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Abstract

:

The stability of the slope is a very important topic in the construction of hydropower projects, especially the slope engineering in the dam area, as its stability will directly affect the safety of engineering. Taking the inlet slope of the flood discharge structure of Lianghekou Hydropower Project as the research object, based on the analysis and exploration of the geological condition of the slope and the field monitoring data, GA-LSSVM is used to establish the non-linear mapping relationship, and the BP neural network is used to establish the mechanical parameters back analysis of the slope at different water impoundment stages. A numerical simulation model is also established to set up different reservoir impoundments to study the stability and sensibility of the slope and provide guidance for slope operation. This case study shows that there is a hysteresis in the response of slope deformation to reservoir impoundment. At the same time, the mechanical parameters of the slope will be weakened by the seepage. In the process of water level changes, the stability of the slope decreases due to the decrease in mechanical parameters. The study will be practically useful for engineering applications.
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1. Introduction


The cyclic rise and fall of the reservoir water level will cause huge changes in the slope’s internal pore water pressure, and the shear strength of slope rock will also be deteriorated, which will easily cause slope damage and instability. Once the slope is affected by the change in reservoir water level, the deformation occurs by lightly pressing the hydraulic gate, affecting the normal operation of the dam. When the slope destabilization collapses, it seriously threatens the safety of the reservoir and the residents in the reservoir area.



The effect of water on the mechanical behavior of rocks has received extensive attention in the past decades, and several studies [1,2,3,4,5,6,7] verified that increased water content in rocks significantly reduces their strength. Malkowski et al. [8] compared the geomechanical properties of carbonifeorus claystones immersed for 3 h and 6 h. The predicted correlation of different compositions and bulk densities in the rock masses on the geomechanical properties of the rock masses after immersion was determined. Zhou et al. [9] conducted compression and tensile tests on sandstones with different water contents and studied the water distribution in the rock using nuclear magnetic resonance technique to obtain the hydrogenic deterioration characteristics of sandstone. Li et al. [10], using the finite difference method, reproduced the formation and evolution of the gushing water channel in high water pressure mining with the advancement of the working face, and obtained the volumetric strain of the rock fracture surface by the interaction of the stress field and the seepage field. It is evident from the above studies that water content can largely affect rock properties. It is also an important factor that threatens the safety of many hydropower projects, such as high slope construction and operational safety.



Many studies [11,12,13,14,15,16] have analyzed and studied the changes in rocky slope stability under hydraulic action. Kafle et al. [17] found that sudden fluctuations in reservoir water levels are critical to slope stability. Meanwhile, Xue et al. [18] studied the stability of slopes during reservoir impounding and obtained the conclusion that stability increases first and then decreases. It can be seen that the slope stability of the reservoir area affected by the water level is a great concern.



In this paper, the slope of the inlet of the flood discharge structure of the Lianghekou Hydropower Project is taken as the research object, and the slope deformation characteristics are analyzed with GNSS monitoring data; the GA-LSSVM-BP back analysis method is used to study the changes of the rock mechanical parameters of the slope at different water impoundment stages. On this basis, a numerical calculation model is established to study the changes of high slope deformation and of the safety factor under practically different reservoir water level conditions.




2. Engineering Background


2.1. Overview of Lianghekou Hydropower Project


The dam of Lianghekou Hydropower Project is a gravelly soil core rockfill dam. The maximum dam height of the hydropower project is 295.5 m. The normal water level is 2865 m, the total impounding capacity is 10.767 billion m3, and the drawdown depth is 80 m.




2.2. Geological Conditions in the Study Area


The valley of the dam site area is narrow, the slope of the bank is steep, the lithology is sand slate, and there are many faults and fissures develop on site area, so the geological conditions are complex. The excavation slope is a rocky slope, and its typical profile is shown in Figure 1. There are f1, f8, f9, f10, f11, f12, f4, fb13 faults developed in the slope, mainly filled with schist and a small amount of secondary mud. Among them, the f12 and f4 faults at the elevation of 3125m have an obvious wrinkling phenomenon. The fault mostly intersects with the slope at a large angle, which has less influence on the stability of the slope. The fb13 fault intersects with the slope at a small angle, which will obviously affect the stability of the slope.




2.3. Reservoir Impoundment Situation


According to the overall arrangement of the project construction, the water impoundment is arranged in three stages.



The first stage of water impoundment: the water level rises 75.5 m.



The second stage of water impoundment: the water level rises 109.5, the reservoir water rises at a rate of about 1.5 m/day.



The third stage of water impoundment: the water level adopts a step-by-step rising mode, the reservoir water rises at a rate of about 0.5 m/day. Water level rises 30 m in each step. There are 10 days between each step.





3. Overview of High Slope Operation


3.1. Excavation of High Slope


The range of 3050 to 3125 m elevation will be excavated according to the stable slope ratio of 1:1; within the influence range of the cable tower, the excavation slope ratio of 3125 to 3200 m range is 1:0.75, and the excavation slope ratio above 3200 m elevation is 1:0.5; the right side of the influence zone of the cable tower will be excavated with the stable slope ratio of 1:1; the left side will be excavated with the stable slope ratio of 1:1. There is a platform with a maximum width of 42 m at the elevation of 3050 m. Below the elevation of 3050m, excavation with slope ratios of 1:0.3, 1:0.5 and 1:0.75 is adopted for III, IV and V rocks respectively.




3.2. Slope Deformation Characteristics Analysis


Several GNSS monitors are arranged on the inlet slope of the flood-discharge structure of Lianghekou Hydropower Project to monitor the displacement, which are placed in the elevation range of 2900~3175 m. The monitoring data record the deformation characteristics of the slope during water impounding.



In this study, six GNSS field monitoring data, TPXJ-10, TPXJ-17, TPXJ-49, TPXJ-24, TPXJ-29, and TPXJ-35 were selected to describe the displacement of slope, which are placed at 3175 m, 3100 m, 3050 m, 3050 m, 2975 m, and 2900 m, respectively (as shown in Figure 1). These GNSS field monitoring sites all acquired data every two weeks.



The monitoring data of GNSS in Figure 2 show that the overall apparent displacement of the slope shows fluctuations within a certain range. After water impounding, the slope deformation increases compared with that before impounding, and the maximum value of cumulative displacement in the monitoring data is 20.6 mm. After the first stage of water impounding, the water level in the reservoir area rises 81.0 m, the growth rate of the water level is 5.5 m/day, and the rapid growth of the water level does not bring an obvious increase to the slope deformation. After the second stage of water impounding, the water level growth rate was 1.0 m/day. After the water level growth, the deformation of the slope showed a hysteresis response, the displacement began to increase significantly, and the average values of deformation rates of each measurement point were 0.042 mm/day, 0.058 mm/day, 0.056 mm/day, 0.032 mm/day, 0.072 mm/day, and 0.061 mm/day, respectively.



Through the characteristics shown by the monitoring data, it is analyzed that the slope did not show an obvious response after the water impounding in Stage I. The lowest elevation of the slope is 2742 m, and the water impounding height did not reach the slope range, so the slope did not show an obvious response. After the second period of water impounding, the reservoir water level reached 2785 m, the slope lagged to produce a response, and all the monitoring points showed an obvious increase, indicating that water impounding has an obvious influence on the stability of the slope.





4. Back Analysis of Slope Parameters


4.1. Parametric Back Analysis Model Based on the GA-LSSVM-BP


In this paper, a genetic algorithm (GA) is used to optimize the least squares support vector machine (LSSVM) parameters [19,20,21,22] and construct nonlinear mapping relations to substitute numerical calculations, which can greatly reduce the computational time consumed for the back analysis of mechanical parameters, and a BP neural network is used to learn the database generated by the nonlinear mapping relations and invert the mechanical parameters.



The steps of back analysis of rock mechanics parameters based on the GA-LSSVM-BP algorithm are as follows.



Step 1: Set the range of parameter values by determining the back analysis parameters.



Step 2: Generate random rock mechanical parameters in the parameter range, conduct numerical simulation, and obtain the displacement simulation values of the corresponding positions of monitoring points under different mechanical parameters.



Step 3: Use LSSVM to obtain the nonlinear mapping relationship between the mechanical parameters of the rock mass and the simulated displacement values of the monitoring points, and use GA to optimize the parameter of the support vector machine so that the displacement of the monitoring points predicted by LSSVM has the smallest error with the simulated values.



Step 4: Use BP neural network to learn the relationship between the displacement of the measurement point and the parameters of the rock mass, input the displacement data of the monitoring point, and obtain the corresponding mechanical parameters of the rock mass by back analysis of the neural network.




4.2. Reference Parameters Intervals for Back Analysis


The target parameters of the back analysis are deformation modulus E, Poisson’s ratio μ, cohesion c, and internal friction angle φ. The rock categories of the back analysis are III1, III2, IV1, IV2, and V. The reference intervals for back analysis of the rock mechanical parameters are shown in Table 1.



The comparison of the nonlinear mapping results and the numerical simulation of displacements are shown in Figure 3.



The maximum error between the nonlinear mapping results and the numerical simulation results is 3.95%. The comparison results show that the results obtained from the nonlinear mapping relationship used in this paper have less deviation from the numerical orthogonal calculation results and can effectively replace the numerical orthogonal calculation.




4.3. Back Analysis Results


The displacement monitoring values on 6 June 2021 and 7 April 2022 were taken as input data for the back analysis of the rock parameters of the slopes in the first stage of water storage and the second stage of water storage, respectively. The back analysis results of the two water impoundment stages are shown in Table 2 and Table 3.



Comparing the back analysis results of the parameters of the two stages, the back analysis results of the second impoundment stage will be smaller than the back analysis results of the first impoundment stage, which indicates that the elevated reservoir level will lead to the decrease of the mechanical parameters of the slope rock, presumably because the water enters the interior of the slope and thus deteriorates the mechanical parameters of the rock, which in turn leads to the displacement of the slope.




4.4. Back Analysis Results Validation


In order to verify the validity of the back analysis results, this paper uses the parameters obtained from the back analysis for numerical simulation and compares the simulation results with the field monitoring data. The comparison of simulation results and field monitoring data is shown in Table 4 and Table 5.



The absolute errors between the calculated and measured displacements of TPXJ-10 and TPXJ-17 were 0.74 mm and 0.87 mm, respectively. the absolute errors between the calculated and measured displacements of TPXJ-17 and TPXJ-10 were 0.60 mm and 0.59 mm, respectively. the absolute errors of both comparisons were within 1 mm, which indicates that the back analysis method has a high validity.





5. Stability Evaluation of Three-Dimensional Numerical Simulation


5.1. Numerical Model


In order to predict the stability of the third stage of water storage, this study used FLAC3D and the finite difference method [23,24,25] to simulate the safety of the slope under three different conditions.



According to the site engineering geological conditions and slope excavation support design scheme, this paper establishes a model of the inlet slope of the flood-discharge structure of Lianghekou Hydropower Project. The elevation of the model bottom is 2300 m, the length is 650 m in the downstream direction, and the width is 800 m in the cross-river direction, as shown in Figure 4. The model and control support arrangement are shown in Figure 5. The model mainly adopts four-node tetrahedral units, and the model contains 3,326,462 elements and 594,993 nodes.



The cables are mainly designed with prestressed cables with 1500 kN and 2000 kN anchor tension and 15° angle of incidence. The lengths of the cables on the slope are different according to the elevation. The modeling is carried out with the cable elements in FLAC3D.




5.2. Simulated Conditions and Parameters


To study the slope stability under different water impoundment conditions, the following conditions are established to analyze the slope changes:




	
Condition I: water level (2785 m) + cable support;



	
Condition II: water level (2815 m) + cable support;



	
Condition III: water level (2845 m) + cable support.








The numerical simulation uses the back analysis results during the second stage of water impoundment as the parameters, as shown in Table 6. The material model used is Mohr Coulomb.




5.3. Numerical Simulation Results Analysis


5.3.1. Numerical simulation Results under Condition I


Figure 6 shows the contours of the transverse component of displacement of the slope under condition I. The maximum transverse displacement of the slope is 10.5 mm, which occurs in the middle of the slope. The overall displacement of the slope is mainly in the cross-river direction. Due to the partitioning effect of the fault, the slope displacement shows an obvious stratification phenomenon.



Figure 7 shows the distribution of point factor of safety for the slope under condition I. From the distribution of the point factor of safety, it can be seen that the point factor of safety at the junction of the fault and different rock bodies is smaller, and the point factor of safety inside the rock body is larger. The minimum value of the point factor of safety of the slope is 1.41, which appears at the fault at the front edge of the slope.




5.3.2. Numerical Simulation Results under Condition II


Figure 8 shows the contours of the transverse component of displacement of the slope under condition II. The maximum transverse displacement of the slope is 12.5 mm, which occurs at the front of the slope. As the water level rises to 2815 m, it has already flooded the outcrop of the fb13 fault at the front of the slope, and the weakening of fault parameters caused by water immersion makes the displacement at the front of the slope increase significantly. The danger zone at the front of the slope can be identified from the displacement contour.



Figure 9 shows the point factor of safety distribution of the slope under condition II. Compared with the point factor of safety distribution in condition I, the minimum value of the point factor of safety of the slope in condition II is 1.38, which appears at the fault. The point factor of safety at the fault at the front edge of the slope decreases significantly.




5.3.3. Numerical Simulation Results under Condition III


Figure 10 shows the contours of the transverse component of displacement of the slope under condition III. The maximum value of the transverse component of displacement is 13.9 mm, which appears at the front of the slope, and the slope shows a similar displacement distribution trend to under condition II. Compared with condition II, the rise of water level leads to further increase in deformation of the front part of the slope in the simulation results under condition III.



Figure 11 shows the point factor of safety distribution of the slope under condition III. Compared with the distribution of point factor of safety under condition II, the minimum value of point factor of safety of the slope under condition III is 1.35, which appears at the fault. The point factor of safety at the fault of the leading edge of the slope is decreased. The results show that the front edge of the slope is affected by the uplift of reservoir water, which leads to a decrease in safety coefficient and an increase in displacement.





5.4. Safety Evaluation of High Slope


Comparing the changes of displacement under different conditions, it can be seen that the influence of water impoundment in stage III on the front edge of the slope is greater than that on the rear part, the water level rises to 2845 m, and the displacement at the fb13 fault of the front edge increases significantly. Additionally, from the three-dimensional comparison, the impact of water level rise on the middle and rear parts of the slope is smaller than that on the front edge.



Comparing the changes in point factor of safety distribution under different conditions, it can be seen that under condition II, the fb13 fault at the front edge of the slope deteriorates more obviously due to the influence of rising water level. The minimum values of point factor of safety of slope under the three conditions are: 1.41, 1.38, and 1.35, respectively, which all meet the safety requirements.





6. Conclusions and Outlook


6.1. Conclusions


The on-site GNSS monitoring data of the inlet slope of the flood discharge structure of the Lianghekou Hydropower Project were analyzed and studied, and the mechanical parameters of the slope at different water impoundment stages were investigated using GA-LSSVM-BP back analysis. The deformation and point factor of safety under different reservoir water level conditions were also studied using numerical simulation analysis. The following conclusions are obtained:




	(1)

	
After the second stage of water impoundment, the maximum value of slope deformation monitoring data is 20.6 mm, and the deformation is still in a controllable state. After the second stage of water impoundment, the slope deformation demonstrates an obvious hysteresis phenomenon.




	(2)

	
The GA-LSSVM-BP model is used to back analyze the mechanical parameters of the slope in the two water impoundment stages, and the back analysis results show that the mechanical parameters of the slope will be significantly weakened by the effect of seepage.




	(3)

	
Three-dimensional numerical simulation analysis of the slope under different conditions shows that the stability of the slope decreases as the reservoir water level rises, but the minimum values of point factor of safety of slope under the three conditions are: 1.41, 1.38, and 1.35, respectively, which all meet the safety requirements. Slope stability is mainly limited by the fb13 fault at the front of the slope. The obvious danger area formed by the cutting of the fb13 fault appears in the numerical simulation results, and this area needs to be focused on.










6.2. Outlook


This study mainly focuses on the stability of the inlet slope of the flood discharge building of the Lianghekou Hydropower Project during the water impoundment stage. For the slope stability during the subsequent dispatching of the reservoir, it is also necessary to study the slope stability under various dispatching conditions after obtaining the relevant information in the future. After obtaining the data from field monitoring, the back analysis model can be used to analyze the mechanical parameters of slopes, which can be supplemented with experimental research to further study the weakening of parameters under the conditions of water level change. Additionally, some numerical simulation studies can be carried out to analyze the stability changes of slope under impoundment or discharge.
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Figure 1. Typical profile of the inlet slope of the flood-discharge structure. 
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Figure 2. GNSS monitoring series data of high slope. 
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Figure 3. Comparison of nonlinear results and simulation results of displacements. 
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Figure 4. Modeling range and typical profile location. 
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Figure 5. Numerical model and control support arrangement. 
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Figure 6. Transverse riverward displacement distribution of slope under condition I. (a) Profile 5; (b) profile 10; (c) profile 13; (d) entire body. 
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Figure 7. Point factor of safety distribution of slope under condition I. (a) Profile 5; (b) profile 10; (c) profile 13; (d) entire body. 
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Figure 8. Transverse riverward displacement distribution under condition II. (a) profile 5; (b) profile 10; (c) profile 13; (d) entire body. 
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Figure 9. Point factor of safety distribution of slope under condition II. (a) Profile 5; (b) profile 10; (c) profile 13; (d) entire body. 
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Figure 10. Transverse riverward displacement distribution under condition III. (a) Profile 5; (b) profile 10; (c) profile 13; (d) entire body. 
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Figure 11. Point factor of safety distribution of slope under condition III. (a) Profile 5; (b) profile 10; (c) profile 13; (d) entire body. 
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Table 1. Reference intervals for back analysis of mechanical parameters.
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Rock Groups

	
Deformation Modulus (GPa)

	
Poisson’s Ratio

	
Cohesion (MPa)

	
Internal Friction Angle (°)




	
Class

	
Subclass






	
III

	
III1

	
11.0~13.0

	
0.22~0.28

	
1.4~1.6

	
48.2~52.2




	
III2

	
6.3~9.8

	
0.26~0.32

	
1.1~1.3

	
40.4~45.4




	
IV

	
IV1

	
4.5~7.5

	
0.28~0.34

	
0.8~1.0

	
38.4~42.4




	
IV2

	
4.1~5.9

	
0.30~0.36

	
0.4~0.8

	
32.9~40.9




	
V

	
V1

	
1.6~3.4

	
0.29~0.39

	
0.1~0.7

	
23.0~39.0











[image: Table] 





Table 2. Back analysis results of rock parameters for stage I of water impoundment.






Table 2. Back analysis results of rock parameters for stage I of water impoundment.





	
Rock Groups

	
Deformation Modulus (GPa)

	
Poisson’s Ratio

	
Cohesion (MPa)

	
Internal Friction Angle (°)




	
Class

	
Subclass






	
III

	
III1

	
12.00

	
0.25

	
1.50

	
50.3




	
III2

	
6.51

	
0.29

	
0.82

	
40.4




	
IV

	
IV1

	
4.98

	
0.31

	
0.58

	
36.5




	
IV2

	
2.48

	
0.34

	
0.47

	
31.0




	
V

	
V1

	
1.76

	
0.35

	
0.19

	
28.6
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Table 3. Back analysis results of rock parameters for stage II of water impoundment.






Table 3. Back analysis results of rock parameters for stage II of water impoundment.





	
Rock Groups

	
Deformation Modulus (GPa)

	
Poisson’s Ratio

	
Cohesion (MPa)

	
Internal Friction Angle (°)




	
Class

	
Subclass






	
III

	
III1

	
12.00

	
0.25

	
1.47

	
49.5




	
III2

	
6.42

	
0.29

	
0.76

	
40.0




	
IV

	
IV1

	
4.98

	
0.31

	
0.57

	
36.2




	
IV2

	
2.25

	
0.34

	
0.41

	
31.0




	
V

	
V1

	
1.72

	
0.37

	
0.19

	
27.8
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Table 4. Comparison of simulation results and field monitoring data for stage I of water impoundment.






Table 4. Comparison of simulation results and field monitoring data for stage I of water impoundment.





	Monitoring Number
	Monitoring Values (mm)
	Simulation Values (mm)
	Absolute Error (mm)
	Relative Error (%)





	TPXJ-10
	8.79
	8.05
	0.74
	9.19



	TPXJ-17
	5.99
	6.86
	0.87
	14.50
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Table 5. Comparison of simulation results and field monitoring data for stage II of water impoundment.






Table 5. Comparison of simulation results and field monitoring data for stage II of water impoundment.





	Monitoring Number
	Monitoring

Values (mm)
	Simulation

Values (mm)
	Absolute Error (mm)
	Relative Error (%)





	TPXJ-10
	8.61
	9.21
	0.60
	6.97



	TPXJ-17
	9.81
	9.22
	0.59
	6.01
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Table 6. Rock parameters used for numerical simulation.






Table 6. Rock parameters used for numerical simulation.





	
Rock Groups

	
Density (kg/m3)

	
Deformation Modulus (GPa)

	
Poisson’s Ratio

	
Cohesion (MPa)

	
Internal Friction Angle (°)




	
Class

	
Subclass






	
III

	
III1

	
2750

	
12.00

	
0.25

	
1.47

	
49.5




	
III2

	
2750

	
6.42

	
0.29

	
0.76

	
40.0




	
IV

	
IV1

	
2700

	
4.98

	
0.31

	
0.57

	
36.2




	
IV2

	
2600

	
2.25

	
0.34

	
0.41

	
31.0




	
V

	
V

	
2600

	
1.72

	
0.37

	
0.19

	
27.8
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