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Slope cutting is becoming more common in engineering construction to obtain a large floor area. Slope cutting disrupts a slope’s inherent stability, causing instability and sliding. To solve the problem of geological disasters caused by artificial slope cutting, Cangxi County is used as an example to analyze the cutting slope and the height of different slope structures in the county, to study the disaster mode and disaster factors caused by slope cutting, and to analyze the influence of slope cutting height and slope cutting gradient on the disaster process. This study demonstrates that the stability of cutting on different types of slopes is weakened to different degrees, with mixed rocky-soil slopes having the strongest resistance to weakening, thick-soil slopes the second strongest, and thin-soil slopes the weakest. Slope cutting is the main factor of disaster, and rainwater infiltration promotes landslide formation. Numerical simulation is employed to determine the proximities of the slope cutting height and slope cutting gradient, and 75% of the critical value is taken as the proposed threshold value of slope cutting. The recommended cut slope threshold value corresponds to the real stable cut slope gradient on site, and the research findings can be used to guide engineering cut slope decisions in Cangxi County and other red-layer areas.
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INTRODUCTION
Slope cutting excavation on slopes is becoming more common for acquiring a large floor area during construction, and high and steep artificial slope cutting has created safety hazards for landslides and geological disasters (Gao et al., 2022). The horizontal displacement of the cut slope is larger than the vertical displacement, deformation gradually increases with the gradation of the cut slope, and the deformation area of the slope is primarily concentrated near the cut slope surface, according to a study of the evolution of disaster-causing slope cutting on red-layer slopes (Shao et al., 2022). Thus, the height and gradient of the cut slope and slope structure become the key factors that trigger geological hazards, and it is especially important to limit the height and gradient of the cut slope according to the characteristics of a slope structure.
With the rapid development of the engineering construction industry, the use of engineering slope cutting is increasing, which leads to the frequent occurrence of geological hazards. Applying single prevention and control measures to the complex and changeable engineering geological hazards is difficult. Nevertheless, quantitative analysis, which is a good method (Li et al., 2021a a/b; Li, 2022a), is extensively employed to determine the dangers of landslides. The risk prediction value is used to investigate the preventive and control methods for landslides (Strouth and McDougall, 2021). The safety factor of slopes is controlled by numerous factors (Cui et al., 2021; Li, 2022), and it has been found that the friction angle φ has the greatest influence on the safety factor of slopes, followed by the horizontal seismic coefficient Kh, cohesion c, and saturation permeability ks (Liu et al., 2021). Zhang and Wang (2020) found that the critical conditions for the propagation of catastrophic shear zones on engineering slopes are related to the gravitational shear stress ratio of the slope, which is mainly controlled by the slope toe. Panthee (2016) investigated the relationship between the slope safety factor and the engineering cut slope’s height and gradient and found that reducing the engineering cut slope’s gradient significantly enhanced the slope safety factor and stability (He et al., 2014). When dampened by water, loess produces a bigger sink, and the stability of a loess slope becomes more susceptible to water than other soil. The erosion of loess slopes is influenced by three elements, namely, slope material, slope structure, and slope hydrology (Li et al., 2020). The consolidation deformation of ultra-high fill slopes of wet sinking loess is the main factor causing its deformation (Mei et al., 2022). The intrinsic cause of landslides induced by loess cut slopes is the structural characteristics of small pores in loess (Cao et al., 2016). The instability volume of a loess slope is affected by slope and height; the larger the slope and height, the larger the instability volume (Zhang et al., 2021). The three-dimensional properties of slopes are critical determinants of slope stability, rainfall infiltration is one of the main causal factors of slope damage, and rainfall patterns regulate slope damage patterns, according to a study by Xu et al. (2021). On slopes with very high soil erosion rates, a vegetation cover protects the soil from rainfall and enhances soil stability (Solgi et al., 2021). After the slope cutting, the rock is exposed, and the strength of the rock decreases with time under weathering, according to Awang et al. (2021). Research has demonstrated that the stability of soil agglomerates is important in the resistance to soil erosion of engineering graben slopes in geologically hazardous areas, thus indicating that rock strength and soil erosion resistance are important factors in determining slope stability (Ai et al., 2021; Zhou et al., 2021). Postill et al. (2021) investigated the effect of supervoid water pressure formed after slope excavation on slope stability. Disaster-induced slope cutting damages the stable state of the slope and gives favorable spatial geometric conditions for disaster occurrence; rainfall infiltration decreases soil strength and also promotes disaster occurrence (Wang et al., 2021). Consequently, it can be understood that after slope cutting, rainfall becomes the primary factor of disaster occurrence. The OP-ELM algorithm is used to predict rainfall and build a deep belief network for predicting future displacements to provide a theoretical basis for landslide disaster prevention and control (Li et al., 2021b). Rock bridges on the potential sliding surface control the stability of rocky slopes (Tang et al., 2020), and the shear capacity decreases with increasing dispersion/number of bridges, which is caused by numerous bridges fracturing individually (Tang et al., 2021). The stability of slopes is controlled by key blocks (Qin et al., 2020), and the slope toe as a key block of slope stability plays a vital role in maintaining slope stability.
The existing study on disaster-causing factors on a cut slope is dominated by disaster processes in specific areas, analyzes the influence of external factors on slope stability, and lacks research on disaster-causing factor threshold values. Therefore, this research considered slope cutting gradient and slope cutting height as disaster-causing factors to study the geological hazards induced by engineering slope cutting. The cut slope height and cut slope gradient of disasters that have and have not occurred were compared and assessed; in addition, numerical simulation was employed to estimate the cut slope height and gradient limit threshold. The numerical simulation results were discounted considering the slope safety reserve, and a set of slope cutting height and slope cutting gradient limits were suggested for different slope types in the red-layer area.
OVERVIEW OF THE STUDY AREA
Cangxi County is located 80 km south of Guangyuan City. It is a red-layer area. Its northern part is primarily a medium-low mountainous area, its central part is a primarily low mountainous area on the east and west sides, and its southern part is a primarily deep-hill area and flat dam area. Slope cutting is a typical practice in Cangxi County to expand the building area. It primarily involves soil slopes and soil-rock mixed slopes, with a few pure rocky slope cuttings with significant heights and steep slopes.
SLOPE CUTTING CHARACTERISTICS
Distribution characteristics
A total of 108 slope cutting spots exist in Cangxi County, which are spread among 23 townships. According to the distribution characteristics, engineering slope cutting in Cangxi County is primarily concentrated in the county’s urban areas and towns, with a relatively limited distribution in the countryside. The following three factors contribute to this distribution characteristic: the flexible site selection for construction in the countryside, which makes it possible to build on a flat and open land to avoid slope cutting; the high cost and low cost-effectiveness of slope cutting for widening floor area; and the dense construction of houses in urban areas and towns in the county, poor choice of building sites, and high necessity of slope cutting. The main traffic hubs exist in the county city and town, traffic lines are intertwined, line layout option is poor, and the road in the process of construction of the slope excavation necessity is high. Figure 1 presents the distribution characteristics of engineering cut slopes in Cangxi County.
[image: Figure 1]FIGURE 1 | Cangxi County engineering cut slope distribution map. Note: The red points in the map are the points where slope cutting has caused disaster, and the green points are the points where slope cutting has not caused disaster.
The distribution characteristics of different structural types of slopes within Cangxi County are controlled by topography and geomorphology. The slopes in the medium-low mountainous landscape area have large slopes, and it is difficult for the overburden layer to attach to the surface of the slope in large quantities, and the slope types in the medium-low mountainous landscape area are mainly thin-soil layer slopes. The slope gradient in the deep mound landform area is small, and the overburden layer can be attached to the slope surface in a large amount. The slope types in the deep mound landform area are mainly rock-soil mixed slopes and thick-soil layer slopes.
Slope cutting height and slope cutting gradient characteristics
The cutting slopes in the studied area range from 4 to 20 m in height, with most of them falling between 5 and 8 m, with 78 cut slopes in this height range, accounting for 72.2% of the total, which is consistent with the region’s general topographic slope. Figure 2 presents the cutting slope height statistics. To reduce slope cutting excavation, residents mostly adopt near-vertical excavation when cutting slopes, resulting in a large cut slope ratio, and the slope cutting ratio of rocky slopes is more than 1:0.3. Most of the cut soil slopes are not protected, and the cut rock slopes are close to 90°; a layer of concrete mortar is sprayed on the cut slopes to prevent the slopes from weathering and spalling, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Statiscal chart of project slope cutting height.
[image: Figure 3]FIGURE 3 | Typical high and steep slopes formed by engineering slope cutting.
The mudstone and sandstone that make up Cangxi County’s rocky slopes are prone to differential weathering and spalling, and a study found that differential weathering is the primary cause of slope instability (Admassu and Shakoor, 2015). In the research region, cut rocky slopes range from 60° to 80°, with some of the cut slopes approaching 90°. The aim of engineering slope cutting is mainly to widen the construction area; thus, the location of slope cutting is close to the residents’ houses, which poses a great threat to the residents’ lives and properties when disasters occur.
TYPICAL CUT SLOPE HAZARDS
Cut slope disaster characteristics
The first is the thin-soil slope, with a soil layer thickness of 1–5 m; the upper layer of the slope is powder clay, whereas the lower layer is sandstone or mudstone. The second one is the thick-soil slope, with a soil layer thickness of 5–15 m. The third is a thick-soil slope, with a soil layer thickness of 5–15 m.
As presented in Figure 4A, the landslide behind Li Dekai’s house is a typical slope with a thin-soil layer. The soil layer of the slope surface is powder clay, and the thickness of the soil layer at the slope toe is much larger than that at the top of the slope due to slope cutting. The landslide body has an average thickness of 3.5 m, and the front edge shear outlet is in the drainage ditch behind the house, 1 m away from the house’s back wall, with a depth of 40–80 cm under the improper rear edge. The slope cutting gradient height is 7.7 m, and the cutting slope of 40°. When the vegetation on the slope surface and the slope toe are removed, the slope surface cover soil loses the support of the slope toe, there is a downward trend, and rainwater infiltration reduces the strength of the soil body, increases the self-weight of the soil body, and aggravates the soil layer decline.
[image: Figure 4]FIGURE 4 | Three typical slope cutting disaster.
As presented in Figure 4B, the landslide behind Yang Julan’s house is a typical rock-soil mixed landslide. The upper layer of the slope is an interlayer structure of powder clay and sandstone, the thickness of the soil layer is 25–45 cm, the thickness of the rock layer is 40–60 cm, the dip angle of the rock layer is 8°, and the tendency is consistent with the slope direction. The cut slope dip angle is 75°, and the cut slope height is 8.2 m. The cut slope breaks the slope’s equilibrium condition and creates a high and steep cut slope surface, which significantly reduces the slope’s stability. Rainwater infiltration along the cut slope surface to the inside of the slope increases the self-weight and reduces the strength of the soil body, loses the support of the toe of the surface layer of soil first destabilization slide, drives the lower broken rock layer together with the slide, and lastly forms the overall destabilization slide.
As presented in Figure 4C, the landslide behind Zhang Dachun’s house is a typical thick-soil layer landslide. The soil layer is powder clay and is 7–12 m thick, the slope cutting height is 6.5 m, and the slope cutting gradient is 50°. The rainwater infiltrates into the soil layer along the cut slope surface and reduces the strength of the soil near the cut slope surface, resulting in the destabilization and sliding of the surface soil of the slope after experiencing frequent rainfall. Currently, the slope has received management measures to repair and reinforce the slope toe with dry-laid blocks and to release the slope at multiple levels, with a slope release of 20° and a slope release height of 1.5 m. The slope surface is compacted to prevent it from collapsing locally and thereby causing the overall slide.
The landslide volume of thin-soil slopes and rocky-soil mixed slopes is comparatively small, and that of thick-soil slopes is larger. The cut slope height and gradient of the three typical cut slope hazard points all surpass the safety value, which are originally used as the upper limit of cut slope for these three slope types.
Disaster pattern
The disaster formation mode of the thin-soil slope is presented in Figure 5A. The slope surface cover loses the toe support after the slope cutting, as well as the cover sliding along the underlying bedrock surface. The formation of the thick-soil slope is presented in Figure 5B. After the slope cutting, the cover layer of the slope surface loses part of the support of the slope toe, and the cover layer of the hollow part of the slope toe slides downward, causing the slope to become locally unstable. Figure 5C presents the rocky-soil mixed slope disaster formation. After the slope cutting, the slope surface rocky-soil body loses the support of the slope toe; first, the slope surface soil slides; the soil sliding process then carries the lower broken rock sliding; finally, the entire unstable slide is formed.
[image: Figure 5]FIGURE 5 | Slope cutting disaster patterns for different slope structures.
NUMERICAL SIMULATION ANALYSIS
Modeling and parameter values
The Mohr–Coulomb theory was chosen as the computational model, which is generally used to describe shear damage to soils and rocks. The damage envelope of the model matches the Mohr–Coulomb strength criterion and the tensile damage criterion.
The strength reduction method is employed to study the stability of slopes under natural and storm conditions after slope cutting. In the calculation model of the thin-soil slope, group 1 is the cut slope excavation area; group 2, the powder clay layer; and group 3, the bedrock, as shown in Figure 6A. In the calculation model of the slope with mixed rocky-soil structure, groups 1, 2, 3, and 4 are cut slope excavation areas; groups 1, 3, 5, and 7 are pulverized clay layers; groups 2 and 6 are mudstones; and groups 4 and 8 are bedrock (Figure 6B). In the computational model of the thick-soil slope, group 1 is the cut slope excavation area; group 2, the powder clay; and group 3, the bedrock (Figure 6C). The X, Y, and Z directions of the model are presented in Figure 6.
[image: Figure 6]FIGURE 6 | Computational models for different slope structures.
The deformation of the slope along the horizontal direction of the cut slope prograde is mostly indicated by the X direction displacement. The deformation characteristics of the slope body in the horizontal direction can be used to identify the deformation characteristics of the slope body to the prograde, and the displacement vector can reflect the body’s deformation direction. When the displacement in the Z direction is positive, the slope is displaced upward, and when the displacement in the Z direction is negative, the slope is deformed by settlement.
As presented in Table 1, the geotechnical parameters were obtained via in situ drilling and sampling (soil and rock samples) and via indoor tests. Water-filled treatment of soil and rock samples is used to measure the geotechnical parameters during storm conditions. The geotechnical parameters are used in numerical simulations.
TABLE 1 | Physical and mechanical parameters of the geotechnical soil.
[image: Table 1]Analysis of simulation results
After the slope cutting, the substantial deformed part of the slope is situated at the prograde of the cut slope. The maximum X displacement of the thin-soil layer slope (natural working condition) is 3.02 m, the maximum X displacement of the thick-soil layer slope (natural working condition) is 2.74 m, and the maximum X displacement of the rocky-soil mixed slope (natural working condition) is 2.24 m. The plastic deformation zone of all types of slopes is situated at the slope toe, and the deformation nature is primarily tensile damage and shear damage; howover, the plastic deformation zone of the thin-soil layer slope has the largest range. The slope cutting causes serious deformation of the slope toe, the X displacement also far exceeds the safety value, and the slope is in a state of instability, which is consistent with the actual situation onsite. This indicates that the geotechnical parameters and numerical simulation methods employed are realistic. Figure 7 presents the calculation result clouds for the thin-soil slope;Figure 8, the computed result clouds for the thick-soil slope; and Figure 9, the calculation result clouds for the rocky-soil mixed slope. Table 2 presents the results of numerical simulations for slopes of different structure types.
[image: Figure 7]FIGURE 7 | Thin-soil layer slope.
[image: Figure 8]FIGURE 8 | Thick-soil layer slope.
[image: Figure 9]FIGURE 9 | Rocky-soil mixed slope.
TABLE 2 | Numerical simulation analysis results.
[image: Table 2]DETERMINATION OF THE THRESHOLD VALUE
Methodology for determining the threshold value
When the slope stability coefficient is larger than 1.1, FLAC3D is used to compute the critical height of slopes at different slope ratios from the stability coefficients of red-bedded soft rock slopes at different heights and slopes (Wu et al., 2011). Because the cut slope height and gradient are the most important influencing elements of slope stability, this research presents a method for determining the cut slope height and gradient threshold values. The slope cutting height and gradient are computed based on the collected data, and the slope cutting disaster points are screened; then, the typical slope cutting disaster points are extracted, and their disaster modes and mechanisms are investigated. The disaster process of typical slope cutting is investigated via numerical simulation, and the values of the geotechnical parameters are modified according to the results of the numerical simulation to make the simulation results consistent with the actual situation. The modified geotechnical parameters are used to simulate and compute the slope cutting disaster process. In addition, the critical slope cutting height and gradient under different slope structures are determined and then taken as the theoretical threshold values for safe slope cutting. Figure 10 presents the network diagram of the evolutionary relationship of the cut slope indicator threshold.
[image: Figure 10]FIGURE 10 | Network diagram of the cut slope indicator threshold.
Figure 11 presents the step-by-step search method for determining the critical cut slope gradient and height. First, the slope of a slope structure is determined, the cut slope height h is kept unchanged, the cut slope gradient α is modified, the magnitude is increased by 0.1° each time until the slope is unstable, and the unstable slope gradient α1 under the cut slope height h is obtained; then, the cut slope height is changed from h to h1, and the magnitude of 0.1 m is increased each time. This is the same method used to obtain the unstable slope gradient α2 under the cut slope height h1. This continues until the critical cut slope height and critical cut slope have been determined.
[image: Figure 11]FIGURE 11 | Step-by-step search method for critical tangent slope and height.
Threshold results
The theoretical threshold values of the three slope structures were obtained using the method presented in Figure 11. The landslide control engineering survey specifies that the safety factor of the slope under natural and storm conditions is Fs ≥ Fst, and Fst is 1.25. Therefore, 75% is used as the threshold value, which is discounted by 25% as the safety reserve; the proposed threshold value is taken as the guideline value for engineering slope cutting in Cangxi County and similar red-layer areas. The slope needs to be treated with multistage slope release, and the slope gradient and slope height of each stage shall not exceed the recommended threshold value when the height of the cut slope is much larger than the threshold value. As presented in Table 3, the threshold values of slope cutting indicators for various slope structures are obtained.
TABLE 3 | Engineering slope cutting index threshold value taking table.
[image: Table 3]ANALYSIS OF THE DISASTER-CAUSING MECHANISMS
It was found that there are differences in the degree of stability weakening of different slope structures by slope cutting and rainfall, with slope cutting being the main factor causing disasters and rainfall promoting the occurrence of disasters.
1) Engineering cut slope: Consolidation and settlement have stabilized the natural slope. Slope cutting undermines the slope’s stable state, which causes stress redistribution inside the slope and the formation of a dangerous critical air surface. Slope cutting results in the loss of slope toe support, an increase in the sliding tendency of prospective landslides, and a decrease in slope stability (Cui et al., 2018).
2) Rainfall factor: The root system and the stems and leaves of the vegetation on the slope surface generate a mulching film that prevents precipitation infiltration. The cover film generated by vegetation is destroyed by slope cutting, making it easier for rainwater to infiltrate into the interior of the slope through the cut slope surface, thus reducing the slope’s stability. Rainwater infiltration leads to a rise in soil void water pressure, and as the pore water pressure rises, the cohesion and internal friction angle of the soil decrease with time, ultimately leading to slope instability and sliding (Cui et al., 2018). It was found that desiccation cracks can lead to shallow slope damage; nevertheless, plant roots can efficiently prevent the formation of desiccation cracks (Gao et al., 2021). Therefore, when a fissure already has developed on the slope, planting a lawn on the slope is an effective and economical means of preventing rainwater infiltration into the body of the slope (Leng et al., 2021).
3) Slope structure: The degree of weakening of slope cutting on the structural stability of different slopes varies. The slope toe loses support to the possible landslide body after the slope cutting of the thin-soil layer, and the potential landslide body slides down the sliding surface. The slope partially loses the support to the prospective landslide body after the thick-soil layer slope is cut, the degree of consolidation of the surface soil is reduced, and a sliding surface develops along with a specific depth, generating local instability. After the slope cutting of soil-rock mixed slope, the surface soil layer is the first to slip, and the soil sliding process interrupts the underlying broken rock layer; moreover, as the scale of sliding rises, the underlying broken rock layer incidentally slides together.
The surface of the broken rock layer in the rocky-soil mixed slope is rough, which stops the sliding, and the sliding trend of the slope is relatively small after the slope cutting. The junction of incompletely and fully consolidated soil, with a high coefficient of friction between the soil layers, is the possible sliding surface of a thick-soil slope. The residual slope deposit on the surface is the possible landslide body of the thin-soil slope. The residual slope deposit loses its support near the slope toe and slips over the bedrock surface after the slope is cut. The stability of cut slopes on different structural types of slopes is weakened to different degrees, with thin-soil slopes being the toughest, thick-soil slopes the second toughest, and rocky-soil mixed slopes the weakest.
An engineering cut slope causes the slope to lose toe support, resulting in the sliding force of potential landslide body being greater than the maximum static friction, and the slope changes from stable to unstable state. Therefore, an engineering cut slope is the main initiating factor of landslide disaster. The rainwater infiltration will reduce the strength of the soil, increase the self-weight of the soil, and promote the formation of landslide hazards. Slopes of different structural types are affected by shear slope to different degrees, with thin-soil layer slopes being affected to the highest degree, followed by thick-soil layer slopes, and rocky-soil mixed slopes being affected to the lowest degree. The relationship between the contributing factors and slope instability is shown in Figure 12.
[image: Figure 12]FIGURE 12 | Network diagram of the relationship between disaster-causing factors and slope failure.
CONCLUSION
In this research, Cangxi County was used as the research area, and the threshold values of the disaster-causing indicators of engineering slope cutting in the region were determined based on survey data and numerical simulations. The following conclusions were drawn:
1) In Cangxi County, there are a total of 108 engineering cut slope points, of which 32 have caused disasters and 76 are less stable. The slope cutting points are mainly distributed in urban areas and towns, and the rural distribution is relatively small. The height of the cut slope is 4–20 m, mainly concentrated in 5–7 m, and a total of 78 sites were developed, accounting for 72.2% of the total number of surveys. Thin-soil, thick-soil, and rocky-soil mixed slopes are the three types of slope structures in Cangxi County. The impact of slope cutting on the stability of slopes of various structural types varies, with mixed rocky-soil slopes being the most robust, followed by thick-soil slopes, and finally thin-soil slopes.
2) Slope cutting reduces the slope’s inherent stability, leading to a lack of toe support, which is the primary cause of disaster. Furthermore, rainwater infiltration reduces the strength of the soil, increases the self-weight of the soil, and promotes disaster formation as the main driving factor.
3) The theoretical threshold value of slope cutting height and slope cutting gradient is determined through a numerical simulation, and 75% is suggested as the threshold value, which is used to guide the engineering slope cutting in the red-layer area. Table 3 presents the slope cutting thresholds for the three slope structure types.
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Bedrock Natural 21 10,320 0241 5,620 5347
Heavy rain 26 8,130 0240 4930 49.96
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Slope structure ‘Working X Shear strain Block state

type condition displacement (m) increment
Thin-soil layer slope ~ Natural 302 800 x 107 Tensile damage at the slope toe
Heavy rain 376 156 x 107 Tensile damage and shear damage and shear tensile damage at
the slope toe
Thick-soil layer slope Natural 274 7.74 x 107 Tensile damage at the slope toe
Heavy rain 288 891 x 107 Shear damage and shear tension damage at the slope toe
Rocky-soil mixed slope  Natural 224 546 x 107 Tensile damage at the slope toe

Heavy rain 231 5.56 x 10 Tensile damage at the slope toe
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