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Abstract: A good prediction of landslide displacement is an essential component for implementing an early warning
system. In the Three Gorges Reservoir Area (TGRA), many landslides deform distinctly and in steps from April to
September each year under the influence of seasonal rainfall and periodic fluctuation in reservoir water level. The sliding
becomes more uniform again from October to April. This landslide deformation pattern leads to accumulated displacement
versus time showing a step-wise curve. Most of the existing predictive models express static relationships only. However,
the evolution of a landslide is a complex nonlinear dynamic process. This paper proposes a dynamic model to predict
landslide displacement, based on time series analysis and long short-term memory neural network (LSTM). The
accumulated displacement was decomposed into a trend term and a periodic term in the time series analysis. A cubic
polynomial function was selected to predict the trend displacement. By analyzing the relationships between landslide
deformation, rainfall and reservoir water level, a LSTM model was used to predict the periodic displacement. The LSTM
approach was found to more properly model the dynamic characteristics of landslides than static models, and make full use
of the historical information. The performance of the model was validated with the observations of two step-wise landslides
in the TGRA, the Baishuihe landslide and Bazimen landslide. The application of the model to those two landslides
demonstrates that the LSTM model provides a good representation of the measured displacements and gives a more reliable
prediction of landslide displacement than the static support vector machine (SVM) model. It is concluded that the proposed
model can be used to effectively predict the displacement of step-wise landslides in the TGRA.
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1. Introduction

Landslides are one of the most damaging geological disasters in many areas of the world and can cause a large number of
casualties and very important property losses every year (Haque et al. 2016; Froude and Petley 2018; Hong et al. 2016;
Zhang and Huang 2018). In China, for instance, an annual report (China Institute of Geo-Environment Monitoring 2017)
shows that 9710 geological hazards occurred in 2016 and 7403 of them were landslides. Other geological hazards in 2016
included 1484 avalanches, 584 debris flows, 221 ground collapses, 12 ground fissures and 6 cases of ground subsidence.
The Xinmo landslide on 24 June 2017 caused 10 fatalities, 73 persons were reported missing and 64 houses were damaged.
It was one of the most catastrophic landslide events in recent years in China (Fan et al. 2017, 2018; Scaringi et al. 2018).

Reliable early warning systems are a reasonable approach for landslide risk reduction. Such systems can be
successfully implemented if one can predict landslide displacement (Yao et al., 2015). As an example, at the 1985 Xintan
landslide, located 26 km upstream of the Three Gorges Dam (TGD), the effective forecasting of the landslide displacement
helped reduce significantly the economic losses and casualties (Zhou et al., 2016).

Since Saito (1965) proposed its empirical formula for landslide prediction, numerous landslide prediction models have
been developed. Landslide prediction models can be categorized into two groups: physical models and data-driven models
(Huang et al., 2017). The physical models primarily use general creep theory, large-scale laboratory experiments and
physical parameters monitored in situ to predict landslide events (Helmstetter et al. 2004; Mufundirwa et al. 2010). The



models can provide clear physical explanations of landslides, but the implementation of sufficiently accurate models can
be complex, time consuming and expensive (Corominas et al. 2005; Thiebers, 2014; Ma et al. 2017). Compared with
physical models, the data-driven models are often more popular because of simple process, accurate prediction and lower
costs (Corominas et al. 2005; Zhou et al. 2018a).

A variety of data-driven models have had significant developments in recent years (Kayacan et al. 2010; Liu et al.
2014; Zhou et al. 2016; Liu et al. 2018; Reichenbach et al. 2018). Among data-driven models, machine learning (ML)
methods are widely applied for landslide displacement predictions and have achieved good performances (Zhou et al.,
2018a). Du et al. (2013) decomposed the cumulative displacement into trend and periodic components, using a back-
propagation neural network (BPNN) to predict the periodic displacement. Lian et al. (2015) applied artificial neural
network (ANN) to model landslide displacement and achieved a good prediction performance. Cao et al. (2016) developed
an extreme learning machine (ELM) considering the response of influencing factors, and achieved promising results with
their model. Zhou et al. (2016) and Miao et al. (2018) developed displacement prediction models based on the time series
analysis and the support vector machine (SVM) model and obtained highly accurate results. To overcome some deficiencies
of the classical ML methods, Li et al. (2018) proposed a novel data-driven framework with an ensemble-based ELM and
copula models. The effectiveness and utility of the proposed model have been confirmed by applying it to back-calculate
the displacement prediction of a landslide in the Three Gorges Reservoir Area (TGRA).

Most of the existing prediction models are static models, which consider landslide displacement prediction as a static
regression problem (Yao et al., 2015). However, landslide evolution is a complex nonlinear dynamic process (Qin et al.,
2002). The influencing factors and deformation conditions at one time affect the deformation and stability conditions at the
next time (Xu and Niu 2018). Dynamic modeling approaches, which can include relationships between different times of
landslide displacement time series, were therefore used in this study to develop a landslide displacement prediction model.

A major part of the research on dynamic modeling has concentrated on recurrent neural network (RNN), which is a
special type of ANN. RNN can remember historical information and apply it to the current output, which leads to the
achievement of state feedback in the networks (Han et al. 2004; Chen and Chou 2012). Since conventional RNN fails to
capture the long temporal dependency for the input sequence, an improved version of RNN, named long short-term memory
neural network (LSTM), was developed (Hochreiter and Schmidhuber 1997). Their long-range dependencies are more
accurate than conventional RNN (Hasim et al., 2014). The LSTM model was used earlier to predict the displacement of
the Baijiabao landslide in the TGRA and achieved better performance than the BPNN and SVM models (Xu and Niu 2018).

In this paper, a dynamic model based on time series analysis and LSTM was proposed to predict landslide
displacement. Through time series analysis, the accumulated displacement was decomposed into a trend term and a periodic
term. The trend term displacement was predicted using a cubic polynomial function. The periodic term displacement was
predicted by a LSTM model based on the analysis of the relationship between landslide displacement and key influencing
factors. The total displacement forecast was obtained by adding the trend and periodic displacements. The proposed model
was used to predict the displacements of two step-wise landslides in the TGRA, the Baishuihe and Bazimen landslides. For
comparison, the SVM model was also used to predict the periodic term displacement.

2. Machine learning models for landslide displacement prediction

2.1. Recurrent neural network and long short-term memory neural network

2.1.1. Recurrent neural network

An artificial neural network (ANN) is typically composed of an input layer, a hidden layer and an output layer. The input
layer is the first layer of the neural network and brings the initial data into the system for further processing by subsequent
layers of artificial neurons. The hidden layer is a layer between the input and output layers, in which artificial neurons
receive a set of weighted inputs and produce an output through an activation function. The output layer is the last layer of



neurons that produces the outputs from the ANN modeling.

In traditional ANN, the units are related to each other from one layer to the other (input layer, hidden layer and output
layer), but independent in one given layer, as illustrated in Fig. 1. Recurrent neural network (RNN) is an expansion of ANN.
RNN contains recurrent connections, and each unit in the hidden layer is related to the others for different time steps. For
example, in the hidden layer, the unit at time step t-1 is connected to the unit at time step t in the RNN, while this connection
does not exist in the ANN (Fig. 1). The recurrent connections in the RNN implement passing information from one step of
the network (time step t-1) to the next one (time step t). For a given input sequence x=(x1, X,..., X1), the hidden state vector
sequence is h=(hy, hy,..., ht) and the output sequence is y=(y1, y2,..., 7). The output sequence y can be obtained by iterating
the following equations from time t=1 to T (Fan et al., 2014):

h = RW,, X +Wyh_ +b,) 1)

Yi :Whyh1 + by 2

where x; and y: are the input and output at time step t; h;and hy.1 are the hidden states at time step t and t-1, respectively; T
is the prediction period; Wx, is the weight matrix between input and hidden vectors; W, represents the weight matrix
between different time steps of the hidden vectors; Wiy represents the weight matrix that connects the hidden information
to the output vectors; by and by are the corresponding bias vectors of Wi, and Way, respectively; and R is the nonlinear
activation function for hidden nodes and is usually a sigmoid function or hyperbolic tangent function.

RNN shares the same parameters (Wyn, Whn and Why) across all steps, which reduces the total number of learning
parameters and the learning workload of networks. The hidden state (h;) contains information about the history of the past
elements of a sequence. Because of this special design, RNN exhibits a superior capability of modeling nonlinear time
series problems effectively (Graves et al., 2013).
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Fig. 1 Comparison between artificial neural network (ANN) and recurrent neural network (RNN)
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2.1.2.  Long short-term memory neural network

In theory, RNN should be capable of handling arbitrarily long sequences (Vincent et al., 2010). In practice however, RNN
can not do so because of the vanishing gradient or exploding gradient problems (Bengio et al., 1994). To overcome such
disadvantage of conventional RNN, Hochreiter and Schmidhuber (1997) proposed an improved version of RNN named
long short-term memory neural network (LSTM). Compared with the conventional RNN, the basic unit of the hidden layer
in LSTM is a memory block (Fig. 2). The memory block contains memory cell and three gates, named 'Input gate', 'Forget
gate' and 'Output gate' (Felix and Jirgen 2000). These three gates regulate the flow of information into and out of the
memory cell. The 'Input gate' controls the flow of input activations into the memory cell, meaning that the 'Input gate'
decides to feed the input data. The 'Forget gate' controls whether the information from the previous time step is remembered
or forgotten. When the 'Forget gate' is open, information from the previous time step is passed along to the next time step;



when the 'Forget gate' is closed, all the information from the previous time step is forgotten and cannot be passed along to
the next time step. This means that the 'Forget gate' can filter information, keeping useful information and throwing away
useless information. The 'Output gate' controls the flow of output activations into other blocks or to the final results (Xu
and Niu 2018). The key difference between RNN and LSTM lies in the formulation of the hidden vector (h;). The hidden
vector (hy) in LSTM neural network can be obtained as follows:

i, =ocW,;x +W,h_, +W,c_, +b) (3)
fo=0 (W% +W b, +Wc,, +b, ) (4)
c, = fc, +i tanh(W x, +W,.h_, +b.) (5)
0, =cW_x +W, h_ +W_c, +b,) (6)
h, =0, tanh(c,) )

where i, f;, 0ot and c; are the values of the input gate, forget gate, output gate and memory cell in the memory block; b;, by,
bo and b are their corresponding bias values; & is the sigmoid function; Wy represents the weights between input nodes
and hidden nodes; Wh represents the weights between hidden nodes and memory cell; and W, represents the weights that
connect memory cell to output nodes.

The output y:can then be obtained by Eq.2. The output sequence y=(y1, Y2,...,yr) Will be obtained by iterating Eq.2 to
Eq.7 from timest=1to T.

Memory

block 0 Utput
gate

Memory
cell

Input | %
layer

1 layer

1
1
1
1
1
1
1
1
1
1
1
|
1
b o[ e [output] Ve
1
1
1
1
1
1
1
1
1
1
1
1
1
‘|

Fig. 2 Long short-term memory neural network (LTSM) architecture (Ma et al., 2015)

2.2. Support vector machine model

The support vector machine (SVM) model is a non-linear regression forecasting method proposed by Cortes and Vapnik
(1995). The essence of the SVM model is to map data into a high-dimensional feature space through a non-linear
transformation and then perform linear regression within this space (Smola and Scholkopf 2004). The SVM model is a
static model, which has performed well earlier for predicting the displacement of step-wise landslides in the TGRA (Zhou
et al. 2016; Miao et al. 2018). Particle swarm optimization (PSO) is applied to search for the optimal parameters of the
SVM model. Inspired from the feeding behavior characteristic of a bird flock, the PSO is used for solving optimization
problem (Eberhart and Kennedy 1995), where each particle in the algorithm is regarded as a potential solution to the
optimization problem. A fitness function is defined to search for the optimal solution in the entire solution space.



2.3. Proposed model

2.3.1. Decomposition of the displacement time series into trend and periodic terms

The displacement will be modeled with two components: a trend component and a periodic (i.e. changing with time)
component (Du et al., 2013). Many factors can affect landslide displacement (Zhou et al., 2018a). On the long-term, the
deformation trend is controlled by internal geological conditions, such as lithology, geological structure and progressive
weathering. The landslide displacement due to these factors increases approximately monotonically with time, and usually
on a long-time scale. Long term creep, degradation and weathering are not included explicitly in the model. This long-term
displacement will be the trend component in the model.

The components that affect landslide displacement on the slopes in the TGRA over a short time period, are on the
other hand, considered explicitly. The short-term deformation in the TGRA is influenced by two external triggering factors
(rainfall and reservoir water level). This short-term displacement is the periodic component in the model.

The accumulated displacement time series can therefore be decomposed as follows:

S(t)=¢(t)+n(t) 8
where tis time, S(t) is the accumulated displacement, ¢(t) is the trend displacement, and #(t) is the periodic displacement.

2.3.2.  Prediction process with the proposed model

The process of the proposed model, both the creation of the model and its validation through machine learning techniques,
is illustrated in Fig. 3. Using the available data for a landslide, the model first creates a model of the accumulated
displacement. It uses the majority of the data to model as well as possible the observations. A volume of the available data
is used to fit the data, and to train the model. The training consists of data processing, fitting of trend term and building the
LSTM model for periodic term. The models are then validated with the rest of the volume of data available.

The two components of the accumulated displacement, the trend term and the periodic term are predicted separately.
As stated in Section 2.3.1, the trend displacement is taken as approximately monotonically increasing under the influence
of internal geological conditions (lithology, geological structure, progressive weathering, etc.). The prediction model of the
trend displacement can be constructed by fitting the shape of the growth curve of displacement. A polynomial function was
found to give the best results and thus was used for the description of trend displacement in this study.

The periodic displacement fluctuates under the influence of two external triggers, rainfall and reservoir water level.
By analyzing the response relationships between the periodic displacement, rainfall and reservoir water level, multi-layer
LSTM models were developed to predict the periodic displacements for a selected location on two landslides in the TGRA.
The total accumulated displacement was obtained by adding the predicted trend and periodic displacements.

The purpose of the paper is to illustrate the techniques of LSTM model for landslide displacement prediction only.
The SVM model was used to predict landslide periodic displacement for the purpose of comparison with the LSTM model.
Zhou et al. (2016) applied the SVM model to predict the displacement of the Bazimen landslide in the TGRA (one of the
two cases studied in this paper), and achieved an improved prediction with the SVM model compared with the BPNN
model. Therefore, this paper did not consider a BPNN model for comparison purpose.

To verify the goodness of the predictive model, the root mean square error (RMSE) and mean absolute percentage
error (MAPE) were adopted in this study (Eqgs. 9 and 10). They are two common measures of forecast accuracy, and each
have advantages and disadvantages. The RMSE is a scale-dependent measure. It is useful when comparing different
methods applied to the same data set, but should not be used when comparing across data sets with different scales. The
MAPE has the advantage of being scale-independent and so is frequently used to compare forecast performance across
different data sets, but has the disadvantage of being infinite or undefined if the observed values are zero. A complete
overview of advantages and disadvantages for these two measures can be found in Hyndman and Koehler (2006). A lower
RMSE and MAPE-value (minimum values of 0) reflects an improved accuracy (Huang et al., 2016).
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where X isthe measured value; X isthe predicted value; N is the number of predicted values; x is the mean of measured

values; and % is the mean of predicted values.
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Fig. 3 Flowchart of the proposed forecast model

3. Case studies

The TGRA is well-known as a landslide-prone area in China. The construction of the dam dramatically changed the
hydrogeological conditions of the entire region. The water level in this area was raised to the designed highest elevation of
175 m by 2009. Since then, a 30 m water level variation in the reservoir (from 145 m to 175 m elevation) is imposed
through annual reservoir regulation. The rapid and relatively large water level variation affects negatively the stability of
slopes along the shores, resulting in massive slope failures, and increasing the risk of potential landslide disasters (Yin et
al. 2016; Zhou et al. 2018b).

Two well-studied examples of step-wise landslides, the Baishuihe landslide and Bazimen landslide in the TGRA, each
with different deformation characteristics, were used as cases to develop and validate the proposed model. The Baishuihe
landslide occurred in Zigui town on the south side of the Yangzi River, 56 km from the TGD. The Bazimen landslide is
also located in Zigui town on the west side of the Xiangxi River, a major tributary of the Yangtze River, 0.8 km from the
estuary. The locations of the two landslides are shown in Fig. 4. These two landslides were selected because of the quantity



and quality of the available data. The two landslides are typical and yet different:

- Inthe TGRA, a large number of landslides deform sharply from April to September each year, and become more

stable again from October to April. This step-wise accumulated displacement versus time is observed for many

landslides in the TGRA. The Baishuihe and Bazimen landslides are two step-wise deformation landslides, and

are representative to test the proposed model.

- The Baishuihe and Bazimen landslides began to deform more noticeably after the first impoundment of the

Three Gorges Reservoir (TGR) in 2003. GPS stations were then installed to monitor slope deformation, with 1-

month data collection frequency. These two landslides have complete displacement dataset over several years.

- These two landslides have different deformation patterns. The Baishuihe landslide is a retrogressive landslide,

where deformations occurred first at the bottom of the slope and retrogressed upwards (Du et al. 2013; Miao et

al. 2018).

The Bazimen landslide is an "advancing" landslide, where the landslide was initiated from the upper

part and developed downwards (Du et al. 2013; Zhou et al. 2016). It was important to test the new model for the

two types of landslide progression.
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Fig. 4 Locations of Baishuihe and Bazimen landslides in the Three Gorges Reservoir Area

3.1. Baishuihe landslide

3.1.1.

Geological conditions

The Baishuihe landslide is fan-shaped (Fig. 5) and its main sliding direction is oriented at N20°E. The upper boundary of

the landslide is the interface between bedrock and soil, at the elevation of 400 m above the sea level. The left and right

boundaries are bedrock and a gully, respectively. The frontal part of the landslide moves down to the bed of the Yangzi

River and the elevation of the toe ranges from 120 m to 130 m. The landslide extends 780 m from north to south, has a

width of 700 m from east to west and covers an area of 42x10* m?2. The average thickness of the moving masses is 30 m
and the estimated volume is 1260x10* m3 (Fig. 5).
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Fig. 5 Monitoring arrangement in the Baishuihe landslide and displacement blocks A and B

The moving masses in the Baishuihe landslide consist mainly of Quaternary deposits, including silty clay and
fragmented rubbles with a loose and disorderly structure. The lithology of the bedrock is mainly Jurassic siltstone, silty
mudstones and muddy siltstones, with dip directions of 15° and dip angles of 36°, as shown in Fig. 6a (Miao et al., 2014).
Two sliding surfaces were found in the landslide, occurring at different depths. The secondary sliding surface is located at
the interface between soil and the cataclastic rock at a depth varying from 12 m to 21.5 m. The initial sliding surface
develops at the interface between the bottom of the cataclastic rock and bedrock, with a depth deeper than 30 m (Fig. 6b).

The Baishuihe landslide reactivates frequently and have had several intense deformation periods since 2003. A 300-
m long transversal tension crack occurred at the east frontal part of the landslide in June 2003. Twenty-one residential
houses were destroyed due to landslide deformations in 2004. During August 2005 and August 2006, many transversal
cracks were observed on the ground surface. Approximately 10x10* m3 of debris piled up on the road on June 30, 2007
(Fig. 5). The cracks in the western boundary of the landslide spread sporadically in plume form in August 2009.
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3.1.2.  Analysis of the monitoring data

The Baishuihe landslide movements between 2003 and 2013 are typical of a retrogressive landslide, where the deformations
occurred first at the bottom of the slope and then developed upwards (Du et al. 2013; Miao et al. 2018). From the site
investigation and monitoring data, the Baishuihe landslide can be divided into two blocks (Fig. 5), the active block A and
the relatively stable block B (Huang et al. 2017; Zhou et al. 2018a). Eleven GPS monitoring points were installed on the
landslide, six on the active block and five on the relatively stable block (Fig. 5). Fig. 7 shows the measured displacement
at the six GPS stations on the active block A. The accumulated displacement of the active block varied spatially. The
accumulated displacements at Stations XD1 and XD3, on the east part of the landslide, were higher than at other stations.
The accumulated displacements at ZG118 and ZG93 were higher than at XD2 and XD4. Fig. 7 shows that the displacement
time series of Stations XD1, XD2, XD3 and XD4 either started later or were shorter than for Stations ZG118 and 2G93,
while Stations ZG118 and ZG93 have similar displacement trend. Station ZG118, with longer displacement time series and
relatively high displacement, was selected as an example for the analysis of the displacement with the new model.
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Fig.7 Accumulated displacement in the Baishuihe landslide
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Fig.8 Rainfall, reservoir water level and accumulated displacement at ZG118 in the Baishuihe landslide

Fig. 8 shows the measured curves of accumulated displacement, reservoir water level and rainfall at Location ZG118
from August 2003 to December 2013. The fluctuation of reservoir water level can be divided into three periods.

(1) From August 2003 to August 2006, the reservoir water fluctuated between 135 m and 139 m. As only a small
part of the slope was submerged in water and the water level fluctuated within a range of 4 m, the effect of reservoir water
level on the landslide deformation was limited. The accumulated displacement exhibited a step-wise behavior from May
to September, corresponding to rainfall in the annual flood season. The maximum monthly displacements in the flood
season of 2004, 2005 and 2006 were 52.6 mm, 63.8 mm and 62.2 mm, respectively. In the dry season from October to
April in each of the following year, the increase of the accumulated displacement tended to be smaller, with some maximum
monthly displacements of 31.9 mm, 22.3 and 12.4 mm. From this subset of data, it was inferred that rainfall during the
flood season was the main factor contributing to the step-wise landslide deformations during this period.

(2) From September 2006 to September 2008, the reservoir water fluctuated between 145 m and 155 m. Compared
with the first period, a wider volume of the landslide was submerged in water, and the fluctuation of reservoir water level
became larger. During the period of reservoir water rise, the displacement increased slowly, and the maximum monthly
displacement was merely 19 mm. However, when the reservoir water level fell from 155 m to 145 m for the first time under
a rainfall of 685.1 mm, the largest deformation with the monthly displacement of 334 mm occurred in July 2007. This
phenomenon was due to the joint influence of strong rainfall and large reservoir water drawdown rate, which changed the
stress field, seepage field and structure of the slope. After that, as saturation of the materials increased, the slope gradually
adapted to the new regulation of the reservoir level and tended to be stable again.

(3) From October 2008 to December 2013, the reservoir water fluctuated between 145 m and 175 m. The slope was
again affected over a larger volume, and the fluctuation range of reservoir water level increased to 30 m. When the reservoir
water level fell from 175 m to 145 m for the first time under a rainfall of 626.4 mm, the maximum monthly displacement
was only 98.9 mm, which was much less than the monthly displacement of 334 mm in July 2007 when the reservoir level
fell from 155 m to 145 m. The annual accumulated displacement maintained a step-wise behavior during the flood season.
The steps were 74 mm, 84 mm, 63 mm and 63 mm in the subsequent four years. The reason for this phenomenon was that
the landslide underwent a long-term stress adjustment and adapted again to the new schedule of reservoir water fluctuation.
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3.2. Bazimen landslide

3.2.1. Geological conditions

The Bazimen landslide is also fan-shaped. The initial sliding direction of the landslide is oriented at N120°E. Its upper

boundary is at the interface between bedrock and soil. The left and right boundaries are homologous gullies. The front part

of the landslide extends to the bed of the Xiangxi River. The elevation of the landslide ranges from 110 m to 250 m, and

covers an area of 13.5x10* m?, with a maximum longitudinal dimension of 380 m and width of 100 m to 350 m. The

estimated volume is 200 X 10* m® (Fig. 9).

Fig. 9 Monitoring arrangement in the Bazimen landslide
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The sliding masses of the Bazimen landslide consist of loose Quaternary deposits and fragmented rubbles. The

bedrock of the landslide is formed by clastic sediments with siltstone and sandstone, with dip directions of 30°-40° (Fig.

10a). There are two main sliding surfaces, with varying depths in different parts of the landslide (Fig. 10b). The depth of

the initial sliding surface is 27 m to 33 m and the depth of the upper secondary sliding surface is 8 m to 20 m.
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Fig. 10 a Schematic geological cross-section 1-1’ of the Bazimen Landslide b Lateral displacement versus depth from
inclinometer QTZK3, Bazimen landslide
Since the impoundment of the TGR, the Bazimen landslide has reactivated and begun to deform more noticeably. In
August 2003, two large cracks appeared on each side of the road within the sliding area (Fig. 9), with the length of 45 m
and 30 m, respectively. During the May to August 2004 flood season and as the reservoir water level dropped from 139 m
to 135 m, various cracks were observed within the trailing edge and middle part of the landslide. From June to July 2007,
several cracks appeared on the nearby provincial road and buildings at the frontal part and upper part of the landslide.

3.2.2.  Analysis of the monitoring data

Three GPS monitoring points were installed on the Bazimen landslide (Fig.9). The elevations at Stations ZG112, ZG110
and ZG111 are 165 m, 191 m and 215 m, respectively. The data on the accumulated displacement from August 2003 to
December 2012 are shown on Fig. 11. The displacements in the upper part of the landslide (ZG111) were larger than that
in the middle (ZG110) and lower (ZG112) areas. It can then be inferred that the Bazimen landslide is an "advancing"
landslide, where the landslide was initiated from the upper part and developed downwards with increasing displacement
(Du et al. 2013; Zhou et al. 2016). The monitoring station ZG111, with the largest deformation and the longest series of
monitoring data, was selected for the analysis of the deformation characteristics of the Bazimen landslide.
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Fig.11 Accumulated displacement in the Bazimen landslide
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Fig.12 Rainfall, reservoir water level and accumulated displacement at Station ZG111 in the Bazimen landslide

Fig. 12 shows the measured curves of accumulated displacement, reservoir water level and rainfall at Location ZG111
from August 2003 to December 2012. The fluctuation of reservoir water level can be divided into three periods.

From August 2003 to August 2006, when the reservoir water fluctuated between 135 m and 139 m, the displacement
showed trends similar to those of the Baishuihe landslide. The maximum monthly displacement occurred in the flood
season with the values of 50.2 mm, 36.1 mm and 13.7 mm from 2004 to 2006. The displacement curve tended to be gentle
in dry season.

Between September 2006 and September 2008, the reservoir water fluctuated between 145 m and 155 m. The
landslide remained in a quasi-stable state between September 2006 and April 2007, and began to deform intensely from
May 2007. When the reservoir water level fell from 155 m to 145 under a rainfall of 685.1 mm during the flood season, a
maximum monthly displacement of 61.6 mm occurred, which was much smaller than for the Baishuihe landslide (334 mm).
The Bazimen landslide then deformed more intensely and the maximum monthly displacement was 97 mm during the flood
season of 2008 under the rainfall of 729.4 mm and a reservoir water level drawdown of 6.84 m.

From October 2008 to December 2012, the reservoir water level fluctuated between 145 m and 175 m. Between
October 2008 and April 2009, the landslide was virtually stable. From May to September 2009, with the decrease of 11.1
m in reservoir water level and the precipitation of 547.4 mm, the maximum monthly displacement increased to 114.2 mm.
The annual accumulated displacement curves kept a step-wise characteristic during the flood season. The maximum
monthly displacements in the following years were 68 mm, 118 mm, and 166.8 mm, which were a trend different from the
displacement of the Baishuihe landslide.

4. Calculation and results

4.1. Displacement decomposition

As mentioned, Location ZG118 on the Baishuihe landslide and Location ZG111 on the Bazimen landslide were selected
to establish and validate the prediction model:

(1) For Location ZG118, the monitoring data from August 2003 to December 2012 was selected as training dataset,
and the remaining data from January 2013 to December 2013 was used to test the model.

(2) For Location ZG111, the monitoring data from August 2003 to December 2011 was selected as training dataset,
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while the data from January 2011 to December 2012 was used to test the model.

Considering the accumulated displacement curve (Figs. 8 and 12), the displacement during the flood season exhibits
step-wise growth each year. Miao et al. (2018) showed that using a moving average method can eliminate the influence of
the step in accumulated displacements and reflect the long-term trend. The water level of the TGR fluctuates between 145
m and 175 m every year as shown in Fig. 8 and Fig. 12. Considering the scheduling cycle of the TGR, the moving average
cycle was selected as 12 months (Zhou et al. 2016; Miao et al. 2018).

The moving average method was used to extract the trend term of the displacement. The original displacement time
series was expressed as S(t)= {s1,52,...,St---,Sn}. The trend term was calculated from follows:

¢(t)=%,(t:k,k+1,k+2,-~-,n) (11)

where g(t) is the trend term at time t and t is time; s; is the accumulated displacement at time t; n is the number of
measured accumulated displacement points; and k is the moving average cycle and was set to 12.

The periodic term was obtained after removing the trend term from the accumulated displacement. The values of the
trend and periodic terms at Locations ZG118 and ZG111 are shown in Fig. 13.
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Fig. 13 Trend and periodic terms of ZG118 measurements in Baishuihe landslide and ZG111 measurements in Bazimen landslide
4.2. Trend displacement prediction

The trend curve of Location ZG118 was divided into three periods. For Location ZG111, two segments were considered
(Fig. 13). The least squares method of polynomial fitting with a cubic polynomial was used (Eq.12). The results of the
fitting calculation are shown in Table 1. The predicted trend terms were close to those measured, as illustrated in Fig. 14.

g(t)=at’ +bt* +ct+d (12)
where ¢(t)is the trend displacement at the time t and t is time; and a, b, ¢ and d are the coefficients, where a cannot be

Zero.

Tablel Regression coefficients of the trend displacement term based on polynomial fitting for the two landslides

Regression

coefficient (R?)

Case Period a b c d
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ZG118 July 2004 to May 2007  0.001 -0.0065 14.055 114.74 0.9992

ZG118 Jun 2007 to Aug 2009 0.0441 -3.91 98.947 529.5 0.9956
ZG118 Sep 2009 to Dec 2012  0.0009 -0.1303 16.382 1766.3 0.9998
ZG111 July 2004 to May 2005 -0.0378 0.4454 17.569 93.323 1
ZG111 June 2005 to Dec 2011 -0.0002 -0.1269 4.6793 335.22 0.9966
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Fig. 14 Comparison of predicted and measured trend displacement term at Location ZG118 and Location ZG111

4.3. Periodic displacement prediction

4.3.1. Main controlling factors

The factors that influence the periodic displacement were used as input sequences and the periodic displacement was the
output sequence in the model. As stated in Section 2.3.1, the periodic displacement is believed to be mainly affected by
external triggering factors. This selection of influencing factors will affect directly the training of the model.

Rainfall is one of the major external forces that trigger landslides in the TGRA (Tomas et al. 2014; Yang et al. 2017).
Combining the rainfall with the monitoring data, the deformations of the Baishuihe landslide and Bazimen landslide were
affected significantly by heavier rainfall. Earlier research on the relationship between landslides and rainfall (Roering et al.
2015; Bogaard and Greco 2018) suggests that high precipitation over the last one-month or over the last two-months before
failure can strongly increase landslide deformation. In this study, the periodic displacement follows quite well with the 1-
and 2-month antecedent rainfalls at both Locations ZG118 and ZG111 (Fig.15).
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Fig. 15 Illustration of rainfall and periodic displacements at a Location ZG118 and Location ZG111

The analysis of the monitoring data of the Baishuihe landslide and Bazimen landslide suggests that the periodic
variation of reservoir water level is another dominant exogenetic trigger inducing the step-wise deformation. The influence
of the reservoir water level fluctuation on landslide deformation is strongest during the drawdown period. A faster
drawdown rate of the reservoir water level leads to a larger deformation. Fig. 16 shows that there is a close relationship
between the periodic displacement and the monthly change in reservoir water level. The reservoir level shows a “delay
effect” on the deformation of the Baishuhe landslide while it is not noticeable on the Bazimen landslide (Miao et al. 2018;
Zhou et al. 2016). The reservoir water level had a greater effect on the deformation of the Baishuhe landside, comparing
with the Bazimen landslide. For this reason, the reservoir water level in the current month was adopted as an influence
factor for the Baishuhe landside and not for the Bazimen landslide (Du et al., 2013).
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Fig. 16 Monthly change in reservoir level and periodic displacements at Locations ZG118 and ZG111

Slopes in different evolutionary states may respond differently to the same external trigger factors. When the slope is
stable, even strong influence factors are usually not enough to cause large deformation. In contrast, if a slope is marginally
stable or even unstable, the slightest increase in external "loads" may cause disequilibrium and large deformation (Glade
et al., 2005). Therefore, the displacements over the preceding one, two and three months were adopted to represent the
current state of the slope in this study (Cao et al. 2016; Zhou et al. 2016, 2018a). Table 2 summarizes the input items for
the analysis of periodic displacement.

Based on the gray relational analysis, the grey relational grade (GRG) can be obtained, which is useful to evaluate the
degree of correlation between the periodic displacement and influencing factors (Tan et al., 2018). The GRG ranges from
0to 1, and a value of 0.6 or higher designates a strong correlation. The GRG between periodic displacement and the input
parameters are shown in Table 2. The GRG-values are everywhere higher than 0.6, suggesting that the selected influencing
factors have a strong correlation with the periodic displacement.

Table 2 Inputs for the modeling of the periodic displacement, and the grey relational grade (GRG) between influencing factors

and periodic displacement

Input Baishuihe landslide GRG Bazimen landslide GRG
Input 1, the 1-month cumulative 0.78 Input 1, the 1-month cumulative 0.69
Precipitation antecedent rainfall antecedent rainfall
Input 2, the 2-month cumulative 0.78 Input 2, the 2-month cumulative 0.67
antecedent rainfall antecedent rainfall
Input 3, reservoir level change in 1-
month period 086
Reservoir Input 4, reservoir level change in 2- 0.85 Input 3, reservoir level change in 1- 078
level month period month '
Input 5, the average elevation of 0.84
reservoir level in the current month
Input 6, the displacement over the 0.86 Input 4, the displacement over the 0.87
Evolution past 1 month past 1 month
state Input 7, the displacement over the 0.84 Input 5, the displacement over the 0.86
past 2 months past 2 months
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Input 8, the displacement over the 0.81 Input 6, the displacement over the 0.85
past 3 months ' past 3 months '

4.3.2. Establishment of the LSTM model

The training dataset was split into two parts: 70% of the data was used for training the LSTM model and 30% for validation
(Fig. 13)%. The periodic term displacements and controlling factors were normalized to [-1, 1]. The LSTM model was
implemented in Python by the Keras package and used TensorFlow as a backend. The one-step-ahead prediction was
adopted in this study. The controlling factors were selected as input sequences of the LSTM model. As stated in 2.1.2, the
weights of the input sequences keep changing in the process of training the model and are therefore not assigned fixed
values.

The grid search method was used to search for the optimal parameters of the LSTM model. Its process can be
described as follows: plausible values for each parameter are combined, and then all the combination values are used in the
training process of the model. The performance metric of each combination is typically measured by cross-validation on
the training set (Hsu et al., 2010). When all the parameter combinations have been tried, an optimal parameter combination
with the best performance is returned automatically.

Both models at Locations ZG118 and ZG111 had three layers. The first two layers were LSTM layers and the last one
was a dense layer. The length of the input sequence was of great importance and controlled the number of historical data
point fed as an input (Xu and Niu 2018). The optimal length of the input sequence was also determined by the grid search
method and was finally set to 12. Fig. 17 showed that the predicted values fitted well with the measured values in the
establishment of the model and the model could then be used to predict the future behavior.

To verify the forecasting ability, the SVM model (Section 2.2) was also used to predict the periodic displacement for
comparison with the LSTM model.
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Fig. 17 The establishment of the LSTM model for Location ZG118 and Location ZG111

4.3.3. Predicted periodic displacement

Fig. 18, Table 3 and Table 4 present the comparisons between measured and predicted periodic displacement at Locations
ZG118 and ZG111 using the LSTM and SVM models. For ZG118, the values of RMSE and MAPE with the LSTM model

L In supervised machine learning, the percentages of train set and validation set can usually be 50% and 50%. But when the dataset is
not large, this division may be not reasonable. As the displacement is measured on a monthly cycle, only 125 and 113 measured values
can be obtained from the GPS monitoring points of the two landslides. For similar size of database (73 data points), Xu and Niu (2018)
divided the trainset into two part: 70% for training and 30% for validation, and got a well-trained LSTM model. This division was
selected for this study.
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were 7.53 mm and 10.52%, while the accuracy factors of the SVM model were 15.43 mm and 17.81%. For ZG111, the
values of RMSE and MAPE were 13.83 mm and 8.60 %, and the accuracy of the SVM model was 28.32 mm and 16.52%.

The displacements predicted by LSTM model were in better agreement with the measured values than those with the
SVM model, especially in the critical early warning period of the step-wise landslides (from May to July) as highlighted
by the red rectangles in Fig. 18. The predicted accuracy of each model during the critical early warning period is
summarized in Table 5. Taking the monitoring point ZG118 as an example, during May to July 2013, the reservoir water
level decreased and the cumulative precipitation rose to 347 mm, which caused the displacement to increase sharply. The
relationship between the influencing factors and the displacement was represented effectively by the LSTM model, and the
values of RMSE and MAPE were 7.11 mm and 10.43%.

During May to July 2013, the values predicted by the SVM model were far from the measured values, with RMSE
and MAPE-values of 21.83 mm and 22.02%. During this period, a Maximum Relative Error (MRE) of 48.49% obtained
by the SVM occurred in June, while the MRE of the LSTM model was14.61%. Similarly, for the Location ZG111, the
MRE from the SVM model and the LSTM model were 60.93 % and 22.17% respectively in June 2012.

However, the LSTM model showed some poorer predictions of local peak displacements (April 2013 of ZG118 and
August 2012 of ZG111), as highlighted by the green rectangles in Fig. 18. The main reason for this is that the LSTM model
is a dynamic model and the predicted result of the current time step is affected significantly by the previous information.
When a local peak occurs, the model still learns from the former trend, and this leads to some large errors. Therefore, the
curves of LSTM-predicted displacement are smoother than the measured values and cannot reflect local peaks well. It
should be noted that the LSTM model shows reasonably good results after the local peak, because of the structure of the
gates that can forget the useless information from the previous time step.
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Fig. 18 Predicted and measured periodic displacements at Location ZG118 and Location ZG111 with the LSTM and SVM models
Table 3 Accuracy of the predicted periodic displacement with the LSTM and VSM models at Location ZG118

LSTM model SVM model
) Measured
Time Predicted Absolute Relative Predicted Absolute Relative
value (mm)
value (mm) error (mm) error (%) value (mm) error (mm) error (%)
2013-01 47.08 43.57 351 7.46 50.32 3.24 6.88
2013-02 33.04 34.76 1.72 521 26.48 6.56 19.85
2013-03  29.82 25.85 3.97 13.31 27.40 242 8.12
2013-04  40.69 19.86 20.83 51.19 53.89 13.20 32.44
2013-05 25.35 28.62 3.27 12.90 28.29 294 11.60
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LSTM model SVM model

Measured
Time Predicted Absolute Relative Predicted Absolute Relative
value (mm)
value (mm) error (mm) error (%) value (mm) error (mm) error (%)

2013-06 76.68 87.88 11.20 14.61 39.50 37.18 48.49
2013-07 103.44 99.51 3.93 3.80 109.62 6.18 5.97
2013-08 102.13 102.60 0.47 0.46 77.56 24.57 24.06
2013-09  100.83 101.48 0.66 0.65 106.25 5.43 5.39
2013-10 88.99 89.78 0.79 0.89 108.81 19.82 22.27
2013-11 66.63 73.98 7.35 11.03 74.67 8.04 12.07
2013-12 61.82 58.90 2.92 4,72 72.04 10.22 16.53
Min 0.47 0.46 2.42 5.39
Max 20.83 51.19 37.18 48.49
Mean 5.05 10.52 11.65 17.81
RMSE 7.53 15.43

Table 4 Accuracy of the predicted periodic displacement with the LSTM and VSM models at Location ZG111

LSTM model SVM model
Time Measured Predicted Absolute Relative Predicted Absolute Relative
value (mm)
value (mm) error (mm)  error (%) value (mm) error (mm)  error (%)

2012-01 97.16 99.18 2.02 2.08 88.10 9.06 9.33
2012-02 83.42 81.31 211 2.53 79.90 3.52 4.22
2012-03  69.87 66.95 2.92 4.18 67.07 2.80 4.00
2012-04 52.60 56.35 3.75 7.13 63.13 10.53 20.02
2012-05 39.14 43.94 4.80 12.26 45.96 6.82 17.41
2012-06  129.38 100.69 28.69 22.17 50.55 78.83 60.93
2012-07 187.05 177.65 9.40 5.03 210.33 23.28 12.44
2012-08 148.18 179.29 31.11 20.99 160.11 11.93 8.05
2012-09 154.33 166.03 11.70 7.58 156.50 217 141
2012-10 157.11 147.15 9.96 6.34 119.11 38.00 24.19
2012-11  125.53 133.27 7.74 6.17 104.74 20.79 16.56
2012-12  122.34 114.15 8.19 6.69 98.19 24.15 19.74
Min 2.02 2.08 217 141
Max 31.11 22.17 78.83 60.93
Mean 10.20 8.60 19.32 16.52
RMSE 13.83 28.32

Table 5 Prediction accuracy of each model during the critical early warning period (from May to July)

Model RMSE MAPE
ZG118 ZG111 ZG118 ZG111

LSTM 7.11 17.65 10.43 13.15

SVM 21.83 30.27 22.02 47.62

4.3.4. Accumulated displacement prediction

Following the decomposition principle of displacement time series (Eq. 8), the accumulated displacement was determined
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by making the sum of the predicted trend and periodic displacements. Fig. 19 shows that the predicted accumulated
displacements at the two monitoring points compare very well with the measured displacements. Between January and
December 2013, at Location ZG118 on the Baishuihe landslide, the RMSE- and MAPE-values were 10.89 mm and 0.36 %.
Between January and December 2012, at Location ZG111 on the Bazimen landslide, the RMSE-value was 16.93 mm and
the MAPE-value was 0.73 %. Furthermore, Fig. 19 shows that the MRE of the accumulated displacement and periodic
displacement occurred at the same time steps (April 2013 for the Baishuihe landslide and June 2012 for the Bazimen
landslide), which proves that the accurate prediction of the periodic displacement is the key to the prediction of the
accumulated displacement for step-wise landslides.
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Fig. 19 Observed and predicted accumulated displacement at Location ZG118 and Location ZG111

5. Discussion

The LSTM model showed a more satisfactory performance than the SVM model, using the same training dataset, especially
during the critical early warning period of the step-wise landslides (from May to July). In the architecture of LSTM models,
nodes of hidden layers relate to others at different time steps. The connections to the previous time step in the LSTM model
are set as inputs, so the hidden state contains a dynamic history of the input features sequence. The model can learn rules
from a sequence that contains historical information and thus can make full use of the historical information. The SVM
model, on the other hand, with no connections between different time steps, can only learn rules from a point in time, and
the response between outputs and inputs cannot be learned completely (Xu and Niu 2018).

For the two Three Gorges landslides analyzed, rainfall and the reservoir water level fluctuation were two major
triggering factors for deformation. The relative influence of the rainfall and the reservoir water level fluctuation on landslide
deformation may not, however, remain the same during the entire monitoring period. For the Baishuihe landslide, the
analysis of the monitoring data showed that rainfall was the dominant influence factor in the early stage of the monitoring
period, while both rainfall and reservoir water fluctuation contributed significantly to the displacement at the end stage.
The change in the displacement response as a function of the external influence factors may lead to a change in learned
rules during the process of training the model. When one point is predicted based on the previous learned rules between
inputs and outputs, the LSTM model can assess the learned rules, forgetting invalid ones and/or remembering useful ones.
Thus, the prediction accuracy of the LSTM model would not be affected by this change in the influence factors with time.
For static models like the SVM model, all the rules learned from the earlier information will be used to predict the next
stage throughout the whole training process. As a result, the goodness of the prediction will be affected. To establish a more
accurate causal SVM relationship, the earlier information should be removed and the latest monitoring data should
gradually be added to the static models (Du et al. 2013; Miao et al. 2018). However, in this case, it is not easy to judge how
much earlier information should be removed, because of the complex relationships between landslide deformation and the
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landslide triggering factors. Such drawbacks represent a significant obstacle for the future development of static models.

Other models, such as an ELM model, also showed an improved performance than the SVM model for landslide
displacement prediction (Cao et al. 2016; Huang et al. 2016; 2017). To further evaluate the proposed forecast model, the
comparison of the prediction accuracy with the LSTM model and other data-driven methods can be done in the future. On
the other hand, Zhou et al. (2016) showed that the SVM model behaved better than a BPNN model to predict the
displacement of the Bazimen landslide in the TGRA. Therefore, an LSTM model will behave better than a BPNN model.

In each landslide studied, only one monitoring point was modelled. The point with the most data versus time and large
displacement was selected for analysis. However, a single point can only represent local displacements, which is
insufficient to characterize the entire landslide. An analysis of the deformation characteristics at several monitoring points
in different parts of the landslide are necessary to do a prediction for the entire landslide. Physical models are also another
useful method to help model and predict landslide movements.

Although the LSTM model achieved a good performance in landslide displacement prediction, it has some drawbacks.
As a deep ML method, a LSTM model needs to tune more parameters than classical ML methods (Reimers and Gurevych
2017). 1t is always difficult to obtain the optimal of all parameters at the same time. Another drawback is that the LSTM
model can be quite demanding with respect to the sizes of the dataset. The neural networks cannot be fully trained if training
samples are insufficient, and thus the prediction accuracy of the model would be affected. In the case of the two landslides
modelled in this paper, the displacement was measured by GPS with a monthly frequency, it may take years to obtain
enough displacement series. Some researchers have used interpolation method to get more training data (e.g. Yao et al.
2015). Interpolated points may change the trend of the displacement series at some time steps, thus leading to large errors
(Xu and Niu 2018). One should, in the future, consider means to develop larger datasets in the case of limited monitoring
periods.

6. Conclusions

Most classical ML methods, such as the BPNN and the SVM, do landslide displacement prediction as a static regression
problem. Since landslide evolution is a complex nonlinear dynamic (varying in time) process, dynamic modeling
approaches are more suitable to construct predictors. In this study, a dynamic model for landslide displacement prediction
was established, using time series analysis and the deep ML "long short-term memory neural network™ (LSTM) model.
The static SVM model was also used to predict landslide displacement for comparison. The superiority of the LSTM model
over the SVM model was verified with the comparison of predicted and measured displacements for two typical step-wise
landslides in the TGRA.

The LSTM model can establish connections between landslide conditions at different time, and learn rules from
previous deformation time steps. Thus, a LSTM model can make full use of the historical information. With its structure
of memory block, the LSTM model can judge whether the learned rules from the previous time step are useful or not, and
then determine the learned rules should be passed along to the next time step or be abandoned. The prediction accuracy is
thus not affected by the errors in some previous points. These characteristics of the LSTM model contribute to improving
the predictions.

Overall, the proposed dynamic modeling approach, based on time series analysis and LSTM, can achieve accurate
prediction in case of the slow and step-wise deformation periods. This dynamic method has the potential for broad
application to predict landslide displacement in the TGRA and other landslide-prone regions.
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