopes, if (  ), the critical groundwater level ( crH ) increases linearly with 

increasing soil layer thickness, and there is no issue of an upper limit soil layer thickness ( maxD ). 

5) On slopes with zero cohesion, if the slope gradient (  ), it is impossible to form a soil layer on the 
slope. If (  ), even with a thin layer of soil, the slope is extremely unstable because in this case, even 

light rain can provide enough saturated water depth ( crH ) to trigger a landslide. 

From the above analysis, it is evident that the soil layer thickness is a crucial indicator in slope stability 
analysis. Situations where the soil layer thickness is greater than the maximum soil layer thickness are 
uncommon, and landslides are more likely to occur when the slope's soil layer thickness is between ( crD ) 

and ( maxD ). 

5. Numerical Simulation Analysis Based on FLAC-3D 

5.1. Establishment of a Three-Dimensional Model for the Slope 

From the computational analysis in Section 4.2, it can be seen that the slope gradient and soil layer 

thickness are two crucial factors affecting slope stability. To visually observe their impact on slope stability, 

a true three-dimensional model of the research site was established for analysis. According to the geological 

survey report, there are a total of 14 boreholes distributed at the study area based on the characteristics of 

the landslide body, as shown in Figure 3 (a, b). 
Based on the data from geological exploration, contour maps of different strata were obtained using the 

Kriging spatial interpolation method in Surfer software. This method transforms the measured data of 
discrete points into a continuous spatial surface. Kriging interpolation is a technique that predicts the 
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values of other points ( 0ÊS  ) by assigning weights to known sample points. The formula for Kriging 

interpolation is 

  0

1

Ê

n

i i

i

S w Z S



  (5) 

where  iZ S  is the measured attribute value at the i  th location, iw  is the weight of the measured value at 

the i  th location, 0S  is the location to be interpolated, n  is the number of known sample points. 

Using Rhino and FLAC-3D modeling software, the distribution of soil layers and the position of the 

landslide body are presented in the true three-dimensional model of the slope, as shown in Figure 11.  

 

Fig. 11. Three-dimensional model of slope mass 

5.2. Division of the Study Area Based on the Average Thickness of the Surface Soil Layer 

Based on geological exploration data, exploration points adjacent to the positions of the H1 and H2 

landslides with similar surface soil thickness are divided into regions. A total of 14 exploration points are 

divided into 5 regions, with regions 1 and 2 forming the H1 landslide and regions 3, 4, and 5 forming the 

H2 landslide, as shown in Figure 12. The average thickness of the surface soil layer in each region is 

presented in Table 2, the physico-mechanical indices of each soil layer are shown in Table 3, and the 

parameters of each soil layer selected for numerical simulation of the 3D model in FLAC-3D are shown in 

Table 4. 
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Fig. 12. Research area division map 

Table 2. Exploration site Area Division 

Zone Code 1 2 3 4 5 

Exploration Site Code 
ZK1 

ZK2 

ZK3 

ZK4 

ZK5 

ZK6 

ZK7 

ZK8 

ZK9 

ZK10 

ZK11 

ZK12 

ZK13 

ZK14 

Average Thickness of  Surface Soil Layer in the Zone [m] 2.85 11.63 7.15 6.03 4.80 

Table 3. Statistical table of physical and mechanical indicators for each soil layer 

Soil type lithology 
Drill hole 

number 

Depth of  extraction 

(m) 

Dry 

density 

ρ 

(g/cm3) 

Cohesion 

C (KPa) 

Angle of  

internal friction 


 (°) 

Surface 

soil layer 

Silty 

clay 

ZK11-1 3.70-3.90 1.66 15.8 25.3 

ZK12-1 3.30-3.50 1.64 18.3 20.8 

Average value 1.65 17.05 23.05 

Silty 

clay 

ZK4-1 10.50-10.70 1.81 7.8 31.3 

ZK12-2 4.30-4.50 1.60 17.1 19.4 

Average value 1.71 12.45 25.35 

Fully 

weathered 

soil layer 

Fully 

weathered 

mudstone 

ZK8-1 7.10-7.30 1.81 7.2 31.2 

ZK8-2 12.60-12.80 1.84 18.9 29.5 

ZK6-1 6.60-6.80 1.88 11.3 30.7 

ZK6-2 7.60-7.80 1.80 12.4 28.7 

ZK6-3 13.00-13.20 1.75 20.1 26.2 

ZK6-4 14.60-14.80 1.78 18.2 27.5 

ZK6-5 16.40-16.60 1.82 11.9 30.5 

ZK6-6 17.10-17.30 1.80 17.2 27.5 
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ZK7-1 9.20-9.40 1.90 11.8 30.3 

ZK7-2 12.20-12.40 1.91 10.7 31.8 

ZK10-1 5.70-5.90 1.76 9.3 31.8 

Count 11 11 11 

Maximum values 1.91 20.1 31.8 

Minimum value 1.75 7.2 26.2 

Average value 1.82 13.5 29.6 

Standard deviation 0.05 4.10 1.81 

Coefficient of  variation 0.03 0.30 0.06 

Correction factor 1.02 0.83 0.97 

Strongly 

weathered 

soil layer 

Strongly 

weathered 

mudstone 

ZK3-1 14.20-14.40 1.76 9.5 29.2 

ZK3-2 15.10-15.30 1.82 8.3 30.3 

ZK4-2 14.80-15.00 1.86 6.2 32.5 

ZK9-1 20.10-20.30 1.96 8.1 32.3 

ZK9-2 21.70-21.90 1.87 10.4 31.5 

ZK6-7 18.10-18.30 1.92 11 31 

ZK6-8 22.50-22.70 1.8 15.8 27.4 

ZK6-9 23.00-23.20 1.88 8.9 31.8 

ZK6-10 25.10-25.30 1.89 10 30.8 

Count 9 9 9 

Maximum values 1.96 15.8 32.5 

Minimum value 1.76 6.2 27.4 

Average value 1.9 9.8 30.8 

Standard deviation 0.06 2.51 1.53 

Coefficient of  variation 0.03 0.26 0.05 

Correction factor 1.02 1.16 1.03 

Table 4. Selected parameters for FLAC-3D numerical simulation 

Soil type lithology 

Dry 

density 

ρ 

(g/cm3) 

Cohesion 

C (KPa) 

Angle of  

internal friction 


 (°) 

Elastic modulus 

E (MPa) 

Poisson's 

ratio 


 

Surface soil 

layer 
Silty clay 1.68 14.80 24.20 11000 0.30 

Fully 

weathered soil 

layer 

Fully 

weathered 

mudstone 

1.82 13.55 29.61 15000 0.25 

Strongly 

weathered soil 

layer 

Strongly 

weathered 

mudstone 

1.86 9.80 28.02 20000 0.30 

Bedrock - 2.66 680 41.77 20000 0.25 

5.3. Displacement Field Analysis under Natural Conditions 

Numerical simulation calculations of the displacements generated on the slope under natural conditions, 

solely influenced by gravity, were conducted using FLAC-3D. The displacement contour maps in the X, 

Y, and Z directions of the slope body can be obtained (Figure 13, Figure 14, Figure 15), along with the 

total displacement contour map (Figure 16). 
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Fig. 13. Landslide X-direction displacement cloud map 

The displacement contour map in the X-direction shows that in zone 1, there is a displacement of 2.5–

10 cm in the positive X-axis direction. In zone 2, the displacement is 5–22.5 cm in the positive X-axis 

direction. In zone 3, where most areas are located in low-lying valleys, the displacement along the positive 

X-axis direction is 5–20 cm. Some areas, appearing in orange and red, are situated along the ridge line. 

There is a trend of movement towards the middle valley direction along the negative X-axis, with a 

displacement magnitude of 2–3 cm. In zone 4, the displacement along the positive X-axis direction is 5–20 

cm, while in zone 5, the displacement ranges from 0 to 10 cm along the positive X-axis. The locations with 

larger X-direction displacements are mainly concentrated in zones 2, 3, and 4. 

 

Fig. 14. Landslide Y-direction displacement cloud map 
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The displacement contour map in the Y-direction shows that in zone 1, there is a displacement of 0–5 

cm in the positive Y-axis direction. In zone 2, most areas have a displacement of 2.5–10 cm in the negative 

Y-axis direction. In zone 3, the displacement along the negative Y-axis direction is 5–22.5 cm. In zone 4, 

the displacement along the negative Y-axis direction is 5–20 cm, and in zone 5, the displacement ranges 

from 0 to 5 cm in the negative Y-axis direction. Similar to the X-direction, locations with larger Y-direction 

displacements are concentrated in zones 2, 3, and 4. 

 

Fig. 15. Landslide Z-direction displacement cloud map 

The displacement contour map in the Z-direction shows that in zone 1, there is a displacement of 0–12.5 

cm in the negative Z-axis direction. In zone 2, the displacement along the negative Z-axis direction is 2.5–

35 cm. In zone 3, the displacement along the negative Z-axis direction is 5–37 cm. In zone 4, the 

displacement along the negative Z-axis direction is 12.5–32.5 cm, and in zone 5, the displacement ranges 

from 0 to 25 cm in the negative Z-axis direction. The displacement magnitudes in the Z-direction are 

significant in all regions. 
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Fig. 16 Slope mass total displacement cloud map 

The total displacement contour map of the slope body shows that in zone 1, the total displacement ranges 

from 0 to 20 cm. In zone 2, the total displacement is between 12.5 and 42.5 cm. In zone 3, the total 

displacement ranges from 10 to 42.5 cm. In zone 4, the total displacement is between 12.5 and 40 cm. In 

zone 5, the total displacement ranges from 0 to 35 cm. 

Overall, the slope body exhibits a tendency for displacement in the X and Y directions along the slope 

surface, moving from the higher ridges on both sides towards the lower areas in the central valley. The 

displacements in each region are primarily in the negative Z-axis direction and are quite substantial, 

indicating a clear downward sliding trend. The maximum total displacement occurs in the steep slopes of 

H1 and H2 landslides, specifically in zone 2 and 3. This aligns with the predictive results obtained from 

ArcGIS and the actual displacements observed during field exploration. From Figure 16, it can be observed 

that the maximum displacement at the H1 landslide is concentrated on both sides of the Chumeng Highway. 

This corresponds to the on-site survey findings, where significant sliding occurred on both sides of the 

road, accompanied by cracks, deformations, and collapses in the vicinity of the road. The safety factor 

calculated through numerical simulation using FLAC-3D is (K=0.928), indicating that the periphery of the 

H1 and H2 landslides is distinct. The main cracks at the rear and the sliding walls on both sides have 

penetrated, indicating that the slope is currently in the sliding phase. 

6. Discussion 

6.1. Influence of Dynamic Water Pressure 

If dynamic water pressure is not considered in Equation (1), the stability factor of the slope would have 

one less term, the dynamic water pressure, in the denominator. The expression is given by Equation (5) 

 
   
  

2cos tan

sin cos

t s w

s

t s

c D h h h
F

D h h

    

   

   


 
 (6) 

The critical soil layer thickness derived from Equation (3) is given by 
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c
D
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

 
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This paper considers the effect of dynamic water pressure, and the slope stability factor and critical soil 

layer thickness calculated with the consideration of dynamic water pressure are relatively lower than those 

calculated considering only static water pressure. However, under rainfall infiltration conditions, the slope 

rock and soil mass will be influenced by the dynamic water pressure of the groundwater generated from 

rainwater. Therefore, considering the effect of dynamic water pressure on the slope rock and soil mass to 

simulate and analyze the slope stability factor and critical soil layer thickness provides calculation results 

that are more in line with the actual situation. 

6.2. Influence of Topography and Soil Layer Thickness on Model Accuracy 

The topography, soil layer thickness, and hydrological characteristics of the slope are crucial for the 

accuracy of landslide simulation models. The distribution and flow direction of saturated and unsaturated 

flow within the slope are mainly influenced by the surface topography of the slope and the underlying 

bedrock. The terrain of the sliding surface between the sliding soil and bedrock is primarily controlled by 

the surface shape, especially the thickness of the soil layer. The accuracy of the model is significantly 

affected by the thickness of the soil layer, especially the weathered soil layer. The accuracy and precision 

of the terrain determine the accuracy of the model. 

Detailed topographic data, such as slope and watershed areas, can be obtained through a Digital 

Elevation Model (DEM). However, information about the thickness of the soil layer and hydrological 

characteristics over the entire slope or watershed area is relatively scarce and not easy to acquire. In general, 

shallow instability on the slope often occurs in the terrain areas where excess pore water pressure is 

generated along the downstream direction of the groundwater flow path in the subsurface soil and rock 

mass. The subsurface terrain at the soil-bedrock interface is a crucial factor controlling the connectivity of 

the saturated zone, and the sliding surface of the landslide is influenced by both pore water pressure and 

the surface terrain of the bedrock. Rainwater infiltrating into the slope soil and transforming into 

groundwater generates dynamic water pressure. Under this pressure, when water permeates through the 

pore spaces in the soil, it exerts percolation forces on the surrounding skeleton, proportional to the 

hydraulic gradient. If the dynamic water pressure points outward from the slope, it will reduce the stability 

of the landslide body, leading to landslide initiation. 

6.3. Influence of Soil-Related Parameters on Model Accuracy 

As indicated by Section 4.2, the thickness of the slope soil layer and the topography have a significant 

impact on the cohesion and internal friction angle of the slope soil mass. Although these parameters can be 

obtained through field or laboratory analysis, their precise application in practice is challenging, especially 

considering their spatial variability. The cohesion and internal friction angle of the slope soil mass 

determine the accuracy of predicting shallow landslides, thus affecting the precision of slope sliding 

predictions. Additionally, on slopes covered with vegetation, cohesion is equal to the sum of the apparent 

cohesion between the soil mass and the plant root system. However, calculating the apparent cohesion of 

the vegetation root system is challenging, and these factors may influence the accuracy of the model. 

6.4. Comparison of Predictions, Simulation Results, and Actual Landslide Locations 

In the simulation calculations, it was observed that the critical soil layer thickness of the slope units below 

the Chumeng highway showed a tendency to form continuous patches, indicating that these slope units are 

likely to experience sliding. Conversely, slope units with uncoupled critical soil layer thickness, due to 

factors such as the mutual restraint between topography and rock-soil mass and their depth not reaching 

the critical value for sliding, will not experience large-scale sliding. However, localized surface stripping 

phenomena may occur. 
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It is noteworthy that rainfall conditions significantly affect landslide risk, with the number of potential 

landslide units increasing with the amount of rainfall. Additionally, on steep slopes, the likelihood of sliding 

is greater due to the smaller maximum soil layer thickness, aligning with observed landslide positions in 

the field. 

Furthermore, through detailed analysis of regions 1 and 2 in Figure 12, we found that their soil layer 

thicknesses are 2.85m and 11.63m, respectively, leading to significant differences in their stability under 

rainfall conditions. While the soil layer thickness of region 1 is greater than the critical soil layer thickness 

but less than the maximum soil layer thickness, it could lead to shallow landslides if the groundwater level 

rises above the critical groundwater level during rainfall. On the other hand, the soil layer thickness of 

region 2 is much greater than the maximum soil layer thickness, resulting in sliding regardless of the 

presence of saturated water flow in the slope. 

At the same time, we also observed that the soil layer thicknesses of regions 3, 4, and 5 are 7.15m, 6.03m, 

and 4.80m, respectively, and these thicknesses fall between the critical and maximum soil layer thicknesses. 

This implies that, under the influence of the H1 landslide and its own gravitational forces, these regions 

may experience sliding. 

In conclusion, through the above simulation calculations and detailed analysis, we can observe 

significant landslide risk in the slope units below the Chumeng highway. Especially under rainfall 

conditions, this risk is further heightened. Therefore, monitoring and preventive measures for these areas 

are crucial. 

7. Conclusion 

1)Based on the DEM and soil layer thickness of the slope, a simulation analysis of the slope's stability was 

conducted. The simulation calculated the critical soil layer thickness of slope units during potential sliding 

to predict the slope's stability, determining the critical and maximum soil layer thickness when the slope 

undergoes sliding. This provides a new perspective for the study of slope stability. The positions of 

instability calculated by the model align with the results of FLAC-3D numerical simulations and field slope 

sliding conditions, indicating the feasibility of this method. 

2)The cohesion and internal friction angle of soil are closely related to the topography and soil layer 

thickness of the slope. In local areas with steeper slopes, the soil layer thickness is thinner compared to 

gentler slopes, increasing the likelihood of landslides. The analysis and verification using a slope soil layer 

thickness model yield results consistent with on-site analysis, demonstrating the feasibility of using the 

soil layer thickness model to simulate slope stability. 

3)This study considered the effect of dynamic water pressure in the critical soil layer thickness model 

for slopes. Under rainfall infiltration conditions, the rock-soil mass of the slope is affected by the dynamic 

water pressure generated as rainwater transforms into groundwater. Therefore, considering the dynamic 

water pressure to simulate and analyze the critical soil layer thickness results in calculations that better 

match real-world conditions. The cohesion and internal friction angle of slope soil determine the accuracy 

of predicting shallow landslides. However, their precise application is challenging in practice, especially 

given their spatial variability. 
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