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Abstract: Tailings dams are constructed as storage dams for ore waste, serving as industrial waste
piles and for drainage. The dam is negatively affected by rainfall, infiltration lines and its own gravity,
which can cause its instability to gradually increase, leading to dam deformation. To predict the
irregular changes of tailings dam deformation, empirical mode decomposition (EMD) is applied
to the deformation data to obtain the trend and periodic components. The attention mechanism
is used to assign different weights to the input variables to overcome the limitation that the long
short-term memory (LSTM) model can only generate fixed-length vectors. The lagged autocorrelation
coefficient is applied to each decomposed subregion to solve the lagging effect of external factors
on dam deformation. Finally, the model is used to predict deformation in multiple directions to test
the generalization ability. The proposed method can effectively mitigate the problems of gradient
disappearance and gradient explosion. The applied results show that, compared with the control
model EMD-LSTM, the evaluation indexes RMSE and MAE improve 23.66% and 27.90%, respectively.
The method also has a high prediction accuracy in the remaining directions of the tailings dam,
which has a wide practical application effect and provides a new idea for tailings dam deformation
mechanism research.

Keywords: LSTM network; attention mechanism; tailings dam deformation; empirical mode decom-
position; lag order

1. Introduction

Various types of waste are generated during mineral extraction and processing [1,2].
For example, to obtain gold and copper elements from mineral particles, the ore needs to
be processed into particles of suitable size, and the remains after the extraction of gold and
copper are called “tailings” [3,4]. People usually build tailings dams for tailings storage,
and the risk of tailings dam failure would increase owing to factors such as internal phreatic
line and external rainfall [5]. In recent years, tailings dam failures and seepage incidents
have occurred frequently in the mining industry. The tailings dam itself contains hazardous
substances such as leachate slag and industrial waste that can pollute farmland, rivers, and
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groundwater around the dam [6,7]. Once security incidents such as the tailings dam failure
occur, they are prone to cause huge public events, which bring about secondary pollution to
the ecological environment and huge losses to both agricultural production along the way
and people’s lives and property [8]. Most of these accidents are attributed to the inability
to effectively control the groundwater level in the tailings dam, resulting in groundwater
seepage [9]. The free surface of the tailings dam groundwater, i.e., the groundwater level, is
one of the most important factors affecting the stability of the tailings dam [10-13]. Another
aspect, as the number of days increases, is that the slope displacement is significantly
influenced by rainfall [14].

Effective monitoring and early warning for tailings dam deformation can reduce
the risk of dam failure and minimize losses. Consequently, there is a certain necessity
to establish a tailings dam deformation prediction model and provide reliably predicted
values of tailings dam deformation for analyzing and assessing the stability of the tailings
dam. As one of the classic methods of tailings dam deformation prediction, the multiple
regression model is widely used and the input is various influencing factors. Compared
with the machine-learning method, the physical interpretability is the highest, but it cannot
achieve ideal accuracy in the case of a small number of parameters and a low sample
size [15]. Besides, quite a few parameters in the regression model would increase the risk
of overfitting and multicollinearity. In response to these problems, a space-time regression
model based on centroid and the use of the partial least-squares (GA-PLS) algorithm
to select variables are proposed [16,17]. The application of a regression model in dam
deformation prediction is extended. Autoregressive integrated moving average (ARIMA)
models from a time series perspective can achieve high accuracy in the short term [18], but
have poor predictive power in the long term. A support vector machine in the machine-
learning method has an ordinary prediction effect for a large sample of data [19] and is
more suitable for a small sample of data. While using deep learning methods, the recurrent
neural network (RNN) is prone to gradient vanishing and gradient explosion because of
the network structure, and the prediction effect depends largely on the hyperparameters’
setting in the neural network model [20]. Recently, the LSTM network technology has taken
full account of the length dependence in the time series, avoiding the problem of gradient
vanishing and gradient explosion [21]. An LSTM network could solve the problem of RNN
gradient vanishing and gradient explosion to a certain extent [22], but it still appears to
be tricky when facing longer sequences and to be easy to lose sequence information while
affecting the accuracy of prediction [23], and it cannot capture the importance of the input
sequence as well. Compared with the ANN model, the LSTM model spends more time in
training model parameters [24]. In addition, when combining the genetic algorithm with
the neural network, since the genetic algorithm overcomes the problem of getting into a
local minimum when finding the optimal solution, the optimized neural network model
will bring a better prediction effect [25]. However, due to the complexity of the genetic
algorithm model, the setting of parameters such as crossover rate and the mutation rate
included in the genetic algorithm need to be determined by experience, which is not easy
for generalized use. By contrast, the LSTM model, through the internal structure of the
output gate, input gate and forget gate, can also avoid the problem of falling into local
optimal solutions during gradient descent, compared with the genetic algorithm, which is
more convenient for usage.

In recent years, with rapid development, machine learning and artificial intelligence,
not only in the direction of dam deformation prediction, but also in the application of
machine learning in hydrodynamics and water quality, are becoming more and more
mature [26-29]. The above research fully demonstrates that machine learning has carried
out a wide range of applications in the hydrogeology field and has excellent applicability.

Aimed at this problem and background, we propose the attention-mechanism-based
LSTM network model in which the attention mechanism module gives different probability
weights to the hidden layer of LSTM [30] Thus, this method strengthens the influence of
important information, enabling it to make full use of the input variable features, taking



Water 2022, 14, 1229 30f19

into consideration the long-term dependence of the time series, and enhancing the attention
of the prediction model to key time series [31]. Dam deformation data are affected by
external factors and are featured with time sequence and nonlinearity [32]. Time sequence
means that under the influence of rainfall, phreatic line and the weight of the dam itself,
tailings dam deformation has a general trend of continuous decline over a long period,
and the meaning of nonlinearity is that parameters in the time series data model will
change over time [33]. In this study, we propose to use EMD to remove the noise of
the tailings dam deformation, and the EMD-processed time series is used to predict the
tailing dam deformation based on LSTM with the attention mechanism. The input is the
historical data of rainfall, phreatic line and tailings dam deformation 36 moments before the
prediction time. Hyperparameter tuning and model training are performed on the LSTM
network and the tailings dam deformation prediction model is established. At the same
time, the accuracies of EMD-LSTM, EMD-ARIMA and multiple regression models [34-36]
are compared to verify the effectiveness of this method in the prediction of tailings dam
deformation.

In Section 2, we provide the principle and deformation of the displacement process of
the tailings dam, which includes a detailed method introduction. In Section 3, we describe
the process of data acquisition and data preprocessing of the Zijin tailings dam (25°12’ N,
116°23' E), including the processing of outlier and missing values. In Section 4, we describe
the experimental process and result of the mixed model of tailings dam deformation
prediction. Finally, in Section 5, we provide the applied result, comprehensive evaluation
and future work.

2. Materials and Methods
2.1. Dam Displacement Prediction Process

The flow chart of the tailings dam displacement prediction is as shown in Figure 1.
The flow chart is divided into three stages: decomposition and reconstruction stage, data
processing and prediction stage, and evaluation stage. These are mainly summarized as
the following five contents:

(1) Data preprocessing: elimination of outliers and missing value interpolation.

(2) The decomposition and reconstruction of multi-factor time series data through the
EMD method.

(3) Determining the input sequence by the lag autocorrelation coefficient method.

(4) Parameter adjustment of lagging LSTM network based on attention mechanism.

(5) Results prediction and accuracy evaluation.
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Figure 1. Flow chart of dam displacement prediction. ((a): decomposition of tailings dam displace-
ment data using EMD and reorganization using statistical methods; (b): perform outlier and missing
value processing and determine lag order, and input each component into the Attention-LSTM model
for prediction; (c): accuracy evaluation using RMSE and MAE.).
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2.1.1. Principle of EMD Method

The absolute deformation in the tailings dam is nonlinear in nature. EMD is a method
for processing non-stationary adaptive time-frequency data. By the EMD method, a series
of intrinsic mode functions (IMFs) can be obtained from the decomposition of the signal as
follows [37,38]:

x(t) = Y imfi(t) + ra(t) M
i=1

where imf;(t) is the ith IMF obtained by EMD decomposition, and r,(t) is the residual
component of the signal after sieving n IMFs from the decomposition, often representing
the direct current component of the signal or its trend.

2.1.2. Lagged Autocorrelation Coefficient

The input sequence of LSTM based on the attention mechanism is the data of rainfall,
phreatic line and deformation at n time points before the prediction time. The above data
are from the database of Zijin Mining Company Limited [39]. Determining the optimal
sequence input length is conducive to improving the model accuracy and calculation
speed [40]. The lag order is determined by the h-order lagging autocorrelation coefficient
method as follows: _ _

= En*h (xl x) (lerh X) (2)

= )
= ie1(xi —X)

where x; is the displacement, ¥ is the average displacement,  is the lag order, and ry, is the
autocorrelation coefficient of the lag 1 order.

2.1.3. LSTM Network

LSTM is a neural network with the ability to memorize long- and short-term informa-
tion. LSTM was proposed in 1997 [41] and has been improved and promoted recently [42].
LSTM can learn long-term dependent information and avoid the gradient vanishing of
the traditional recurrent neural network (RNN). The internal structure of the LSTM unit is
shown in Figure 2.

hy
b
Ct—'l—C""‘ G » Ct‘
—_—
ft 'il'
Lo o] [tank| | o]
ht‘—l 1 h‘t

Xt
Figure 2. The internal structure of LSTM unit.

Compared with RNN, the input of the LSTM unit adds a hidden state C;. The gates of
LSTM at each sequence index position t include forget gate f;, input gate iy and output gate
O¢. The input vector of the LSTM unit is the input X; at the current time, the unit state C;_4
at the previous moment and the hidden layer state &;_; at the previous moment. Forget
gate and input gate are used to update the unit state and the output gate calculates the
current hidden layer state ;. The output is the unit state C; at the current moment with the
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hidden layer state h; at the current moment. The calculation equations of forget gate, input
gate and output gate are as follows:

fr = ‘7<Wf~[ht—1,xt} + by) 3)
iy = U'(Wi.[ht_l,xt] + b,) (4)
0 = U'(Wg.[htfl,x;}] + bo) (5)

where Wy, Wi, Wo and b s b; and b, are the weight coefficient matrices and bias vectors,
respectively, corresponding to each gate and [h;_1, x¢] is the result of merging the state
of the hidden layer and the input vector of the current layer. ¢ is the Sigmoid activation
function. C; consists of two parts that the first part is the product of C;_; and the output of
forget gate and the second part is the product of ¢; and #; of the input gate.

;= tanh(wc . [ht—lf xt] + bc) (6)

Ci=fr*Ciq+irxC )

where h; is the output of the LSTM unit at the current moment.
hy = Oy x tanh(cy) (8)

where * is the Hadamard product. That is, the new matrix element is defined as the product
of the corresponding elements of matrices A and B, and tanh is the hyperbolic tangent
activation function.

2.1.4. Attention Mechanism

This study introduces the attention mechanism based on LSTM to selectively learn
these intermediate states through training models. The attention mechanism comes from
the human learning process, in which a certain part of our learning always appears to
be the most important content. To speed up learning efficiency and improve accuracy,
we focus our attention on that part of the information and suppress other irrelevant
information in the re-learning process. The weights, which are assigned by the attention
mechanism to the input sequence, can determine the most relevant aspects that affect
the prediction data, thus improving prediction accuracy. The attention mechanism can
effectively improve the situation in which the LSTM loses information because of long
sequences, and simultaneously replace the original method of randomly assigning weights
with that of assigning probabilities [43].

2.1.5. Prediction Model Structure

The LSTM model outputs intermediate results according to the input sequence. The
attention mechanism calculates different weights according to the importance of each item
of the intermediate results to highlight the critical moments, overcomes the limitation
that the LSTM model can only generate fixed-length vectors and improves prediction
performance. In addition, calculating the intermediate results through the LSTM prediction
model based on the attention mechanism facilitates a better understanding of the internal
operation mechanism of the model and how the weight vector of the intermediate process
affects the final result. Figure 3 shows the structure of the attention-LSTM-based tailings
dam deformation prediction model.
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Figure 3. The structure of the attention-LSTM-based tailings dam deformation prediction model.

In Figure 3, X;_3¢, ..., Xi—3, X;—2, Xt—1, X¢ is the 36 input sequences before the predic-
tion time, h1;_36, ..., ht—3, hy_3, hy_1, hyisthehiddenlayer stateand a;;_3...a;;_2,a;4—1,4;;
is the attention coefficient. The calculation formula is as follows:

ejj = vtanh(w . h] +U- ]’l;_l, -l—b) )
exp (ejj)
g = — P\ (10)
! Yk—t—n eXP(eik)
t
c = Zj:tfn al]h] (11)

The attention coefficient a;; is calculated by the relation score e;; and ¢;; is the relation
score of the middle layer state. The larger the value of ¢;;, the larger the corresponding
attention coefficient, and then the result of the multiplication and superposition of the
hidden layer h; and the attention coefficient a;; is input into the decoder to obtain the
displacement prediction result at the next moment.

2.2. A Tailing Dam Study
2.2.1. Introduction of Background

The Zijin Mountain gold-copper ore mine is located 14.6 km north of Longyan City,
Fujian Province, China. Longyan City is on the west coast of the Taiwan Strait and in the
southwestern part of Fujian Province (24°23' N-26°02' N, 115°51" E-117°45' E). The average
elevation of the whole city is 652 m. Longyan City has a subtropical maritime monsoon
climate, where the average temperature is 18.7 °C~21.0 °C and the average precipitation is
1031-1369 mm. The Zijin Mountain gold-copper ore mine is one of the mega non-ferrous
metal deposits discovered and proven in the 1980s in China. It has been proven gold
resource reserves of more than 300 tons and copper resource reserves of more than 5 million
tons. The mine became the only world-class mega-gold mine in China at the beginning of
the 20th century and has a large tailings pond [44].

The current existing monitoring systems of the Zijin Mountain Gold-Copper Ore
mainly include GPS monitoring, radar monitoring, GNSS online monitoring, groundwater
level monitoring, rainfall monitoring, etc. The displacement was directly influenced by the
phreatic line and the lag of rainfall [45-50]. This study uses the deformation, rainfall and
phreatic line of the Zijin Mountain tailings dam from 3 September 2019 to 29 March 2020 as
a data set with a sampling frequency of 12 h. The data were collected at 417 moments, i.e.,
208 days. Due to equipment failures at the monitoring sites, there are a large amount of
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missing data from before September 2019. In performing neural network model prediction,
the selection of the test set requires the selection of real data so that the optimal model
parameters can be obtained by the back propagation algorithm of errors from the test
set. Therefore, by recording data every 12 h, the 208 days were extended to 417 moments
to simulate a complete tailings dam scenario lasting 1 year under rainy and dry seasons
and considering heavy rainfall conditions for resolving the missing data problem. To test
the long-term prediction effect, the prediction time was set as 30 days and the data for
the first 178 days were the training set and the data for the last 30 days were the test set.
The distribution map of the monitoring points is as shown in Figure 4, where the dam
displacement is in the X direction as an example.

Longyan City -

Fujian-Province
Zijin Mountain
Gold-Copper Ore

}

/ Rain gauge
i

Figure 4. 3D model of the tailings dam of the Zijin Mountain gold-copper ore mine in Longyan City.

The data above are selected for the samples of hyperparameters for training the LSTM
network based on the attention mechanism. Data preprocessing includes missing value
interpolation and outlier handling [51]. The outliers are processed by the boxplot method
and they were removed and treated as missing values afterward. For the single missing
value, the mean imputation method is adopted, while the linear interpolation method is
used for continuous missing data [52]. Because the original data are not suitable for direct
input into the model for training, we need to preprocess the original data, such as by outlier
processing and missing value imputation.



Water 2022, 14, 1229

8 of 19

2.2.2. The Outlier Data Processing

We use boxplot to deal with outliers, with the upper quartile symbol setting to U,
indicating that samples greater than U in the dataset account for 1/4 of the total, and the
lower quartile symbol set to L, indicating that samples less than L in the dataset account
for 1/4 of the total. We define IQR as the difference between the upper and lower quartiles:
IQR = U — L. Then the upper bound of the normal range is U + 1.5+IQR and the lower
bound is L — 1.5*xIQR. A value greater than the upper bound or less than the lower bound
is considered as an outlier [53]. This study regards outliers as missing values that are
processed by the missing value processing method.

2.2.3. Missing Value Date Processing

In addition to the missing values from deleting outliers, there are also missing data
caused by the failure of data collection equipment, storage media or transmission media,
or by human factors that are omitted, lost or not recorded. Missing data may cause the
system to lose a great deal of useful information, making the uncertainty in the system
more pronounced and the deterministic component of the system more difficult to grasp.
Besides, the data containing null values will confuse the data mining process, leading to
unreliable outputs and other results. Missing values can be classified as missing completely
at random (MCAR), missing at random (MAR) and missing not at random (MNAR) in
terms of distribution [54]. In time series analysis, the following methods are commonly
used for missing value processing: mean imputation, maximum likelihood (ML), multiple
imputation (MI), linear interpolation and k-nearest neighbor (KNN) [20,55,56].

The phreatic line is a continuous time series and there exist both individual and con-
tinuous missing data. For the single missing data, we use the method of mean imputation:
the sensor monitoring data are sorted in the sequence at the same time interval, and NA is
defined as the null value. The equation for imputing the single missing value is:

NA — Time o + Timep (12)
2
where Time 4 represents the non-null data value before the missing value and Timeg repre-
sents the non-null data value after the missing value. For continuous missing data, this
paper adopts the linear interpolation method, which is a kind of missing data interpolation
method, and its interpolation function is a first-order polynomial.

2.2.4. Data Normalization

Different data variables have different data formats and units. Many large-scale
variables will cause the model to ignore small-scale variables and lose this part of informa-
tion, thereby affecting the results of data analysis. To eliminate the dimensional influence
between the indicators, the data is processed by the min-max normalization method:

X — X
x; — 1 min (13)
Xmax — Xmin
where x; is the original variable, x;;,y and x,,;,, are the maximum and minimum values in
the current variable sequence, respectively.

3. Results
3.1. Data Analysis and Processing

For the missing rainfall data, the historical rainfall data of Shanghang County (25°20 N,
116°39 E) collected from the China Meteorological Data Service Center (CMDC) were
adopted to interpolate the database. The outliers are processed by the boxplot. The boxplot
of phreatic line and tailings dam deformation are as shown in Figure 5 and the results after
processing show that point 39 is anomalous. After the outlier is deleted, the missing data
that stems from the outlier deletion are processed by the missing value processing method.
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At the same time, the continuous missing data are processed by linear interpolation and
the results are as shown in Figure 6.

0
22.5 . 39
22.0 - i i -
21.5 +- et -+=10
21.0 .,
20.5 -20
Phreatic Line (m) Rainfall (mm)

Figure 5. Processing of outliers of phreatic line and displacement.
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I £ ‘ y } I
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Figure 6. Plot of rainfall, displacement and phreatic line after data preprocessing.

3.2. EMD Reorganization of Absolute Deformation of the Tailings Dam

The deformation time series data is decomposed into five scales of IMFs and one
residual term by EMD to reduce the nonlinearity and instability of the displacement series
(Figure 7). Considering the influence of IMFs and residual term on the original data,
we perform the augmented Dickey—Fuller test (ADF test) and the method of component
identification, i.e., the Pearson correlation coefficient method on the stationarity of the
sequence. After comprehensively considering the results of the ADF test and component
identification, the decomposed IMFs and residual term are used as individual components
or a combination of components to predict the original data.
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Figure 7. EMD of tailings dam deformation.

3.2.1. Stationarity Test

The stationarity test is performed on IMF; to IMF5 and the residual term. The ADF test
can determine whether unit roots exist in the sequence. Under a stationary sequence, there
is no unit root, and vice versa [57]. It is specified here that the sequence can be considered as
stationary when the p-value of the ADF test is lower than 0.05; otherwise, it is nonstationary.
After the ADF test, the test statistic and p-value of IMF; to IMF5 and the residual term
are as shown in Table 1. Y represents the sequence is stationary, and N represents the
sequence is nonstationary. Because the original displacement data is nonstationary, the

residual term and the original sequence are nonstationary after EMD
all stationary sequences.

Table 1. Stationarity test of IMF; ~IMFs, residual term and original data.

, and IMF; ~IMFj are

Original Data IMF, IMF, IMF; IMF, IMF;5 Residual Term
Test Statistic 0.900 —8.065 —7.577 —7.348 —4.637 —4.225 —0.641
p-value 0.788 0.000 0.000 0.000 0.000 0.001 0.861
Stationarity N Y Y Y Y Y N

3.2.2. Component Identification

The degrees of correlation between each IMF component of the tailings dam deforma-
tion and the original data are as shown in Table 2 (which are calculated in accordance with

the Pearson correlation coefficient method [58].

Table 2. Pearson correlation coefficient between IMF; ~IMF5, residual term and the original data.

IMFs and .
Residual Term IMF, IMF, IMF; IMF, IMF;5 Residual Term
Pearson
Correlation 0.2077 0.1264 0.1453 0.1470 0.4599 0.9122

Coefficient
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After the Pearson correlation coefficient test, IMF; IMF5 and the residual term are more
correlated with the original series, which indicates that the IMF; and IMF5 components and
the residual term are more correlated with the original data. While the rest of the IMF,, IMF3
and IMF, components are less correlated with that. After comprehensive consideration of
the two methods, the ADF test and component identification, the IMF;-IMF5 components
and the residual term are combined as follows.

We take the three components IMF;, IMF5 and the residual term, which are higher
correlated with the original time series or have the same stationarity as that, as independent
components and combine the remaining three components (IMF,, IMF3 and IMF,) to form
a new component IMFq. IMF;, IMFs, the residual term and the newly formed component
IMF; are input are into the attention-mechanism-based LSTM network model for prediction,
respectively. Then the predicted value of each group of components and the predicted value
of the trend are added with equal weight. Finally, the prediction result of the deformation
of the tailings dam is obtained.

3.3. Input Sequence

In the study of the temporal relationship between rainfall and phreatic line, Wang [59]
found that the relationship is Y = 1.0175X1%515, where Y is the lag time (d) of groundwater
recharged by precipitation infiltration and X is the groundwater depth (m). The maximum
value of lag h was determined to be 155 days, and then the lagged autocorrelation coeffi-
cients from 1 to 155 days were calculated sequentially, as shown in Figure 8. The optimal
lag order is determined to be 18; that is, the historical data of the first 18 days are the best for
the prediction effect. Since the data are taken every 12 h, the length of the input sequence is
selected as 36. Based on the previous judgment, the format of the input sequence is chosen
to be 36 x 3. All input data involve rainfall, phreatic line, and tailings dam deformation at
36 time points before predicting deformation.
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Figure 8. Lag order of input sequence.

3.4. Model Parameter Setting

The parameters of the attention-LSTM prediction model in this study are batch
size = 64, SEQ_LEN = 36 and the prediction step size, which equals 1. The input con-
tains data of rainfall, displacement and phreatic line, and the structure of each type data
is 36 time points in three columns. LSTM consists of two layers and each layer contains
64 neurons. The dense layer is connected behind both layers to enhance the learning data
characteristics. At the same time, a dropout layer is inserted between the LSTM layers to
prevent the model from overfitting. At present, most model optimizers use the adaptive
gradient (AdaGrad), root mean square propagation (RMSProp), and adaptive momen-
tum estimation (Adam) [60] methods. Among them, Adam is an effective gradient-based
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stochastic optimization algorithm. The advantages of the AdaGrad and RMSProp algo-
rithms can be exploited by this fusion algorithm, which has high computational efficiency
and low memory requirements in practical applications [61]. Therefore, the Adam optimiza-
tion algorithm is selected in this study, and Adam is used as the optimizer. The software
and version used for LSTM in this study are PyCharm 2020.2.5 (Community Edition) and
Python 3.8, respectively.

Figure 9 shows the effect of tailings dam deformation prediction.
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Figure 9. The effect of tailings dam deformation prediction.

Compared with the control model, the LSTM model with attention mechanism after
EMD decomposition is closer to the measured deformation value. In addition, the hysteresis
mutation prediction on 7 and 16 March is more realistic. This is because the attention
mechanism assigns different weights to the previous rainfall and phreatic line and inputs
them into the LSTM; then the test set can read the mutation information of the previous
rainfall and phreatic line. By contrast, the multiple regression model has fewer independent
variables and has no hysteresis; therefore, the prediction error is large. Compared with the
model proposed in this study, the prediction error of the support vector machine (SVM)
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model increases rapidly with the increase of the number of days. This result reflects that if
the SVM model wants to achieve a good prediction effect in the long term, it is necessary
to select the correct kernel function and dynamically adjust it according to the data. At
the same time, the prediction accuracy of the LSTM model does not reach the effect of
the EMD-LSTM model, indicating that the EMD method can improve the accuracy of the
model prediction to a certain extent.

For the deformation prediction of the tailings dam, two common indicators for eval-
uating the accuracy of the model are selected: root mean square error (RMSE) and mean
absolute deviation (MAE) [62,63]. RMSE evaluates the accuracy of the prediction results.
The smaller the value of RMSE, the better the accuracy of the prediction model; MAE is
the average of the absolute value of deviations between all single observations and the
prediction values. The closer the indicator is to 0, the higher the prediction accuracy.

1 n
RMSE =\ [} (i = 4:)° (14)
i=1
1 n
MAE = _ ) lyi il (15)
i=1

where y; represents the prediction value of the tailings dam deformation, g; indicates the
observed value of the tailings dam deformation and n is the sample capacity of the test set.
In this research, n = 60. The test set of this model is 30 days. The prediction accuracies of
the absolute displacement of the tailings dam are as shown in Table 3.

Table 3. The prediction accuracy of absolute displacement of the tailings dam.

EMD-Attention- EMD- Multiple

Day LSTM LSTM EMD-ARIMA Regression LST™M SVM

1 0.144 0.371 0.529 4.760 0.470 0.296

5 0.183 0.351 0.410 4.398 0.411 0.496

10 0.549 0.934 1.049 4.673 0.945 1.167

RMSE 15 0.553 0.835 0.992 4.675 0.907 1.129
20 0.607 0.865 1.010 4.844 0.893 1.222

25 0.625 0.898 1.053 5.237 0.908 1.208

30 0.729 0.955 1.120 4937 0.970 1.285

1 0.157 0.524 0.676 6.731 0.642 0.384

5 0.215 0.439 0.536 6.080 0.462 0.573

10 0.509 0.992 1.059 6.455 0.955 1.078

MAE 15 0.555 0.906 1.035 6.455 0.950 1.145
20 0.636 0.945 1.054 6.668 0.934 1.274

25 0.664 0.996 1.111 6.747 0.965 1.294

30 0.770 1.068 1.207 6.801 1.063 1.394

The prediction results show that in the case of considering rainfall and infiltration
lines, the proposed model in the paper is compared with EMD-LSTM, the RMSE and
MAE values on the 1st day decreased by 0.227 and 0.367, respectively, and on the 30th day
the percentages of RMSE and MAE decreased by 23.66% and 27.9%, respectively. This is
because the attention mechanism helps to improve the prediction accuracy through the
weight distribution between influencing factors. Compared to the model EMD-ARIMA,
the RMSE and MAE also drop significantly; the reason is that the prediction error of the
ARIMA model increases over time. Compared with commonly used multiple regression
models, RMSE and MAE are reduced by 4.616 and 6.574, respectively, and the prediction
accuracy is significantly improved.
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4. Discussion
4.1. Factor Analysis

Through the exploration of significance tests on the regression coefficient of the multi-
ple regression model from the comparison model, Table 4 shows the significance test values
of the rainfall and phreatic line are 0.047 and 0.01, respectively. They are less than 0.05,
indicating that the rainfall and phreatic line significantly affect the absolute deformation
of the tailings dam in the X-direction. Furthermore, compared with the phreatic line, the
effect of rainfall on the deformation of the tailings dam is more prominent.

Table 4. Significance test on regression coefficient of the comparison model.

Multiple Regression = Unstandardized

Model Coefficient B Standard Error t Significance
Constant —22.890 5.631 —4.065 0.000
Phreatic line 0.524 0.263 1.991 0.047
rainfall —0.392 0.152 —2.588 0.010

4.2. Model Application

The method above is used to fit the deformation of the tailings dam in Y and Z
directions, and the training and test sets are divided in the same proportion as the X-
direction. The prediction results of the test set are as shown in Figure 10. The RMSE of
predicting the Y-direction deformation of the tailings dam for 7 days is less than 0.585
and the relative error of predicting the deformation for 30 days is controlled at 0.588. The
prediction error in the Z-direction of the deformation of the tailings dam increases by 0.121
from 0.022. The short-term prediction accuracy of this method is high. The long-term one,
although descending, is still in line with expectations. The model has an outstanding long-
term prediction effect in Y- and Z-directions, and better in the Z-direction. The absolute
displacement prediction in three directions can be used as engineering examples.

0.7 1 | BMSEforY [ RMSE forZ
' = !. MAEforY @ MAEforZ |
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Figure 10. The accuracy of absolute deformation of tailings dam in Y- and Z-directions.

The horizontal displacement of the tailings dam is divided into two directions, X-
direction and Y-direction, and the Z-direction is the vertical settlement data of the tailings
dam. In the initial stage of tailings dam deformation, vertical settlement dominates and
horizontal displacement is only an additional effect of vertical settlement. The horizontal
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RMSE

displacement of the tailings dam is affected by the lag of rainfall and phreatic line. The
increase of rainfall and the change of phreatic line make the oscillation and instability
of the horizontal deformation rate increase, which makes the prediction of horizontal
displacement more difficult than that of the vertical direction. However, as rainfall occurs,
the phreatic line changes and time passes, the downstream part of the dam tends to stabilize
because of its upper load, so the magnitude of vertical deformation gradually decreases
and stability increases; compared with horizontal displacement, the prediction accuracy of
vertical settlement is higher.

To emphasize the reproducibility of the method, the displacement of the monitoring
point on the east side of the tailings dam is predicted in Figures 11 and 12 (the monitoring
point is as shown in Figure 4). Figure 11 shows that for the evaluation index RMSE, the
prediction error range in the X-direction is 0.278~0.758 and the prediction error of the other
two directions is less than 0.932 and 0.772. For the evaluation index MAE, the prediction
error range in the X-direction is 0.365~0.816 and the prediction error of the other two
directions is less than 1.009 and 0.723.
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Figure 11. The accuracy of absolute deformation of tailings dam in X-, Y- and Z-directions.
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Figure 12. The effect of tailings dam deformation prediction.
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As shown in Figure 12, by using the EMD-attention-LSTM method again, this model
again achieves excellent prediction results in the X-, Y- and Z-directions of the new moni-
toring point. In addition, by repeatability experiments, the accuracy evaluation indicators
RSEM and MAE of the prediction effect of the model in the Z-direction are at least 0.128
and 0.141, respectively, which proves that the method has applicability in the deformation
prediction of the tailings dam and is convenient for promotion.

One of the limitations of this study is that the lag order of this method is fixed. If the
lag order is dynamically adjusted according to the historical data, it may bring better effect.
In addition, the method proposed in this study has only been verified with the tailing dam
displacement prediction and has not been applied to other scenarios. Finally, LSTM model
parameter training requires plenty of time and has high requirements for hardware.

5. Conclusions

(1) In this study, the EMD-attention-LSTM neural network model is proposed. Compared
with the control models, this model achieves higher accuracy in the prediction of
tailings dam deformation under the influence of rainfall and phreatic line, and also has
good performance in multiple directions. The prediction effect reflects the universality
of this model in the prediction of tailings dam deformation. This method is suitable
for dam deformation prediction under the influence of rainfall and phreatic line and
has engineering significance.

(2) The LSTM model used in this study effectively avoids the problem of gradient disap-
pearance and gradient explosion, while the model considers the lag to better reflect
the delayed impact of external factors on the dam deformation in real situations.

(8) Compared with a single LSTM model, the addition of the attention mechanism takes
into account the characteristics of the input variables and the long-term dependence
of the time series, which improves the prediction accuracy of the dam displacement.

(4) The significance test reveals that atmospheric rainfall and the change of phreatic line
in the tailings dam will accelerate the tailings dam deformation process, and the
change of phreatic line has a more significant effect on tailings dam deformation.

Although the proposed model has improved the accuracy of tailings dam displacement
prediction, there is still room for further refinements. Subsequent studies will focus on the
following aspects: (1) the proposed model integrating statistics and machine learning and
(2) reducing the requirements of a large amount of data to adjust the hyperparameters. In
future research, we will collect more different types of tailings dam monitoring data to
further expand the application scenarios of the model.
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