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Abstract

:

A seepage field, influenced by rainfall and reservoir water level fluctuation, is closely associated with the stability of the reservoir landslide. Understanding the phreatic line variation inside the landslide is of significant importance for the analysis and evaluation of slope stability. Currently, most of the boundaries of phreatic line analytical models and the hydrological conditions are simplified, resulting in discrepancies between the outcomes derived from these models and the actual situation. Given this, the newly proposed analytical model is refined by addressing the following two issues. Firstly, the consideration of variable-speed reservoir level fluctuations is incorporated, and secondly, the reservoir bank within the water-level fluctuation zone is treated as non-vertical. Under the combined effect of reservoir water level fluctuation and rainfall, the Boussinesq Differential Equation of unsteady seepage is established and applied to the Majiagou landslide in Three Gorges reservoir area. The results of the analytical solution are basically consistent with the measured groundwater level results, which has demonstrated the accuracy of the proposed model. Consequently, the proposed model can quickly and accurately calculate the groundwater level of landslides, which provides an effective means for the prediction and early warning of reservoir landslides.
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1. Introduction


Since the completion of the Three Gorges Dam in 2003, a total of 4429 geologic hazards have been identified in the Three Gorges Region (TGR) [1]. Compared with other types of landslides, the failure of a reservoir landslide will not only pose a direct threat to the lives and property of the residents, but also induce secondary surge waves, which can cause serious harm to the downstream roads, bridges, housing and other facilities [2,3,4,5,6]. In October 1963, the failure of the Italy Vaiont landslide was triggered, and about 2 billion cubic meters of the mountain mass ran into the reservoir. This event induced nearly 250 m high surge waves, resulting in the direct destruction of downstream villages and towns and causing a tragic loss of approximately 2000 lives [7,8,9,10]. In July 2003, with the reservoir’s water level reaching 135 m, the failure of Qianjiangping landslide occurred. The volume of the Qianjiangping landslide was approximately 15 million cubic meters, precipitating a surge of 24.5 m. This event led to 14 deaths [11,12].



The evolution of the seepage field within reservoir landslides is intricately influenced by rainfall and reservoir water level fluctuation [13,14,15,16,17]. This dynamic interplay disrupts the pre-existing equilibrium of the landslide, thereby exerting a consequential impact on its stability [18,19,20,21,22,23,24,25,26]. Particularly, the phreatic line serves as an effective delineator of seepage flow information within the landslide. Consequently, how to accurately calculate the phreatic line of landslides has become a hot topic. Physical model tests, numerical simulation and analytical methods are the most commonly used methods to solve landslide phreatic lines [27,28,29]. Many scholars have carried out studies through physical model tests and numerical simulation, and a series of achievements have been made [30,31,32,33,34]. However, numerical methods often entail substantial computational time, and physical model tests consume a lot of manpower and material resources. Alternatively, employing an analytical solution method necessitates the adoption of certain assumptions so as to derive an exact solution. In cases where these assumptions hold valid, the analytical solution proves to be a straightforward and pragmatic approach for exploring the phreatic line variation within the reservoir landslide.



Based on the Boussinesq’s Differential Equation of unsteady seepage, a simplified formula of the phreatic line calculation in landslide stability evaluation was proposed during reservoir drawdown [35]. Wu et al. (2007, 2009) elucidated an approximate analytical solution for the phreatic line within the context of a homogeneous bank slope model featuring a water-resistant foundation characterized by a gentle dip angle [36,37]. This solution comprehensively incorporated the combined effect of reservoir water level fluctuation and rainfall. Subsequently, an analysis of the analytical solution of the phreatic line was carried out under the combined effect of rainfall and a constant velocity change of the reservoir water level [38,39,40]. Despite the extensive efforts invested by numerous scholars in the analytical investigation of the landslide phreatic line under the joint influence of rainfall and reservoir water level fluctuation, the prevailing models still have the following limitations. Primarily, certain researchers have simplified the boundary conditions by presuming that the initial water table is horizontally oriented and the bank slope within the water-level fluctuation zone is vertical, a simplification that deviates significantly from the actual scenario. Furthermore, the assumption that the fluctuation rate of the reservoir water level is constant does not align with the dynamic nature of reservoir water level fluctuation, wherein the fluctuation rate is changing with time.



In this study, based on the Boussinesq Differential Equation of unsteady seepage theory, a new phreatic line analytical model was proposed, considering the initial boundary condition and actual reservoir water level fluctuation. Subsequently, the proposed model was applied to a traditional reservoir landslide—the Majiagou landslide. The derived analytical results were compared against the measured results, and the feasibility and accuracy of the proposed method were demonstrated.




2. Method


Given that the governing equation of the Boussinesq method is a second-order non-homogeneous partial differential equation, the attainment of an analytical solution for the phreatic line necessitates the imposition of certain assumptions and linearization of the equation [35]. In the course of solving the groundwater phreatic line, the Dupuit Assumption is incorporated, stipulating that the water head in the landslide is constant in the vertical direction, with the seepage flow rate being significantly smaller than the horizontal flow rate. The fundamental assumptions delineated in this study are listed as follows.



2.1. Basic Assumptions


(1) The aquifer is assumed to be isotropic and homogeneous, possessing infinite lateral extension, and featuring a horizontal impermeable layer;



(2) The flow within the aquifer is assumed to be one-dimensional;



(3) The bank slope within the water-level fluctuation zone is considered with respect to its actual geometric inclination;



(4) Prior to the change in reservoir water level, groundwater flow within the reservoir bank slope is assumed to be steady;



(5) The fluctuation rate of the reservoir water level is in accordance with actual conditions;



(6) Groundwater flow within soil is considered as saturated seepage.



In instances characterized by unsteady seepage flow, the analytical derivation of the phreatic line, under the combined influence of reservoir water level fluctuation and rainfall, the foundational differential equation governing the one-dimensional unsteady motion of Boussinesq phreatic water can be established as follows:


  μ   ∂ H   ∂ t   =  ∂  ∂ x    (  K h   ∂ H   ∂ x    )  + W ,  



(1)




where H denotes water head (m); h denotes aquifer thickness (m); K denotes the aquifer permeability coefficient (m/d); x denotes the horizontal distance of the calculated point to the origin (m); μ denotes the gravity water yield; W denotes rainfall intensity (m/d); t denotes the duration of time (d).




2.2. Simplification of Differential Equations


In the actual situation, although there will be some changes in the thickness of aquifer h, these changes are relatively small in the space-time scale and can be almost ignored. Consequently, for analytical purposes, the aquifer thickness h is treated as a constant parameter, replaced by the average thickness hm of the phreatic flow at the beginning and end time of the time interval:


    ∂ H   ∂ t   =   K  h m   μ     ∂ 2  H   ∂  x 2    +  W μ  ,  



(2)







Defining   α =   K  h m   μ   ,   β =  W μ   , Equation (2) can be modified as:


    ∂ H   ∂ t   = α    ∂ 2  H   ∂  x 2    + β ,  



(3)







As shown in Figure 1a, the temporal evolution of groundwater levels along the reservoir landslide at time t with a given instance x is:


  u  (  x , t  )  = H  (  x , t  )  − H  (  x , 0  )  ,  



(4)




where H (x, 0) is the initial water level at the x position, which is a fixed value and can be determined via in situ monitoring.



When t = 0:


  u  (  x , t  )  = 0 ,  



(5)







When x = 0:


  u  (  0 , t  )  = H  (  0 , t  )  − H  (  0 , 0  )  = f  ( t )  ,  



(6)




where the variation of the reservoir water level, expressed by the function f (t), is measurable and can be regarded as a known quantity.
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Figure 1. Computational framework of phreatic line. (a) Basic calculation model diagram of the phreatic line when the reservoir water level fluctuation, (b) water balance profle of unsteady two-dimensional fow of phreatic water. 
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Therefore, the unstable seepage of groundwater can be described with the following equation:


   {    u  (  x , 0  )  = 0   ( 0 < x < ∞ )     u  (  0 , t  )  = f  ( t )    ( t > 0 )     u  (  ∞ , t  )  = β t   ( t > 0 )       ∂ H   ∂ t   = α    ∂ 2  H   ∂  x 2    + β   ( 0 < x < ∞ , t > 0 )     ,  



(7)




where u (∞, t) = βt represents the change of groundwater level at time t with an infinite distance from the origin. It is assumed that the fluctuation of reservoir water level has no effect on the groundwater level in the infinite distance, which is only affected by rainfall infiltration, and the rainfall intensity can be obtained via in situ monitoring.




2.3. Calculation of Differential Equations


2.3.1. The Solution of the Initial Phreatic Line


In order to solve the initial phreatic line under steady state, the Dupuit Assumption is adopted in this study. As shown in Figure 1b, the flow rate at Section 1 and Section 2 is set as q1, and the flow rate at the 1~x is set as q2.


      q 1  = K    H 2  +  H 1   2     H 2  −  H 1   L       q 2  = K   H +  H 1   2    H −  H 1   x     ,  



(8)







Based on the principle of water balance, that is, q1 = q2, the water head of x section can be derived:


  H ( x , 0 ) =    x L  (  H 2    2  −  H 1    2  ) +  H 1    2    ,  



(9)








2.3.2. The Solution of Differential Equation


Equation (7) can be solved by Laplace integral transformation. Both sides of the model equation are multiplied by e−at at the same time, and the equation after integral transformation is as follows:


   {     u ¯   (  x , 0  )  = 0      u ¯   (  0 , t  )  = F  ( a )       u ¯   (  ∞ , t  )  = β t        ∂ 2   u ¯    ∂  x 2    =  u ¯   a α  +  β  a α       ,  



(10)







Assuming    u ¯  =    ∫ 0  + ∞    u  e  − a t   d t     ,      ∫ 0  + ∞    f  ( t )  d t = F  ( t )      , the general solution of the second-order nonhomogeneous differential equation is:


   u ¯  =  (  F  ( a )  − β t  )   e  −    a α  x     + β t ,  



(11)







Equation (11) can be further simplified by taking the inverse Laplace transform:


  u =  L  − 1    [   u ¯   ]  =  (  f  ( t )  − β t  )   L  − 1    [   e  −    a α  x      ]  + β t ,  



(12)






   L  − 1    [   e  −    a α  λ      ]  = 4  i 2  e r f c  ( λ )  =  (  1 + 2  λ 2   )  e r f c  ( λ )  −  2   π     e  −  λ 2    ,  



(13)




where   e r f c  ( λ )  =  2   π       ∫ λ  + ∞    −  e   t 2    d t      is the residual error function, which can be obtained by looking up the error function table.   λ =  x  2   α t       is the groundwater influence factor.   K ,  h m  , μ   are constants, λ is a function of x (distance from the origin) and t (duration). λ is positively correlated with x and negatively correlated with t.



R(λ) is the groundwater influence coefficient:


  R  ( λ )  =  L  − 1    [   e  −    a α  λ      ]  ,  



(14)







The relationship between λ and R(λ) is illustrated in Figure 2; it can be seen that R(λ) is a decreasing function with the increasing of λ; when λ ≥ 2, R(λ) is approximately equal to 0.



As can be seen from Equation (13), it is very difficult to solve R(λ) directly. Observation of Figure 2 reveals that R(λ) manifests as a continuous and smooth curve. Consequently, the polynomial fitting method is adopted to fit R(λ), and the fitting result is as follows:


  R  ( λ )  = 0.1091  λ 4  − 0.750  λ 3  + 1.9283  λ 2  − 2.2319 λ + 1 ,  



(15)







By substituting R(λ) into Equation (12), the following equation can be obtained:


  u  (  x , t  )  =  (  f  ( t )  − β t  )  R  ( λ )  + β t ,  



(16)







Based on Equations (4) and (16), the ensuing equation is derived:


  H  (  x , t  )  = H  (  x , 0  )  −  (  f  ( t )  − β t  )  R  ( λ )  − β t ,  



(17)







By combining Equations (15) and (17), the groundwater level infiltration line calculation expression can be expressed as:


  H  (  x , t  )  =  {    H  (  x , 0  )  −  (  f  ( t )  −  W μ  t  )   (  0.1091  λ 4  − 0.750  λ 3  + 1.9283  λ 2  − 2.2319 λ + 1  )  −  W μ  t   ( 0 < λ < 2 )     0   ( λ ≥ 2 )      



(18)










3. Case Study: Majiagou Landslide


3.1. Regional Geological Setting


The geological SketchUp map of the study area is illustrated in Figure 3. The regional stratigraphy is well developed, with exposures ranging from the Jurassic to the Ordovician stratum. The main formations around the Majiagou landslide include the Jurassic stratum (Upper Jurassic, Middle Jurassic) and the Quaternary stratum. Within the Jurassic stratum, there are formations such as the Penglai Formation (J2p), the Suining Formation (J2sh2), the Shaximiao Formation (J2sh1), and the Niejiashan Formation (J2n). The Quaternary deposits are sporadically distributed in the study area, including river terraces, various levels of erosion surfaces, slope depressions, etc.



The study area is located on the eastern margin of the Ziguitai fold belt in the Upper Yangtze Platform, mostly within the Zigui Basin. The eastern part extends into the Huangling anticline, which trends in a north–northeast direction. The structural system is situated at the northern end of the Emei uplift zone in the New Cathaysia tectonic system and the composite area of the Huaiyangshan-shaped tectonic system. The folding structures are mainly represented by the nearly north–south trending Zigui syncline, while the fault structures include the north–northeast-oriented compressional Shuitianba fault and the compressional to transpressional Huangjingshuping fault, which are approximately parallel in distribution.




3.2. Engineering Geological Setting of Majiagou Landslide


3.2.1. Location of Majiagou Landslide


The Majiagou landslide is located in Pengjiapo Village, Guizhou Town, Zigui County, Hubei Province, within the vicinity of TGR area (see Figure 4a,b). It is 2.1 km away from the Yangtze River estuary.




3.2.2. Geomorphological Setting of Majiagou Landslide


The Majiagou landslide exhibits a configuration characterized by a cohesive tongue-shaped distribution, featuring numerous gently inclined platforms interspersed with steep ridges (Figure 4c). The sliding direction is approximately 290° (Figure 5). The cumulative extent of the slope spans approximately 560 m, with a frontal edge elevation of approximately 125 m and a width of approximately 150 m. In addition, the rear edge is situated at an elevation of about 286 m, accompanied by a width of approximately 210 m. The area of the slope is about 9.8 × 104 m2 (Figure 5), encapsulating a volume of approximately 1.36 × 106 m3. The overall inclination of the slope is approximately 15°.




3.2.3. Stratigraphic Lithology


The geological profile of the Majiagou landslide can be characterized into overlying and bedrock strata, delineated in Figure 6. The overlying strata consist of loose accumulations of Quaternary soil, primarily comprised of residual and alluvial soils. The residual soil, constituting a more prevalent occurrence, is characterized by loosely structured gravel soil, exhibiting a thickness ranging from 8 to 15 m. Concurrently, the alluvial soil is widespread on the landslide’s surface, primarily composed of clay with gravel soil. The bedrock stratum is predominantly identified as the Suining Formation (J2sh2), a terrestrial clastic deposition widely distributed in the TGR area. The lithological composition of the rock strata is characterized by gray–white feldspathic quartz sandstone and fine sandstone, interbedded with a thin purple layer of mudstone.





3.3. Monitoring System


In order to investigate the response of groundwater level to rainfall and reservoir water level fluctuation, a hydrological monitoring station was set up in Majiagou landslide in July 2017. The groundwater level of the landslide could be monitored in real time by installed water level gauges at the bottom of the borehole. In addition, a weather station had been installed on the landslide to record the real-time rainfall data.



3.3.1. Rainfall Monitoring


In order to realize the measurement of Majiagou landslide rainfall, a weather station monitoring system was established in the landslide monitoring center in July 2017 (Figure 7). The station uses a traditional tip-bucket rainfall sensor to measure the amount and intensity of rainfall. The diameter of the rainfall gauge is 200 mm. The measurement accuracy of the sensor is ±4% with a monitoring resolution of 0.1 mm. The monitoring results can be transmitted by a wireless network based on the PH1000 GPRS wireless protocol.




3.3.2. Reservoir Water Level and Groundwater Level Monitoring


The daily reservoir water level of the Majiagou landslide could be obtained through the website (http://www.xiaoyuka.com/ziguixian/alarm_water/ (accessed on 1 January 2012)), which was released by the Three Gorges hydrology station of the Yangtze River. The groundwater-level fluctuation of the landslide could be recorded by the water level gauges installed in boreholes B1. Figure 8 shows the schematic sketch and physical diagram of the Fiber Bragg Grating (FBG) water level gauge. As shown in Figure 8a, the pressure membrane separates the sensor cavity into two parts: the air pressure cavity and the water pressure cavity. The air pressure chamber is connected to the atmosphere. The monitoring principle of the FBG water level sensor is: the hydrostatic pressure at different water levels will lead to corresponding deformation of the pressure film. By analyzing the deformation of the pressure film, the water level can be determined. It is noted that the water level sensor has a monitoring error of ±1 mm [41].





3.4. Results and Analysis


3.4.1. Rainfall


The measured daily rainfall during the period of 2018 to 2020 is shown in Figure 9. The results indicate that rainfall in the Majiagou landslide region was concentrated predominantly between April and August each year, characterized by continuous rainfall with maximum daily precipitation reaching 70 mm. Conversely, from October to March of the following year, rainfall was relatively minimal, with daily precipitation generally below 10 mm, falling within the category of light rain. The rainy season was mostly dominated by heavy or continuous rainfall types. Continuous rainfall generally occurred in Spring and Fall, and daily precipitation exceeding 35 mm mainly occurred in July and August each year. It should be noted that the rainfall during the months of April to August constituted 60–70% of the total annual precipitation.




3.4.2. Fluctuation of Reservoir Water Level and Groundwater Level


The reservoir water level and groundwater level time–history curves for the Majiagou landslide are depicted in Figure 9. Analysis of the reservoir water level variation revealed a distinct cyclic pattern. The reservoir water level attained its peak at 175 m in the Winter season (November) each year. Subsequently, from November to July of the next year, the reservoir underwent a drawdown stage, during which the reservoir water level decreased from the peak at 175 m to the lowest level at 145 m. Notably, the drawdown of the reservoir water level could be divided into two stages: from the Winter season to the Spring season (November to May) of each year, the water level gradually decreased at a rate of 0.19 m/d, followed by a rapid decline at the rate of 0.86 m/d in the Summer season (from May to July). Subsequently, in the Autumn season (from July to September) each year, characterized by concentrated rainfall in the reservoir area, the water level experienced rapid fluctuations but generally maintained a low level. Finally, in the Winter season (from September to November), the reservoir entered a storage phase, with the water level rising from the lowest level of 145 m to the peak of 175 m quickly.



Because the inclinometer B1 is close to the reservoir, and the overlying layer of landslide is mainly permeable gravel soil, the groundwater level variation at inclinometer B1 closely aligned with the reservoir water level fluctuation.





3.5. Model Verification


According to the calculation model of the phreatic line proposed in this study, the parameters that needed to be determined include the thickness hm of the aquifer, the permeability coefficient of the soil/rock of the Majiagou landslide, the gravity water yield μ and the distance x from borehole B1 to the origin. The above-mentioned parameters could be comprehensively determined based on field and laboratory tests as well as inversion analysis, as shown in Table 1 [42]. It should be pointed out that the intersection point between the reservoir water level and the bank slope on the base plate after the reservoir water level drops was set as the origin of coordinates. Thus, in this study, the distance x equaled 110 m. Additionally, in order to simplify the calculations, unsaturated soils were not considered in this study, so the permeability coefficient selected in this study was the saturated permeability coefficient of gravelly soils.



By substituting the parameters listed in Table 1 into Equation (18), the analytical solution of the groundwater level could be obtained, as shown in Figure 10. The red line represented the analytical results and the black dots represented the measured results. It was evident that the groundwater level calculated with the analytical method was slightly higher than the true values. But in general, the change trend and value of the analytical solution were basically the same with those of the measured results.



In order to further evaluate the accuracy of the model, we calculated the absolute error and relative error between the analytic values and the measured values, and the results are shown in Figure 11. As can be seen from Figure 11a, when the reservoir water level was at the highest level or dropping slowly, the difference between the analytical results and the measured values was small, basically within the range of 1–2 m. When the reservoir water level decreased rapidly or was at a low level, the difference between the analytical results and measured results was larger, and the maximum error could attain about 4.7 m. This was because the highest reservoir water level was set as the initial moment. In accordance with the assumption articulated in Section 2, denoted as “Prior to the change in reservoir water level, groundwater flow within the reservoir bank slope is assumed to be steady”, the phreatic line obtained in the case of steady seepage was used as the initial value for unsteady seepage flows. Even if the reservoir water level started to drop, due to the low rate of decrease, this led to a small difference between the results calculated by the analytical model and the measured values. However, when the reservoir water level fluctuated rapidly, vertical seepage was generated within the landslide, and the Dupuit Assumption was no longer be satisfied. In this case, the errors between analytical results and measured values become obvious. The error of 4.7 m seems large, but considering that the fluctuation range of the reservoir water level was between 145 m and 175 m, the impact on the result might not be significant. Consequently, to provide a more nuanced assessment, we calculated the relative error as a means of refining the accuracy evaluation. It is evident from Figure 11b that the relative error between analytical results and measured results was basically within 2.8%. In general, the calculation model of the landslide phreatic line proposed in this study is reasonable, and its calculation results could meet the needs of engineering applications.





4. Discussion


4.1. The Innovation of This Study


Groundwater is an important factor affecting the stability of landslides. Therefore, how to accurately calculate the phreatic line is very important in the evaluation and prediction of landslide stability. In recent years, many scholars have adopted numerical analysis methods such as Geo-seep and Moldflow to investigate groundwater seepage variation. Although numerical simulation can obtain accurate and detailed seepage field information of the landslides, it often requires the establishment of an accurate 2D or 3D model, followed by grid division, parameter optimization, and complex calculations. The whole process is time-consuming and often encounters the non-convergence problem, which is not conducive to the rapid analysis and evaluation of landslide stability for engineering purposes. In contrast, the analytical method, based on some assumptions, can quickly derive the exact solution of the phreatic line, which is of great significance for landslide prediction and early warning studies. However, previous analytical methods mainly have two following shortcomings: (1) The bank slope within the water-level fluctuation zone is considered as vertical, which differs significantly from the actual situation. It is noted that the front slope of landslide deposits in the TGR area is generally 10~30°, which is relatively gentle. Given that the fluctuation amplitude of the reservoir water level is 30 m (145 m–175 m), assuming that the front slope is 30°, the length of reservoir bank within the water-level fluctuation zone is 60 m, whereas it is 172.7 m when assuming the front slope is 10°. Therefore, the length of reservoir bank within the water-level fluctuation zone in the TGR area is relatively long, mostly between 60 m and 172.7 m. Thus, the bank slope within the water-level fluctuation zone cannot be regarded as vertical. (2) The fluctuation rate of the reservoir water level is considered as constant. Actually, the fluctuation rate changes with time. To address the above issues, this study carries out an analytical study for the solution of the phreatic line. First, the bank slope within the water level fluctuation zone is considered in terms of its actual geometric inclination rather than assumed to be vertical. This can be corrected according to the actual geologic profile of the landslide. Second, the fluctuation rate of the reservoir water level variation is consistent with the actual situation rather than assumed to be constant. This can be corrected by changing u (0, t) = vt proposed by Wu et al., 2009 [37] and Sun et al., 2017 [39] to u (0, t) = f (t), as depicted in Equation (7) in this study.




4.2. Error Analysis and Limitations of the Proposed Method


Based on the phreatic line calculation model as described in Equation (18), it can be seen that in addition to rainfall and reservoir water level fluctuation, the phreatic line inside the landslide is also affected by the permeability coefficient of rock/soil, gravity water yield, thickness of the aquifer and the horizontal distance of the calculated point to the origin.



The schematic diagram of groundwater flow within soil is illustrated in Figure 12. In fact, the groundwater flow within the soil should follow the pattern as illustrated in Figure 12b. That is, the groundwater flow considers the soil as a two-layer system consisting of a saturated zone and an unsaturated zone with a capillary fringe. If the capillary fringe is considered, the physical properties of unsaturated soils, including the permeability coefficient and water content, are highly nonlinear [43,44]. At present, there is no analytical solution model that can solve such highly nonlinear equations involved in unsaturated soil. Given this, the groundwater flow is simplified as Figure 12a. That is, the capillary fringe is not considered and the flow of groundwater in soil is considered as saturated seepage. This simplification will lead to an error between the calculated result and the real value.



In addition to the error caused by not considering unsaturated soil, the selection of coordinate origin can also induce error. As shown in Figure 13, the phreatic line within the Majiagou landslide is observed to be higher than the measured value. The primary reason is that the position of the origin of coordinates will directly affect the accuracy of the phreatic line calculation result. The first method, as illustrated in Figure 13a, assumes that the projection of the intersection point (marked with “A”) between the reservoir water level and the bank slope on the base plate before the reservoir water level drops is the origin of coordinates. It is evident that this method only calculates the position of the phreatic line from the origin section to the rear edge of the landslide, and ignores the phreatic line in the range of the reservoir water level fluctuation zone, which is marked in shadow in Figure 13a. Consequently, the aforementioned point is precluded from serving as the origin of coordinates in the calculation of the phreatic line within the landslide. Generally, the second method, as illustrated in Figure 13b, assumes that the intersection point (marked with “A”) between the reservoir water level and the bank slope on the base plate after the reservoir water level drops is the origin of coordinates. This method, adopted in this study, is more accurate than the former method in terms of phreatic line calculation. However, the phreatic lines calculated by this method are higher than the actual ones. The main reason is that the shadow part, as illustrated in Figure 13b, should be empty but is treated as soil. This will cause the drawdown of the phreatic line to become slower than the actual situation. Thus, the calculated phreatic line is higher than the measured value.



Generally speaking, considering that the relative error between analytical results and measured results is basically within 2.8%, its calculation results can meet the needs of engineering applications, which demonstrates the feasibility and accuracy of the proposed method.





5. Conclusions


According to the basic equation of unstable diving motion, the unsteady seepage differential equation of landslide groundwater under the coupling effect of reservoir level fluctuation and rainfall is established. Considering the actual bank slope and reservoir water level fluctuation rate, a novel analytical model is proposed. Based on the developed phreatic line calculation model, it is found that in addition to rainfall and reservoir water level fluctuation, the phreatic line inside the landslide is also affected by the permeability coefficient of rock/soil, gravity water yield, thickness of the aquifer and the horizontal distance of the calculated point to the origin. Then, the developed analytical model is applied to the Majiagou landslide in the TGR. When the reservoir water level is at the high level or drops slowly, the difference between the analytical results and the measured values is small, basically within the range of 1–2 m. In contrast, when the reservoir water level decreases rapidly or is at the low level, the difference between the analytical results and measured results is larger, and the maximum error can attain about 4.7 m. The source of the error can be divided into two aspects. First, in order to simplify the calculations, the unsaturated case is not considered in this study, which means that the flow of groundwater in the soil is considered as saturated seepage. Second, the coordinate origin is set as the intersection of the reservoir level and the bank slope on the bottom plate after the reservoir level drops. That is, the water level fluctuation zone should be empty but is treated as soil. But generally, the relative error between the analytical results and the measured results is basically within 2.8%; the calculation results can, therefore, meet the needs of engineering applications. This study provides an effective and accurate landslide phreatic line calculation method, which is of great significance for landslide prediction and early warning.
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Figure 2. The relation curve of λ and R(λ). 
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Figure 3. The geological SketchUp map of the study area. 
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Figure 4. Location of Majiagou landslide. (a) Location in China. (b) Location in TGR. (c) Aerial view of Majiagou landslide. 
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Figure 5. Topographic map of the Majiagou landslide. 
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Figure 6. Geological profile of Majiagou landslide. 
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Figure 7. Hydrological monitoring station of Majiagou landslide. 
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Figure 8. (a) Schematic diagram of water level gauge. (b) Physical diagram of the water level gauges. 
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Figure 9. Time–history curve of rainfall, reservoir water level fluctuation and groundwater level change. 






Figure 9. Time–history curve of rainfall, reservoir water level fluctuation and groundwater level change.



[image: Water 16 00375 g009]







[image: Water 16 00375 g010] 





Figure 10. Comparison of daily groundwater between measured and analytical results. 
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Figure 11. Error between analytical and monitoring results. (a) Absolute error. (b) Relative error. 
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Figure 12. Schematic diagram of groundwater flow. (a) The groundwater flow considers the soil as a two-layer system consisting of a saturated zone and unsaturated zone. (b) The groundwater flow considers the soil as a two-layer system consisting of a saturated zone and an unsaturated zone with a capillary fringe above the water table. 
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