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Abstract Water level fluctuations and rainfall, as
external factors, are typically the two dominant causal
factors of landslide deformation in the Three Gorges
Reservoir Area. A quantitative model capable of
evaluating landslide deformation processes is critical
for early warning of landslide. The primary purpose of
this paper is to take the Zhujiadian landslide as an
example to determine the main control factors for
different deformation stages of landslide. Original
field date collected from the Zhujiadian landslide was
examined using the grey relational grade analysis
(GRGA). The approach consists of three steps:
determination of landslide type, data processing, and
identifying the main control factors of landslide
deformation. The results obtained suggest that the
Zhujiadian landslide is typical retrogressive landslide,
and its deformation occurred first at the front part of
the landslide and progressed upslope due to drawdown
of reservoir water level and heavy rainfall. In the
whole deformation process, the main control factors of
different parts of landslide changed with the landslide
development. Thus, the findings of the study are useful
for rapidly predicting landslide deformation relating to
water level fluctuations and rainfall, and the GRGA is
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useful for interpreting the main control factors of
landslide deformation from a quantitative point of
view.

Keywords Landslide deformation - Water level
fluctuations - Rainfall - GRGA

1 Introduction

A large number of landslide geological disasters are
induced by reservoir water storage in the reservoir
area. The water-related events provide favorable
external conditions for landslide development. Gen-
erally, rainfall and water level fluctuations are the two
dominant impact factors on the landslide deformation
(Genevois and Ghirotti 2005; He et al. 2008; Wang
etal. 2008; Huet al. 2013; Xia et al. 2013; Huang et al.
2014; Ma et al. 2016; Singh et al. 2016; Sharma et al.
2017a, b). Figure 1 is the schematic diagram of
landslide system under the coupled action of rainfall
and reservoir water level fluctuations in the Three
Gorges Reservoir Area. The data of reservoir water
level and rainfall were from the official database. The
reservoir water level fluctuates between 145 and
175 m each year periodically. As a result, there are
more than 5300 landslides that have been found in this
reservoir area (Yi et al. 2011). After the reservoir
operating, some well-known landslides occurred, for
instance, Qianjiangping landslide in Zigui County,
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Fig. 1 The schematic diagram of landslide under the coupled action of water level fluctuations and rainfall in the Three Gorges

Reservoir Area

which was caused by the water level fluctuations and
the heavy rainfall (Cojean and Cai 2011). Therefore, in
order to be able to achieve effective control of the
landslides, some researchers studied the deformation
characteristics and failure modes of the landslides and
evaluated the stability of the landslides under the
action of rainfall and water level fluctuations (Ra-
hardjo et al. 2001; Jian et al. 2014; Kulatilake and Ge
2014; Tang et al. 2015; Hsieh et al. 2016; Sharma et al.
2017a, b; Umrao et al. 2017). Meanwhile, the method
based on the field monitoring is another effective and
practical way to reveal the deformation of landslide
(Massey et al. 2013; Palis et al. 2016; Wang et al.
2016). The field monitoring is a powerful means which
can provide detailed data to understand and express
the kinematic aspects of landslide deformation. The
result analyzed with the monitoring field data is much
more reliable and accurate.

However, most previous studies focused on the
effects of water level fluctuations and rainfall on the
whole stability of landslide. With the time going,
many researchers found that the concept of
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progressive failure might explain the real deformation
process of the landslide (Tang 2008; Khan and Lateh
2011; Troncone et al. 2014; Lu 2015; Samaneh and
Hossein 2016; Song and Cui 2016). The current study
on the effects of reservoir water levels and rainfall on
the deformation of different parts of landslide is rarely
reported in the literature. In addition, the complex
relationships between hydrologic factors and landslide
deformation are difficult to express using conventional
analysis methods (Yao et al. 2015).

In this paper, the Zhujiadian landslide in the Three
Gorges Reservoir Area was taken as example. An
integrated monitoring system has been installed to
measure the deformation of landslide. Historical
records of landslide deformation, precipitation and
reservoir levels are analyzed using the grey relational
grade analysis (GRGA). The relationships between
hydrologic factors and the deformation of different
parts of landslide are expressed using definite
mathematical method. This research can provide
reference for landslide monitoring analysis and early
warning.
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2 Geological Setting of Zhujiadian Landslide

The Zhujiadian landslide is located on the left bank of
the Yangtze River, approximately 74 km northwest of
Three Gorges Dam and 12 km northeast of Badong
County, in Hubei Province (Fig. 2). The length of the
landslide is approximately 423 m and the width is
60-125 m. The average thickness of the landslide
mass is approximately 25 m and its volume is
estimated at 1 million m>. The landslide mass extends
from an elevation of 145-330 m, and the sliding
direction is approximately perpendicular to the
Yangtze River. The landslide surface has an average
slope gradient of 35° (Figs. 2, 3, 4).

The geological units and structure of the Zhujiadian
landslide were determined from a field investigation
and exploration (Hu et al. 2013). This site-specific
investigation indicates that the geological units mainly
contain superficial deposits, sliding-zone soil, and
bedrock (Fig. 4). The superficial deposits involves
material of Quaternary age and consists of three layers
from the surface to the bottom of the sliding mass:
arable soil, colluvium deposit and residual deposit.
The surface of the sliding mass is arable soil with a
thickness of 1-2 m. The colluvium deposit is 5-10 m
thick and is composed of silty clay and gravel clasts.
The gravel soil are 0.2-2 m in diameter and represent
up to 70% of this layer by weight. The bottom of the

sliding mass is residual deposit with a thickness of
10-15 m and consists of silty clay and gravel clasts
with diameters of 0.1-0.5 m. The boreholes indicate
that the sliding zone is approximately 0.1-0.3 m thick
and is between the superficial deposit and the bed rock.
This sliding zone is composed of 90% silty clay and
10% gravel clasts. The bedrock of landslide mainly
consists of purple-red argillaceous siltstone and gray
marlite of the Badong Formation with an average dip
direction of 20° and a dip angle of 16°. Consecutive
failures occur preferentially in the sliding-zone soil
because the strength of the sliding zone soil is even
lower than superficial deposits and bedrock.

By the means of field investigation, 4 cracks
numbered C1, C2, C3 and C4 were found, approxi-
mately parallel to the Yangtze River and perpendicular
to the sliding direction. Crack C1 with an elevation of
208 m, was first found in June 2010 after a period of
heavy rainfall. Now the crack C1 is about 160 m long,
5-12 cm wide, and accompanied with obviously
ground surface subsidence before crack (Figs. 3, 4,
5a). Crack C2 was first found at the same time as crack
C1 with an elevation of 202 m. Its length is about
42 m and its width is 7-11 cm (Figs. 3, 4, 5b). Crack
C3 with an elevation of about 195 m, is at the edge of
the landslide. It have expanded to a length of 40 m and
a width of 5-8 cm (Figs. 3, 4, 5c¢). The largest and
earliest crack, C4, was first found in May 2009. It was

[Wushan County

Fig. 2 Location of the Zhujiadian landslide, Three Gorges Reservoir area, China (a, ¢) and a photograph of the Zhujiadian landslide

taken from opposite bank facing north (b)
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Fig. 3 Topographic map of
the Zhujiadian landslide
showing locations of
monitoring works
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Fig. 4 Geological profile along section X-Y showing locations of monitoring works (see Fig. 3 for location)

Fig. 5 Cracks in the landslide. a Crack C1, b crack C2, ¢ crack C3, d crack C4
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almost closed and had a length of 155 m and a vertical
displacement of 650 mm (Figs. 3, 4, 5d). The length
and vertical displacement of cracks increase gradually
under the action of rainfall and reservoir water level
fluctuations. In particular, the serious tilt deformation
of GPS monitoring station was caused by crack C3
with a vertical displacement of 7 cm in Jun 2015 after
a period of heavy rain.

3 Monitoring of the Zhujiadian Landslide

In order to track the deformation behavior of the
landslide, a monitoring system was installed on the
Zhujiadian landslide in 2007. This monitoring system
consisted of three parts: three inclinometers, four
extensometers, five GPS monitoring stations, their
locations are shown in Fig. 3. Three GPS survey
monuments were located on the landslide (Figs. 3, 4),
and two were placed on intact ground nearby. The
displacements were surveyed monthly. The cumula-
tive displacements measured at GP1 and GP2 were 9.1
and 13.4 mm respectively from March 2007 to
December 2013, while the cumulative displacements
measured at GP1 and GP2 were 37.1 and 32.9 mm
respectively from March 2007 to Jun 2015. It indicates
that the deformation of middle part and back part of
the landslide was very small in the early stage and the
rate of deformation increases gradually in the late
stage. The cumulative displacement measured at GP3
was 2203 mm. It showed clearly that the deformation
of the Zhujiadian landslide occurred first at the front of
the landslide and progressed gradually to the middle
and back parts. Approximately 8 years of monitoring
data have been collected. In view of periodic fluctu-
ations in the reservoir water level and the precipita-
tion, the displacement time history can be described as
a series of steps consisting of significant displacements
at certain periods (periods of heavy rainfall and
drawdown of reservoir water level) and moderate
deformation during other time periods (Fig. 6).

4 Identifying the Main Control Factors
of Landslide Deformation

The mechanisms of landslide deformation can be
complex. The landslide deformation is affected by a
variety of factors such as basic geological, hydrologic

conditions and geomorphic. As a matter of fact, it is far
from completely understood how these causal factors
combine to affect landslide movements. Even if a clear
understanding of landslide mechanisms could be
obtained, it would remain difficult to express the
complex mechanisms of landslide deformation as a
function of the multiple causal factors using simple
algebraic models.

However, the relational analysis method as a
complementary method is widely used to describe
the relational grade between two things in the various
fields. Thus, the relational analysis method can be used
as a decision tool to interpret the main control factors
in different deformation stages of landslide.

4.1 The Grey Relational Grade Analysis (GRGA)

The GRGA is an essential contents of the grey system
theory proposed by Deng (1982). This method can be
used to solve problems with complicated correlations
between multiple factors and variables. Through grey
relational analysis, one can obtain the grey relational
grade (GRG) to evaluate the correlation of different
measurement data. The range of the GRG is 0-1, the
closer the value to 1, the higher the correlation of two
sequences. Jiang et al. (2016) applied the GRGA to
determine the correlation between periodic deforma-
tion of landslide, water level and rainfall. Wei et al.
(2017) used the GRGA to confirm the main charac-
teristics of rainfall that influenced runoff. Besides, this
method has attracted wide attention and was used in
various fields (Wang 2011; Kondapalli et al. 2015;
Yilmaz 2015; Sylviana et al. 2015; Yin et al. 2015; Sun
et al. 2015).

In the present study, the mathematical implemen-
tation process of GRGA is mainly divided into five
steps in the analysis of response relationship between
landslide deformation and causal factors. Four causal
factors, i.e., the rainfall intensity, the drawdown rate of
reservoir water level, the rise rate of reservoir water
level, the coupled change rate of rainfall intensity and
reservoir water fluctuation, are considered in this
paper. The process is described as follows:

@® Determination of calculation sequences. Four
causal factors are selected as sub-sequences.
Landslide displacement velocity is selected as
primary-sequence. X = [X0, X1, X2, X3,
X4] = [landslide  displacement  velocity,
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monthly rainfall intensity, monthly reservoir (X0) and sub-sequences (X1, X2, X3, X4) can

water level drawdown, monthly reservoir water be calculated by Eq. (2).

}evel 'rlse, the coupléd change rate ‘of rainfall £ (oK) xi (k)

intensity and reservoir water fluctuation]. o , , , ,
@ Equalization of sequences. According to e m}:n}x,(k) —x0(k)] + pmax i X (k) —xo (k)

Eq. (1), the sequences data is equalized. |Xi(k)'=Xo(k)'| + p max m3x|x,-(k)’—x0(k)'|

(2)

where E(xo(k), xi(k)), the correlation coeffi-
cients between sequences Xi and sequences Xj;
p, the resolution coefficient, which normally is
selected 0.5.

Determination of the GRG. The expressions of
the GRG are described as follows:

X=X,/ - XlK) )

where i =0, 1, ..., m; k=0, 1, ..., n; m. the

number of influencing factors; n, the number of

data points. @
® Calculation of correlation coefficients. Correla-

tion coefficients between primary-sequences
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r(xo,x;) = %Z f(xo(k)’7xi(k)') (3)
k=1

® GRG ranking. The GRG represents a numerical
measurement of correlation between the pri-
mary-sequence and the sub-sequences. The
more coincidence those two sequences are, the
closer that the value of GRG is to 1. If r (xo,
X;) > r (Xo, X;),denoted as {x;} > {x;}.

4.2 The Main Control Factors Analysis
of Landslide Deformation

Based on the method mentioned above, the analysis
process of the main control factors of the Zhujiadian
landslide is shown in Fig. 7. This detailed process
consists of three steps: determination of landslide type,

data processing, and identifying the main control
factors of landslide deformation.

®  Determination of landslide type

Some previous studies indicated that the rise of
reservoir water level and the decrease of reservoir
water level act differently on the behavior of the
reservoir wading landslides (Luo et al. 2008; Zhao
et al. 2013). The reservoir water level increase
triggered and accelerated the deformation of some
landslides, while the reservoir water level drawdown
triggered and accelerated the deformation of other
landslides. In order to distinguish the effects of the rise
of reservoir water level and the decrease of reservoir
water level, we cross-compared the monitoring data
during the reservoir fluctuations (Fig. 6). The results
show that nearly no deformation occurred in the front
part of the landslide during water level increase. In

Selecting research object—Zhujiadian landslide
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Fig. 7 Flow chart of the main control factors analysis of landside
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contrast, the water level drawdown can cause an
acceleration of the deformation in the front part of the
landslide. It can provide the evidence that the Zhujia-
dian landslide is water level drawdown type landslide.

©®  Data processing

The displacements measured at GP1 (GP2, GP3)
spanning the period of March 2007 to Jun 2015. In
order to better reflect the influence of the dynamic
cyclic load caused by reservoir water level fluctuation
and rainfall on the landslide deformation, the whole
monitoring period is divided into eight cycles (i.e.,
from June last year to June next year). The cycle
division is shown in Fig. 8.

In addition, the displacement of Zhujiadian land-
slide was surveyed about every month, while the
rainfall and the reservoir water level were monitored
daily. Because of the different monitoring frequencies,
the raw data were preprocessed on a monthly basis. In
the present study, the monthly displacement increment
at GP1, GP2, GP3, the monthly rainfall intensity, the
monthly fluctuation rate of reservoir water level, and
the coupled change rate of monthly rainfall intensity
and monthly drawdown of reservoir water level were
used for the GRGA. Meanwhile, because the Zhujia-
dian landslide is water level drawdown type landslide,
the monthly rise rate in water level was simplified to
zero. The result of data processing is shown in Fig. 9.

®  Identifying the main control factors of
landslide deformation

The quantitative rules characterizing the relation-
ships between hydrological variables and the deforma-
tion of different parts of landslide were shown in
Figs. 10, 11, 12. The deformation of Zhujiadian
landslide was strongly correlated with reservoir water
level drawdown and rainfall. The larger the value of the
GRG, the better is the multi-response characteristics.
The results show that the order of importance of the
causal factors for the deformation of the front part of

Fig. 9 Time series of monthly fluctuation rate of water level, »
monthly rainfall intensity, coupled factors change rate of
monthly rainfall intensity and monthly drawdown in water
level, and displacement increment at GP1, GP2, GP3 spanning
the period of Jun 2007-Jun 2015

landslide in the first two cycles is the water level
drawdown, the coupled action of rainfall and water
level drawdown, rainfall [ie., r(xg, x2) > r(xo,
X4) > r(xg, x1)]. After the second cycle, the order of
importance of the causal factors for the deformation of
the front part of landslide is the coupled action of
rainfall and water level drawdown, rainfall, water level
drawdown [i.e., r(xg, x4) > r(xg, X1) > H(xg, X»)]. How-
ever, in the first five cycles, the order of importance of
the causal factors for the deformation of the middle part
of landslide is rainfall, the coupled action of rainfall and
water level drawdown, water level drawdown [i.e., r(x,
X1) > r(xg, Xq) > r(xg, x2)], while the most important
factor of the deformation of the middle part of landslide
is the coupled action of rainfall and water level
drawdown after the fifth cycle. [i.e., the value of r(x,
X4) is maximum]. Likewise, the order of importance of
the causal factors for the deformation of the back part of
landslide in the six cycles is rainfall, the coupled action
of rainfall and water level drawdown, water level
drawdown [i.e., r(xg, x;) > r(xg, x4) > r(xg, Xp)]. After
the sixth cycle, the most important factor of the
deformation of the back part of landslide is the coupled
action of rainfall and water level drawdown [i.e., the
value of r(xp, x4) is maximum)].

From above all, we can conclude that the main
control factors of the deformation of different parts of
landslide change with the development of landslide
(Fig. 13). In the early deformation stage (i.e., from
June 2007 to June 2009) of the front part, it indicated
that the landslide displacement has significant corre-
lations with reservoir water level drawdown and the
water level drawdown was the main control factor of
the deformation. In the late deformation stage (i.e.,

First Second Third Fourth
cycle cycle cycle cycle

Fifth Sixth Seventh Eighth
cycle f cycle f cycle cycle

‘ 2007.06 }—b{ 2008.06 }—b{ 2009.06 }—b{ 2010.06 H 2011.06 2012.06 2013.06 }—b{ 2014.06 ’—b{ 2015.06

Fig. 8 Eight data monitoring cycle diagram
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Fig. 10 The relationships
between hydrological
variables and the
deformation of the front part

Fig. 11 The relationships
between hydrological
variables and the
deformation of the middle
part
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Fig. 12 The relationships between hydrological variables and the deformation of the back part
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Fig. 13 The main control factors of different parts in different deformation stages

from June 2009 to June 2015) of the front part, the
coupled action of rainfall and water level drawdown
was the main control factor of the deformation.
However, in the early deformation stage (i.e., from
June 2007 to June 2012) of the middle part, the rainfall
was the main control factor of the deformation. In the
late deformation stage (i.e., from June 2012 to June
2015) of the middle part, the coupled action of rainfall
and water level drawdown was the main control factor
of the deformation. Similarly, in the early deformation
stage (i.e., from June 2007 to June 2013) of the back
part, the rainfall was the main control factor of the
deformation. In the late deformation stage (i.e., from
June 2013 to June 2015) of the back part, the coupled
action of rainfall and water level drawdown was the
main control factor of the deformation.

5 Analysis and Discussions

Based on above monitoring data cross-compilation
and analysis, the influence pattern and degree of the
effects of the reservoir water level fluctuations and
rainfall on the deformation of different parts of
Zhujiadian landslide are different in different defor-
mation stages. These differences in the deformation
phenomena of different parts can be explained as
follows:

1. Inthe early deformation stage of the front part, the
downslope-directed seepage pressure increases
the sliding force of the sliding mass because of the

water level drawdown. This factor triggered the
initial deformation of the front part, resulting in
four cracks numbered C1, C2, C3, C4 (Figs. 3, 5).
These cracks enlarged gradually under the reser-
voir water level drawdown, which could provide
some channels for rainfall infiltration. As a result,
the seepage pressure of the infiltrating rainwater
directed downslope, which increased the sliding
force, and the disappearance of suction stress (Lu
and Likos 2006; Wang et al. 2016) and increase in
pore water pressure in the sliding surface, which
decreased the resistance force. In the late defor-
mation stage of the front part, the coupled action
of rainfall and water level drawdown accelerated
the deformation of the front part.

For the middle part and back part of the landslide,
as rainfall infiltration results in the increase of the
sliding force and the decrease of the resistance
force, the rainfall became the main control factor
of the initial deformation in the early deformation
stage. More significant deformation occurred
during the rainy season. Moreover, with the
deformation development of the front part, the
front part could not provide sufficient resistance
force for the middle part and back part. In other
words, the deformation of the front part would
cause the middle part and back part to deform
gradually during the reservoir water level draw-
down. This indicated that the deformation of the
middle part and back part was indirectly affected
by the reservoir water level. The main control
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factor of the deformation changed from the
rainfall to the coupled action of rainfall and water
level drawdown in the late deformation stage.
Overall, the main control factors of the different
parts were different in the early deformation stage.
Finally, the main control factor of all the parts was
the coupled action of rainfall and water level
drawdown, which indicated that the deformation
of entire sliding mass exhibited an acceleration
trend, making the landslide relatively dangerous.
According to the forecast results, in order to
ensure the safety of the people, shipping lane and
Bazi highroad, the local government was advised
to take measures to prevent further deformation of
the landslide. Therefore, the stabilizing piles have
been put into to prevent the landslide sliding since
December 2016.

3. As a forementioned, landslide is a complex
dynamic system affected by internal and external
factors. The assessment of its stability is a central
task in early warnings of landslide deformation.
Lots of conventional stability analyses such as the
engineering analogy method and limit equilibrium
method can be performed to evaluate the factor of
safety. The prevalent engineering analogy method
usually depends on personal experience and
expert knowledge due to its subjectivity. Limit
equilibrium stability analysis provides a snapshot
of the factor of safety at a particular time but
requires specific data that sometimes is not readily
available. For example, a heavy rainfall immedi-
ately affects the piezometric level within the
landslide, and changes in the reservoir level may
have effects on the stability. Besides, the numer-
ical simulation methods have been widely used to
study the deformation and failure of the landslide
and evaluate the landslide stability under rainfall
and water level fluctuations. Similarly, many
geotechnical parameters (e.g. density, modulus
of elasticity, cohesion and friction angle et al.) that
sometimes are not also readily available are
needed in the analysis.

However, the deformation of most reservoir wading
landslides occurred first at the front part of the
landslide and progressed upslope due to reservoir
water level fluctuations and heavy rainfall. The
stability of landslide changes continuously with the
development of deformation. The conventional

@ Springer

stability analyses are difficult to realize the accurate
evaluation of the stability of landslide. What we offer
is a complementary approach (GRGA), which is
useful for rapidly predicting reservoir landslide defor-
mation relating to water level fluctuations and rainfall
based on readily available monitoring data.

6 Conclusions

In our study, quantitative model of the landslide
deformation processes in the Three Gorges Reservoir
Area was expressed in definite algebraic equations
using the GRGA. The main control factors of landslide
deformation is not immutable, but will change with the
development of the landslide. Given the successful use
of the GRGA in developing quantitative models for
predicting deformation of the different parts of
Zhujiadian landslide, it appears that this method could
be useful for landslide monitoring analysis and early
warning. With the increased availability of monitoring
systems, automated data collection, and other tech-
niques, the amount of valuable data increases expo-
nentially, and the resulting large data sets might not be
properly analyzed using conventional methods. These
complementary approaches have the potential to
provide useful information for interpreting and esti-
mating landslide deformation in response to external
perturbations. More specifically, the findings of the
study described in this paper relating rainfall and
reservoir water levels could be applicable to other
cases around the world, particularly some reservoir
wading landslides in the Three Gorges Reservoir area,
China.
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