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ABSTRACT 
In the context of building a new type of energy system, pumped storage projects have been widely 
adopted as a form of energy storage with the most mature technology and the most economical 
investment. In this paper, a hybrid pumped storage project online monitoring system based on multi-
sensors is proposed, and an online monitoring database is designed and constructed. Based on the 
data in the online monitoring database, the soil erosion of the hybrid pumped storage project is 
calculated and analyzed by combining the CSLE model. Then the attention mechanism is combined 
with BiLSTM model to construct the landslide risk prediction model of hybrid pumped storage project. 
The soil erosion during the construction of the hybrid pumped storage project is mainly distributed 
on the construction land, garden land, grassland and cropland, among which the construction land has 
the largest area of soil erosion (132.19 km²), followed by the area of soil erosion of cropland (29.24 
km²). The MAPE is between 0.002% and 0.005% when predicting landslide risk deformation of hybrid 
pumped storage project using CNN-BiLSTM-ATT model. And using the model in this paper can 
minimize the error of rainfall on the prediction of landslide risk deformation and realize the safe and 
stable construction and operation of hybrid pumped storage projects. 

Keywords: online monitoring database, CSLE model, attention mechanism, hybrid pumped storage 
project, soil erosion, landslide risk prediction 
 

1. Introduction 

China is one of the countries in the world where soil erosion is more serious, and soil erosion has 
become a major environmental problem in China. With the sustained and rapid development of China's 
economy and the increase of investment in infrastructure construction, the development and 
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construction projects have increased year by year, so the soil erosion caused by them has shown a 
rapidly rising trend and has become one of the important sources of soil erosion [1-2]. 

In recent years, the construction pace of China's pumped storage project shows an accelerating 
trend. Pumped storage project is characterized by large scale of project, long construction period, large 
amount of soil and ballast disposal, serious soil erosion hazards, large potential hazards in the scope 
of influence of the project, and complex types of soil erosion [3-6]. It is generally constructed in the 
mountains and mountains, the existence of the project upper and lower reservoir area determines the 
complexity of the geological environment conditions such as topography and geomorphology, 
geological structure, engineering geology, hydrogeological conditions and the degree of development 
of geologic hazards in the construction project area to be between moderate and complex, and the 
total geological environment conditions are moderate or complex [7-10]. Therefore, to do a good job 
of soil and water conservation monitoring of pumped storage projects can maximize the control of 
anthropogenic soil and water erosion caused by project construction, ensure the safety of the 
ecological environment in the project construction area and the normal production and life of the 
people, which is a major task facing the process of project construction [11-14]. At present, there is no 
set of relatively perfect technical standard system for soil and water conservation monitoring in 
pumped storage projects, which affects the accuracy and uniformity of the soil and water conservation 
monitoring results to a certain extent [15-16]. The establishment of soil erosion probability model and 
landslide risk prediction model suitable for pumped storage power station project based on online 
monitoring database is an important part of soil and water conservation monitoring work of pumped 
storage power station at this stage, which is of great practical significance for soil and water 
conservation monitoring work [17-19]. 

Pumped storage projects are currently an important means of supporting the development of new 
energy sources due to their advantages of flexible operation, mature technology, economic and 
environmental protection, and the ability to provide rotational inertia to the power system. Starting 
from designing an online monitoring system for hybrid pumped storage projects, the article constructs 
a cluster database for storing large-scale hydrogeological data related to hybrid pumped storage 
projects. Using the integrated data, the CSLE model is used to calculate and determine the erosion 
factors and erosion intensity of the hybrid pumped storage project. The CNN-BiLSTM-ATT model for 
landslide risk prediction of hybrid pumped storage projects was constructed by combining the time 
series processing capability of BiLSTM and the feature extraction capability of the attention 
mechanism. The hybrid pumped storage power plant project in the reservoir area of the Yellow River 
MED power station is taken as an example to calculate its soil erosion and landslide risk prediction 
effect. 

2. Online monitoring system for hybrid pumped storage projects 

Led by the dual-carbon target, the hybrid pumped storage power station, as a more economical, 
effective and mature energy storage technology, plays a more obvious role in the process of building a 
new energy system. Due to the special characteristics of hybrid pumped storage power station, which 
pumps water for energy storage when electricity consumption is low and discharges water for power 
generation when electricity consumption is high, the basic requirements for engineering geology are 
different from those of large-scale conventional hydropower projects, and the engineering geological 
investigation work is facing a great challenge. Therefore, how to use the existing technology for hybrid 
pumped storage project soil and water geological information of real-time monitoring, become a 
hybrid pumped storage project to enhance the power station must be resolved, so as to better power 
system operation to provide peak shifting, frequency regulation and other auxiliary services, enhance 
the flexibility of the power system. 
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2.1. Hybrid pumped storage engineering geological survey 

2.1.1. Hybrid pumped storage projects. Hybrid pumped storage power station is a kind of power 
generation main body that integrates two types of hydropower forms, namely, traditional pumpless 
hydropower station and pumped storage power station, with the functions of pumped storage and 
runoff power generation, and it can be used as a high-quality large-scale ϐlexible regulating power 
source. In the key period of energy green low-carbon transformation and development, vigorously 
develop hybrid pumped storage power station group with strong energy storage, regulation and 
supply capacity is to realize the power supply, power structure optimization, and build a new 
renewable energy-dominated power system as the inevitable choice [20]. Hybrid pumped storage 
project power station construction form shown in Figure 1, mainly contains two ways, one is a built 
conventional power station reservoir as the upper reservoir, downstream another lower reservoir. The 
second is to expand the pumped storage units in the upper reservoir of the already-built stepped 
hydropower station, or to directly convert some conventional hydropower units into pumped storage 
units to act as peak shifters. 
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Fig. 1. Hybrid pumped storage power station 

Using the joint operation of different units to complete pumping and power generation not only 
effectively improves the original power plant operation mode, increases the ability of peak shifting and 
valley filling, accident standby, etc., realizes the full use of water resources, and effectively improves 
the economy and market competitiveness of the power plant. To a certain extent, it also relieves the 
pressure of thermal power peaking, ensures the power quality and maintains the safe and stable 
operation of the system, and at the same time reduces the environmental protection investment 
caused by the large amount of exhaust gas emission. 

2.1.2. Key points of soil and water geological investigations. The current regulations require that the 
construction of hybrid pumped storage power station using built reservoirs, the engineering 
geological investigation should focus on collecting engineering geological data during the design, 
construction and operation of built reservoirs, on the basis of reviewing the reservoir leakage, bank 
stability, foundation stability of hub buildings and other engineering water and soil geological 
problems related to the construction and operation of pumped storage power stations, and focusing 
on evaluating the impact of water level changes on the stability of the bank of the reservoir. Focusing 
on the investigation of water transmission and power generation system engineering water and soil 
geological conditions, the renovation and expansion project should also carry out specialized 
engineering geological investigation. 

Hybrid pumped storage power station engineering water and soil geological investigation should be 
combined with the key engineering geological problems of the hub building already built and planned 
and designed to carry out the corresponding work, should be above and below the reservoir 
inlet/outlet location selection, underground plant cavern group perimeter rock stability and the 
permeability characteristics of the outer mountains should be the focus of the engineering geological 
investigation. 
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Affected by the construction conditions, technical and economic rationality, some power stations 
need to choose the appropriate topographic and geological conditions to arrange the ground plant, 
such as some pumped storage power stations have chosen the semi-underground plant program, the 
pit stability and the engineering geological conditions of the slopes behind the plant should be taken 
as the key point of the investigation for this kind of project. Through effective soil and water geological 
investigation, to ensure that the hybrid pumped storage project in the construction process will not 
occur large-scale soil erosion or landslide risk occurs, to better ensure the safe and stable operation of 
the hybrid pumped storage project. 

2.2. Online monitoring system and database framework 

2.2.1. Pumped storage online monitoring systems. Aiming at the construction characteristics and 
management difϐiculties of hybrid pumped storage project power station construction, this paper 
proposes a hybrid pumped storage project online monitoring system based on multi-sensors, which is 
mainly composed of application layer, platform layer, network layer and perception layer, and its main 
system architecture is shown in Figure 2 [21]. The system realizes a comprehensive display of the 
overall situation of the hybrid pumped storage project construction, and provides online supervision 
functions for the project construction and management personnel, including information on the 
completion of the construction progress, the distribution of the construction operations, the soil and 
water quality data and early warning. The quality data of the on-site construction process is uniϐied in 
the system display, which comprehensively demonstrates the construction situation, effectively solves 
the soil and water geological survey supervision problems in the process of engineering construction, 
and provides a means of supervision for the soil and water geological control in the process of hybrid 
pumped storage project construction. 
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Fig. 2. Pumped storage can monitor the system online 

1) Integrated design. Hybrid pumped storage project power station site environmental conditions 
are complex, and the construction site work surface is large, frequent movement of equipment, the 
traditional recorder equipment in the field construction monitoring process of its equipment 
dispersed layout installed in the work surface, the equipment is more messy, civilized construction is 
poor. The use of non-contact intelligent monitoring technology not only to solve the soil and water 
quality data collection accuracy, data quality reliability problems, the integrated design of the device 
to take into account the complexity of the site construction environment, operational mobility, 
installation, maintenance convenience and other needs. 

2) No network data sharing. Non-contact online monitoring system not only realizes real-time data 
collection and transmission in a network environment, but also on-site non-contact recording and 
collecting device with independent data processing unit and data protection, authentication 
mechanism, and on-site raw data recording. In the absence of network environment, the on-site 
management mobile terminal can be used to authenticate the on-site non-contact record collection 
device, and the relevant data records can be collected offline, and the offline data collected by the 
mobile terminal in the place with network environment can be automatically transferred to the online 
platform, thus realizing the sharing of data collection in the absence of network environment. 

2.2.2. Online monitoring database design. The online real-time monitoring of hybrid pumped 
storage project will collect the real-time change data of soil and water geology in the process of 
engineering construction through sensors, and it is necessary to store the relevant data through the 
database to provide data support for timely analysis of soil erosion and landslide risk. 
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Real-time monitoring data has the characteristics of fast change frequency, large data volume and 
continuous generation, according to the characteristics of real-time data management, in the face of 
the proliferation of measurement point scale, the scale of the second level of deployment of 
measurement points can reach millions, such as the use of a single real-time database is difficult to 
meet the demand for data access, query. Distributed strategy, the application of joint deployment of 
multiple real-time database program to achieve the so-called “cluster database”. Based on this, this 
paper designs an online monitoring database as shown in Figure 3, the cluster database is divided into 
storage carrier layer and measurement point location transparent layer. The storage carrier layer is 
mainly used to store specific measurement point data, which consists of several real-time/historical 
databases and a measurement point relationship library. On top of the storage carrier layer, the 
measurement point location transparency layer realizes the transparency of the corresponding 
storage location, and the whole cluster database can be understood as a logical whole. The point 
location transparency layer maintains point location metadata, which indicates in which database 
each point is stored in the storage carrier layer. 
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Fig. 3. Water storage project online monitoring database 

3. Probabilistic erosion and landslide risk prediction models 

With the construction of new power systems mainly based on new energy sources, the role of pumped 
storage as a system regulating resources is becoming more and more prominent, and the rapid 
development of hybrid pumped storage power plant projects is still the main theme, which will play 
an important role in the “double carbon” background. The hybrid pumped storage project in the 
construction process and after the completion of the construction, it may have a corresponding impact 
on the surrounding soil and water geology, how to realize the hybrid pumped storage project erosion 
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analysis and landslide risk prediction, is to ensure the stable operation of the hybrid pumped storage 
project key content. 

3.1. CSLE model and erosion intensity determination 

3.1.1. Calculation of erosion factors for soil and water erosion. The CSLE model integrates seven key 
factors to predict the amount of soil erosion by multiplying them together. These factors include 
rainfall erosivity  R , soil erodibility  K , slope length  L , slope gradient  S , vegetation cover 

and biological measures  B  , engineering measures  E   and tillage measures  T   [22]. Each 

factor has a direct inϐluence on the soil erosion process and is combined to calculate the soil erosion 
modulus  A , the basic form of the equation is: 

 A R K L S B E T        (1) 

The rainfall erosivity factor R  was calculated based on the daily rainfall data of the study area by 
dividing the annual data into 24 half-monthly cycles and calculating the mean values, accumulating 
these mean values to obtain the annual R  values, and then generating the corresponding raster data 
in geographic information software using Kriging geostatistical spatial interpolation method. I.e.: 
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where R   and  Half Moon kR   denote the multi-year average rainfall erosivity and k   half-monthly 

rainfall erosivity, 1, 2 24k   , refers to the division of the year into 24 half-months, 1,2i N  , 
refers to the yearly sequence, and m  refers to the number of days with rainfall greater than 10 mm 
in the k th half-month of the i th year. , ,i j kP  is the erosive daily rainfall in the k th half-month j  

of the i th year, and   is the parameter, from May to September 0.3937   and from October to 
April 0.3101   of the following year. 

The topographic factors affecting soil erosion mainly include slope length factor and gradient factor. 
In this study, the slope length factor is mainly calculated using the segmented slope length factor, and 
the slope length factor is calculated by the formula: 
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where iL   is the i  nd grid slope length factor, i   and 1i    are the slope lengths ( )m   of the i  th 
and 1i  th slope sections, and m  is the slope length index. Its slope factor is calculated as: 
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where, S  is the slope factor and   is the slope. 
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After obtaining the vegetation cover data, the vegetation cover data was used to calculate the 
vegetation cover and biological measure factor with the 24 half-month rainfall ratio data (RBL) and 
the cover curve data of the garden land. The engineering measure factor was defined as the ratio of 
soil loss with the implementation of soil and water conservation engineering measures to the soil loss 
without the implementation of measures to quantify the effectiveness of soil and water conservation 
measures. Tillage factor is an important factor in the CSLE model, and the smaller its value, the better 
the soil and water conservation benefits brought by the implementation of such conservation tillage 
measures. 

3.1.2. Determination of erosion intensity of soil erosion. Based on the soil erosion classiϐication and 
grading standards, combined with the calculated correlation modulus of soil erosion factors, in order 
to evaluate the erosion intensity of each grid. Table 1 shows the grading of soil erosion intensity, which 
is mainly divided into six grades: slight, mild, moderate, strong, very strong and intense. 

Table 1. Soil erosion intensity classiϐication 

Level Average erosion modulus [t/(km²·a)] Average erosion modulus (mm/a) 

Micro-Ⅰ <200, <500, <1000 <0.15, <0.37, <0.74 

Mild-Ⅱ 200, 500, 1000~2500 0.15, 0.37, 0.74~1.9 

Moderate-Ⅲ 2500~5000 1.9~3.7 

Strong-Ⅳ 5000~8000 3.7~59. 

Very Strong-Ⅴ 8000~15000 5.9~11.1 

Intense-Ⅵ >15000 >11.1 

3.2. Landslide risk prediction for pumped storage projects 

3.2.1. Bidirectional long and short-term memory networks. Long Short-Term Memory (LSTM) 
network is a variant of recurrent neural network, a neural network model capable of processing time 
series data and remembering long term dependencies. Bidirectional Long Short-Term Memory 
Network (BiLSTM) is a variant of LSTM that not only has the ability to learn long-distance sequence 
relationships, but also learns the association of ϐlow sequence data in both positive and negative 
directions, taking into account both past and future information to better capture the contextual 
information of the input sequence. In this paper, by combining CNN with BiLSTM, we can fully utilize 
the local feature extraction capability of CNN and the global contextual information capturing 
capability of BiLSTM, and then realize the extraction of landslide feature data from hybrid pumped 
storage projects, which can provide accurate data for landslide risk prediction. 

The BiLSTM network consists of an input layer, a forward hidden layer, a backward hidden layer, and 
an output layer. The forward hidden layer processes the input sequences in forward chronological 
order, while the reverse hidden layer processes the input sequences in reverse chronological order, 
which enables the network to acquire bidirectional features by learning the forward and reverse 
information of the input sequences at each time step [23]. 

The input sequence of the BiLSTM unit is denoted as  1 2, , , nx x x x   , where n   denotes the 

length of the sequence.  1 2, , ,t nh h h h
   

  denotes the forward hidden sequence,  1 2, , ,t nh h h h
   

  

denotes the reverse hidden sequence, and  1 2, , ,t ny y y y   denotes the output sequence. The final 

output vector is the combined effect of the forward and reverse information streams, i.e.,  ,t t ty f h h
 

. 

The formulation of the BiLSTM network structure is shown below: 

  t t thx hh h
h w x w h b    


 (7) 
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w   , and 
yh

w    denote the weight matrices for input-to-

forward, input-to-reverse, forward-to-forward, reverse-to-reverse, forward-to-output, and reverse-to-
output, respectively. 

3.2.2. Principles of Attention Mechanisms. The basic idea of the attention mechanism is to select 
from the input information that is more critical to the current task goal. It captures more valuable 
information by assigning corresponding weights to each input information according to its importance. 
Self-attention mechanism is an improvement of the attention mechanism, which reduces the 
dependence on external information and is better at capturing the internal relevance of data [24]. 

In the self-attention mechanism, th   denotes the hidden state vector at the t  nd moment, te  

denotes the similarity weight of th  , t   denotes the normalized similarity weight of th  , and R  
denotes the self-attention output matrix obtained by weighted summation. The computational process 
can be divided into three steps as follows: 

1) The similarity weights are computed using a multilayer perceptual machine (MLP) for each 
moment of data, i.e.: 

   tanh ;t b a te W W h H  (10) 

where aW   denotes the connection weights between the input and hidden layers of the MLP, bW  
denotes the connection weights between the hidden and output layers of the MLP, and 

 1, , ,t t t iH h h h    denotes the hidden state matrix. 

2) Normalize these similarity weights using SoftMax function, i.e.: 
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where exp()  denotes an exponential function with a natural constant e  as the base. 
3) The normalized similarity weights and the corresponding data are weighted and summed to 

obtain the self-attention output matrix R , i.e: 

 
1

d

j j
j t

R h
 

   (12) 

where jh  denotes the hidden state vector at moment j  and j  denotes the similarity weight after 

jh  normalization. 

In the landslide risk prediction of hybrid pumped storage projects, the self-attention mechanism can 
utilize the MLP to calculate the similarity weights of the hydro-soil geological data at each moment. 
The self-attention mechanism can capture more valuable information by assigning corresponding 
weights according to the importance of the hydro-soil geologic data at each moment to the prediction 
results. Therefore, in order to make BiLSTM fully utilize the differences of the hydrogeological data, 
this paper combines BiLSTM with the self-attention mechanism to predict landslide risk from the 
hydrogeological data. 
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3.2.3. Landslide risk prediction models. In this paper, the combined CNN-BiLSTM-Attention model 
is utilized to predict the landslide risk of a hybrid pumped storage project, and its structure is 
schematically shown in Fig. 4. It mainly contains input layer, CNN layer, BiLSTM layer, attention layer 
and output layer. 
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Fig. 4. Schematic diagram of the CNN-BiLSTM-Attention prediction model 

1) Input layer. Specify the format of the input data, including batch size, time step, and feature 
dimension, defaulting the batch size to 1, the time step to t , and the feature dimension to n . A sample 
can be represented as a matrix of real sequences tR n , and denote ix  as the vector representation 

of the data at the i th time step in tR n . 

2) CNN layer: The CNN layer can extract the spatial connection between different feature values in 
the data, thus making up for the shortcomings of LSTM that cannot capture the spatial components of 
the data, and at the same time, the features it extracts still have temporal order. Sample data into the 
CNN layer will be sequentially convolution, pooling and node expansion (dimensionality reduction) 
operations. For sequence data, this model takes one-dimensional convolution, and the convolution 
kernel is only convolved according to a single time-domain direction. 

3) BiLSTM layer. This model adopts BiLSTM neural network, in which the output of the previous 
LSTM layer is the input of the next layer, passing to the next layer, and the output of the last LSTM 
hidden layer will enter the attention layer for further processing. 

4) Attention layer. Attention can improve the role of important time steps in LSTM, thus further 
reducing the model prediction error. Attention is essentially to find the weighted average sum of the 
output vectors of the last LSTM layer.The output vectors of the LSTM hidden layer are used as inputs 
to the attention layer, which is trained by a fully connected layer, and then the outputs of the fully 
connected layer are normalized using the SoftMax function, resulting in the assigned weights of each 
hidden layer vector, and the magnitude of the weights indicates the importance of the hidden state of 
each time step for the prediction of the results. . 

5) The output layer is the last layer of the CNN-BiLSTM-ATT model, and its role is to output the 
results of the prediction model's processing of the input data. 

4. Pumped storage project erosion and landslide risk prediction 

Landslides are a kind of geological disaster widely distributed in nature, and their occurrence often 
causes serious casualties and economic losses. During the construction process of hybrid pumped 
storage projects, the degree of disturbance to the surrounding environment by engineering activities 
is increasing, which, together with the influence of hydrological conditions and geological activities, 
will greatly trigger the risk of landslides. Therefore, how to realize the soil erosion calculation and 
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landslide risk prediction of hybrid pumped storage project through effective data monitoring has 
become an important guarantee for the stable construction of hybrid pumped storage project. 

This paper takes the hybrid pumped storage power plant project in the reservoir area of the Yellow 
River MED power station as an example, and aims to provide an example reference for the stable 
operation of the hybrid pumped storage project through soil erosion calculation and landslide risk 
prediction. 

4.1. Calculation of soil erosion in pumped storage projects 

4.1.1. Research data sources and processing: 

1) Remote sensing image data. High-resolution remote sensing images with 2.5m spatial resolution 
from January to September 2022 in the study area were used for the interpretation of land use and soil 
and water conservation measures. MODIS Normalized Vegetation Index (NVI) products for the study 
area from 2020 to 2023 were collected at a temporal resolution of one period every 15d, 24 periods 
per year, and a spatial resolution of 200m. 

2) Rainfall data. Day-by-day rainfall data from 50 stations in the study area from 1995 to 2016 were 
obtained from the National Meteorological Science Data Center and used to calculate rainfall erosivity. 

3) Soil and topographic data. The relevant topographic and soil data of the study area obtained from 
the online monitoring database established in this paper. 

4) Soil and water conservation key project data. Types of national key soil and water conservation 
projects, project implementation areas, and distribution, quantity or area of soil and water 
conservation measures, with the types of measures mainly based on afforestation, grass planting, 
sealing, ecological restoration, terracing and horizontal steps. 

5) Anthropogenic disturbance data. Information on the type, scale, and spatial distribution of 
production and construction projects is obtained from the online monitoring system designed in this 
paper. 

4.1.2. Soil erosion in different land-use types: 

1) Area and intensity of soil erosion of different land use types. Based on the calculation method of soil 
erosion and soil erosion factor given in the previous section, combined with the relevant soil and water 
and geological data of the study area, it is brought into the CSLE model to obtain the soil erosion of 
different land use types as shown in Table 2. 

The total land area of the study area is 2574.6km², and according to the results of remote sensing 
interpretation in 2023, more than 75% of the entire area is covered by watersheds and water 
conservancy facilities, building land and cultivated land, with a total area of 1951.7km², which 
accounts for 75.81% of the land area of the study area, and it is mainly distributed in the left and right 
sides of the river. This is followed by forest and grassland, with a combined area of 533.05km², or 
20.7%, while parkland, transportation land and other land account for 0.91%, 2.47% and 0.1% of the 
total area, respectively. In terms of soil erosion on the land use level category, soil erosion in the study 
area is mainly distributed on construction land, garden land, grassland and cultivated land. 
Construction land has the largest area of soil erosion, which is 132.19km², accounting for 69.15% of 
the total area of soil erosion in the study area. This was followed by arable land with an erosion area 
of 29.24km², which accounted for 15.3% of the total erosion area of the study area, and forest land, 
grassland and garden land with an erosion area of 17.87km², 7.06km², and 4.47km², respectively, 
which altogether accounted for 15.38% of the total erosion area of the study area. The area of soil 
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erosion on other land and transportation land is small, only 0.18km² and 0.16km². In addition, 
construction land and garden land have the highest percentage of soil erosion in their land area, 28.97% 
and 19.01%, respectively, followed by cropland, other land and forest land with 6.84%, 6.82% and 
5.11%, respectively, and transportation land with a relatively low percentage of 0.25%. The area of 
strong and above erosion in the whole study area amounted to 29.05km², mainly distributed in 
cultivated land (16.88km²) and construction land (11.18km²). 

Table 2. Soil erosion area of different land use types 

Land type Land area (km²) 
Soil erosion area (km²) 

Ratio (%) 
Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ Ⅵ 

Ploughing 427.38 1.24 2.08 9.04 4.51 5.43 6.94 6.84 

Garden 23.52 0.01 0.06 3.72 0.63 0.05 0.00 19.01 

Woodland 349.64 4.08 8.24 5.43 0.12 0.00 0.00 5.11 

Grass 183.41 3.69 2.05 1.26 0.06 0.00 0.00 3.85 

Construction 456.27 85.37 9.46 26.18 9.05 2.13 0.00 28.97 

Transportation 63.69 0.12 0.00 0.00 0.00 0.00 0.04 0.25 

Water conservancy facilities 1068.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Other 2.64 0.06 0.02 0.01 0.01 0.02 0.06 6.82 

2) Main control factors of soil erosion in different land use types. Using the soil erosion raster data 
superimposed on the land use vector data, calculate the average erosion modulus of arable land, 
garden land, forest land, grassland and construction land, classify the results into two categories of no 
soil erosion and soil erosion in accordance with soil erosion classiϐication and grading standards, 
statistically analyze the correlation between soil erosion categories and factors under different land 
use categories, and quantitatively evaluate the main control factors affecting the occurrence of soil 
erosion in different land use categories, the speciϐic results are shown in Table 3. The speciϐic results 
are shown in Table 3. The speciϐic results are shown in Table 3. In the table, *,** denote at 5% and 1% 
conϐidence level respectively. 

The results showed that the S factor and slope were the main factors affecting the occurrence of soil 
erosion on cropland and construction land, both of which reached more than 0.7 at the 1% confidence 
level. Since the S factor is calculated based on slope, it can be assumed that the main controlling factor 
for cropland and construction land is slope. Garden land, forest land and grassland are mainly 
influenced by the B factor, i.e., vegetation cover is the main factor influencing soil erosion in garden 
land, forest land and grassland. In addition, slope is also one of the main factors affecting soil erosion 
in garden, woodland and grassland. Rainfall erosivity factor R and soil erodibility factor K, etc. have 
relatively small effects on soil erosion of each land use type in hybrid pumped storage projects. 
Therefore, in the construction process of the hybrid pumped storage project, we should pay attention 
to the changes in slope and vegetation cover, and fully ensure that the probability of soil erosion is 
minimized on the basis of ensuring the construction of the project, which is more in line with the 
concept of sustainable development. 

Table 3. Analysis of dominant control factor in soil and soil drift area 

Type Ploughing Garden Woodland Grass Construction 

R -0.095** 0.026* 0.023 0.131** 0.093** 

K -0.182** 0.265** 0.245** 0.146** 0.152 

L -0.123** 0.467** 0.446** 0.472** 0.604** 

S 0.756** 0.431** 0.431** 0.416** 0.725** 

B 0.054** 0.492** 0.482** 0.505** 0.206 
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E 0.432** - 0.183** - - 

Slope 0.705** 0.395** 0.402** 0.351** 0.715** 

4.1.3. Changes in erosion dynamics. In order to further analyze the impact of the construction of the 
hybrid pumped storage project on soil erosion, this paper divides the erosion types into three 
categories: natural (T1), sloping cultivated land (T2) and production and construction (T3). The soil 
and water geological data in 2015 are further utilized to calculate the erosion area and compare it with 
the erosion area in 2023, so as to clarify the dynamic change of soil and water erosion during the 
construction of the hybrid pumped storage project. Table 4 shows the dynamic change of soil erosion 
in the study area from 2015 to 2023, where R1, R² and R3 are the changes in the proportion of the 
study area, the proportion of the eroded area and the proportion of the study area, respectively. 

In terms of change in erosion area, the erosion area of the study area in 2023 decreased by 85.26km² 
or 17.14% compared to 2015. In terms of erosion type, the erosion of sloping cropland has the largest 
decrease of 23.36%, and its slight and mild erosion area decreases as high as 79.26% and 40.40%, 
respectively. It indicates that in the process of constructing the hybrid pumped storage project, the 
corresponding soil erosion control measures are also being implemented for the sloping cultivated 
land, and good results have been achieved, making the erosion of the sloping cultivated land under 
better control, and the degree of erosion has been reduced. The natural erosion area also had a 
relatively large reduction compared with 2015, with a reduction ratio of 21.57%, among which, the 
erosion reduction area of the slight type was the largest of 32.35km², accounting for 71.18% of the 
total area of natural erosion reduction. From the spatial distribution of erosion patches, the erosion 
area of natural and sloping cultivated land decreased significantly, but various types of soil erosion of 
various intensities are still distributed in the east and north of the study area, which is also the key 
management area to improve the soil erosion around the hybrid pumped storage project in the future. 

During the period from 2015 to 2023, the soil erosion control of forest grassland, sloping cultivated 
land and production and construction projects, etc. implemented for the study area has achieved 
certain results, and the area and degree of erosion have been improved to a certain extent; however, 
soil erosion in the watershed is still widespread, and different prevention and control strategies should 
be implemented through differentiation in order to further improve the situation of water and soil 
erosion in the sub-watersheds. For natural erosion, measures such as natural sealing, banning 
cultivation and grazing can be taken to promote forest vegetation restoration, thus reducing regional 
natural soil erosion. Sloping cultivated land erosion management requires selective construction of 
high-standard farmland, horizontal terraces and slope terraces, and implementation of biological 
measures such as plant hedges and strip-tillage, depending on the slopes on which the area is situated. 
At the same time, man-made soil and water erosion caused by production and construction activities 
is effectively prevented by carrying out remote sensing supervision of soil and water conservation, 
joint law enforcement actions, and increasing on-site inspection and informationization supervision. 

Table 4. The dynamic change of soil and soil loss in 2015~2023 study area 

Type 
2015 2023 Change 

Area (km²) R1(%) R²(%) Area (km²) R1(%) R²(%) Area (km²) R3(%) 

T1-Ⅰ 143.59 5.58 29.1 111.24 4.32 26.99 -32.35 -1.26 

T1-Ⅱ 52.06 2.02 10.55 42.08 1.63 10.21 -9.98 -0.39 

T1-Ⅲ 11.21 0.44 2.27 9.04 0.35 2.19 -2.17 -0.09 

T1-Ⅳ 3.06 0.12 0.62 2.51 0.10 0.61 -0.55 -0.02 

T1-Ⅴ 0.78 0.03 0.16 0.39 0.02 0.09 -0.39 -0.01 

T1-Ⅵ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

T1-total 210.7 8.19 42.7 165.26 6.42 40.09 -45.44 -1.77 

T2-Ⅰ 5.98 0.23 1.21 1.24 0.05 0.31 -4.74 -0.18 
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T2-Ⅱ 3.49 0.14 0.71 2.08 0.08 0.51 -1.41 -0.06 

T2-Ⅲ 10.37 0.40 2.10 9.04 0.35 2.19 -1.33 -0.05 

T2-Ⅳ 5.32 0.21 1.08 4.51 0.18 1.09 -0.81 -0.03 

T2-Ⅴ 5.46 0.21 1.11 5.43 0.21 1.32 -0.03 0 

T2-Ⅵ 7.53 0.29 1.53 6.94 0.27 1.68 -0.59 -0.02 

T2-total 38.15 1.48 7.74 29.24 1.14 7.10 -8.91 -0.34 

T3-Ⅰ 94.61 3.67 19.17 85.37 3.32 20.72 -9.24 -0.35 

T3-Ⅱ 10.98 0.43 2.22 9.46 0.37 2.30 -1.52 -0.06 

T3-Ⅲ 30.24 1.17 6.13 26.18 1.02 6.35 -4.06 -0.15 

T3-Ⅳ 10.18 0.40 2.06 9.05 0.35 2.20 -1.13 -0.05 

T3-Ⅴ 5.09 0.20 1.03 2.13 0.08 0.52 -2.96 -0.12 

T3-Ⅵ 97.37 3.78 19.73 85.37 3.32 20.72 -12 -0.46 

T3-total 248.47 9.65 50.34 217.56 8.46 52.81 -30.91 -1.19 

Total 497.32 19.32 100 412.06 16.02 100 -85.26 -83.98 

4.2. Landslide risk prediction for pumped storage projects 

4.2.1. Landslide risk deformation prediction. This experiment involved 95,748 slope points, each of 
which served as a set of experimental data. These data record the deformation data collected every 15 
days from April 15, 2023 to February 28, 2024, a total of 40 data points. What needs to be 
accomplished in this experiment is the accurate prediction of the deformation data to solve the lag 
problem that exists in the deformation data. In order to verify the effectiveness and superiority of the 
model in this paper, this paper selects four models that are good at dealing with time series data, LSTM 
model, TCN model and SVR model to carry out controlled experiments. Fig. 5 shows the deformation 
prediction results of different models, where Fig. 5(a)~(d) shows the cumulative deformation values 
for the average loss thickness less than -20 mm/a, -19.9~5 mm/a, 5~19.9 mm/a and more than 20 
mm/a, respectively. 

Based on the results presented in the figure, it can be seen that thanks to BiLSTM's powerful ability 
to process time series, both the BiLSTM model based on the attention mechanism selected in this paper 
and the traditional LSTM model performed well in this prediction task. Due to the introduction of the 
attention mechanism, the selected model in this paper is more capable of capturing the time series 
information, so the BiLSTM model based on the attention mechanism performs the best in the task of 
landslide risk deformation prediction for hybrid pumped storage projects. In contrast, the TCN model 
performs between this paper's model and the LSTM model due to its good robustness, while the SVR 
model performs less well in this prediction task. From the figure, it can be clearly seen that the BiLSTM 
neural network deformation prediction model based on the attention mechanism adopted in this 
paper performs well in all deformation rate intervals and different deformation trends, and even for 
the points with large fluctuations in deformation, the model does not have obvious deviations, showing 
high stability and reliability, which verifies the effectiveness of the model adopted in landslide 
deformation prediction. Ten data points were randomly selected to calculate the average absolute 
percentage error between the predicted value and the true value, and the accuracy of the model in the 
10 data points fell between 0.002% and 0.005%, and the fluctuation was small. Although there are 
cases where the accuracy of the LSTM model and TCN model exceeds that of this paper's model for a 
single data point, their overall accuracy is lower than that of this paper's model and their performance 
is unstable. Thus, based on the hydrogeological data in the online monitoring database, the landslide 
risk prediction model of the hybrid pumped storage project based on the attention mechanism and 
the BiLSTM model can realize the accurate prediction of landslide risk deformation, and provide data 
guarantee for the safe construction of the hybrid pumped storage project. 
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(a) <-20mm/a (b) -19.9~5mm/a 

  

(c) 5~19.9mm/a (d) >20mm/a 

Fig. 5. The deformation prediction of different models 

4.2.2. Landslide risk displacement prediction. To validate the performance of CNN-BiLSTM-ATT 
model for landslide risk displacement prediction in hybrid pumped storage projects, data obtained 
from other monitoring points of landslides in the study area are used as an auxiliary validation set. In 
previous landslide displacement prediction, many classical machine learning and deep learning 
models have achieved good results, such as the EEMD-LSTM model, the LSTM model, and the random 
forest model (RFM). Therefore, in this paper, the prediction results of these 3 models are compared 
with those of the CNN-BiLSTM-ATT model, and 2 scenarios with and without rainfall are considered. 
The results of the comparison between the predicted and actual values of landslide displacements 
obtained by using different learning models based on the monitoring point data are shown in Fig. 6, 
where Fig. 6(a)~(b) shows the cases with and without rainfall, respectively. Root Mean Square Error 
(RMSE), Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE) and Coefϐicient of 
Determination (R²) were also selected as model evaluation indexes, and the landslide risk 
displacement prediction results of different models were obtained as shown in Table 5. 
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Due to the relatively short time of the selected landslide displacement data, a single LSTM model 
will produce a relatively large error when dealing with a small amount of data, while the LSTM model 
after adding the EEMD method for data decomposition has a great improvement in the accuracy of 
short-term landslide risk displacement prediction. The random forest method also has a good effect 
on the displacement prediction of landslide risk in hybrid pumped storage projects, but the change of 
its accuracy index is significantly higher than that of the EEMD-LSTM model and the CNN-LSTM-ATT 
model after adding rainfall data. The EEMD-LSTM and CNN-LSTM-ATT models outperform the random 
forest approach in all accuracy metrics in the presence and absence of rainfall.The CNN-LSTM-ATT 
model outperforms the traditional random forest model, the LSTM model, and the EEMD-LSTM model 
in prediction. According to the data from the landslide monitoring sites of the hybrid pumped storage 
project, the predictive evaluation indexes of the model in the absence of rainfall showed RMSE and 
MAE of 0.4213 mm and 0.3151 mm, respectively, MAPE of 0.2374%, and R² of 0.9998. The model still 
maintains high accuracy when there is rainfall, and the model also achieves good results in predicting 
landslide risk displacements at the monitoring sites of hybrid pumped storage projects, showing 
excellent performance in comparison with other models. In addition, the accuracy of the CNN-LSTM-
ATT model is slightly better than that of the EEMD-LSTM model, and the systematic error that occurs 
in the decomposition of landslide risk displacements into trend and period term data is significantly 
optimized in the CNN-LSTM-ATT model compared to the EEMD-LSTM model, which makes the CNN-
LSTM-ATT model a better research tool in the hybrid pumped-storage project for landslide risk 
displacement prediction has better research significance. 

  

(a) With rainfall (b) Without rainfall 

Fig. 6. Prediction results of different model 

Table 5. Performance evaluation of prediction results (with/without rainfall) 

Index Rainfall Ours EEMD-LSTM LSTM RFM 

RMSE (mm) 
With  0.4357 0.6251 1.9852 0.8364 

Without 0.4213 0.6185 3.4261 1.0402 

MAE (mm) 
With  0.2926 0.4253 1.3359 0.6362 

Without 0.3151 0.4192 2.7354 0.7317 

MAPE (%) 
With  0.2462 0.2638 0.7898 0.5036 

Without 0.2374 0.2574 1.5764 0.5783 

R² With  0.9995 0.9985 0.9816 0.9891 
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Without 0.9998 0.9985 0.9451 0.9882 

5. Conclusion 

Based on the hybrid pumped storage online monitoring system, the article calculates the soil erosion 
during the construction of the hybrid pumped storage project through the online monitoring data 
combined with the CSLE model, and predicts and analyzes the deformation and displacement of the 
landslide risk by combining the CNN-BiLSTM-ATT model. 

1) During the construction of the hybrid pumped storage project, its soil erosion is mainly 
distributed on the construction land, garden land, grassland and cultivated land. The erosion area of 
construction land is the largest (132.19 km²), followed by the erosion area of cultivated land (29.24 
km²), both of which account for 69.15% and 15.3% of the total erosion area in the study area, 
respectively. This indicates that the hybrid pumped storage project will affect the building land and 
cultivated land to some extent. 

2) When the CNN-BiLSTM-ATT model is utilized for landslide risk deformation prediction of hybrid 
pumped storage projects, its average absolute percentage error falls between [0.002%, 0.005%] and 
fluctuates less. When performing landslide risk displacement prediction, each evaluation index with 
and without rainfall is significantly better than the comparison model. This indicates that it is feasible 
to utilize the CNN-BiLSTM-ATT model for landslide risk prediction of hybrid pumped storage projects, 
which can be better predicted by online monitoring data to fully ensure the safe and stable operation 
of hybrid pumped storage projects. 
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