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High slope stability control is a crucial technical issue in water conservancy and hydropower project construction. This issue is relevant throughout the entire engineering-related survey, design, construction, and operation process. This paper reports a recent case in which significant deep-seated deformation occurred during slope excavation. Several unfavorable structural surfaces were revealed throughout the slope’s undercutting process, particularly fault fz39, which ran diagonally through the entire slope from top to bottom. On the slope surface, damage such as cracking, bulging, and local slippage appeared. The measured value of multipoint displacement meters increased in a stepwise pattern with each blast, and the maximum measured value exceeded 100 mm. The studied slope’s whole excavation and reinforcement process is described in detail. We analyzed the deformation mechanism of the excavation slope by combining the geological conditions, real-time safety monitoring findings, and site deformation characteristics. The slope reinforcement scheme was optimized based on the preceding analyses. We used a three-dimensional numerical calculation program to simulate the slope excavation and unloading process to reproduce the current mechanical state of the slope, evaluate the reinforcement measures, and provide a useful reference for decision making. The analysis shows that the deformation behavior of the studied slope is closely related to fault fz39 and fracture L920, and presents a typical wedge failure mode. The deep-seated deformation of the excavation slope occurs at the junction of the wedge and bedrock, which is mainly affected by unfavorable geological structure surfaces, excavation unloading, and blasting vibration. The reinforcement scheme of unloading at the top of the slope and large-tonnage cables are established. The numerical analysis results showed that the design of the slope reinforcement measures was appropriate and ensured slope stability. The work described in this paper deepens our understanding of the occurrence of large deep-seated deformation on the structural-controlled slope under the action of excavation and improves the design philosophy.
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INTRODUCTION
High rock slopes are the main geological environment found in large-scale hydraulic projects, such as the Three Gorges Project, the Southwest Large Hydropower Group, and the Hanjiang-to-Weihe River Valley Water Diversion Project. Most of these projects are located in high mountain valley areas with steep valley slopes, high in situ stress in the riverbed, complex geological structures, and frequent geological disasters, including landslides. The excavation scale of engineered slopes is large and requires multiple blasting excavations over a certain period. The unloading mechanism of slope excavation is complex, which may aggravate or trigger new landslide disasters. For example, the resurrection of ancient landslides occurred in Tianshengqiao II Hydropower Station because of blasting excavation of the plant slope (Xia and Lu, 1986); 106,000 m3 of landslides occurred during the excavation of the left bank slope of Manwan Hydropower Station (Liu, 1990); buckling failure of the Dabengliugou Stockyard Slope of Jinping I Hydropower Station occurred because of excavation (Dong et al., 2013); toppling failure of antidip layered rock high slope occurred at the left bank intake of Longtan Hydropower Station (Zhou, 2015); the wedge-shaped rock block failure during the excavation of the Tongjiashan reach of the Qinhuai East River in Nanjing (Qin et al., 2022); and a landslide occurred on the left bank of Vajont Reservoir, Italy, triggered by water storage (Mantovani and Vita-Finzi, 2003).
Landslide control is the key to the construction and safe operation of projects. Several scholars have analyzed the key factors leading to landslides (Ersmann, 1979; Petley and Allison, 1997; Huang, 2008; De Blasio, 2011). Rock mass structure is one of the most important conditions for landslide formation. Huang (2007) summarized and analyzed large-scale landslides in China since the beginning of the 20th century. Qiao (2002) summarized 14 main structural types of landslides. In slope excavation research, qualitative and quantitative studies have been conducted on rock stress and rock structure changes, unloading mechanical properties, crack growth and properties evaluation of the rock materials, intrinsic models and yield criteria, slope evolution, and disaster-causing mechanisms during engineering unloading (Ha, 1997; Sheng et al., 2000; Wyllie and Mah, 2004; Zhou et al., 2004; Lu et al., 2013; Ersöz and Topal, 2018; Yang et al., 2019; Zheng et al., 2019; Yang et al., 2020b; Yang et al., 2021c). In slope-blasting excavation research, Lu et al. (2008) studied the transient characteristics of excavation unloading. Onederra et al. (2013) simulated fully coupled explosive blast-induced hazards, and Hu et al. (2018) conducted a numerical experimental study on blasting damage control. The main objective of landslide control is to reduce the sliding force or increase landslide resistance (Segalini and Giani, 2004; Petley et al., 2005; Wei et al., 2006). Regarding landslide control, Zhang et al. (2002) and Dai (2002) carried out theoretical and experimental studies on the interaction between landslides and antislip piles. Ge and Liu (1988), Li (2010), and Zhu et al. (2021) carried out theoretical studies on the interaction mechanism between prestressed anchor cables and landslides, and Gu et al. (2000) and Zhu et al. (2017) carried out relevant studies by experiments. In terms of slope stability analysis, the limit equilibrium method and numerical analysis methods have been further developed (Giani, 1992; Donald and Chen, 1997; Dawson et al., 1999; Chen et al., 2001; Zheng and Zhao, 2004; Zheng, 2007; Zhu and Qian, 2007; Yang et al., 2020a; Yang et al., 2021a; Yang et al., 2021b).
Overall, research on the excavation and unloading process of high rock slope is still based on qualitative and semiquantitative studies, which focus mainly on slope stability analysis, scheme optimization, and control effects. The disaster-causing mechanism, phased control of the evolution process, and control methods based on real-time monitoring information, however, still require further research. This paper introduces a case study of the rock slope at Huangjinxia Water Control Project. In the process of slope excavation, unfavorable structural surfaces such as fz39 and L920 were revealed. Deformation phenomena, such as cracking and bulging, appeared on the excavated face, and tension cracks occurred at the rear edge of the origin slope. In addition, the monitoring data showed that the deformation was mostly located in the deep part of the slope and jumped in a stepwise growth after each blast. As of June 2019, the maximum measured deformation value had exceeded 100 mm. The entire excavation and reinforcement process of the studied slope are detailed in this paper. On the basis of real-time safety monitoring, we categorized the deformation process into three stages, and each stage included the processes of “excavation–deformation and damage–verification–reinforcement–deformation convergence.” These stages provide insight into issues related to rock slope stability. Finally, we simulated the excavation process of the slope by numerical analysis to reproduce its current mechanical state and evaluate subsequent reinforcement design. This successful case study involving large, deep-seated deformation control of an excavated slope improves design philosophy and provides valuable references for the design and construction of similar projects.
AN OUTLINE OF THE STUDIED SLOPE
Project Overview
The Hanjiang-to-Weihe River Valley Water Diversion Project, also known as the South-North Water Transfer Project in Shaanxi Province, is the first water transfer project to have crossed the Yellow River Basin, the Yangtze River basins, and the Qinling Mountains (Figure 1). The project diverts water from the Hanjiang River into the Weihe River. The major projects include the Huangjinxia Water Control Project, Sanhekou Water Control Project, and Qingling Water Tunnel. The Huangjinxia Water Control Project is one of the main water sources for the whole project, which is located in the upper reaches of the Hanjiang River. The major structures consist of water-retaining, water release, pumping station, power station, and navigation structures. The water-retaining building is a concrete gravity dam with a crest elevation of 455 m and a maximum dam height of 63 m. The pumping station and power station are located on the left bank of the river. The riverbed pumping station and the hydropower station behind the dam are placed forward and backward along the flow direction, respectively.
[image: Figure 1]FIGURE 1 | Schematic diagram of the project.
Design of the Study Slope
The object of study was the slope of the pump station and power station inlet of the Huangjinxia Water Control Project (Figure 2A). The slope is located along the left bank, from 16.8 to 162.9 m upstream of the dam axis. According to the Design Code for Engineering Slopes in Water Resources and Hydropower Projects (The Water Conservancy Standards Compilation Group of the People’s Republic of China, 2007a), the slope grade is Grade 1. In the preliminary design stage, no controlling structural surfaces, such as fz39 and L920, were found on the slope. The basic principle of slope design is to ensure the stability of strongly weathered rock mass. The design scheme of the slow follows (Figure 2B):
1. The maximum height of the excavation slope was 133.4 m. The top elevation was approximately 540 m, and the lowest elevation was 406.6 m. The middle of the excavated slope was Highway 1 with an elevation of 455 m. The slope above Highway 1 was 85 m in height, which was excavated in five levels, and the design excavation slope ratio was 1:0.4–1:0.7. The slope below Highway 1 was 48.4 m in height, which was excavated in three levels, and the designed excavation slope ratio was 1:0.3–1:0.7.
2. The support measures included system anchors, mat reinforcement, and shotcrete. In addition, two rows of cables with a length of 25 m and a prestress of 1,000 kN were arranged on the slopes with an elevation of 519–502 m and an elevation of 502–485 m.
3. The drainage measures included drainage holes with a length of 4 m, and two rows were arranged on each stage slope.
[image: Figure 2]FIGURE 2 | Basic situation of the study slope: (A) covering range; (B) original design.
Geological Conditions
Lithology
The studied slope was located at a protrusion between two small gullies, revealing a three-sided empty shape. The natural slope was 290–313° in direction and 37–45° in slope angle. The strata were mainly Early Proterozoic Qingbaikou diorite invaded by felsic dykes and monzonitic granite dykes. The strongly weathered rock masses were mainly distributed above 485 m in elevation and generally had a fractured structure. The rock fractures were extremely developed, and the cores were mostly fragmented.
Geological Structure
The results of statistical analysis showed that four main groups of structural surfaces had developed on the studied slope. The distribution of representative structural surfaces is shown in Figures 3A,B.
1. Strike direction NNW group: These structural surfaces were inclined to the upstream riverbed side, which were most developed at the slope. Their orientation was on average 255°–270°∠60°–270°; the intersection angle with the slope was on average 55°–70°. The developmental spacing was generally 0.5–2.0 m, with representative ones being long fractures L919 and L920.
2. Strike direction NEE group: Their orientation was on average 160°–180°∠ 60°–80°; the intersection angle with the slope was on average 20°–30°. These structural surfaces were nearly parallel to the slope direction and inclined to the downstream riverbed side, and representative ones were small faults fz46 and fz54.
3. Strike direction NE group: Their orientation was on average 120°–150°∠35°–55°. The number of structural surfaces in this group was small, but they generally were developed on a larger scale, such as fault fz39.
4. Strike direction NWW group: Their orientation was on average 10°–30°∠45°–75°. These structural surfaces were nearly parallel to the slope direction and inclined toward the inside of the slope. Mainly monzonitic granite dykes were dominant.
[image: Figure 3]FIGURE 3 | Distribution of main structural surfaces: (A) photograph; (B) geological sketch.
Characteristics of Main Structural Surfaces
Fracture L920 developed at an elevation of 502 to 455 m. The orientation was on average 265°–270°∠55°–67°. The fracture planes were generally planar and infilled with debris and locally attached with mud films. Below an elevation of 485 m, the developmental spacing was generally 0.2–0.5 m (Figure 4A).
[image: Figure 4]FIGURE 4 | Photographs of main structural surfaces: (A) fracture L920; (B) fault fz39; (C) mud of fault fz39.
Fault fz39 was the largest fault revealed by slope excavation (Figure 4B), which ran through the whole slope from top to bottom. Its extension length was more than 150 m, and its width was approximately 0.1–0.3 m. The orientation was on average 145°∠46°–52° (the branch fault fz39-1 below the elevation of 470 m: 136°–144°∠43°–47°). The intersection angle with the slope was on average 51°–55°. The fault inclined toward the downstream riverbed side, which was an extroverted structural surface with a medium dip angle. According to the direction of scratch and step, fault fz39 was a positive translation fault. The fault was mainly cataclastic rock, and mud attached to the fault surface or local mud phenomenon was a severe problem (Figure 4C). The mud thickness was generally 1–3 cm and could reach 10 cm locally. Overall, the physical and mechanical properties of fault fz39 were very poor.
Hydrogeology
The groundwater type of the slope was mainly bedrock fracture water. The excavation faces were dry. Through drainage holes, boreholes, and anchor holes, we found that the groundwater was located below an elevation of 470 m and was buried at a shallow level inside the slope. The horizontal depth of the water table was 15–25 m—thus, the lower the elevation, the shallower the depth of burial.
BEHAVIOR OF THE SLOPE ROCK MASSES
Construction Process of the Slope
The slope was excavated mainly by presplitting blasting (Figure 5). The presplitting hole and buffering hole were designed as inclined holes according to the excavation face, and the main blasting hole was designed as a vertical hole with a depth of 7.5 m. For each stage of the slope, the presplitting holes were formed once, and the main blasting holes were formed by blasting in two steps.
[image: Figure 5]FIGURE 5 | Blasting excavation method.
The excavation of the slope started in November 2015. By May 2016, the excavation of the slope above an elevation of 485 m was finished. The construction of the slope was suspended until April 2018, and construction resumed on April 9, 2018. Then, until May 9, 2018, the slope at an elevation range of 485–470 m was excavated in place. From July 2018 to March 2019, the excavation of the slope at an elevation range of 470–455 m was finished, during which time six blasts were carried out. As of June 2019, the slope above Highway 1 (elevation 455 m) had been excavated completely, and a total of five sets of multipoint displacement meters (M18-22ZPR) and nine sets of anchor dynamometers (D01ZBP, D10–17ZPR) had been installed.
Deformation and Failure Process of the Slope
The main deformation process of the excavation slope was categorized into three stages (Figure 6A), and each stage included to the process of “excavation–deformation and damage–verification–reinforcement–deformation convergence.” Curves of the maximum deformation vs. time of multipoint displacement meters are shown in Figure 6B. The arrangement of the monitoring instruments, as well as the time and range of each blast, are shown in Figure 6C.
[image: Figure 6]FIGURE 6 | Deformation process of the excavation slope: (A) three stages; (B) deformation curves; (C) range of each blasting.
Stage 1
After excavation of the slope in the elevation range of 485–470 m, we found cracks on the inner side of the road at an elevation of 502 m, and three horizontal cracks appeared on the excavated face above an elevation of 519 m. On July 8, 2018, after the first presplitting blasting of the slope at the elevation range of 470–455 m, the shotcrete on the downstream side of the slope in the elevation range of 519–502 m showed a bulging phenomenon. In addition, cracks also appeared in the anchor pier and lattice beam (Figure 7A).
[image: Figure 7]FIGURE 7 | Failure behaviors of the excavation slope: (A) stage 1; (B) stage 2; (C) stage 3.
Multipoint displacement meters M18ZPR and M19ZPR were installed on June 13, 2018. After installation, the measured value continued to increase. The deep deformation measured by M18ZPR and M19ZPR mainly occurred in intervals of 20–30 m and 0–10 m, respectively. After the first blasting on 8 July 2018, all meters showed a step-like jump in growth. Then, the excavation was suspended, and additional support measures were considered to reinforce the slope. The reinforcing support measures featured the use of long prestressing cables that ran through the structural surfaces fz39 and L920. The prestressing cable tension was either 1,000 or 1,500 kN, and the length was between 35 m and 60 m. With the installation of additional cable support measures, the curves of deformation vs. time gradually converged. By the end of September 2018, the deformation obtained by the multipoint displacement meters M18ZPR (20–30 m) and M19ZPR (0–10 m) reached 26.2 and 14.6 mm, respectively.
Stage 2
On September 29, October 10, and October 27, 2018, the slope was excavated by blasting three times in the elevation range of 470–455 m. The measured values of M18ZPR and M19ZPR in each blasting also showed a step-like jump in growth with a large value. Obvious cracking occurred at the excavation face and along the rear edge of the slope (elevation 553 m), and the cracks tended to grow (Figure 7B).
Thereafter, the excavation was suspended again. Priority was given to the construction of prestressed cables. By the end of December 2018, the additional support measures (designed in the first stage) above 470 m were completed. The curves of deformation vs. time gradually converged again. By the end of January 2019, the deformation of the multipoint displacement meters M18ZPR (20–30 m) and M19ZPR (0–10 m) reached 51.9 and 30.83 mm, respectively. In addition, three sets of multipoint displacement meters M20ZPR, M21ZPR, and M22ZPR were installed in December 2018. By the end of January 2019, the measured values increased slightly, with a maximum of 1.86 mm.
Stage 3
From January 28 to February 28, 2019, the remaining part of the slope with an elevation range of 470–455 m was excavated by blasting. After blasting, one anchor pier cover at an elevation of 472 m appeared to be fractured, the transverse crack width of the slope with an elevation of 471 m increased significantly, and the shotcrete on the slope above an elevation 471 m showed a bulging phenomenon. On March 8, 2019, after rainfall, local collapse failure occurred along the slope below an elevation of 472 m and above fault fz39, with a volume of approximately 40 m3 (Figure 7C).
After the sixth blasting, the measured values of five sets of multipoint displacement meters increased greatly. As of June 2019, the measured values of M18ZPR, M20ZPR, M19ZPR, M22ZPR, and M21ZPR increased by 23.46, 29.36, 15.04, 21.90, and 34.85 mm, respectively.
Monitoring Data Analysis
Five sets of multipoint displacement meters constituted two monitoring sections perpendicular to the excavation face. The multipoint displacement meters M18ZPR and M20ZPR were located on the upstream side, and M19ZPR, M22ZPR, and M21ZPR were located on the downstream side. Figures 8A–D shows the positional connection between the multipoint displacement meters, cables, and structural surfaces in typical sections. Figures 9A–C shows the curves of deformation vs. time and cable tension vs. time.
[image: Figure 8]FIGURE 8 | The positional connection between multipoint displacement meters, cables, and structural surfaces in typical sections: (A) upstream longitudinal profile; (B) downstream longitudinal profile; (C) elevation 485 m flat section; (D) elevation 470 m flat section.
[image: Figure 9]FIGURE 9 | The curves of deformation vs. time and cable tension vs. time: (A) M18ZPR; (B) M21ZPR; (C) D11ZPR.
Relationship Between Deformation Depth and Structural Surface
The deep-seated deformation measured by the multipoint displacement meters occurred mainly in the hole-depth ranges of 20–30 m (M18ZPR), 0–10 m (M19ZPR), 10–25 m (M20ZPR), 10–25 m (M21ZPR), and 10–25 m (M22ZPR). These results were consistent with the inferred location of structural surfaces fz39 and L920 in the slope. This finding indicated that the deformation failure of the slope was controlled mainly by the structural surfaces fz39 and L920 and mainly occurred in the area within the intersection of structural surfaces fz39 and L920. The failure showed obvious block deformation behaviors, and the deformation of the structural surface accounted for a high proportion of the total deformation.
Curves of Deformation vs. Time
The measured values of the multipoint displacement meters all showed step-like jump growth, and the jumping times were all related to the nearby blasting times. As of June 2019, the measured values were 104.84 mm (M18ZPR), 64.92 mm (M19ZPR), 36.57 mm (M20ZPR), 46.42 mm (M21ZPR), and 35.20 mm (M22ZPR). Although the overall deformation of the slope has not yet converged, the deformation rate has been decreasing gradually. Because M20ZPR, M21ZPR, and M22ZPR detected only the deformation caused by the partial excavation of the slope at the elevation range of 470–455 m, the total deformation was smaller than that measured by M18ZPR and M19ZPR, but the recent increments varied significantly.
Temporal and Spatial Characteristics of Deformation
The time-dependent deformation characteristics of the slope were not obvious. The deformation mainly occurred at the blasting time of each stratified excavation and gradually stabilized after the excavation stops. This meant that the deformation was affected mainly by unfavorable geological structural surfaces, excavation unloading, and blasting vibrations. Furthermore, the stress-rebalancing adjustment time after excavation and blasting disturbance was increased.
According to spatial deformation characteristics, the deformation of the multipoint displacement meter crossing fault fz39 in the upstream was large, whereas that of crossing fracture L920 was slightly smaller and showed non-coordinated deformation along the upstream and downstream sides. After the blasting on 28 February 2019, the deformation increment showed that the deformation in the lower part was larger than that in the middle and upper parts.
Curves of Cable Tension vs. Time
The cable tension continued to change with the deformation of the slope. Since late October 2018, affected by blasting, the cable tension began to grow simultaneously along with the deformation. In particular, since the blasting on 28 February 2019, the cable tension growth significantly accelerated, and the measured jumping growth time and change law were consistent with the deformation. As of June 2019, the measured value of D11ZPR in the lower part of the slope reached 114.3% of the cable locked value 1,000 kN.
INFLUENCING FACTORS OF DEEP-SEATED DEFORMATION
Internal Factors
A large number of rock engineering accidents have shown that unstable rock masses often suffer a slip, tensile fracture, or distorted deformation along a suitable structural surface or the combined boundary of multiple structural surfaces, resulting in the instability of the rock slope. According to an analysis of the geological conditions and deformation characteristics, the deformation behavior of the slope was closely related to fault fz39 and fracture L920. Fault fz39 was inclined toward the downstream riverbed side, which was an extroverted structural surface with a medium dip angle. Fault fz39 ran through the entire slope from top to bottom, and the physical and mechanical properties were very poor. Combining fault fz39 with fracture L920 could form a double-sided sliding block, KT21 (Figure 10A). The orientation of the intersection line was on average 190°∠38°, which was inclined toward the outside of the slope. The dip angle of the intersection line was less than the slope angle, and block KT21 was a potentially unstable block. The top elevation of block KT21 was approximately 570 m, the revealed elevation of the intersection line was approximately 420 m, and the total volume was approximately 7.9 × 104 m3 (Figures 10B,C). The block KT21 is a typical double-sided sliding wedge (Figure 10D).
[image: Figure 10]FIGURE 10 | Block KT21: (A) stereographic projection; (B) block shape; (C) block location; (D) wedge failure mode.
Extrinsic Factors
Excavation and Unloading
The slope was excavated and unloaded from top to bottom on a large scale. The excavated volume at each grade of slope gradually increased, and the grade of the excavation slope became steeper. The rock masses were affected by unloading disturbance, and the in situ stress field was constantly changing, which made the slope structure and its intermechanical relationship changed adversely. In particular, in the process of excavating the slope at an elevation range of 485–455 m, fault fz39 was gradually revealed on the excavation face. Fault fz39 was inclined toward the outside and cut along the foot of the excavation slope. As a result, the supporting effect of the “locking section” at the foot of the slope was weakened, and the bearing capacity decreased significantly.
Blasting Vibration
The blasting load acted directly on the slope as an external force, which reduced the shear resistance of the rock mass structure. The repeated vibration of blasting reduced the mechanical strength of the structural surface (Wang and Qian, 1995; Liu, 2007). By analyzing the curves of deformation vs. time, blasting vibration was undoubtedly an important external inducement to aggravate slope deformation. The deformation occurred mainly after each blasting time. The increments of multipoint displacement meters measured values ranged from 1.0 to 16.00 mm within 7 days after each blasting, which then gradually stabilized after excavation stopped. After the sixth blasting at the end of February 2019, the deformation rate was large in the first 3 days, and the maximum deformation rate of the orifice reached 5.74 mm/d (M18ZPR), 3.10 mm/d (M19ZPR), 4.87 mm/d (M20ZPR), 6.45 mm/d (M21ZPR), and 5.13 mm/d (M22ZPR) (Figure 11). Then, the deformation rate gradually decreased. Certain fluctuations, however, did not fully converge, which indicated that the stress rebalancing adjustment time was long after blasting disturbances during slope excavation.
[image: Figure 11]FIGURE 11 | Deformation rate after the sixth blasting.
Rain
Rainfall also had a certain influence on deformation, according to monitoring data analysis, and the observed values of multipoint displacement meters rose slightly after rainfall. Fault fz39 had a certain water-blocking effect. Groundwater activity was strong in the poorly weathered rock mass above fault fz39 and below 470 m elevations. Groundwater had a shallow burial depth, with a horizontal depth of less than 30 m, which was the major enhanced drainage region.
Deformation Mechanism
The slope presented a typical wedge failure mode. Fault fz39 was the upstream slip surface A of the wedge, with poor properties and a relatively slow dip, which was the main controlling structural surface of the wedge. Fracture L920 and the same group of fractures were the downstream slip surface B of the wedge, which was a release surface of the wedge. The sliding direction was downward sliding along the intersection line of fz39 and L920. The deep-seated deformation of the excavation slope occurred at the junction of the wedge and bedrock, which was affected mainly by unfavorable geological structure surfaces, excavation unloading, and blasting vibration. With the excavation of the slope, fault fz39 was gradually revealed on the excavation face, and the supporting effect of the “locking section” at the foot of the slope was weakened. These factors contributed to a decrease in the overall bearing capacity of the slope. For the blasting near the area, because of the action of stress waves, the rock mass would deform under the instantaneous impact of the blasting power and collapsed locally, which generally was a local failure. For the blasting far area, such as the area near fault fz39, the stress wave evolved into a seismic wave. The original structural surfaces were dislocated or expanded by seismic inertia force, which reduced the shear performance of the rock mass structure. This kind of damage affected a wide spatial range and penetrated deep into the interior of the rock mass. As a result, when the seismic inertia force caused by the seismic wave reached a certain intensity, it may have contributed to dynamic instability.
REINFORCEMENT DESIGN AND NUMERICAL ANALYSIS OF THE SLOPE STABILITY
Reinforcement Support Measures
We established the reinforcement design scheme of unloading at the top of the slope and large-tonnage cables based on geological circumstances, deformation characteristics, site construction, and general project needs.
Unloading Measures
The unloading area had the lowest elevation of 519 m and the highest elevation of 637 m. Seven floors were dug in the unloading area. The overall slope ratio was one to one. The entire volume of the unloading area was around 107,400 m3, with block KT21’s capacity reduced by roughly 29,000 m3.
Prestressed Cable Measures
On the slope with an elevation range of 502–470 m, 195 cables with tensile forces of 1,000–1,500 kN have been installed. Additionally, concrete slabs and three rows of wires (T = 2,700 kN) were placed on the slope between 485 and 470 m, concrete slabs and four rows of cables (T = 2,700 kN) were placed between 470 and 455 m, and concrete slabs and four rows of cables (T = 2,700 kN) were placed between 455 and 429 m.
Drainage Measures
At altitudes of 455 m and 519 m, two draining adits were constructed, and 35 m deep drainage holes were installed at the top of the adit to lower groundwater levels.
Numerical Analysis of Slope Stability
The use of a numerical method to analyze the stability of rock slopes has wide applicability. This method not only can simulate the complex mechanical and structural characteristics of a rock mass but also can analyze various boundary value problems and construction processes as well as predict and forecast the project. We adopted the commercial software FLAC3D for numerical calculations. First, we established a 3D numerical analysis model of the studied slope and simulated the current excavation state by combining forward and backward analysis. Second, we simulated the subsequent excavation and reinforcement process of the slope. Finally, we used the strength reduction method to calculate the stability safety factor of the slope under various working conditions during the construction period and operation period.
Numerical Analysis Models
The numerical analysis model of the slope is shown in Figures 12A–C; its dimensions were 600 × 500 × 700 m (X × Y × Z). The X-direction of the model was parallel to the water flow direction, and its positive direction pointed downstream. The Y-direction was consistent with the dam axis, and its positive direction pointed from the river valley to inside the mountain. The Z-direction was vertical, and its positive direction pointed upward. The mesh model was composed of 106,000 nodes and 585,600 elements.
[image: Figure 12]FIGURE 12 | Analysis model: (A) origin slope; (B) excavation slope; (C) mesh grid.
The lithology of the slope stratigraphy was mainly diorite. Based on weathering characteristics of the rock mass, the model was divided into four zones from top to bottom: a strongly weathered zone, weakly weathered upper zone, weakly weathered lower zone and micro-neoliths. The geological structure mainly considered six structural surfaces: faults fz39, fz46, and fz54, fractures L919 and L920, and dykes. In the model, the excavation area, unloading area, and cable measures were considered in the simulation of the excavation process of the slope.
The prestressed anchor cables were simulated using the structural element “cable” in flac3d, which considers the cable’s axial tensile-compression properties, the contact properties of the cable-rock interface, and the magnitude of the prestress value.
Mechanical Parameters
The thickness of the strongly weathered zone on the slope was relatively large, generally 15–30 m. The rock mass was broken and mainly of a granular structure. Affected by blasting excavation, the strongly weathered rock mass was disturbed, and the strength of the rock mass decreased. According to the results of rock laboratory tests, in situ tests, and the development of structural surfaces, combined with the characteristics of the rock mass of the excavated slope, we proposed the main mechanical indexes (Table 1).
TABLE 1 | Mechanical parameters of slope rock mass and structural surfaces.
[image: Table 1]We concluded that structural surfaces fz39, L920, and their combined block were the controlling factors of slope stability, and the decrease of shear strength of the structural surfaces caused by blasting excavation was an important reason for deep-seated deformation. Therefore, the shear strength parameter of structural surfaces is a dynamic parameter, which is a key variable for slope stability analysis. According to macroscopic geological characterizations, fault fz39 is a weak structural surface of “mud with rock debris type,” and fracture L920 is a structural surface of “rock block and rock debris with mud type.” On this basis, we used the uniform design method for inversion and evaluation. The inversion analysis had two goals: 1) the incremental deformation values measured by the multipoint displacement meters; and 2) the current slope should be close to the critical state, and the safety factor of slope stability should be between 1.05 and 1.00. According to the inversion results, the cohesion of fault fz39 was 20 kPa, and the friction coefficient was 0.25; the cohesion of fracture L920 was 70 kPa, and the friction coefficient was 0.40.
Blast Vibration Load
Because of the large number of elements in the numerical model, the quasi-static method was utilized in this research to analyze the blasting vibration effect of slope equivalently. Define [image: image] as the corresponding static acceleration of blast vibration, the blasting vibration force of element i is [image: image], which is decomposed into the nodes of the element. Ultimately, the blasting vibration forces are applied to the numerical model as equivalent nodal forces. Taking into account the decreasing characteristics of the peak acceleration of blast vibration with distance from the blast source (Zheng et al., 2014), [image: image] can express as a function of position
[image: image]
Where, [image: image] are the centroid coordinates of element i, [image: image] are the coordinates of the blast source, and Q is the amount of detonating charge (kg), and k is a constant related to geological conditions, blasting parameters, and [image: image] are the decay index related to geological conditions, blasting parameters.
Numerical Analysis Results
We simulated the “excavation-support” process in which the slope was excavated at an elevation of 455 m using the structural surface mechanics parameters obtained from the inversion. The results better reflected the actual deformation behavior of the excavation slope. The areas with significant deformation were concentrated mainly in the range of block KT21, composed of structural surfaces fz39 and L920 (Figure 13A), and the deformation vectors were mainly downward along the slope (Figure 13B). When excavating the slope in the elevation range of 470–455 m, the deformation changed abruptly, with a growing range of 60.0–160.0 mm.
[image: Figure 13]FIGURE 13 | Distribution of incremental displacement when excavating to elevation 455 m: (A) displacement; (B) displacement vector.
The distributions of the incremental shear strain on the excavation slope are shown in Figures 14A–C. When the slope was excavated above an elevation of 485 m, the shear strain concentration zones were distributed mainly in the structural surfaces fz39 and L920 in the middle of the slope, and there were no obvious deformation signs at this stage. When the slope was excavated at an elevation of 485–470 m, the shear strain concentration zones appeared on the excavation face, and deep shear strain concentration zones developed along the structural surfaces. At this stage, cracks appeared on the excavation face, and the deep parts of the slope began to deform. When the slope was excavated at an elevation range of 470–455 m, a shear strain concentration zone appeared at the front edge of the excavation slope, and the deep shear strain concentration zone had been penetrated, corresponding to local slippage at the front edge of the slope and a sudden change of the deep deformation.
[image: Figure 14]FIGURE 14 | Evolution law of shear strain zone: (A) elevation 485 m; (B) elevation 470 m; (C) elevation 455 m.
On the basis of the current state of the excavation slope, we used the latest reinforcement support measures to simulate the construction process of “unloading-support-excavation-support” for the subsequent slope. The results showed that the excavation of the slope below an elevation of 455 m had a limited influence on the reinforced upper slope. The incremental deformation of the excavation slope at an elevation range of 470–455 m was less than 10.0 mm, and the incremental deformation of the excavation slope above an elevation of 470 m was generally less than 5.0 mm. For the excavation of the slope below an elevation of 455 m, the maximum incremental deformation within block KT21 was approximately 50.0 mm, and the remaining parts generally were less than 20 mm.
The essence of sliding failure of the slope is an unstable failure caused by insufficient shear strength of the rock mass or structural surfaces. We used the strength reduction method to calculate the failure mode and stability safety factor of the slope. The results showed that 1) the failure mode is the sliding of the combined block of structural surfaces fz39 and L920 along the direction of the intersection line. 2) In the current state, the safety factor increased from 1.04 to 1.80 after the implementation of reinforcement measures, and the safety of the slope was significantly improved. 3) The safety factor when all excavation was completed was 1.74. 4) The safety factors during project’s operation were between 1.50 and 1.70. In general, the efficacy of the reinforcing design measures was favorable, and the stability of the excavation slope was guaranteed.
DISCUSSIONS
We identified five consistent correspondences in the mechanical response of the slope rock mass. Deformation depth corresponded to the buried depth of structural surfaces. The significant deformation region corresponded to the cracking failure on the slope surface. The region with the most deformation was also the area with the most cable force. The stepwise growth of slope deformation was consistent with nearby blasting. The obvious increase in deformation was consistent with a significant rainfall. This relationship of the excavation slope occurred mostly within the range of structural surfaces fz39 and L920, demonstrating the existence of the block. Block KT21 was the key to controlling the stability of the whole slope.
Fault fz39 was the controlling structural surface for slope stability. Identifying the extension and development of fault fz39 in the slope was essential for further understanding the damage range, stability analysis, and reinforcement design. During the construction period, in-hole video recording and acoustic testing were conducted on the boreholes, multipoint displacement meter holes, and cable holes. We determined the distribution characteristics of fault fz39 according to the presence of acoustic anomalies, collapse phenomena, or developed structural surfaces in the test holes. The length and arrangement scheme of cables initially were determined based on the distribution of the structural surfaces. Then, to ensure the slope’s stability, the tension and quantity of cables were calculated based on the numerical analysis results.
The impact of excavation blast is frequently disregarded from slope stability analysis during the slope design stage. For this project, however, the influence of blasting on the slope was no longer local but instead had extended to the deep part of the slope. The deformation increased stepwise with the blasting excavation of the slope near the fault. It also increased significantly compared with that without blasting, particularly through the structural surfaces fz39 and L920. Rock excavation and blasting is a complex process, and present understanding of the blasting and crushing mechanisms of rock is limited. Controlling blasting vibration to ensure the safety of the slope is a challenge that must be addressed for this type of structural surface-controlled slope.
CONCLUSION
In this paper, we presented a case study of large deep-seated deformation during slope excavation. The study focused on the geological conditions, the deformation and failure characteristics during the slope excavation process, and the attempts made to enhance slope stability. The following insights and conclusions can be noted:
1. Based on real-time monitoring information, the main deformation of the excavation slope was divided into three stages, and each stage corresponded to the process of “excavation–deformation–analysis and demonstration–reinforcement design–deformation convergence.” The main deformation range and depth coincided with the position of the structural surfaces fz39 and L920.
2. The block formed by fault fz39 and fracture L920 was a typical wedge failure mode, which had primary control over the stability of the slope. With the excavation of the slope, fault fz39 gradually was revealed on the excavation face, and the supporting effect of the “locking section” at the foot of the slope was weakened. The repeated vibration of blasting reduced the mechanical strength of the structural surfaces and the overall shear performance of the rock mass structure.
3. The principle of reinforcement is to reasonably increase the density, length, and tension of cables in combination with the buried depth and distribution of structural surfaces. Combined with the shape of block KT21, which is “wide at the top and narrow at the bottom, top-heavy” the sliding force of the block was reduced by unloading at the top of the excavation slope. The excavation must be stopped before the adjustment of slope foot reinforcements. In the process of excavation, it is necessary to reduce the charge of single holes, strictly control the blasting intensity, and dynamically adjust by sections and sequences.
4. At present, the slope has experienced several obvious deformation growth processes. The incremental deformation was used to invert the mechanical parameters of the structural surface. The numerical analysis results obtained were in good agreement with the monitoring data. The efficacy of the reinforcing design measures was favorable, and the stability of the excavation slope was guaranteed.
With the implementation of unloading on the natural slope and cable tensioning, the deformation rate of the measured values tended to converge, no new cracks appeared on the slope surface, and the existing failure parts, such as bulging and cracks, did not significantly develop.
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