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Abstract

:

It is of great significance to explore the spatial and temporal evolution of soil and rockfill dam deformation, ensuring the safety of people’s lives and healthy economic development. The spatial and temporal evolution patterns of deformation of 17 large soil and rockfill dams in Henan Province were analyzed by using the PS-InSAR technique and 55 Sentinel-1A images from March 2017 to September 2021. Based on factors such as reservoir water level and rainfall, a series of analyses were conducted on the Xiaolangdi soil and rockfill dam, which has the highest dam height and the most prominent deformation problem. The monitoring results show that all the soil and rockfill dams in Henan Province have different degrees of deformation, and there is a close relationship between dam height and deformation. In addition, the deformation rate of the Xiaolangdi soil and rockfill dam in the past five years presents a “Stepped Shape” deformation trend from the top to the bottom of the dam. The deformation of the upper, middle, and lower parts of the dam body reaches 80 mm, 40 mm, and 20 mm, respectively, among which the middle part of the dam crest has the largest deformation. Furthermore, the time series prediction model for sparrow search algorithm Long Short-Term Memory considering the moving average filter (MAF-SSA-LSTM) is proposed to predict and accurately analyze the future deformation of Xiaolangdi soil and rockfill dam with RMSE of 1.526 mm, MAE of 1.447 mm, and MAPE of 2.22%, which proved that the model has high prediction accuracy. It can truly reflect the overall deformation trend of the dam body. The results provide a theoretical basis and decision basis for the census of reservoir safety conditions and deformation history retrieval in Henan Province.
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1. Introduction


China is the most developed country in the world in terms of large-scale water conservancy facilities. By the end of 2022, China had more than 98,000 reservoir dams, and Henan Province had 2538 reservoir dams, of which 48% were built in the 1950s–1970s, and 93% were soil and rockfill dams that had been in use for over 50 years. A large number of water conservancy projects are in “Extended Service” and “Exceeding Service”, and the risk of failure cannot be fully controlled [1,2]. Restricted by the technical conditions of the 1950s, soil and rockfill dams were often surveyed, designed, and constructed at the same time, resulting in many dangerous reservoirs. Between 1954 and 1971, a total of 159 dam failure accidents occurred in Henan Province, with a dam failure rate of 6.27%, which was at a relatively high level nationwide during the same period [3]. Especially in the flood season, for small- and medium-sized reservoir dams, river embankment failure and other hidden dangers, if not “belt and braces”, maybe “a failure of all”.



Traditional water conservancy project safety monitoring is mainly based on precision leveling measurements, Global Navigation Satellite System (GNSS) measurements, and sensors installed in the project. These low spatial sampling density methods can only obtain local point deformation, making it difficult to analyze the impact on the dam by combining factors such as reservoir water level and rainfall. At the same time, it will lead to an increase in the cost of human and material resources. The first two methods of measuring personnel need to enter the deformation area, increasing the risk; the latter method of the sensor is difficult to maintain and will gradually lose sensitivity and even effectiveness with the operation of the dam. Interferometric Synthetic Aperture Radar (InSAR) technique with surface-domain deformation monitoring capability can provide a more effective method for water resources engineering safety monitoring [4,5,6,7,8]. This method can effectively overcome the disadvantages of traditional monitoring, such as high maintenance cost, small monitoring range, low efficiency, and difficulty in predicting deformation. It has been widely used in monitoring geological hazards such as urban surface deformation [9,10,11], mountain landslides [12,13,14], mine deformation [15,16,17,18], earthquakes [19,20,21] and glacial permafrost [22,23,24,25].



Although the InSAR technique started relatively late, it has developed rapidly in the field of water conservancy engineering safety monitoring. This technique improves the accuracy and safety of dam deformation monitoring by providing high-resolution images to obtain accurate deformation information and has been validated in multiple studies [26,27,28]. As early as 2009, researchers began to explore the application of the InSAR technique in the stability monitoring of water conservancy buildings. Some typical cases include the application of the InSAR technique in the deformation monitoring and simulation model construction of the Three Gorges Dam [14,29,30], the application of reservoir dam deformation monitoring [31,32,33], and the application of the Persistent Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR) technique in the reservoir landslide monitoring [34,35,36]. With the continuous progress and development of the InSAR technique, a series of studies have been carried out in recent years on dam slope deformation monitoring by combining the InSAR technique with groundwater level and temperature variations [37,38,39]. Therefore, the InSAR technique has played an active role in improving the efficiency of reservoir dam deformation monitoring and protecting the safe operation of water conservancy projects [40,41]. However, there is no overall analysis of the field of soil and rockfill dams, and there is a lack of attention to the particularity of soil and rockfill dam structures.



This study utilizes the PS-InSAR technique to monitor 17 large-scale soil and rockfill dams in Henan Province to obtain the spatial distribution characteristics and temporal evolution of soil and rockfill dams. In order to analyze the impact of water level changes on soil and rockfill dams, the highest Xiaolangdi Reservoir Dam was analyzed by combining with reservoir water level, rainfall, etc. Further, the time series prediction model sparrow search algorithm, Long Short-Term Memory, considering the moving average filter (MAF-SSA-LSTM), is proposed. After evaluating the model’s accuracy, the dam body deformation is predicted and analyzed.




2. Study Area and Data


2.1. Study Area


Henan Province, located between longitude 110°21′~116°39′E and latitude 31°23′~36°22′N, is situated in the middle and lower reaches of the Yellow River. As of 2022, Henan Province has 28 large dams with a storage capacity of 6045 million m3, including 25 soil and rockfill dams, accounting for 89.3% of the total number of large dams in Henan Province. They play an important role in large water conservancy projects in Henan Province [42]. In this paper, 17 large soil and rockfill dams in Henan Province (Table 1) are used as examples to carry out the study, and the distribution is shown in Figure 1.




2.2. Data Source


A total of 55 ascending orbit Sentinel-1A images covering the study area from March 2017 to September 2021 with an incidence angle of 39.65° (path 113) and 39.72° (path 40,11) at the dam position, precise orbit ephemerides data (POD), and Shuttle Radar Topography Mission Digital Elevation Model (SRTM-1 DEM) were collected for deformation monitoring of large soil and rockfill dams in Henan Province to improve satellite orbit accuracy and remove terrain phase. The coverage is shown in Figure 2 [43]. The water level data of Xiaolangdi Reservoir Dam were obtained from the daily water conditions published on the official website of the Yellow River Conservancy Commission of the Ministry of Water Resources (http://www.yrcc.gov.cn/, accessed on 31 December 2022). The rainfall data were obtained from the monthly water conditions data published by the Henan Provincial Hydrology and Water Resources Measurement and Reporting Center (http://www.hnssw.com.cn/, accessed on 31 December 2022). These data were used to analyze the correlation between dam deformation, water level, and rainfall.



Meanwhile, the 171 Sentinel-1A images of Xiaolangdi Reservoir Dam from January 2017 to November 2022 were processed to obtain long-time series deformation. In order to increase the experimental accuracy and prevent accidental situations, multiple buffer zone with a radius of 5 m was established in the center of characteristic regions in the upper deformation area of the dam. All of the time series points were selected in the buffer to calculate the average value of each period deformation. It is combined into a set of data as the training dataset and validation dataset of the model. The first 80% of the experimental data are selected as the training set and the last 20% as the test set.





3. Methods


3.1. PS-InSAR Technique


Ferretti et al. proposed the PS-InSAR technique in 2000, which effectively overcame the effects of temporal decorrelation and atmospheric delay errors [44]. The PS-InSAR technique is based on the identification of stable points with high reflectivity and little variation in space-time. By selecting a large number of PS points, the atmospheric delay phase can be estimated accurately, and the final deformation with millimeter accuracy is obtained. PS-InSAR mainly includes main image selection, co-registration, interference, inversion, geocoding and so on [45,46,47]. Its flow chart is shown in Figure 3.



Generally, the final results of InSAR are presented according to the deformation in the line-of-sight (LOS) direction, but the upstream slope dam and downstream slope dam of different soil and rockfill dams have different slopes. The different location directions of the dam body and the satellite incidence angle will lead to different local incidence angles of different slope dams, which will change the direction and size of the results [35]. The appearance of the dam body is similar to a multi-sided landslide. According to the characteristics of local earth rock materials and foundation geology, the slope angles of the upstream and downstream faces of the dam will be adjusted accordingly. Therefore, it is crucial to obtain the correct vertical deformation of slope dams for exploring the stability of soil and rockfill dams. Figure 4 shows the relationship between the true vertical deformation of soil and rockfill dam, slope, and incidence angle:



   ε a  ,  ε b  ,  ε c    is the incidence angle of different slope surfaces. H is the height of the dam.   Δ  h a  ,   Δ  h b  ,   Δ  h c    is the true vertical deformation of the slope dam.   Δ  T a  ,   Δ  T c    is the deformation perpendicular to the direction of the dam slope.    O 1  ,    O 2    is the projection distance of the upstream and downstream slope dams on the level surface.    K a  ,    K b  ,    K c    represents deformation along the satellite LOS. The formula for calculating the locality incidence angle of different slope dams is as follows in Equation (1):


       ε a  = θ − α      ε b  = θ      ε c  = θ + β      



(1)




where  θ  is the satellite incidence angle, which will be provided in general image information,   α ,   β   is the true slope angle of soil and rockfill dam, which are the ratio of H to    O 1  ,    O 2   . Therefore, the true vertical deformation of the slope dam is shown in Equation (2).


      Δ  h a  =   Δ  T a    cos  ε a    =    K a  × cos  ε a    cos α       Δ  h b  =  K b  × cos  ε b      Δ  h c  =   Δ  T c    cos  ε c    =    K c    ×   cos  ε c    cos β        



(2)







It can be seen that the influence of the dam slope and incidence angle on the deformation results needs to be considered for the polyhedral slope building. Through the above calculation, the true vertical deformation of soil and rockfill dam can be obtained, and the dam deformation survey can be carried out more accurately.




3.2. MAF-SSA-LSTM Model


To solve the multi-objective function problem while improving the efficiency of model search, SSA-LSTM was used in this study, which is a new population optimization algorithm proposed by Xue et al. in 2020 [48]. The algorithm is based on the foraging and anti-predation behavior of the sparrow population. The sparrow population seeks the best place for food storage to realize the transformation of production and demand. This flexible behavior strategy optimizes the exploration and development of the search space. However, in the process of searching for the optimal solution by the sparrow, it is often difficult for the model to converge due to excessive boundary errors, making it difficult for the sparrow to search for the optimal solution. Therefore, it is necessary to perform “edge optimization” on the training data to improve its training efficiency.



In this study, the MAF-SSA-LSTM model is proposed, which shows great advantages in dealing with nonlinear problems, both in terms of convergence and accuracy. At the same time, the MAF algorithm is used to optimize the “outliers” in the SSA-LSTM network structure locally to obtain the optimal boundary parameters, and the overall architecture of the model is shown in Figure 5.



According to Figure 5, it can be seen that the model optimization process involves the following three steps.



	(1)

	
With the initial learning rate, regularization parameter, and the number of nodes in the hidden layer of the LSTM structure as the optimization objects, determine the sparrow population number, the maximum number of iterations, the number of optimization parameters, and the upper and lower bounds of parameter values (initial Learning rate, regularization coefficient, and the number of nodes in the hidden layer), and initialize the value of the SSA optimization algorithm.




	(2)

	
Calculate the fitness value and update the position of each sparrow based on the number of sparrows in the population, and use Equations (6)–(8) to update the optimal individual position and global optimal position in the iterative sparrow population, and save the iteratively searched position.




	(3)

	
Determine whether the maximum number of iterations has been reached. If so, exit the loop to obtain the optimal network parameters. Otherwise, continue with Step (2) above until the iteration ends and output the optimal network end parameters.







3.2.1. MAF


Because the deformation monitoring results of the InSAR technique are a nonlinear and non-stationary time series, in order to weaken the influence of some “outliers” in the deformation monitoring data on the whole deformation trend of the data, a moving average filter is used to smooth the data with a moving window length of 5, as shown in Equation (3).


      y y ( 1 )   =   y ( 1 )       y y ( 2 )   =   ( y ( 1 )   +   y ( 2 ) +   y ( 3 ) ) / 3       y y ( 3 )   =   ( y ( 1 )   +   y ( 2 )   +   y ( 3 )   +   y ( 4 )   +   y ( 5 ) ) / 5       y y ( 4 )   =   ( y ( 2 )   +   y ( 3 )   +   y ( 4 )   +   y ( 5 )   +   y ( 6 ) ) / 5       y y ( 5 )   =   ( y ( 3 )   +   y ( 4 )   +   y ( 5 )   +   y ( 6 )   +   y ( 7 ) ) / 5      …     



(3)







The obtained results are shown in Figure 6, and it can be found that the smoothed data better reflect the trend of dam deformation in the time series.




3.2.2. SSA


The SSA adopts the strategy of discoverers, joiners, and warners to simulate the foraging and anti-predatory behavior of sparrows. Assuming that the initial position of the sparrow population searching for food is represented by matrix  X , and the fitness value of the population is represented by matrix    F X   :


  X =      x  1 , 1     ⋯    x  1 , d       ⋮   ⋱   ⋮      x  n , 1     ⋯    x  n , d        



(4)






   F X  =       f ( [  x  1 , 1      ⋯     x  1 , a   ] )      ⋮   ⋱   ⋮      f ( [  x  n , 1      ⋯     x  n , a   ] )        



(5)




where n is the number of populations, d is the dimension of the variable, and each row of values in    F X    represents the fitness value of the individual.



As the leader in searching for food in the population, the producer has a good fitness value. It guides the beggars to find food and is responsible for the migration of beggars. The location iteration process of the producer is as follows:


   X  i , j   t + 1   =        X  i , j  t  · exp     − i   α · i t e  r  m a x       ,    R 2  < S T          X  i , j  t  + Q · L ,    R 2  ≥ S T        



(6)




where t is the number of current iterations;    X  i , j  t    represents the value of the j-th dimension when the i-th sparrow iterates t times, j = 1, 2, …, d;   i t e  r  m a x     is a constant for the maximum number of iterations;   α ∈ ( 0 , 1 )   of random numbers;  Q  is a normally distributed random number;  L  represent   1 × d   matrix and all elements in the matrix are 1;    R 2    represents the alarm value;   S T   is the safety threshold. When    R 2  < S T  , it means that the producer can search for food in a wider area with no predators around. When    R 2  ≥ S T  , it represents the producer’s detection of danger and the need to direct the sparrow population to a safe area.



As the beggars in the population have lower fitness values, they need to continuously pay attention to the dynamics of the producers. If the producers find better food, the beggars will quickly compete for it. If the competition fails, the beggars will continue to monitor the dynamics of the producers. Therefore, the position iteration of the beggars is as follows:


   X  i , j   t + 1   =         Q · exp      X  w o r s t  t  −  X  i , j  t     i 2      ,   i >  n 2         X p  t + 1   +    X  i , j  t  +  X p  t + 1     +  A +  · L ,   Others        



(7)




where    X p     represents the latest food position found by the producer,    X  w o r s t      represents the current worst position,  A  represents a matrix of   1 × d   with elements randomly assigned as either 1 or −1, and    A +  =  A T    ( A  A T  )   − 1    . When   i >  n 2   , it represents the unfavorable fitness value of the i-th beggar in the population.



When danger is detected, the birds on the periphery of the population will quickly move to a safe area, while those in the middle will randomly move. The position iteration of the safety-conscious sparrows in the population that search for safe locations is as follows:


   X  i , j   t + 1   =          X  b e s t  t  + β · |  X  i , j  t  −  X  b e s t  t  | ,    f i  >  f g         X  i , j  t  + K · (   |  X  i , j  t  −  X  w o r s t   |   (  f i  −  f p  ) + ε   ) ,    f i  =  f g         



(8)




where    X  b e s t      is the current best fitness position,  β  represents the step size control parameter, which is a random number following a normal distribution with a mean of 0 and a variance of 1, K  represents a random number in the interval [–1, 1], which represents the direction and coefficient of movement of the step size of the sparrows in the population,    f i    represents the fitness value of the i-th sparrow,    f g    represents the global best fitness value,    f p    represents the global worst fitness value, and  ε  represents a constant close to 0 to avoid zero division errors.    f i  >  f g    represents a sparrow located on the outer edge of the population, which needs to move to a safe location when danger is detected;    f i  =  f g    represents sparrows in the middle area of the population who are aware of the danger and need to search for a safe location.



The SSA utilizes the danger awareness of the sparrow population and iteratively updates the latest positions of all sparrows in the population using Equations (6)–(8). Based on the position information of the sparrow population, the optimal individual position and global optimal fitness value in the population are obtained, thereby determining the optimal weights and thresholds of the LSTM model.






4. Results


Deformation monitoring was conducted on 17 dams in Henan Province using the PS-InSAR technique. The cumulative deformation maps of each dam from March 2017 to September 2021 were obtained, as shown in Figure 7. The red ellipse represents the location of the master dam for each soil and rockfill dam.



Through deformation monitoring results, it can be observed that among the 17 large-scale soil and rockfill dams in Henan Province, there are three dams with relatively small deformation: The deformation on both sides of the Wuyue Reservoir dam is relatively small, with slight deformation in the middle. The Pohe Reservoir Dam and Nanwan Reservoir Dam show slight overall deformation, reaching −46 mm, −30 mm, and −31 mm, respectively. The left side of the Yahekou Reservoir Dam demonstrates an upward trend, and the right side displays distinct evidence of subsidence, reaching −45 mm. Dams with severe deformation on the left side include Songjiachang Reservoir Dam, Zhaopingtai Reservoir Dam, and Banqiao Reservoir Dam, reaching −66 mm, −56 mm, and −34 mm, respectively. Dams with deformation in the middle include Luhun Reservoir Dam and Gushitan Reservoir Dam, both reaching −39 mm. Dams with deformation on both sides include Nianyushan Reservoir Dam, reaching −37 mm. Dams with severe deformation on the top include Zhaikou Reservoir Dam and Boshan Reservoir Dam, reaching −75 mm and −22 mm, respectively. Dams with overall deformation include Shishankou Reservoir Dam and Baiguishan Reservoir Dam, reaching −37 mm and −71 mm, respectively, and the most severe deformation can be found in Xiaolangdi Reservoir Dam, Yanshan Reservoir Dam, and Baisha Reservoir Dam, reaching −86 mm, −142 mm, and −173 mm, respectively. The deformation of the middle part of Xiaolangdi Reservoir Dam is larger than that of the dam abutment on both sides. The deformation on the left side of Yanshan Reservoir Dam is serious, and the deformation decreases from left to right. The overall deformation of the Baisha Reservoir Dam is serious. From the deformation monitoring results, it can be found that all 17 large-scale soil and rockfill dams in Henan Province have various degrees of deformation. Therefore, it is important to pay close attention to these water conservancy projects.



Analysis from soil and rockfill dam materials and anti-seepage structure types, soil and rockfill dams can be roughly divided into three categories: homogeneous dams, sloping wall dams, and core wall dams. Among them, core wall dams are the most commonly used type for large reservoirs in Henan Province. They feature a seepage control structure located in the center of the dam, with the sides of the dam slope supporting and protecting the internal core wall. This design provides a stable structure and good seismic performance, making it unique compared with the other two types of soil and rockfill dams. According to the monitoring results, the deformation degree of dams with core walls is often smaller than that of dams without core walls. Because the soil mass in the core wall area is solid, and the gap is very small. Moreover, the core wall has the characteristics of low seepage, which can well block the water seepage to retard the deformation of the soil layer. Among the soil and rockfill dams studied, the Baisha Reservoir Dam is a homogeneous earth dam with severe consolidation effects and the highest annual deformation rate, followed by the inclined wall soil and rockfill dam, Yanshan Reservoir Dam. Clay heart wall sand shell dams are a relatively stable type of dam. The clay core sand shell dam employs low-permeability viscous soil as the seepage control material in the middle of the dam. Due to its good stability, this type of dam is widely used in the construction of large-scale soil and rockfill dams. In fact, the proportion of clay core sand shell dams in the large-scale soil and rockfill dams studied in this study reached 64.7%.



A buffer zone with a radius of 5 m is established around severe deformation zones of 17 soil and rockfill dams to improve experimental accuracy and prevent accidental errors. The average deformation of all points in the buffer zone is selected for mapping. Figure 8a,b represents the relationship between the height of soil and rockfill dams with core wall and the deformation, and the relationship between soil and rockfill dams with different materials and deformation. In Figure 8a, the blue mark represents the height of the soil and rockfill dam, and the red ellipsoid represents the deformation of the soil and rockfill dam. It can be found that the height and deformation trend of soil and rockfill dam with the core wall are basically the same. The Boshan Reservoir Dam is only abnormal because it was built in 1954, 70 years ago. In such a long period of time, the soil mass is compacted under the influence of gravity, and the porosity between particles of bulk earth rock becomes smaller, so the deformation is not serious. The Xiaolangdi Reservoir Dam, with the highest height of 160 m, and the narrow-mouthed reservoir dam, with the second highest height of 77 m, both have experienced significant deformation. The former, as the highest soil and rockfill dam in Henan Province, should be a key area of concern, and Section 5 of this study will focus on its analysis. In Figure 8b, both the homogeneous dam and inclined wall dam have abnormal deformation. The Baisha Dam, a homogeneous dam, has reached −173 mm, and the Yanshan Dam, an inclined wall dam, has reached −142 mm, but the Xiaolangdi Dam, a core wall dam, has only −86 mm. This is because the homogeneous dam is horizontally compacted in layers, and the permeability of the soil is non-uniform, forming a high saturation line in the dam body. Therefore, it can cause the soil to soften or mud, thereby causing significant deformation. The abnormal deformation of the inclined wall dam may be caused by the small contact stress between the inclined wall and the foundation, poor bonding with the foundation, and poor permeability of the material itself. Compared with the above two types of dams, the core wall has excellent low permeability and low deformation characteristics. Therefore, the deformation of the core wall dam is the smallest and positively correlated with its own dam height. Therefore, more excellent core wall dams in terms of structure and materials should be given special attention.



We evaluated the safety status of 17 soil and rockfill dams in the study area according to the cumulative deformation of large soil and rockfill dams in Henan Province from March 2017 to September 2021 and requirements in the local “ Design code for rolled soil and rockfill dams “ (SL274-2020) [49]. In order to prevent excessive deformation, the dam crest needs to reserve deformation superelevation, in which the superelevation value of the soil impervious dam body is 2% of the design height of the dam body. For a 100 m high soil and rockfill dam, the allowable value of deformation after construction is 2000 mm. Dams with cumulative deformation greater than 100 mm in the study area include the Baisha Reservoir Dam and the Yanshan Reservoir Dam. Dams with deformation between 50 mm and 100 mm include the Xiaolangdi Reservoir Dam, Zhaikou Reservoir Dam, Songjiachang Reservoir Dam, Zhaopingtai Reservoir Dam, and Baiguishan Reservoir Dam. Dams with deformation less than 50 mm include the Wuyue Reservoir Dam, Yahekou Reservoir Dam, Gushitan Reservoir Dam, Luhun Reservoir Dam, Nianyushan Reservoir Dam, Shishankou Reservoir Dam, Banqiao Reservoir Dam, Nanwan Reservoir Dam, Pohe Reservoir Dam, and Boshan Reservoir Dam.



The deformation results of 17 dams are far less than the allowable deformation range. Only the Baisha Reservoir Dam and Yanshan Reservoir Dam have large deformation. It is found that there are a large number of coal mining enterprises around the Baisha Reservoir. Underground mining of coal mines can lead to serious surface subsidence. Meanwhile, coal mining enterprises need to pump a large amount of groundwater for production and life. All of them may result in the overall deformation of the reservoir. The Yanshan Reservoir Dam is mainly constructed by a homogeneous soil dam, and the groundwater drainage condition on the dam base is poor, so the dam will have serious seepage deformation under the condition of long-term water storage. Secondly, the area of expansive soil in the reservoir area is large, which will affect the deformation and stability of the dam after the impoundment of the reservoir. Thirdly, there are many villages around the reservoir with dense personnel activities. The villagers’ daily water and a large amount of groundwater exploitation will also cause the overall subsidence of the surrounding area. However, the deformation result is still within the safe range. Moreover, both dams have adopted reinforcement measures. Therefore, all 17 dams are in a safe state.




5. Discussion


5.1. Deformation Monitoring Analysis of Xiaolangdi Soil and Rockfill Dam


The Xiaolangdi Water Control Project is located at the exit of the Yellow River gorge in the middle reaches of the river, within the Xiaolangdi area of Mengjin County, Henan Province. The dam adopts a clay-inclined core wall rockfill dam with a maximum height of 160 m and a length of 1667 m. There is an 8 m-wide raceway at the top of the dam, with an upstream slope of 1:1.75 and a downstream slope of 1:2.6. The Xiaolangdi Dam is currently the largest soil and rockfill dam in Henan Province, with a filling capacity of 51.85 million m3 and a storage capacity of 12.65 billion m3 [50]. Figure 9 provides a clear overview of the study area.



This experiment utilized the PS-InSAR technique to process 55 Sentinel-1A images, generating an average deformation map of the Xiaolangdi Reservoir Dam from March 2017 to September 2021 in the line-of-sight direction. Based on the degree of deformation observed during different time periods, the deformation of the dam body was statistically analyzed, as shown in Figure 10. Negative values indicate movement away from the satellite direction and represent the deformation of the dam body. In contrast, positive values indicate movement towards the satellite direction and represent the rise of the dam body. It can be observed from the figure that the PS points are mainly concentrated on the dam body of the reservoir. The deformation of the Xiaolangdi Reservoir Dam decreases gradually from the top to the bottom, with the central part exhibiting greater deformation than the two sides. The maximum cumulative deformation recorded reaches −86.09 mm.



Beginning in March 2017, it took about nine months for significant deformation to appear at the top of the dam in December 2017. Subsequently, noticeable stepped shape deformation was observed in March 2019, and this pattern continued in the following time periods. These findings indicate that the Xiaolangdi Reservoir Dam has undergone significant deformation over approximately two years.



Based on the deformation monitoring results of the Xiaolangdi Reservoir Dam, a detailed analysis was conducted on the critical parts of the dam body and the deformation of its longitudinal-transverse section. As shown in Figure 11, the critical areas of the dam body were designated, along with longitudinal section B-B1 and transverse section A-A1, and critical monitoring points were set at positions 1–19.



The displacement obtained by satellites is only deformation perpendicular to the slope surface. The upstream and downstream slope dams are not in the same direction as the deformation of the dam crest, resulting in deformation deviation. The above method, as Section 3.1 in this study, was used to convert the vertical deformation of different slope dam surfaces to vertical to the level surface. For the Xiaolangdi soil and rockfill dam, the upstream slope dam has less deformation information due to the influence of the storage level, slope, and incidence angle. So, the deformation of the downstream slope dam perpendicular to the level surface is mainly considered, and the deformation of the dam crest and the downstream slope dam is converted to the same direction to improve the reliability of the analysis results. The transformed deformation rate diagram is shown in Figure 12. Points 1 to 3 with deformation rates ranging from −21 mm/a to −12 mm/a; points 4 to 6 with deformation rates ranging from −12 mm/a to −7 mm/a; and points 7 to 9 with deformation rates ranging from −7 mm/a to −2 mm/a.



Figure 13a revealed that the upper part of the Xiaolangdi Reservoir Dam had experienced a deformation of approximately 80 mm over the past five years, showing a downward trend and a more linear deformation curve. This indicates that the deformation in the upper part of the dam is periodic. The middle section of the dam exhibited a deformation of approximately 40 mm, which is relatively slow in comparison with the upper part and reveals slight oscillations, as illustrated in Figure 13b. On the other hand, Figure 13c highlights that the lower part of the dam has sunk by around 20 mm, and the deformation consistently exhibits a high magnitude of oscillation. Overall, the deformation of the Xiaolangdi Reservoir Dam gradually diminishes from top to bottom. This can be attributed to two reasons: Firstly, the dam’s significant weight contributes to noticeable deformation in the upper part. It follows that being a large-scale soil and rockfill dam, the long-term accumulation of soil and rock materials causes soil compaction, leading to distinct diminishing deformation from the top to the bottom. As the lower part of the dam is beneath the reservoir water level, the magnitude of the deformation is influenced by the water pressure generated due to fluctuations in the reservoir’s water level. This explains why the deformation magnitude of points 4 to 6 is relatively minor in comparison with points 7 to 9.



The rest of the monitoring points, consisting of points 10 through 19, are distributed as follows: points 10 and 11 at the base of the dam, points 12 and 13 at the left abutment, points 14 to 16 at the right abutment, and points 17 to 19 at the spillway. Points 10 and 11 at the dam’s base exhibit a similar uplift trend, but point 11 has a greater magnitude than point 10, as depicted in Figure 14a. Points 12 and 13 at the left abutment have experienced a 10 mm uplift on average over the past five years. The outer point 12 experienced higher deformation than the inner point 13, as shown in Figure 14b. Points 14 to 16 at the right abutment display a comparable deformation pattern, with points 15 and 16 oscillating around zero while monitoring point 14, located on the outer side of the right abutment, undergoes a relatively significant uplift with a similar trend in deformation, as shown in Figure 14c. Finally, points 17 to 19 at the spillway have experienced an average uplift of around 15 mm in the past five years. They continuously oscillate due to water pressure during flood discharge, as shown in Figure 14d. The Xiaolangdi Dam displays unique deformation characteristics at each monitoring point compared to other areas. The right side of the dam is relatively stable compared with the left, where more noticeable deformation occurs on the outer side of the abutment. Meanwhile, the dam base remains relatively stable with lower levels of deformation. In contrast, the spillway shows obvious deformation due to long-term water flow impact and displays a further regular pattern.



We further analyze the section of the Xiaolangdi Dam, specifically cross-section A-A1 in Figure 15a and longitudinal-section B-B1 in Figure 15b. It appears that the middle section of the dam has experienced larger deformation in the past five years compared with the sides. The maximum deformation reached 86 mm, while the right side of the dam was relatively stable compared with the left. Moreover, Figure 15b shows that the deformation of the Xiaolangdi Dam decreases progressively from the top to the bottom of the dam in the vertical direction. This implies that the soil and rockfill dam undergoes more significant deformation due to factors such as water pressure and gravity at higher elevations, necessitating closer monitoring of the top of the dam.




5.2. Correlation Analysis of Reservoir Water Level, Rainfall and Deformation


The Xiaolangdi Dam was analyzed based on the deformation of five randomly selected points, as shown in Figure 16. The dam deformation trend exhibits a stepped shape. Moreover, the upstream water level of the Xiaolangdi Reservoir undergoes annual cyclical changes. As the water level continuously varies, the dam deformation trend becomes more apparent during high water levels and slower during low water levels. This suggests that the water level plays a critical influence on the deformation behavior of the dam. From the analysis in Figure 16, during the stages of ① → ②, ③ → ④, ⑤ → ⑥, ⑦ → ⑧, and ⑨ → ⑩, the deformation curve slope was steeper, indicating a higher deformation rate. During these stages, the water level of the reservoir is in a state of rising or falling. However, during the stages of ② → ③, ④ → ⑤, ⑥ → ⑦, and ⑧ → ⑨, the slope of the change curve was small, the deformation rate was slower, and the reservoir water level was in a storage state, causing less significant deformation. This illustrates that the water level has an impact on the deformation of the dam. In addition, during the stage of ⑨ → ⑩, Henan Province experienced an unprecedented extreme weather event with rainfall exceeding the historical maximum of the past five years. The water level of the reservoir has rapidly increased, and the Xiaolangdi Dam has also experienced abnormal deformation with a sharp decrease (slope significantly greater than the previous four years) compared with the same period in previous years.



The research area is located near 34°55′N and belongs to the warm temperate zone, with a continental monsoon climate throughout the year. It has the characteristics of distinct four seasons, simultaneous rainfall and heat, complex diversity, and frequent climate disasters. Summer rainfall is high, while winter rainfall is small and intermittent. The annual rainfall is concentrated from July to September, with the characteristics of concentrated rainfall and large instantaneous rainfall, which can easily cause short-term rapid rise of reservoir water level, especially in July to September 2021, with an average monthly rainfall of 280 mm. Meanwhile, it can be observed that during the low water level stages ① → ②, ③ → ④, ⑤ → ⑥, ⑦ → ⑧, ⑨ → ⑩, it is in summer, with more local rainfall and a larger slope, resulting in accelerated deformation, as shown in the red box in Figure 16. During the stages of ② → ③, ④ → ⑤, ⑥ → ⑦, ⑧ → ⑨, when the water level continues to rise, it is in winter. The local rainfall is relatively low, the slope is small, and the deformation slows down. The seasonal characteristics of dam deformation are significant. Therefore, soil and rockfill dam generally presents the deformation law of “quick summer and slow winter” with distinctive seasonal characteristics.



From mid-June through early July each year, the Xiaolangdi Reservoir opens its gates to discharge water to adjust the water and sediment of the Yellow River basin. During this period, the reservoir water level drops by approximately 50 m. Figure 16 shows that after the discharge process, the deformation rate of the Xiaolangdi Dam slows down, and a slight uplift occurs.



Through correlation analysis of water level, rainfall, and dam deformation trend, it is shown that the difference in water level has a significant disturbance on dam deformation, and rainfall indirectly affects dam deformation. Regular fluctuations can be observed in the dam’s deformation as the water level continues to rise or fall.




5.3. Results and Accuracy Evaluation of MAF-SSA-LSTM Model


The MAF-SSA-LSTM model was optimized using the Adam optimizer in this experiment. The sparrow population size was fixed at 20, with a population dimension of 3. The initial learning rate was set within the range of [1 × 10−3, 1 × 10−2], while the regularization coefficient and the number of nodes in the hidden layer were limited to [1 × 10−4, 1 × 10−1] and [10, 30], respectively. The model was trained for a maximum of 8 iterations, undergoing a total of 1000 training cycles.



Following the experimental process above, the deformation data of Xiaolangdi Dam was analyzed using the MAF-SSA-LSTM model. The prediction effect was visualized in Figure 17a,b. Meanwhile, the prediction results of different models are displayed in Figure 17c.



Figure 17a shows a scatter plot of the true and predicted deformation data as represented by the blue line. It is observed that the two are closely aligned and are roughly on the same line with only slight fluctuations. There is a good correlation between the predicted value and the original value.



Figure 17b represents the prediction error curve of different buffers. The maximum prediction error is 2.61 mm. As the number of predicted samples increases, the prediction error gradually decreases, and the minimum prediction error is 0.07 mm. Meanwhile, because this study uses the dataset split ratio of 80% training and 20% test, each sample represents 12 days (satellite repetition time). Therefore, 33 samples were used for prediction. The forecast time is about 396 days. To further prove the accuracy of the results of the MAF-SSA-LSTM model, four buffers of the same size were selected at an equal distance in the middle of the dam. The deformation was predicted using the MAF-SSA-LSTM model. The prediction error values of different regions were calculated, and we obtained the error between the predicted deformation and the real deformation in the four regions. RMSE, MAE, and MAPE were calculated. The prediction error of multiple buffers showed that the prediction error was gradually decreasing with the end of the prediction. The accuracy evaluation values of each region are less than 3% of the total error. It has been proven that the model has good reliability and accuracy.



Figure 17c represents the prediction results of three network models. The Sparrow Search Algorithm Long Short-Term Memory (SSA-LSTM) model and the Error Back Propagation (BP) model are traditional models used for deformation prediction. Select the same dataset to compare the accuracy of the three models. The red line represents PS-InSAR monitoring results, and different color curves represent the prediction results of different models. It can be seen from the figure that the deformation prediction using the MAF-SSA-LSTM model has good reliability. Compared with the other two neural networks, RMSE decreased by 0.145 and 0.778. Compared with the SSA-LSTM model, the optimized network model has a trend closer to the real monitoring data in maintaining a low prediction error. Compared with the BP algorithm, the prediction error of the optimized network model is improved, and the prediction accuracy is significantly improved. The MAF-SSA-LSTM model shows great advantages. The results indicate that the MAF-SSA-LSTM model used in this study can approximate the trend of the PS-InSAR monitoring curve.



To intuitively analyze the prediction performance, three regression prediction metrics were selected to evaluate the performance of the MAF-SSA-LSTM model’s prediction algorithm. These metrics include Root-Mean-Squared Error (RMSE), Mean Absolute Error (MAE), and Mean Absolute Percentage Error (MAPE) [51].
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where    y i    is the smoothed true deformation data,   y ^   is the predicted values, and  m  is the number of predicted data. The RMSE measures the accuracy of the model’s predictions, the MAE provides an assessment of prediction errors, and the MAPE evaluates the model’s overall accuracy. The smaller the calculated evaluation value, the better the prediction performance and the higher the prediction accuracy.



From Figure 17a,b, it can be observed that after comparing with InSAR deformation monitoring values, the results show that the MAF-SSA-LSTM model has an RMSE of 1.526 mm, MAE of 1.447 mm, maximum absolute error of 2.44 mm, and minimum absolute error of 0.07 mm. Additionally, Figure 17c shows that the predicted results are consistent with the deformation trend as monitored by the InSAR technique. This indicates that the MAF-SSA-LSTM model effectively predicts deformation. Furthermore, the MAPE of 2.22% shows the reliability of the MAF-SSA-LSTM model’s prediction accuracy, further demonstrating the feasibility of the model and providing accurate predictions for disaster warnings.




5.4. Stability Analysis of Soil and Rockfill Dam


To further verify the monitoring results of PS-InSAR, the finite element analysis method is used to analyze the stress and seepage of Xiaolangdi soil and rockfill dam. The Xiaolangdi Reservoir Dam is divided into the main dam and an auxiliary dam. The main dam is located on the foundation of a deep overburden layer with an inner covering of a loam soil-inclined core rockfill dam. The maximum dam height is 160 m, the dam crest elevation is 281 m, the dam crest length is 1667 m, and the width is 15 m. The upstream slope ratio is 1:2.6 above the elevation of the main dam 185 m and 1:3.5 below. The downstream slope ratio is 1:1.75 above the elevation of 155 m and 1:2.5 below. The two-dimensional finite element analysis of the soil and rockfill dam is carried out from the static aspect by using the finite element analysis software. The values are taken according to the Duncan-Chang E-B model parameters and the material mechanics of Xiaolangdi soil and rockfill dam. The soil and rockfill dam model and dam material zoning are shown in Figure 18a, and the dam stress and seepage distribution are shown in Figure 18b,c.



5.4.1. Seepage Stability Analysis


The nonlinear elastic incremental Duncan-Chang E-B model is used to determine the parameter values through a triaxial compression test. Different material mechanics values are determined according to different material zones. Different loads and boundary conditions are applied to calculate the seepage state of Xiaolangdi soil and rockfill dam and the deformation caused by the force on the dam body. The seepage steady-state analysis of soil and rockfill dam is carried out by using water levels at different heights, and the results are shown in Figure 19.



It can be seen from the chart of total head distribution of soil and rockfill dam in Figure 19. Due to the impoundment of the upstream dam slope of the soil and rockfill dam, the water head distribution is the same, but it is uniformly distributed in the core wall area. In the downstream dam slope, due to the existence of downstream water storage, the water head at the slope toe is different from that in other areas. The core wall location is the main seepage area, and the low permeability of the core wall material makes it the main building to block the water infiltration. The pressure head formed at the upstream slope toe is the largest, and the pressure head formed at the downstream slope crest is the smallest. The total head is distributed from high to low, especially in the core wall area. This is due to the role of the core wall and impervious core, so the head pressure of the downstream dam slope is low. As can be seen from Figure 19b, the distribution of low water levels is roughly the same as that of high water levels. However, in the case of low water levels, the seepage of the dam body will be reduced compared with the high water levels. It can be seen that the core wall area of the soil and rockfill dam plays an important role in water infiltration and enhances the stability of the downstream dam slope. Under different water levels, the internal seepage trend of the dam body is consistent, and the core wall area plays a great role in the protection of the soil and rockfill dam. This is consistent with the conclusion drawn in Section 4, so the key monitoring of the core wall area should be strengthened.




5.4.2. Stress Stability Analysis


Because the soil and rockfill dam is a water-holding structure that is submerged for an extended period, the dam body can experience deformation and damage due to the pressure of water and gravity, leading to dam instability. Therefore, the stability of the soil and rockfill dam during the impoundment period is analyzed. During the impounding period, when the water level in the reservoir reaches 260 m, the displacement maps of both horizontal and vertical components of the dam body are computed, as shown in Figure 20.



During the impounding period, the maximum horizontal displacement of the soil and rockfill dam is −7.426 cm, the maximum vertical displacement is −12.125 cm, the maximum effective stress in the horizontal direction is 89.879 KN/m2, and the maximum effective stress in the vertical direction is 35.272 KN/m2. According to Figure 20a, in the horizontal direction, when the dam body is under the upstream water pressure, the displacement of the core wall is the largest, and it is found that the core wall plays an important role as a water-holding structure. According to Figure 20b, the displacement of the dam body from the dam crest to the dam bottom presents a “stepped” deformation state in the vertical direction. The model result is the same as the deformation state monitored by the InSAR technique. In addition, the horizontal stress generated during impoundment is greater than the vertical stress, which is because the water pressure generated within the upstream will be greater in the lateral pressure during impoundment. Under the influence of the gravity of the dam body, the compressive stress of the dam body from top to bottom decreases in turn. From the above conclusion, the horizontal displacement and vertical displacement are in line with the general deformation law of the dam and are consistent with the deformation trend of the dam body monitored by InSAR.






6. Conclusions


This study uses Sentinel-1A images and the PS-InSAR technique to monitor the deformation of large-scale soil and rockfill dams in Henan Province and focuses on analyzing the Xiaolangdi Reservoir soil and rockfill dam. The results show that most of the dam bodies of large-scale reservoirs experience deformation or lifting at different locations under long-term monitoring. Among the types of soil and rockfill dams, clay heart wall sand shell dams are relatively stable, while the dams of Baisha Reservoir, Baiguishan Reservoir, and Yanshan Reservoir, and surrounding areas show an overall deformation state, indicating that these reservoirs should be regarded as key concern areas.



Taking Xiaolangdi Reservoir as an example, it was found that the deformation rate of the soil and rockfill dam from the top to the bottom exhibited a stepped shape deformation pattern from 2017 to 2021. In addition, by choosing the deformation points of the key parts of the Xiaolangdi soil and rockfill dam, a deformation curve was drawn. The results showed that the upper part of the Xiaolangdi Reservoir soil and rockfill dam had sunk by about 80 mm in nearly 5 years, with a linear trend in the deformation curve. The middle part of the dam had sunk by around 40 mm, with a slower relative deformation compared with the upper part and a slight oscillation. The lower part had sunk by about 20 mm and was always subject to large-scale oscillation. It was found that the middle part of the Xiaolangdi soil and rockfill dam had obvious deformation after analyzing the distribution of cross-section and longitudinal-section, and the longitudinal section analysis showed significant deformation at the top of the Xiaolangdi Reservoir soil and rockfill dam. Furthermore, the MAF-SSA-LSTM dam time series prediction model was established, and it was analyzed that the Xiaolangdi soil and rockfill dam would exhibit obvious deformation in about 2 years. The relationship between the water level and the deformation of Xiaolangdi Reservoir was discussed, and it was found that the high or low water level and rainfall amount have a certain influence on dam deformation. Therefore, after a long period of water level changes, the management department should conduct a check in key areas of the dam body and timely handle any safety hazards. The deformation monitoring of large-scale soil and rockfill dams illustrated that the application of the time series InSAR technique can survey the deformation of dams on a large scale, and with long-term monitoring results, the overall deformation pattern of soil and rockfill dams can be revealed. This indicates that the time series InSAR deformation monitoring method can provide reliable analysis and data support for disaster prevention and control of large-scale hydraulic structures.



In this study, only Sentinel-1A ascending orbit images were used for deformation monitoring of large-scale soil and rockfill dams in Henan Province. This can only obtain the deformation information in the LOS direction. In the future, ascending and descending orbit data can be used to invert the three-dimensional deformation information of soil and rockfill dams to obtain a more accurate deformation pattern. Additionally, due to confidentiality reasons, this study lacks contemporaneous leveling data for precise verification.
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Figure 1. Schematic diagram of the geographical location of the study area. 
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Figure 2. Sentinel-1A data coverage. 






Figure 2. Sentinel-1A data coverage.



[image: Remotesensing 15 04293 g002]







[image: Remotesensing 15 04293 g003] 





Figure 3. Flow chart of PS-InSAR processing. 
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Figure 4. The relationship between the true vertical deformation of soil and rockfill dam, slope, and incidence angle. 
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Figure 5. MAF-SSA-LSTM model structure. 
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Figure 6. Comparison of original data and filtered data. 
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Figure 7. Deformation of large soil and rockfill dams in Henan Province. (a) Shishankou Reservoir Dam; (b) Yahekou Reservoir Dam; (c) Wuyue Reservoir Dam; (d) Nianyushan Reservoir Dam; (e) Songjiachang Reservoir Dam; (f) Zhaopingtai Reservoir Dam; (g) Nanwan Reservoir Dam; (h) Zhaikou Reservoir Dam; (i) Yanshan Reservoir Dam; (j) Pohe Reservoir Dam; (k) Baiguishan Reservoir Dam; (l) Luhun Reservoir Dam; (m) Gushitan Reservoir Dam; (n) Boshan Reservoir Dam; (o) Baisha Reservoir Dam; (p) Xiaolangdi Reservoir Dam; (q) Banqiao Reservoir Dam. 
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Figure 8. (a) Soil and rockfill dam with core wall and height; (b) three soil and rockfill dam types and deformation. 
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Figure 9. Overview map of the study area. 
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Figure 10. Cumulative deformation in LOS direction of Xiaolangdi Reservoir Dam at each stage. 
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Figure 11. Transverse and longitudinal sections and the distribution of key points. 
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Figure 12. The deformation rate of the Xiaolangdi Reservoir Dam vertical to the level surface. 
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Figure 13. (a) Deformation at points 1, 2, and 3 in the upper part of Xiaolangdi Dam; (b) deformation at points 4, 5, and 6 in the middle of Xiaolangdi Dam; (c) deformation at points 7, 8, and 9 in the lower part of Xiaolangdi Dam. 
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Figure 14. (a) Deformation at points 10 and 11 at the bottom of Xiaolangdi Dam; (b) deformation at points 12 and 13 at the left shoulder of Xiaolangdi Dam; (c) deformation at points 14, 15, and 16 at the right shoulder of Xiaolangdi Dam; (d) deformation at points 17, 18, and 19 at the floodgate of Xiaolangdi Dam. 
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Figure 15. (a) Cross-section A-A1 of Xiaolangdi Reservoir Dam; (b) cross-section B-B1 of Xiaolangdi Reservoir Dam. 
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Figure 16. Relationship between rainfall, reservoir level, and deformation of Xiaolangdi Reservoir Dam. 
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Figure 17. (a) Correlation between predicted value and original value of MAF-SSA-LSTM model; (b) prediction error curve of different buffers; (c) comparison of prediction results of three network models. 
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Figure 18. (a) Soil and rockfill dam model and dam material zoning; (b) force distribution diagram; (c) seepage distribution map. 
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Figure 19. (a) Map of total head distribution in high water level dam body; (b) map of the total head distribution of the dam body at low water level (down 15 m compared with high water level). 
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Figure 20. (a) Horizontal displacement map; (b) vertical displacement map. 
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Table 1. Some large soil and rockfill dams in Henan Province.
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	Dam
	Area
	Dam Type





	Xiaolangdi Reservoir Dam
	Mengjin County
	Clay-inclined core wall rockfill dam



	Baisha Reservoir Dam
	Yuzhou
	Homogeneous soil dam



	Luhun Reservoir Dam
	Song County
	Inclined wall soil and rockfill dam



	Baiguishan Reservoir Dam
	Lushan County
	Homogeneous soil dam



	Gusitan Reservoir Dam
	Ye County
	Clay core wall sand and pebble dam



	Yanshan Reservoir Dam
	Fangcheng County
	Inclined wall soil and rockfill dam



	Zhaopingtai Reservoir Dam
	Lushan County
	Thin clay sloping wall sand and cobble dam



	Zhaikou Reservoir Dam
	Lingbao City
	Clay heart wall sand shell dam



	Yahekou Reservoir Dam
	Nanzhao County
	Clay heart wall sand shell dam



	Nanwan Reservoir Dam
	Xinyang City
	Clay heart wall sand shell dam



	Shishankou Reservoir Dam
	Luoshan County
	Clay heart wall sand shell dam



	Wuyue Reservoir Dam
	Guangshan County
	Clay heart wall sand shell dam



	Pohe Reservoir Dam
	Guangshan County
	Clay heart wall sand shell dam



	Nianyushan Reservoir Dam
	Shangcheng County
	Clay heart wall sand shell dam



	Boshan Reservoir Dam
	Queshan County
	Clay heart wall sand shell dam



	Songjiachang Reservoir Dam
	Miyang County
	Clay heart wall sand shell dam



	Banqiao Reservoir Dam
	Zhumadian City
	Clay heart wall sand shell dam
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