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External causes like changes in reservoir level and intense rainfall can cause
reservoir landslides. Exploring the factors that govern landslide deformation and
analyzing its stability evolution is essential in mitigating the associated risks. The
Sanzhouxi landslide, which has experienced ongoing movements and has been
implemented a professional monitoring system, is chosen for analysis in this
paper. A combination of geological survey and analysis of monitoring data is
utilized to explore landslide deformation characteristics. A data mining method,
grey relation analysis (GRA), is subsequently performed to determine the causes
of landslide deformation. Furthermore, the stability of the Sanzhouxi landslide in
response to reservoir level fluctuation and rainfall for each day over an entire year
is assessed using the Morgenstern-Price (MP) approach in 2D GeoStudio
software. Such a process illustrates clearly how the landslide stability alters
with external triggers changing. The findings reveal that the landslide deforms
variably in spatial and temporal. The reservoir level rising contributes to landslide
deformation primarily, while rainfall has a secondary impact. The factor of safety
(FS) of the Sanzhouxi landslide drops from 1.17 to 1.07 during high reservoir water
level periods and remain the same or increase in other periods except for some
transitory moments while decreasing only by about 2% under the effect of
rainfall. The daily FS results validate the dominant influence of reservoir level
fluctuation on the stability of the landslide. The comprehensive understanding of
landslide movement based on deformation characteristics, triggering factor
identification, and daily stability validation, contributes to realizing nearly real-
time prediction and evaluating the risk due to slope movements in similar
geological settings worldwide.
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1 Introduction

Landslides are a recurring geological disaster, occurring in
various regions across the world and thereby entailing significant
catastrophic consequences (AGU, 2017; Mirus et al., 2020; Huang
et al,, 2021; Dahim et al., 2023; Yan et al., 2023). Several regions of
China, particularly the Three Gorges Reservoir area (TGRA), have
exhibited a predisposition to landslides (Cojean and Cai, 2011;
Zhou et al, 2018; Zhang et al, 2023a). Landslides alongside
reservoir banks could threaten ongoing reservoir operations as
well as the security of the dam, watercourses, and inhabitants
(Chae et al, 2017; Yang et al., 2022). Survey findings have
revealed the identification of over 5,000 landslides within the
TGRA after the dam was impounded in 2003 (Huang et al., 2020;
Luo and Huang, 2020). One notable event was the Qianjiangping
landslide, occurring on July 14, 2003, in Zigui County, Hubei
Province, induing by the initial impoundment reaching 135 m
above sea level. This event led to the unfortunate loss of 24 lives, the
destruction of 129 residential structures, and 6.5 million EURO
direct economic losses (Wang et al., 2004). Additional instances
comprise the Shuping landslide (Wang et al., 2008), the Shanshucao
landslide (Xu et al., 2015), and the Jinle landslide (Wu et al., 2017),
among numerous other cases.

In-situ monitoring data, including surface displacement, deep
displacement, groundwater level, and other relevant parameters,
offers valuable insights into hazard assessment and risk control of
landslides. Among these in-site data, the surface displacement
obtained from the Global positioning system (GPS) is extensively
adopted to track the movements of landslides in the TGRA (Wu
et al,, 2019). The displacement-time curves serve as the foundation
for analyzing deformation characteristics, determining failure
modes, and forecasting the movement of landslides (Zhang et al.,
2023b). A typical displacement-time curve exhibits distinct phases,
including primary creep, secondary creep, and tertiary creep
(Figure 1) (Saito, 1965; Hu et al., 2021). In practice, it is common
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for landslides’ displacement-time curves to deviate from the typical
three creep phases. These monitored curves in the TGRA can be
summarized into six types: steady-type, exponential-type,
convergent-type, fallback-type, stepwise-type, and oscillation-type
(Figure 2). Numerous landslides undergo stepwise deformation in
the TGRA (Wang et al., 2019; Zhang et al., 2021).

Stepwise-type landslides exhibit the behavior of deforming
distinctly over a period and uniformly in the rest time of a year.
Determining the predominant triggers behind the rapid
deformations of landslides is typically a challenging endeavor
(Crosta et al., 2016; Strauhal et al, 2016). The presence of
excessive or incorrect candidates can have detrimental effects such
as reduced calculation efficiency and potentially inaccurate results
(Yao et al,, 2019). Data mining techniques, such as grey relational
analysis (GRA), two-step cluster analysis, and Apriori algorithm
analysis, have been employed to investigate external triggers
inducing landslide deformation quantitatively (Ma et al., 2018;
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FIGURE 1
Three stages of slope deformation (modified from Hu et al,, 2021).
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Types of landslide displacement-time curves in the TGRA: (A) Linear-type; (B) Exponential-type; (C) Convergent-type; (D) Fallback-type;

(E) Stepwise-type; (F) Oscillation type.
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Naemitabar and Zanganehm, 2021; Yang et al., 2023). Wu et al.
(2019) utilized the GRA method to determine the controlling
triggers accountable for landslide deformation, while Yao et al.
(2019) employed neighborhood rough set theory for the same
purpose. Based on data obtained from a dedicated monitoring
system established in 2006, Huang et al. (2020) discovered that
the reservoir level changing serves as the primary driving factor
behind the deformation of the Muyubao landslide. Miao et al.
(2021) adopted a data mining approach to determine triggering
factors and corresponding thresholds for landslide deformation.

The evaluation methods employed for assessing landslide stability
have evolved from qualitative approaches to quantitative ones, having
undergone a number of improvements (Cojean and Cai, 2011; Cho,
2017). The quantitative approaches mainly include limit equilibrium
methods (e.g., Swedish, Janbu, Bishop, Morgenstern-Price, and Sarma)
and numerical simulation methods (e.g., finite element method) (Yang
et al, 2017; Kumar et al,, 2018). Therein, the Morgenstern-Price (MP)
method (Morgenstern and Price, 1965) was proven to be an effective
analysis method. It has been used extensively for decades. For these
reasons, the MP method was selected for the analyses in this paper.

The Sanzhouxi landslide exhibits stepwise deformation, which is
a prevalent deformation pattern observed in landslides within TGRA.
In addition to abundant records, a professional monitoring system
has been implemented on the landslide including measurements of
groundwater level, surface displacement, deep displacement, crack
width, etc. A complete monitoring dataset for the Sanzhouxi landslide
over several years is available, which is not the case for all the other
landslides at the sites. Such information involving the several
complex components of the landslide helps analyze the movement
of stepwise landslides synthetically and comprehensively. The
Sanzhouxi landslide is therefore chosen as an example for this paper.

Utilizing geological surveys and data obtained from the monitoring
system, movement characteristics of the Sanzhouxi landslide were
analyzed. A data mining method, GRA, was adopted to determine
the primary triggers that caused the landslide to deform across various
monitoring periods. The change in the factor of safety over one year in
the presence of fluctuating reservoir levels and varying rainfall was
evaluated with the GeoStudio software. The objective of this paper is to
understand landslide development by using several different methods
including geotechnical analysis, data mining techniques, and numerical
simulations based on abundant information from various aspects
influencing the landslide. One novelty of the study on the Sanzhouxi
landslide resides in identifying different periods of hydrological factors
inducing deformation quantitatively. Furthermore, the study discusses
the opportunity of the strategy developed herein for real-time or nearly
real-time prediction for stepwise landslides.

2 Main external factors triggering
landslide development in the TGRA

2.1 External factors inducing landslide
deformation

Reservoir level changes and rainfall are two critical triggers
inducing landslide deformation (Gutiérrez et al., 2010; Segoni et al.,
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2018; Jaboyedoff et al., 2020; Miao et al., 2022). Rainfall significantly
diminishes landslide stability and predominantly results in
movement through two key mechanisms: 1) Rainfall infiltration
causes an increase in pore pressure within the soil, consequently
reducing the effective stress of the soil to a critical threshold
(Marjanovi'c et al, 2018); 2) The ingress of rainfall increases
landslide mass, thereby augmenting the sliding force acting upon
it (Yang et al, 2023). Rising and falling reservoir levels induce
landslide deformation through distinct mechanisms. Firstly, during
reservoir water level drawdown, some landslides experience a lack
of rapid dissipation of groundwater. This inadequate dissipation
leads to an increase in dynamic pressure, resulting in decreased
landslide stability (Zhou et al., 2022). Secondly, as the reservoir
water level increases, it exerts buoyancy on some landslides,
reducing the effective weight acting on the anti-sliding section in
front of landslides (Huang et al., 2020). Additionally, the infiltration
of reservoir water into the landslide can cause a reduction in soil
strength. In analyzing and predicting landslide deformation, some
candidate controlling factors, such as average reservoir level,
monthly reservoir level change, and monthly rainfall, have often
been considered (Yang et al., 2019; Liu et al., 2020).

The Three Gorges Reservoir impoundment and operation
progressed through three phases, as shown in Figure 3. In the
initial phase, spanning between April 2003 and September 2006,
the water level underwent a significant increase from 69 m to 139 m,
followed by relatively minor fluctuations. Moving into the second
phase, which extended from September 2006 to September 2008, the
reservoir level experienced a rapid increase from 139 m to 156 m
within a month and subsequently fluctuated annually between 145 m
and 156 m. During the third phase, beginning in 2008, the reservoir
level increased to 172 m and thereafter fluctuated between 145 m and
172 m from 2008 to 2010. Since then, the reservoir level fluctuated
periodically between 145 m and 175 m. During the annual reservoir
level schedule in 2016, one can distinguish six successive periods: slow
drawdown (Stage I), rapid drawdown (Stage II), low reservoir
conditions (Stage III), rapid rise (Stage IV), slower rise (Stage V)
and high reservoir conditions (Stage VI).

At times of fluctuating water levels, varying rainfall also occurs. The
Wanzhou District has the second-highest annual rainfall in the TGRA.
Between 1960 and 2015, the largest monthly rainfall in the Wanzhou
District is 683.2 mm, the largest daily rainfall is 243.3 mm, and the
longest string is 16 continuous rainfall days (Yang et al., 2017).

2.2 Identification of triggering factors
using GRA

GRA was first proposed by Deng (1989) and had been applied to
identifying quantitatively the key factors influencing landslide
deformation (Wu et al,, 2019; Yang et al.,, 2019; Guo et al., 20205
Wang et al,, 2023). The GRA method, a commonly utilized model
within grey system theory, categorizes situations with no information
as black and those with perfect information as white. However, in
practical real-world problems, these ideal situations rarely exist.
Instead, situations with partial information, lying between these
extremes, are referred to as grey, hazy, or fuzzy.
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FIGURE 3
Water level variation in the Three Gorges Reservoir (2003-2017).

The GRA method is adopted in this work to quantitatively
pinpoint the primary causes of the Sanzhouxi landslide’s
movement. The correlation between each variable is assessed
using the grey relational grade (GRG). The process of triggers
identification inducing landslide deformation includes the
following four steps.

(1) Based on the available monitoring data, which comprises
measurements of rainfall, reservoir water level, and surface
displacement, an incidence matrix (X) is constructed. Monthly
displacement is assigned as the primary sequence (Xgisplacement)> While
the two causal factors, monthly reservoir level change (Xeservoir level)
and monthly rainfall (Xiunen), are selected as sub-sequences. The
matrix X is denoted as X = {Xgisplacements Xreservoir level Xrainfall}-

(2) Normalization of the data in matrix X is achieved from:

X) = Xl S M

-, mk =0, 1,
of data points and influencing factors, respectively.

wherei =0, 1, ---, m; n and m are the number

(3) The grey relational coefficient can be computed from:

3 p+pa
8(()6 isplacemen (1)/’x (l)/) = - - (2)
o t ‘ ’xk(l)/ - xdisplacement(l)/’ + pq
p = mkinrniin(xk(i)/ - xdisplucement(i)/) (3)
q= m]?.XmIaX(xk(l)/ - xdisplacement(i)/) (4)

where p is the resolution coefficient for adjusting the range of
comparison environments, typically assigned a value of 0.5 (Lian
et al, 2014; Yang et al., 2019; Guo et al., 2020).

(4) The GRG is obtained from:
©)

1 N
r(xdi:placement» xi) = E Elrcl:l 5((xdisplucement(l) > xk(l) )
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The GRG is a measure that ranges from 0 to 1, with a GRG-value
of 0.6 or higher indicating a strong correlation. As the value of GRG
approaches 1, it signifies a stronger association between the two series
under consideration. Within this study, the correlation between
landslide displacement and reservoir level fluctuation is represented
by r(Xgisplacement> Xreservoir level)> While the correlation between landslide
displacement and rainfall is denoted by (Xdisplacement Xrainfall)- 1f
(X displacement> Xreservoir level) > T(Xdisplacements Xrainfall)» it Suggests that the
primary factor contributing to landslide deformation is the
fluctuation of the reservoir water level. Conversely, if r(Xgisplacement>
Xreservoir level) < T(Xdisplacement Xrainfall)s it indicates that rainfall serves as
the dominant trigger. By comparing the GRG values, the relative
influence of each factor on landslide deformation can be determined.

3 Deformation characteristics and
triggers identification of the
Sanzhouxi landslide

3.1 Geological setting of the
Sanzhouxi landslide

The Sanzhouxi landslide located in the Wanzhou District of
Chonggqing, China, is situated on the eastern side of the Yangtze River
(30°45'08.27"N, 108°25'32.08"E) (Figure 4). The landslide is fan-
shaped from a bird’s eye view and exhibits a sliding direction oriented
at approximately 245°. The rear portion of the landslide displays a
steeper inclination compared to the middle and front sections. The
landslide surface is inclined at an angle of 10° to 30°. The frontal
section of the landslide stretches towards the Yangtze River bed, with
the elevation varying between 160 m and 175 m. The upper landslide
boundary is marked by a bedrock cliff at the elevation of 230 m, while
the left and right boundaries coincide with the interface between the
bedrock and the soil (Figure 5A). The landslide measures 320 m in
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length and 360 m in width. The thickness of the sliding mass ranges
from 5 m to 22 m, covering an area of 13.4 x 10" m* and having an
estimated volume of 135.6 x 10* m”.

The sliding masses consisted mainly of quaternary deposits,
including silty clay and fragmented rubble. The relative proportions
of these two material types were between 8:2 and 7:3. The sliding
zone occurs at the interface between bedrock and soil, and primarily
consists of silty clay and fragmented sandstone rubble, with the
presence of some montmorillonite. The subjacent bedrocks are
sandstone and siltstone (Figure 6).

The Sanzhouxi area, with the potential for landslides, posed a
serious threat to both public and property, including residents,
dwellings, roads and infrastructure, and agricultural fields.
According to historical records, the residents living on the
landslide in 2005, 2009, and 2010 were 123, 217, and 135,
respectively. With the development of deformations, some
residents were relocated, and only 13 residents lived there in the
area of the Sanzhouxi landslide in 2013.

3.2 Deformation history and field
observations

The Sanzhouxi landslide began to deform in 1990. Near the
trailing edge of the landslide, an observed ground crack measures
approximately 100 m in length, 2 cm to 10 cm in width, and has a
depth of 10 cm. Intense rainfall occurred in May with a rainfall of
2474 mm seeming to be mainly responsible for the beginning of the
landslide deformation in 1990. In the following years, landslide
deformations intensified, and the crack extended from the trailing
edge of the landslide into the middle and front parts regions. In June
2003, the landslide deformation caused some resident houses to crack.

* Sanzhouxi landslide

Camera direction: 195°

FIGURE 4

10.3389/fevo.2023.1242093

In 2007, numerous tension cracks along a road across the
landslide were observed. The largest crack had about 4 cm to
6 cm in width and a depth of 60 cm. The road in the landslide
area experienced vertical displacement. The majority of the resident
houses on or close to the landslide began to deform. In June 2010,
multiple tension cracks were observed on the frontal section, in
which the subsidence and width of the largest crack were up to
33 cm and 26 cm, respectively.

In 2012, nine cracks on the ground were observed in the
landslide area by field investigations. The majority of the cracks
were concentrated in the frontal area of the landslide. The largest
width of the crack was 12 c¢cm, and the largest depth was 27 cm.
Among these nine cracks, six cracks that had developed
perpendicular to the sliding direction were monitored
continuously since then (Figure 5A).

In 2014, deformations were observed across the entire landslide
area, while the front part deformed more than the other parts of the
landslide. Transverse cracks were observed in the front right section
of the landslide (Figure 5B). A second sliding was induced due to
excavation within the part below 180 m of the landslide (Figure 5C).
Scratch traces were found on the sliding surface with a direction of
245° (Figure 5D). In addition, a failure on the riverbank extending
30 m occurred along the landslide ‘s toe (Figure 5E). During this
time frame, the deformations in the front part were mainly
transverse surface cracks, while on the back part of the landslide
mainly cracks were observed (Figures 5F, G).

3.3 Multi-source monitoring data

Six GPS monitoring stations (numbered WZ01 to WZ06) and
two deep displacement monitoring points (QZK01 and QZK02)

% I e
-

the Three Gorges Dam

(A) Location of the Sanzhouxi landslide; (B) Panoramic photograph of the Sanzhouxi landslide (red contour delimits the boundary of the landslide

with the reservoir water level at 164.52 m).
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FIGURE 5

(A) Engineering geological map; (B) Transverse cracks in the front right part; (C) A second sliding induced by excavation within the region below
180 m:; (D) Scratch traces on the sliding surface with the direction of 245°; (E) Failure of the river bank extending 30 m; (F) Transverse cracks in the

front part; (G) Wall cracks on the back part of the landslide.

were installed on the Sanzhouxi landslide in 2007. Significant
deformations developed in the following years. Six ground cracks
monitoring points (DLO1 to DL06) were installed in 2012, and two
groundwater monitoring boreholes (STK01 and STK02) were
installed in 2013 (Figure 5A). The monitoring data for
groundwater level was collected from January 27, 2013, to July
26", 2014. GPS displacement was monitored continuously from
March 2007 to July 2014, with measurements recorded on a
monthly basis. The crack width was monitored between
September 19, 2012 and July 17", 2014.

3.3.1 Groundwater level monitoring

The groundwater level monitoring stations named STKO1 and
STKO2 are located at elevations of 177 m and 194 m, respectively.
Groundwater level monitoring data are available from January 27th,
2013 to July 26", 2014 (Figure 7). The groundwater level of STKO1
ranges between 173.9 m and 176.9 m, and that of STKO02 ranges
between 189.8 m and 193 m.

The monitoring data from January 27 to March 8", 2013, was
specifically chosen because of the remarkably low total rainfall of only
10.2 mm recorded during this period. This selection allowed the

290+ Depth: 11~14.6 m r290
~ 2501, F250 ~
B = g
g =8 g
8200 =—= a% Qe ) 210 F
R - s STK02 <=7 5
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FIGURE 6
Geological cross section (A—A’ in Figure 5) of the Sanzhouxi landslide.
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study to focus on a specific timeframe characterized by minimal
rainfall, enabling a more direct investigation into the influence of
reservoir level fluctuation on groundwater levels without significant
interference from rainfall events. During this period, the groundwater
level of STKOI declined at the rate of 0.012 m/d, which was much
slower than the reservoir level change (0.17 m/d) (Figure 8A). The
groundwater level change rate of STK02 was 0.009 m/d, slower than
STKO1 with the rate of 0.012 m/d, indicating that groundwater level
response to reservoir level change decreased with increasing distance
from the reservoir (Figure 8B).

From May 5% to May 14th, 2013, the reservoir level remained
unchanged, and the selected monitoring data during this period was
utilized to investigate the relationship between groundwater level and
rainfall. Figure 8C indicated that the groundwater level of STKO1 was
influenced by rain and that precipitation of 20 mm led to a rise in
groundwater level. The substantial fluctuation of the groundwater
level in this site can primarily be attributed to the impact of rainfall,
which was the main contributing factor. The total rainfall from May
6™ to May 7th, 2013 was 49.1 mm, while the groundwater level
reached a peak (175.3 m) on May 10", 2013, lagging by about three
days. However, the increase in the groundwater level of STKO1 caused
by rainfall was temporary, and it could recede at a faster rate initially
and a slower pace later after the rain stops. Upon the occurrence of
subsequent precipitation events, a temporary rise in the groundwater
level was observed once again. The groundwater level of STKO02
increased 1.4 m after rainfall, more than STKO1 (1.35 m), suggesting
that the response of STK02 was more sensitive to rainfall action than
STKO1 (Figure 8D). The peak of the groundwater level occurred on
May 7", 2013 without a time lag. The differences in groundwater
response to rainfall between the STKOI and STKO02 boreholes are
believed to be related to material composition (Asch et al., 1999;
Tartaglia et al., 2023).

10.3389/fevo.2023.1242093

3.3.2 GPS monitoring

The GPS stations offer deformation data for various locations
within the landslide. Stations WZ01 and WZ03 are at the forefront
of the landslide; WZ02, WZ04, and WZ05 are within the central,
whereas WZ06 is in the back part. Displacement data are available
from March 2007 to July 2014 for these sites (Figure 9). The
cumulative displacements at the GPS station locations decrease as
follows: WZ03 (1880.4 mm)> WZ04 (356.9 mm) > WZ06
(280.9 mm) >WZ05 (239.7 mm) > WZ01l (47 mm)
>WZ02 (43.5 mm).

The displacement-time curves shown in Figure 9 differ in
different parts of the Sanzhouxi landslide. Station WZ03 shows a
step-like type (Figure 2E), while Stations WZ04, WZ05, and WZ06
show a convergent type (displacement curves are illustrated in
Figure 2C). For Stations WZ01 and WZ02, the displacements keep
growing slowly and uniformly. Station WZ03 with more significant
deformation is selected as an example to analyze the relationship
between reservoir level, rainfall, and monitored displacement.

Station WZ03 is positioned within the front part of the
Sanzhouxi landslide, and its elevation is 177 m. Figure 10 shows
the monthly displacement of WZ03, monthly rainfall, and reservoir
level change. During the period from March 2007 to July 2007, the
water level in the reservoir fluctuated between 145 m and 156 m. An
excavation conducted at the leading edge of the Sanzhouxi landslide
revealed that the landslide’s toe was positioned between the
elevations of 160 m and 175 m (Figure 5D). This excavation
finding clearly indicated that the landslide was not submerged in
the reservoir water during the aforementioned period and the
observed deformation could be attributed to the significant rainfall.

In 2008, the reservoir level was raised from 145.5 m to 171.5 m
for the first time, which resulted in a significant alteration in the
hydrogeological conditions of the TGRA, inducing a maximum
monthly displacement of 88 m. Subsequently, in 2009, the reservoir
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water level surged to 175 m, implying an expansion of the
submerged area of the landslide. The maximum monthly
displacement increased year after year and reached a peak in
2011. Specifically, it rose from 135 mm in 2009 to 188.9 mm in
2010, ultimately reaching 543.9 mm in 2011. The annual rainfall
and maximum monthly rainfall during the years 2009 to 2011
remained consistently around 1100 mm and 220 mm, respectively.

The primary factor contributing to the progressive increase in
displacement over the years and culminating in a peak in 2011,
can be attributed to the following reasons: 1) With the rise in water
level due to impoundment, a larger portion of the landslide becomes
submerged, leading to increased buoyancy at the front of the
landslide. Simultaneously, the infiltration of water into the slope
weakens the soil strength within the sliding zone. 2) The successive
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FIGURE 9

Cumulative displacement, monthly rainfall, and reservoir level at GPS Stations of the Sanzhouxi landslide.
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Monthly displacement, monthly rainfall, and reservoir level at GPS Station WZ03.

increments in reservoir water level from 2009 to 2011, measuring
25.1 m, 27.3 m, and 28.4 m, respectively. A larger water level change
can exacerbate the deformation of the landslide (Song et al., 2018).
3) Human engineering activities, such as excavation and
construction in the front of the landslide, have been
demonstrated to intensify the deformation of the landslide (Zhou
et al., 2016).

After 2012, the sliding became more uniform with a maximum
monthly displacement of 44.6 mm in 2012 and 28.2 mm in 2013.
Additionally, in the years from 2008 to 2013, the maximum
monthly displacement was recorded in November (2008),
October (2009), October (2010), December (2011), October
(2012), and December (2013), respectively. This observation
suggests that significant deformation of the landslide occurred
during reservoir impoundment.

3.3.3 Crack width monitoring

When the six ground crack monitoring was installed in
September 2012, the DLO1 to DL06 had widths of 5383.5 mm,
2807.3 mm, 3174.5 mm, 1348.4 mm, 2051 mm, and 2825.4 mm,
respectively. It should be noted that the values refer to the distance
between two fixed stations across the crack rather than the real
width of the cracks. Daily data for crack width from September 19,
2012 to July 17", 2014 were recorded. Daily reservoir water level
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was available for the entire period. However, daily rainfall data was
incomplete and data between January 1%, 2013, and July 17th, 2014
were collected for analysis. The monitored ground cracks
experienced different extensions during the monitoring period.
The extensions of DL01 (30 mm) and DL02 (25 mm) were larger
than that of the other four cracks (about 10 mm). The relationships
between crack width, daily rainfall, and daily reservoir were
analyzed according to the monitored data presented in Figure 11.
Monitoring points of DLO1 and DL02 were in the central area of
the landslide’s front section, at elevations 188 m and 194 m,
respectively. The displacement trends of these two points were
similar and showed sharp increases in crack extension. During the
period from September 19™ to October 14th, 2012, as the reservoir
level increased from 167.1 m to 174.2 m, significant movement
appeared with the crack extending by 16 mm. The movement
lagged the reservoir raise by about 23 days (grey rectangles in
Figures 11A, B). Subsequently, from December 21%, 2012, to June
22", 2013, the reservoir level gradually dropped from 175 m to
145 m. It remained at 145 m until August 24", 2013. The cracks did
not expand dramatically and only had frequent small waves in these
three periods. During the period from August 25™ to November
18™, 2013, the reservoir level experienced an increase from 148.2 m
to 175 m. For DLO1 and DL02, their movements coincided with the
water level rising and increasing by 20 mm and 10 mm, respectively.

frontiersin.org


https://doi.org/10.3389/fevo.2023.1242093
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Yang et al.

The appearance of crack extension for the two monitoring points
lagged the reservoir level rising for about 43 days and 33 days,
respectively (red rectangles in Figures 11A, B). During the period
from November 19" 2013 to June 26™, 2014, the deformation
showed a small increase with the reservoir level gradually
decreasing. The analysis above revealed that the dam reservoir
level rise contributed to the deformation observed at the landslide’s
frontal section.

DL03 was located near DL02, and its elevation was 198 m.
During the period from August 25" to November 18", 2013, the
crack width of DL03 increased by 18 mm as the reservoir level rose
from 148.2 m to 175 m without time lag (red rectangle in
Figure 11C). This phenomenon revealed that the site of DL03
exhibited a higher sensitivity to the reservoir level increasing
compared to DLO1 and DL02. DL04, DL05, and DL06 were
located on the landslide’s right edge. Before June 26", 2014, the
variation of crack width at each monitoring point was relatively
small, while a significant surge in the crack occurred in the summer
of 2014. The monitored curves did not show an apparent
relationship between the crack movements and reservoir water
level fluctuation (Figures 11D-F).

10.3389/fevo.2023.1242093

The relationship between crack width and daily rainfall was
examined based on the combined data presented in Figure 11.
Although some notable rainfall events occurred, such as 115.6 mm
on May 5% 2013, and 74.1 mm on July 30™ 2013, no significant
correlation was observed between these rainfall events and the observed
deformation in terms of crack width at the monitoring stations.

3.3.4 Deep displacement

The lateral displacement versus depth from inclinometers
QZKO01 and QZKO02, depicted in Figures 12A, B, respectively,
provided insights into the behavior of the Sanzhouxi landslide. In
particular, the inclinometer QZKO02, positioned at the rear of the
landslide, captured the development of a sliding zone at a depth of
approximately 8.1 m (Figure 12B). Notably, this sliding zone did not
extend to inclinometer QZKOI. The displacement of the sliding
zone increased by about 100 mm in seven years (between July 2007
and July 2014) (Figure 12C). The monthly displacement of the
sliding zone fluctuated with positive (outwards the slope body) and
negative (inwards the slope body), while it did not show an apparent
relationship with rainfall and reservoir level fluctuation
(Figures 12D, E).
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3.4 Identification of triggering factors of
the Sanzhouxi landslide

Qualitative analysis of monitoring data in the preceding
sections has been conducted to examine the relationship between
landslide deformation and hydrological factors, namely rainfall and
reservoir level rise. A quantitative analysis using grey relational
analysis (GRA) is performed here to identify the predominant
triggers for inducing landslide deformation during various
evolutionary periods. We will use WZ03, which shows the largest
displacement among the six GPS monitoring stations, as an
example. The calculation process of the GRA method can be
found in the section “2.2 Identification of triggering factors
using GRA”.

Seven periods of reservoir impoundment were present between
2007 and 2014 (Figure 10). The correlation between monthly
displacement and reservoir level rise was quantified as r
(Xdisplacement> Xreservoir level)s While the correlation between monthly
displacement and rainfall was indicated as r(Xgisplacement> Xrainfall)-
GRG of the seven periods was displayed in Figure 13. For all the
reservoir raise periods, the calculated GRG was higher for the
reservoir level fluctuations, i.e., (Xgisplacement Xreservoir level)>"

(Xdisplacement> Xrainfa)> Meaning that the movement was primarily
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induced by reservoir level rising, while rainfall played a subordinate
role. This finding aligns with the qualitative analysis obtained in the
previous sections.

Moreover, the GRG value of r(Xgisplacement> *reservoir level)
remained at approximately 0.8 in the preceding years but
exhibited a decreasing trend starting from 2013, indicating a
reduced impact of the reservoir level rising on landslide
movement. This conclusion agreed with the research of Zhang
et al. (2020) and Yang et al. (2023). Their findings suggest that
reservoir-induced landslides generally display more pronounced
responses to reservoir water during the initial phase of reservoir
impoundment. However, over time, this impact gradually
diminishes, eventually leading to a self-adjusted stable state.

4 Stability evolution of the Sanzhouxi
landslide

The fluctuations of the reservoir level during 2016 were divided
into six successive reservoir level periods, as illustrated in Figure 3.
The geotechnical software Geo-Studio (Geo-slope International
Ltd, 2019) was adopted to simulate the seepage (SEEP/W
program) and calculate the factor of safety (FS) (SLOPE/W
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Calculated GRG at WZ03 location.

program) for the Sanzhouxi landslide. It is essential to acknowledge
that the accuracy and reliability of the numerical modeling results
obtained from the Geostudio software are significantly controlled
by parameter accuracy, boundary setting, and so on. The previous
researches contribute to providing references for the establishment
of Geo-Studio models designed for analyzing landslides in the
TGRA (Miao et al,, 2017; Yang et al., 2017).

The FS on each day of an entire year was computed by the MP
method. The cross-section (A-A’ in Figure 5), which was consistent
with the main sliding direction, was chosen as a typical cross-
section for the analysis. The model, shown in Figure 14A, was
divided into 866 elements and 987 nodes. The monitored daily

10.3389/fevo.2023.1242093

rainfall as well as daily reservoir water level were set as boundary
conditions. Thereinto, the slope surface above an elevation of 175 m
was defined with daily rainfall as the infiltration boundary, while the
slope surface below 175 m had the reservoir water level as the
variable water head boundary. The interface between soil and
bedrock serves as the boundary for water partitioning.

The permeability coefficient was obtained from field infiltration
tests and set as 5.01 m/d. The saturated water content of the clay in
the slope was taken as 40%. The unit weight, elasticity modulus, and
Poisson’s ratio for the sliding body were set to 22 kN/m?, 3x10* kPa,
and 0.3 (for drained conditions). The unit weight, elasticity
modulus, and Poisson’s ratio for bedrock were 25.3 kN/m?,
1.1x10° kPa, and 0.25. The cohesion and internal friction angle
of the sliding material were measured to be 22 kPa and
11°, respectively.

4.1 Seepage simulation

The saturation line at each end of the reservoir stage for the
Sanzhouxi landslide was shown in Figure 14B. The groundwater
was discharged from the landslide without time lag when the
reservoir level decreases (stages I and II). In the following low
reservoir stage (stage III), the reservoir level frequently fluctuated at
a small range due to the realimentation by the rainfall. The frequent
change of reservoir level resulted in the infiltration line of the front
part of the landslide being slightly convex, while the infiltration line
of the remaining sections was kept the same. As the reservoir level
increased (stages IV and V), the infiltration line of the front part
rises higher than the middle and rear parts, resulting in the
infiltration line within the slope being concave. After a high
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(A) Calculation model of the Sanzhouxi landslide; (B) Saturation line at the end of each reservoir stage for the Sanzhouxi landslide.
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reservoir level has been kept for about 10 days (stage VI), the
infiltration line at the middle part of the landslide gradually rises to
the same level as the front edge.

4.2 Variation of the factor of safety of the
Sanzhouxi landslide over one year

Figure 15 displayed the factor of safety (FS), daily rainfall, and
reservoir level. When rainfall and reservoir level changes were
coupled, the two-dimensional (2D) FS computed by Slope/W
ranged from 1.07 to 1.17 over one year. The computed FS
suggested that the slope was stable, although an FS of 1.07 was
not very robust, given that there were many uncertainties in the soil
parameters and 2D LEM model. During stage I, the FS kept
decreasing for 25 days and subsequently increased. In stage II, the
FS was constant at about 1.10 for 20 days and then increased with
the reservoir level rising rapidly. In stage III, the FS continued to
rise, but the rate of increase slowed down. The reservoir level
increased from 146.4 m to 161.1 m in stage IV, resulting in an FS
of 1.15 without significant variation. The main reason was that the
leading edge of the landslide covered within a range of 160 m to
175 m, and thus only a tiny part of the leading edge can be
submerged in the reservoir water during this stage. The computed
FS showed a slight increase during stage V and decreased from 1.15
to 1.11 during stage VI. In stage V, the rise of the reservoir water
level led to an increase in hydrostatic pressure acting on the
landslide, consequently augmenting the FS of the slope. After
entering stage VI, the infiltration of reservoir water into the
landslide caused a reduction in soil strength, which was evident
in a pronounced downward trend of the FS of the landslide.

The FS under the sole influence of reservoir level changing was
also calculated for comparison. The FS was slightly higher than the
FS with the coupled effect of reservoir level fluctuations and rainfall.
Among stages, I to IV, the smallest difference in the FS for the two

Reservoir water level

10.3389/fevo.2023.1242093

conditions occurred in stage I, while the largest difference in the FS
appeared in stage IV, although the differences in the FS were
not significant.

5 Deformation mechanism of the
Sanzhouxi landslide

The Sanzhouxi landslide’s toe is situated within the elevation
range of 160 m to 175 m. Prior to September 2008, the reservoir
level remained below 156 m, indicating that it was not submerged
by water. The deformation of the landslide during this period can
primarily be attributed to rainfall. The high permeability of the
landslide was attributed to the loose materials present on the slope.
Moreover, the gentle gradient of the leading part of the landslide
promoted significant infiltration of rainfall into the slope. As the
underlying bedrock was impermeable, the infiltrated water
accumulated in the zone between the sliding mass and the
bedrock. Scanning-electron-microscope images of the sliding zone
materials revealed the presence of montmorillonite, which exhibited
a softening effect upon contact with water (Zhou et al., 2016).
Furthermore, the sliding zone materials exhibited numerous
microfissures and microporosity, resulting in their swelling with
the absorption of water and shrinkage with the loss of water. These
factors can contribute to the reduction in the strength of the
landslide (Igbal et al., 2018).

From October 2008 onwards, the reservoir level displayed
periodic fluctuations ranging from 145 m to 175 m, leading to
partial submergence of the landslide area in water. The landslide
deformed severely in the periods of reservoir impoundment and
became more uniform with reservoir lowering according to
monitored data. The presence of reservoir water can exert a
positive pressure on the slope, which can contribute to landslide
stability. However, the groundwater level in the frontal area of the
landslide exhibited an increase in response to the rising water level
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Variation of factor of safety (FS) for one year, with daily rainfall and reservoir water level on each day.
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in the reservoir. This groundwater influx had two significant effects
on the landslide behavior. Firstly, the buoyancy effect of the
groundwater resulted in a reduction in the sliding resistance force
of the slope. Secondly, the infiltration of reservoir water into the
sliding zone materials can induce its strength. These factors can
collectively contribute to the severe deformation observed in the
landslide during reservoir impoundment (Luo et al., 2022; Zhou
et al., 2022).

6 Discussion and conclusions

A professional monitoring system including measurements of
groundwater level, surface and deep displacements, and cracks
width, was implemented on the Sanzhouxi landslide. The
monitoring data and abundant field observations were used for
analyzing in detail the deformation characteristics of the landslide.
Triggering factors controlling the Sanzhouxi landslide were
identified by using a data mining method-GRA. Subsequently, the
2D GeoStudio software was employed to calculate the variation in
slope stability, represented by the factor of safety, in response to the
combined effects of fluctuating reservoir water levels and rainfall
over a complete annual cycle. The primary findings of this research
can be summarized as follows:

Varied parts of the Sanzhouxi landslide exhibit distinct
deformation characteristics, with the most significant movement
observed in the frontal region. According to deformation types
classified by displacement versus time curves, the front part of the
landslide showed a stepwise deformation pattern, while other parts
displayed a convergent pattern. In addition to the variability of
deformation in the longitudinal direction, the variability
of deformation also existed in the horizontal. This landslide
was shown to have strong and diverse characteristics of
spatiotemporal variability.

The front part of the Sanzhouxi landslide was found to be
primarily influenced by the reservoir water level rising, as indicated
by the results of the GRA analysis. However, it was observed that
this effect gradually diminished as the landslide adapted to the
increasing water level in the reservoir. The identification of
the dominant triggering factor provides useful information to
take into consideration when targeting disaster prevention and
mitigation measures.

The FS under the combined effect of dam reservoir changing
and rainfall, computed for each day during one entire year, was
quite low (FS = 1.07). This phenomenon of FS decreasing occurred
mainly during high water level periods. With the effect of rainfall
alone, the annual maximum reduction of FS for the Sanzhouxi
landslide was only about 2%, which verified the identification of
reservoir level as a triggering factor by GRA. The method of
examining the factor of safety on each day over one year
illustrates clearly how slope stability evolves in response to
changes in external factors.

The interpretation of the landslide considered abundant
information and adopted multiple approaches. The process
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involves deformation characteristics, triggering factor identification,
and annual slope stability. The process adopted herein can be
implemented for real-time or nearly real-time prediction for
stepwise landslides and can form a promising basis for further risk
evaluations. This research has potential applications for the risk
assessment of landslides in similar geological settings, with large
monitoring datasets available over several years.
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