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Due to the uncertainty in soil landslide failure mechanisms, lack of early warning systems for soil landslides and adoption of improper excavation configurations, soil landslides accidents triggered by highway excavation in Chinese mountainous areas generally require expensive remedial measures. This paper describes a soil landslide associated with excavation through integrating field reconnaissance and finite element method simulation. According to the obtained results, the adoption of toe excavation and the presence of a silty clay layer are the two main factors contributing to the failure of the soil landslide, and a strong negative correction was observed between the toe excavation and surface displacement and the safety factor of the investigated cut slope; therefore, a four-level early warning system for this excavation-induced soil landslide was established by employing toe excavation and surface displacement thresholds as the warning indicators. Lastly, a preferable excavation configuration was proposed to facilitate excavation designs in similar landslide-prone areas.
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1 INTRODUCTION
Cut slopes have been extensively developed during highway construction in mountainous areas, some of which failed due to improper excavation accidently, accounting for half of all casualties related to highway construction in mountainous areas (Hiraoka et al., 2017) and resulting in considerable additional investment and time for implementing measures to prevent such excavation-induced landslides (Li et al., 2011; Zhang et al., 2015; Lin et al., 2017; Khanna and Dubey, 2020; Gao et al., 2022). The stability and failure mechanisms of cut slopes under toe excavation unloading conditions are critical issues that have been researched by many scholars. Among the three important highway cut slopes developed in the Uttarakhand Himalayan terrain, the most unstable cut slope had a safety factor less than unity according to finite element method (FEM) modelling (Pradhan et al., 2018). Ten road cut slopes developed during excavation in the Kullu area of India were characterized as having a low stability (Khanna and Dubey, 2020). The critical excavation depth for two idealized jointed rock slopes was investigated using a face-to-face discrete element method (Li et al., 2007). The influence of the excavation unloading path and rate on the slope stability was analysed in detail (Li et al., 2014; Won, et al., 2014; Wang et al., 2020). The influence of slope shape on the stability of soil slopes has been studied, revealing that slope stability is negatively correlated with the slope ratio under constant slope height conditions (Wu and Wang, 2020). The excavation dynamic load-increasing displacement response ratio, obtained by using the FEM strength reduction method, was proposed to evaluate the stability of an ancient landslide during toe excavation (Wu et al., 2022). The failure mechanisms associated with cut slopes, including progressive failure (Zhang et al., 2014; Mohammadi and Taiebat, 2016; Zhao and Zhang, 2018), translational failure (Stark et al., 2005; Xue et al., 2018; Zhu et al., 2021), toppling failure (Zhu et al., 2020), and arching failure (Fang et al., 2022; Fang et al., 2023) have been explained via indoor modelling tests and numerical simulations. However, exploring the failure mechanisms of highly susceptible cut slopes during excavation is still necessary due to complex slope materials, complex geological conditions, variations in climate, etc.
Early warning for landslides is highly important (Medina-Cetina and Nadim, 2008; Thiebes et al., 2014; Manconi and Giordan, 2015; Liu et al., 2024; Zhang et al., 2024), and early warning systems have been designed for specific sites (Intrieri et al., 2012; Michoud et al., 2013; Dikshit et al., 2019), with critical warning parameters that vary depending on the type of landslide and failure mechanism (Lacasse and Nadim, 2009; Manconi and Giordan, 2015). For instance, the empirical waning model for predicting the failure of rainfall-induced landslide mainly depends on the functional relationship between rainfall measurement and landslide events (Mirus et al., 2018; Chen et al., 2019). A site-specific landslide early warning model for predicting the progressive slope instability is focused on deformation rate, rate increment and tangential angle of surface displacement (Ju et al., 2020). What’s more, the initial deformation pattern of the landslide was utilized as a predictor for the final global failure (Dick et al., 2015; Intrieri et al., 2018). The multiple warning levels are essential components of the warning model (Pecoraro et al., 2019; Guzzetti et al., 2020). However, due to individual differences in the characteristics and failure mechanisms of different slopes, the design of warning models, including thresholds with warning levels, remains a complex issue, and there is no uniform design standard worldwide (Pecoraro et al., 2019). For excavation-induced landslides, the relationship between the amount of excavation associated with slope behaviours can be accurately established using numerical simulations incorporating detailed field reconnaissance (Xue et al., 2018; Wu et al., 2022); therefore, an early warning system should be established accordingly. However, there are a few studies on the early warning system of soil slopes under roadway excavation.
This paper focuses on a soil landslide case involving toe excavation, which poses a considerable threat to the safety of the construction of National Highway 351. The aim of this study is to provide key information for the mitigation of future landslides via an analysis of the possible evolution and mechanisms of slope failure. Field reconnaissance, including geological surveys, drilling surveys and in situ deformation monitoring and laboratory tests of slope materials extracted from boreholes were carried out. A series of FEM analyses considering different excavation configurations was also completed. With the field reconnaissance and FEM simulation results, the influence of excavation on slope stability was evaluated, and the failure mechanism of the soil landslide was explored. Furthermore, an early warning system was preliminarily proposed for reducing the risk of landslides. Finally, a reasonable excavation configuration was discussed to provide a reference for the treatment of similar soil landslides.
2 STUDY AREA
The study area (Figure 1) is characterized by a mountainous hilly terrain with altitudes ranging between 130 and 350 m and slope angles ranging between 15° and 20°; vegetation coverage is common here. The study area experiences four distinct seasons and abundant rainfall, with 140 annual average rainy days, an average precipitation of 1762.1 mm, and a historical maximum daily precipitation of 289 mm. The rainy season is from April to June, and the dry season in this area is from July to October. During September 2019, the large highway excavation for National Highway 351 was completed, and some evidence of deformation of cut slope was clearly found, including a series of large transverse tension cracks in the slope crown (Figure 2A) and an obvious shearing outlet at the excavated slope toe (Figure 2B). The angle between the sliding direction and highway direction was approximately 35° (Figure 3). The deformation and failure of this excavated slope seriously threatened the safety of highway construction; therefore, special attention should be given to the failure mechanism and corresponding mitigation measures of this cut slope.
[image: Figure 1]FIGURE 1 | Location of the study area.
[image: Figure 2]FIGURE 2 | Evidence of deformation of cut slope. (A): A tension crack in the crown, (B): A shearing outlet at the toe.
[image: Figure 3]FIGURE 3 | Geological map of the soil landslide.
3 INVESTIGATION METHODOLOGY
Site investigations, including geological surveys, drilling surveys, and surface and deep displacement monitoring, were rapidly conducted after the occurrence of obvious deformation of the excavated slope. Four boreholes, ZK1, ZK2, ZK3 and ZK4, were drilled in the excavated slope, as shown in Figures 3, 4. According to the drilling data, from the surface downward, the composition of the excavated slope include the following materials: (1) the first cohesive soil layer, mixed with substantial crushed stones with particle diameters of 2–6 cm, greyish–yellow and yellowish–brown, 2.6–10 m thick; (2) the silty clay layer, purplish–red, 3.1–5.5 m thick, easily broken when pinched by hand, indicating that this soil layer has a low strength; (3) the second cohesive soil layer, mixed with massive crushed stones with particle diameters of 4–10 cm, purplish–red and greyish–white, 1.8–13.1 m thick; and (4) highly and moderately weathered fractured sandstone, greyish–yellow and cyan–grey, respectively, with a recorded maximum depth of 32.6 m. No groundwater was found in the four boreholes. According to the results of the geological and drilling surveys, the deformed excavated slope is a soil landslide with a longitudinal length of 110 m, a horizontal width of 50 m, an average thickness of 8.5 m, an area of 4,500 m2 and a volume of 3.6×104 m3.
[image: Figure 4]FIGURE 4 | Geological profile AA’ of the excavated slope. Its location is shown in Figure 3.
Deep displacement monitoring was immediately conducted to evaluate the stability of the excavated slope. Two inclinometers were installed in boreholes ZK2 and ZK4 to detect the deep displacement of the excavated slope and the position of the potential sliding surface. The recorded surface displacements show that the excavated slope continued to deform at a rate of approximately 1.43–3.16 mm per day. The continuously recorded deep displacements for the 15 days before the mitigation project are shown in Figure 5. Notably, the excavated slope experienced progressive deformation; moreover, the magnitude of displacement of the leading edge of the slope was significantly larger than that of the trailing edge, indicating that the deformed excavated slope was a traction-type soil landslide. According to the deep displacement monitoring data, a sliding surface was clearly identified in the silty clay layer at depths of 8 m and 13.5 m in boreholes ZK2 and ZK4, respectively. The identified sliding surface is shown in Figure 4. The above site investigation results show that the excavated slope continuously slid at a relatively slow rate along the sliding surface developed in the silty clay layer; thus, necessary measures should be carried out to mitigate further issues.
[image: Figure 5]FIGURE 5 | Horizontal displacements of the excavated slope before the emergency treatment project.
As revealed by the site investigation, the excavated slope consists of the first cohesive soil layer, the silty clay layer, and the second cohesive soil layer between the ground surface and the bedrock, and it was progressively deformed along the silty clay layer. Laboratory direct shear tests of undisturbed specimens of silty clay and two kinds of cohesive soils extracted from borehole ZK1 were performed to determine their shear strength parameters by using a ZJ-2 strain-controlled direct shear apparatus. The obtained test results are shown in Table 1. The shear strength parameters of the silty clay layer are much lower than those of the two kinds of cohesive soils. Accordingly, the poor shear strength of the silty clay layer in the excavated slope is unfavourable for slope stability.
TABLE 1 | Material properties used in the slope stability analysis.
[image: Table 1]4 FEM STABILITY ANALYSIS CONSIDERING EXCAVATION
To reproduce the deformation evolution of the studied slope from before to after highway excavation and to evaluate the corresponding slope stability, ultimately, to explore the genetic mechanism of the deformed slope, 2D FEM analysis incorporating stability analysis was conducted by using Sigma-W software and Slope-W software (GEO-SLOPE International Ltd., 2007). In the Sigma-W analysis, the deformation evolution of a slope can be clearly highlighted, and the potential sliding surface can be determined by the maximum shear strain (Li et al., 2013; Xue et al., 2018). In the Slope-W analysis, a FEM stress-based method is used to calculate the factor of safety FoS for the slope during the deformation evolution process. Special attention should be given to the silty clay layer in this case study due to its shear strength being lower than that of the surrounding cohesive soil layers, indicating that the sliding surface is more likely to develop along the silty clay layer. Thus, the accuracy of the critical failure surface in Slope-W should be verified by the maximum shear strain in Sigma-W.
The physical and mechanical parameters of the slope materials were determined via laboratory tests and are shown in Table 1. Figure 6 represents the FEM mesh for the original slope. No horizontal displacement boundaries are set along the left and right side boundaries, and no horizontal and no vertical displacement boundaries are set along the bottom boundary of the model. The excavation process is modelled using an unloading element in Sigma-W. The model materials are assumed to comply with the Mohr‒Coulomb failure criterion in Sigma-W. The initial stresses of the Sigma-W model are gravity stresses. The simulation starts with the original slope, and subsequent excavations, including toe excavation for highway construction and global excavation for treating the deformed slope, are performed in six steps.
[image: Figure 6]FIGURE 6 | 2D FEM mesh for the original slope.
The original slope is in a stable state with a FoS of 1.217, which has no shear deformation in the silty clay layer (Figure 7A). However, the slope stability gradually decreases during the three-step excavation process at the toe, the maximum shear deformation initially occurs in the silty clay layer (Figure 7B), and then propagates towards the toe of excavated slope as the toe excavation increases significantly (Figure 7C). After the first excavation (i.e., toe excavation) is completely constructed, the final excavated slope is approximately in a limit equilibrium state with a FoS of 1.008, and a well-developed sliding surface occurs ultimately (Figure 7D). The above results indicate that toe excavation significantly reduces the slope stability. The initiation and propagation progress of the sliding surface in the excavated slope shows that the weak silty clay layer essentially facilitates the deformation of the slope under toe excavation conditions. The horizontal displacements of the slope after toe excavation were also calculated by FEM software. Two typical horizontal displacement profiles are shown in Figure 8, which shows that the horizontal displacements of the upper excavated slope are obviously smaller than those of the lower slope, indicating traction deformation characteristics. The FEM analysis results are in good accordance with the results of the site investigation, although the FEM-based displacements are slightly less than the inclinometer measurements.
[image: Figure 7]FIGURE 7 | The factor of safety FoS for the slope before and after the first excavation (i.e., toe excavation which is developed in three steps). (A): No excavation, (B): 1st-step excavation, (C): 2nd-step excavation, (D): 3rd- step excavation.
[image: Figure 8]FIGURE 8 | The horizontal displacements of the cut slope after toe excavation from FEM simulation and inclinometer measurements.
To completely remove the threat of the deformed slope, a global excavation scheme for the deformed cut slope was designed (Figure 4), which included five-stage excavations from the top to the toe of the deformed slope, i.e., Exca. 2, Exca. 3, Exca. 4, Exca. Five and Exca. 6 (Figure 6). A series of FEM slope stability analyses was conducted utilizing the preexisting sliding surface in the deformed slope before Exca. 6, whereas the critical sliding surface identified by Slope-W software was used when the deformed slope was completely dug out after Exca. 6. Figure 9 represents FoS for the excavated slope versus the ratio of cumulative excavation to the deformed slope. In this figure, the FoS for the excavated slope gradually increases from 1.008 to 1.85 with increasing excavation of the deformed slope before Exca. 6, ultimately reaching 1.613 after Exca. 6. The above significant increase in FoS confirms that global excavation from the top to the toe of the deformed slope is a remarkably effective emergency mitigation measure, greatly improving the stability of the deformed slope.
[image: Figure 9]FIGURE 9 | The factor of safety FoS for the excavated cut slope during global excavation.
5 FAILURE MECHANISM OF THE CUT SLOPE
According to the results of the FEM analysis and site investigation, inappropriate toe excavation of the slope, which reveals the weak clay silty layer, creates a larger free surface, and decreases the anti-sliding force, leads to the sliding deformation of the cut slope. Moreover, the weak clay silty layer easily evolves into a sliding surface due to its low shear strength, as revealed by the FEM and inclinometer results, and the cut slope progressively deforms along the weak clay silty layer (see Figure 7). It is reasonable to conclude that the main factors contributing to the deformation of the cut slope are adoption of toe excavation and the presence of a weak silty clay layer. According to the Varnes classification of landslide types (Hungr et al., 2014), a deformed slope is a progressively retrogressive soil landslide. The geo-mechanical model of cut slope failure can be defined as traction creeping-sliding tensile-cracking model, which is shown in Figure 10. Such soil landslides are typically characterized by greater deformation in the lower slope than in the upper slope, as demonstrated by Figures 8, 10, which is conducive to the early warning and prevention of such landslides. For this case study, considering these typical characteristics, global excavation from the top to the toe of a deformed cut slope is an effective emergency mitigation measure for guaranteeing the stability of the final cut slope.
[image: Figure 10]FIGURE 10 | The geo-mechanical model of cut slope failure.
6 EARLY WARNING OF THE CUT SLOPE FAILURE
As mentioned above, the deformation of a slope with a weak clay silty layer caused by toe excavation for highway construction was an unpredictable landslide incident, indicating the importance of a landslide early warning system aimed at protecting construction personnel and equipment during the process of toe excavation. Therefore, an early warning system for this kind of landslide is specifically designed by integrating the results of FEM simulations and field monitoring. In this study, the determination of the early warning level is based on the factor of safety of slope FoS, which is universally applied to evaluate slope stability. As shown in Figure 7, toe excavation with a cut slope ratio of 1:1 significantly decreases the slope stability; thus, toe excavation is clearly a key factor to consider in early warning efforts. Considering different degrees of toe excavation, many additional FEM simulations were performed. The obtained factor of safety of the slope FoS and the horizontal displacement related to toe excavation is shown in Figure 11. A strong negative correlation between the slope stability (FoS) and the progress of toe excavation was clearly observed, demonstrating the disadvantageous impact of toe excavation on the slope stability. In addition, the calculated displacement shows a three-stage deformation characteristic to some extent: the initial deformation stage, during which the factor of safety FoS is greater than 1.1; the constant deformation stage, during which the factor of safety FoS ranges from 1.05 to 1.1; the accelerated deformation stage, during which the factor of safety FoS ranges from 1.05 to 1.0; and the failure deformation stage, corresponding to a factor of safety FoS less than 1.0. According to the obtained FoS threshold for each level of slope stability, the threshold of toe excavation for the corresponding early warning level were computed. For example, when the excavated slope reaches the limit equilibrium state (FoS =1.0), the threshold of toe excavation equals 171.43 m2; once this threshold is exceeded, a landslide occurs. Ultimately, considering the peculiarity and importance of highways, referring to the methods proposed by Xu et al. (2009, 2011, 2016) and Fan et al. (2019), a preliminary early warning system for the excavation-induced landslide of the studied slope with a weak layer was developed based on the above two early warning parameters, as shown in Table 2. Corresponding countermeasures are recommended for each warning level.
[image: Figure 11]FIGURE 11 | FEM results of slope stability and displacement with respect to toe excavation in the case of a cut slope ratio of 1:1; the excavation line is shown in Figure 6.
TABLE 2 | Outline of the early warning system for excavation-induced soil landslide with a weak layer.
[image: Table 2]The main features of early warning system are the choice of the warning levels. Here four levels were suggested as the optimum solution because more levels would require the identification of more thresholds without considerable improvement and thus cause a meaningless loss of simplicity, compromising the whole system (Intrieri et al., 2012). Furthermore, increasing the number of warning levels can be less cost-effective (Medina-Cetina and Nadim, 2008). The selection of appropriate thresholds is highly important. At present, the toe excavation data, along with the factor of safety FoS, were exploited as warning threshold because of the good correlation between the amount of excavation and displacement observed (see Figure 11). According to the acceptable risk criteria (Xu et al., 2011), the above thresholds are straightforwardly defined, incorporate four different levels, and are representative of the landslide behavior. Note that the alarm level can be scarcely reached due to manual treatment measures implemented before imminent landslide failure.
The excavation-induced landslide warning platform design is still in progress, configuring the web-based visualization of site-specific landslide monitoring system, FEM slope stability calculations corresponding to actual toe excavation, and the web notification service which automatically sends mobile SMS and email messages to subscribers when pre-defined warning thresholds are exceeded. Note that only historical excavation prediction was available for this case study, and no practical early warnings can be issued. Thus, the presented warning models are empirical currently, and would be validated in future similar cut slopes.
7 DISCUSSION
Like most landslide early warning systems implemented elsewhere, the implementation of warning models presented uses thresholds based on monitored landslide characteristics to issue warnings. Uncertainties of warning models exits inevitably because it is significantly difficult to define the accurate warning thresholds (Intrieri et al., 2012; Thiebes et al., 2014). According to the clear understanding of failure mechanism of this specific cut slope case, warning thresholds are confidently defined relying on a good correlation between toe excavation and actual surface displacement and the slope stability. In this study, through integrating the FEM slope stability analysis model into the warning model, the future safety status of the investigated cut slope can be reliably predicted based on the actual monitoring displacement and toe excavation, therefore, the warning models presented is deemed effective, even though no actual early warnings have yet been issued. However, this study still needs further investigation. Only one specific cut slope case investigated is insufficient. In order to refine the warning thresholds and reduce the frequency of false alarms, it is necessary to accumulate and analyze a larger number of similar cut slope cases.
As stated above, inappropriate toe excavation caused slope deformation, and the global excavation of the deformed slope would be effective for improving the stability of final excavated slope. However, it is important to consider that such global excavations of deformed slopes result in large volumes of materials, are expensive, are environmentally unfriendly, and may even unexpectedly induce secondary geological hazards under unfavorable geological and/or environmental conditions. Thus, appropriate excavation is essential for highway cut slopes, which should be further investigated. Pre-reinforced piles in front of such slopes have been proposed to temporarily or permanently restrain the potential slope deformation caused by toe excavation (Lirer, 2012; Xue et al., 2018). For this case, an additional excavation scheme was redesigned for FEM modelling (Figure 7). Scheme 1: Excas. 2, 3, and four are initially constructed, and Exca. 1 (toe excavation) is later constructed; Scheme 2: Only Exca. 1 is constructed after the installation of one row of pre-reinforced piles with a spacing of 5 m, a length of 20 m, and a cross-sectional area of 2 m × 3 m. The material properties are listed in Table 1.
After several series of FEM calculations, the maximum shear strain and the factor of safety FoS results for the excavated slope were obtained for the two schemes, as shown in Figure 12. Figures 8B, 12 show the position of the potential sliding surface can be directly influenced by the configuration of excavation; a well-developed sliding surface occurs for the original scheme (only toe excavation), whereas a poorly continuous sliding surface is formed for Scheme 1 and 2. Their respective slope stabilities are obviously distinct. Among them, Scheme 1, with the lowest maximum shear strain, corresponds to the largest factor of safety FoS, which is equal to 1.284. The factor of safety FoS for Scheme 2 using pre-reinforced piles to increase the slope stability is 1.144. According to the code for geological investigation of the landslide prevention, Scheme 1 satisfies the safety requirements. Accordingly, Scheme 1 is a preferable excavation scheme, as it ensures that the excavated slope is stable and is more cost-effective and environmental friendly than the global excavation scheme mentioned above.
[image: Figure 12]FIGURE 12 | FEM results of the excavated slope stability for different schemes. (A): Scheme 1: Excas. 2,3,4 are initially constructed, and Exca.1 is finally constructed, (B): Scheme 2: Exca.1 is constructed after pre-reinforced pile installation.
8 CONCLUSION
A case study of a soil landslide experiencing obvious deformation during excavation for the construction of National Highway 351 was performed in this paper on the basis of detailed field reconnaissance and FEM simulations. The main conclusions are summarized as follows:
1. The occurrence of soil landslide are mainly attributed to the adoption of toe excavation and the presence of a silty clay layer. Detailed field reconnaissance of the slope prior to excavation is essential for minimizing the exposure of poor soil layer, thereby preventing potential landslides.
2. Toe excavation and surface displacement are adopted as warning indicators, and a four-level early warning system was established for further excavation-induced soil landslide. Thresholds of toe excavation and surface displacement for each warning level are defined depending on the resulting slope stability.
3. Top excavation prior to toe excavation, rather than global excavation of a soil landslide, is preferable for guaranteeing the required slope stability, because the global excavation could trigger new secondary landslides, especially when exposing unfavorable geological structures such as weak layers.
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