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Abstract
Variations of reservoir water level and seasonal precipitation have reactivated or accelerated many reservoir landslides in the 
Three Gorges Reservoir area since impoundment in 2003. Updated daily monitoring data since 2017 reveals details about 
the step-like pattern of annual movement of the Baijiabao landslide, a large creeping landslide with a maximal cumulative 
surface displacement of 0.2 m over this 2-year period. The spatiotemporal deformation characteristics show that mass move-
ment was greatest in 2017 and boundary cracks exhibit more frequent steps and are more sensitive to hydraulic factors than 
surface displacement. Acceleration periods are triggered when the reservoir water level falls below 153 m above mean sea 
level, with most annual movement occurring before the reservoir rises back to that critical level. The rate of daily surface 
movement is controlled by the daily variation of reservoir water level and by cumulative rainfall during the previous 1 to 
7 days. The movement responses vary from different years and movement periods, but the one-factor critical-level model 
can effectively predict surface movement. The correlation between surface displacement rate and reservoir water level also 
comprehensively indicates the association between landslide movement and hydraulic factors including rainfall and variation 
of reservoir water level. Low reservoir level and its drawdown, and heavy or continuous rainfall, increase hydraulic gradients 
and change stress conditions, which destabilize the Baijiabao landslide and accelerate its surface movement.
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Introduction

Landslides in reservoir areas, and particularly in the Three 
Gorges Reservoir (TGR) area where more than 5000 
landslides are recognized, have recently attracted great 

attention (Wang et al. 2004; Yi et al. 2011; Paronuzzi et al. 
2013; Tomás et al. 2014; Li et al. 2019b; Tang et al. 2019a; 
Huang et al. 2021). Several catastrophic landslides, includ-
ing Qianjiangping landslide (Wang et al. 2004), Xintan 
landslide (He et al. 2010), Shanshucao landslide (Xu et al. 
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2015), Shuping landslide (Wang et al. 2021b), and Kamen-
ziwan landslide (Yin et al. 2020), have occurred since TGR 
impoundment in 2003, causing many casualties and signifi-
cant economic loss. Consequently, great efforts have been 
made to monitor landslides in this area and establish early 
warning systems.

Among the multi-field information on landslides, sur-
face movement is a key indicator of landslide stability 
and dynamics and is easy to monitor (Wang et al. 2016; 
Song et al. 2018; Intrieri et al. 2019; Lacroix et al. 2020; 
Luo and Huang 2020). Conventional global positioning 
system (GPS) monitoring networks acquire displacement 
data on many TGR landslides, typically gathering data one 
to three times a month (Tomás et al. 2014; Zhang et al. 
2020). Such “monthly” data are now available for peri-
ods as long as 17 years for several TGR landslides (Tang 
et al. 2015). Although valuable, “monthly” displacement 
data have irretrievable drawbacks in evaluating short-term 
deformation characteristics and evolution mechanisms of 
landslides. As a result, a few real-time automated multi-
field monitoring technologies have been increasingly used 
so that the short-term behavior of TGR landslides can be 
studied, but available data and associated research remain 
limited.

The Baijiabao landslide (Fig. 1) is a large creeping 
landslide in the TGR area, and monthly GPS data for its 
deformation are available since 2007. Fortunately, since 
2017, daily data have been available on surface move-
ment, crack extension, precipitation, and deep displace-
ment of the sliding zone. The deformation characteristics 
and controlling factors of the Baijiabao landslide were 
formerly studied when only the daily monitoring data 
of about one hydrologic year were available (Yao et al. 
2019; Criss et al. 2020). These studies concluded that 
the landslide experienced a short acceleration period of 
about 6 weeks, which occurred when the TGR level fell 
below a critical reservoir water level (RWL) of 153 m 
above mean sea level (MSL), and that surface movement 
is controlled by the coupled effect of rainfall and RWL 
variations. Now that > 2 years of daily monitoring data 
are available, the short-term deformation characteristics 
of the Baijiabao landslide can be further studied and prior 
conclusions tested.

Displacement prediction is an enduringly important 
topic in landslide research, through which landslide 
responses to influencing factors and future stability can be 
learned. Numerous models have been proposed to reach an 
accurate depiction of the step-like movement of reservoir 
landslides, which can be normally categorized as empiri-
cal models (Van Asch et al. 2009; Bernardie et al. 2015), 
hydro-mechanical models (Xia et  al. 2013; Jian et  al. 
2014), viscoelastoplasticity models (Desai et al. 1995; 
Corominas et al. 2005), and computational intelligence 

technology–based models (Xu and Niu  2018; Huang 
et al. 2017; Zhou et al. 2018; Li et al. 2020). Although 
satisfying prediction performance may be realized, many 
parameters are generally involved in such models, and 
some parameters lack sound physical meanings (Liu et al. 
2014). The complicated determination of model param-
eters, over-pretreatment of monitoring data and influenc-
ing factors, and high dependency on data quality may 
limit the applicability of these prediction models (Du 
et al. 2013). Based on the observed dependence of accel-
eration on the critical RWL, a parsimonious, one-factor 
model has been proposed, which captures the timing and 
step-like movement pattern of the Baijiabao and Shuping 
landslides (Criss et al. 2020). However, this simple model 
does not accurately simulate the variable magnitude of 
annual displacements, suggesting that other factors may 
also be involved. Understanding the model imperfections 
can facilitate research on the kinematics of the Baijiabao 
landslide and similar reservoir landslides.

This study utilizes updated real-time daily monitoring 
data to investigate the short-term temporal and spatial defor-
mation of the Baijiabao landslide. Controlling factors are 
identified via the attribution reduction method based on the 
neighborhood rough set theory. The critical-level model is 
modified to better predict surface displacement and further 
its physical meaning, and a conceptual kinematic mechanism 
for the landslide is then proposed.

Geological setting and monitoring system

The Baijiabao landslide (Fig. 1) is located along the south-
east flank of the Zigui Basin, Hubei Province of China 
(30°58′59.9″N, 110°45′33.4″E). This area has significant 
topographic relief, with particularly steep slopes near the 
Yangtze River and its tributaries (i.e., Xiangxi River, Zhaxi 
River, Qinggan River, and Tongzhuang River). Besides, 
interbedded Jurassic strata, including sandstone, argil-
laceous siltstone, mudstone, and soft interlayer from J1–2n 
(Niejiashan Formation) to J3p (Penglaizhen Formation), are 
widely distributed (e.g., Li et al. 2017, 2021). These strata 
are “slide-prone” due to the discrepant geotechnical proper-
ties of alternating layers (Yao et al. 2020a, b). The combined 
effects of stratigraphy, topography, rainfall, and RWL fos-
tered the development of at least 462 landslides in this area, 
including the Qianjiangping (Wang et al. 2004), Shanshucao 
(Xu et al. 2015), Shuping (Wu et al. 2018; Criss et al. 2020), 
and Baijiabao landslides (Fig. 1), which together pose sig-
nificant threats to residents, transportation, and operation of 
the Three Gorges Project (Li et al. 2019a).

The elevation of the Baijiabao landslide ranges from 125 
to 265 m above MSL, with part of the landslide toe being 
submerged below reservoir water, whose level has annually 
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varied from 145 to 175 m above MSL since 2009. The 
landslide mass is composed of loose Quaternary deposits. 
The sliding zone of the landslide, with a stair-step shape, is 
mainly composed of silty clay, while the underlying bedrock 
contains quartz sandstone and argillaceous siltstone of the 
Early Jurassic Xiangxi Formation (J1x), which dips into the 
hill at an angle of 30° to 40° (Fig. 2).

The Baijiabao landslide showed increased creep after 
TGR impoundment. Systematic monitoring has been 
performed to capture the deformation characteristics of 

the landslide. Briefly, four GPS sites (ZG323-326) were 
installed in 2006 to monitor the long-term monthly sur-
face movement; and an advanced real-time monitoring 
network was set up in 2017 to provide high-precision 
daily monitoring data of rainfall (RM1), surface dis-
placement (AG1–AG3), crack width (C1–C4), and slid-
ing zone displacement (DS1 and DS2) (Fig. 2). Detailed 
descriptions of geological setting and monitoring system 
of the Baijiabao landslide have been provided in Yao et al. 
(2019) and Criss et al. (2020).

Fig. 1   Location (a, b) and oblique aerial view looking west of the Baijiabao landslide (c), modified after Yao et al. (2019). The arrows in (c) 
show the flow direction of the Yangtze River and the Xiangxi River
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Short‑term deformation characteristics 
and controlling factors of the Baijiabao 
landslide

Temporal and spatial deformation process 
of landslide surface

The Baijiabao landslide was in a state of creep prior to the 
TGR operation, but the subsequent movement has been 

greater and displays a step-like annual movement pattern. 
Most movement occurs during the rainy season, particularly 
when precipitation is heavy and RWL is low. During the 
13-year GPS monitoring period, the sensor ZG326 recorded 
the largest cumulative displacement of 1.8 m, and the larg-
est monthly displacement of 244.4 mm (Fig. 3). Following 
continuous or intense rainfall, anthropogenic activities, and 
other potentially influencing factors, the landslide moved 
most rapidly in 2009, 2012, and 2015 (Yao et al. 2019). 

Fig. 2   Engineering geological 
map (a) and geological cross-
section (b) of the Baijiabao 
landslide, modified after Yao 
et al. (2019). The arrow in (a) 
shows the flow direction of the 
Xiangxi River
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During the past 2 years (2018–2019), movements have been 
smaller than the post-2007 average.

Cumulative displacements of 125.3, 147.4, and 206.4 
mm were recorded at AGPS sites AG1, AG2, and AG3 over 
the 2-year monitoring period (Fig. 4a). The 2019 displace-
ments at these three sites were about 62 to 77% of the 2018 
ones. During the 2018 and 2019 rainy seasons, cumulative 
displacements were > 90% of the two annual totals. Taking 
AG3 as an example, the displacements in the rainy seasons 
of 2018 and 2019 were 118.7 and 92 mm, respectively. The 
daily data of AGPS sites before April 2018 are very noisy, 
in part because of the new equipment installation and road 
repair activities, and no significant net movement occurred 
during this period, so only daily data collected since March 
28, 2018, are used below to study the deformation charac-
teristics, controlling factors, and casual rules of landslide 
acceleration.

During the 32-month period of daily monitoring, the 
boundary crack sensors C1, C2, and C4 recorded cumula-
tive width extensions of 297.4, 418.3, and 318.4 mm, respec-
tively (Fig. 4b). During the 2018 and 2019 rainy seasons, 
crack extensions were less than those in 2017. Crack width 
increased most at C2, with 2017 to 2019 rainy season totals 
being 113.8, 98.4, and 72.8 mm, respectively.

The terms of acceleration period and rapid movement 
period are defined to study the movement characteristics of 
the Baijiabao landslide. Specifically, the acceleration period 
denotes the continuous time scale corresponding to most dis-
placement in each rainy season; the rapid movement denotes 
the continuous time scale corresponding to the daily dis-
placement rate greater than 0 during the acceleration period. 
The daily data show that the landslide surface accelerates 

and boundary cracks widen when RWL falls below 153 m 
above MSL (Criss et al. 2020). The movement rate is great-
est when RWL rapidly decreases to the lowest level from 
153 m above MSL, and most annual motion occurs before 
RWL is raised back to 153 m above MSL. The period of 
rapid movement extended an average of 55 days, from late 
May to middle-late July (Figs. 4 and 5).

The Baijiabao landslide can be divided into three sub-
zones, simply called zone 1, zone 2, and zone 3, based 
on interval variations in its surface movement (Fig. 2a). 
The long-term GPS monitoring data and field observations 
revealed that zone 1 was the most active of the three, with 
zone 3 being next. As for the short-term daily monitoring 
data, site AG3 moved faster than the other AGPS sites 
during the whole monitoring period and individual rainy 
seasons, and its movement rate varied more than the oth-
ers. Boundary crack sites C1 and C2 exhibited “one-step” 
rapid extension during acceleration periods over the moni-
toring period. However, the width of C2 greatly increased 
when RWL rose from October to early November 2017 and 
then widened similarly to C1. Site C4 experienced “multi-
step” extensions from October 2017 to February 2018, 
then showed several pulses of movement during the rainy 
seasons of 2018 and 2019 (Figs. 4b and 5b). Both temporal 
differences in different years and movement periods, and 
spatial differences in various subzones, can be observed 
from the short-term daily monitoring data. Specifically, 
the spatial variation of short-term surface movement and 
crack extension in the three subzones met the long-term 
GPS data, which could be the result of local geomorphol-
ogy, strata thickness, depth of sliding zone, ground cracks, 
drainage condition, etc. (Yao et al. 2019).

Fig. 3   Time-series of “monthly” 
data on cumulative displace-
ment at four GPS sites, monthly 
rainfall, and reservoir water 
level from January 2007 to 
December 2019
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Controlling factors of landslide deformation

The updated monitoring data of the Baijiabao landslide 
were analyzed using an attribute reduction algorithm, which 
is based upon neighborhood rough set theory, to identify 
the controlling factors of the surface deformation. Com-
pared to conventional data mining methods such as a priori 
algorithms and decision trees, this method can directly deal 
with numerical and categorical data in attribute reduction 

and classification, and can thereby avoid the possible infor-
mation loss during discretization and clustering using the 
conventional attribution reduction method (Wilson and 
Martinez 1997; Hu et al. 2008a, b; Wu et al. 2016; Ma et al. 
2017). Through this method, a sub-attribute set that retains 
the same discriminability as the full attribute set can be 
obtained for further landslide studies, and the significance 
of candidate condition attributes to monitoring data can be 
determined as well.

Fig. 4   Time-series of daily data 
on cumulative displacement 
of AGPS sites, daily rainfall, 
and reservoir water level from 
October 2017 to December 
2019 (a); time-series of width 
of monitored ground cracks, 
daily rainfall, and reservoir 
water level from April 2017 to 
December 2019 (b). RS, rainy 
season. AP, acceleration period. 
RP, rapid movement period
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Consistent with our previous study (Yao et al. 2019), the 
cumulative rainfall over the previous 2 months was the pri-
mary controlling factor of the monthly monitored GPS dis-
placement over the ten potential factors, but during the rainy 
seasons, the cumulative rainfall during the current month 
was most important. Several less important factors asso-
ciated with rainfall and variations of RWL influenced the 
monthly surface movements (Supplementary Tables S1–S3).

Fourteen potential controlling factors (candidate condi-
tion attributes) were evaluated to determine the dominant 

ones controlling the short-term daily surface movement of 
the Baijiabao landslide (Table 1). The significance of these 
candidate condition attributes to various deformation charac-
teristics are listed in Tables 2 and 3. The change in the RWL 
over the previous day (level-change1d) is the predominant 
factor controlling the surface movement at the APGS sites, 
but the cumulative rainfall during the current day (rainfall0) 
and over different periods (i.e., rainfall1d, rainfall7d, 
rainfall15d, and rainfall30d) also affect the surface move-
ment. Similarly, the width of the monitored boundary cracks 

Fig. 5   Time-dependent varia-
tion in daily rates of displace-
ment at AGPS sites from March 
2018 to December 2019 (a); 
time-dependent variation in 
daily rates of extension of the 
monitored ground cracks from 
April 2017 to December 2019 
(b). RP, rapid movement period
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is also most sensitive to level-change1d, but other factors 
associated with rainfall conditions (rainfall0, rainfall1d, and 
rainfall7d) are more important than factors related to longer-
term changes in RWL (level-change7d, level-change15d, and 
level-change30d) and the RWL itself (level0, level1d, level7d, 
level15d, and level30d). During rainy seasons, the daily dis-
placement of AGPS sites is most strongly affected by factor 
level-change1d and cumulative rainfall over the previous 7 
days (rainfall7d), while the width of boundary cracks is most 
sensitive to rainfall0.

The sensitivities of various hydraulic conditions to moni-
toring data differ not only among the various data types but 
among the various monitoring sites and monitoring periods 
as well. Of the three AGPS sites, AG3 is the most sensitive 
to factors level-change1d and rainfall0, and the sensitivi-
ties of AG1 and AG 2 to level-change1d and rainfall0 vary 
during the whole monitoring period or rainy seasons. Of 
the boundary crack sites, C1 is the least sensitive to level-
change1d and rainfall0, while C4 is the site most sensitive to 
rainfall0 over both the whole monitoring period and rainy 
seasons.

Causal rules of landslide acceleration

Several critical controlling factors concerning rainfall 
(rainfall7d), RWL (average RWL during the current day, 
level0), and daily variation of RWL (level-change1d) were 
adopted to study the statistical causal rules of movement 
acceleration at the AGPS sites (Fig. 6). Rapid surface 
movement at the AGPS sites mainly occurs when level0 is 
between 145 and 153 m, and the reservoir is falling.

Similarly, rainfall0, level0, and level-change1d were 
used to study the causal rules of accelerated extension 
of crack width (Fig. 7). For C1, rapid extension mainly 

occurs when level0 is between 145 and 153 m above MSL 
and the reservoir is falling. For C2, rapid extension mainly 
occurs when (1) level0 is between 170 and 175 m above 
MSL, or (2) level0 is between 145 and 153 m above MSL 
and the reservoir is falling. Similarly, rapid extension at 
C4 mainly occurs when level0 is between 165 and 175 m 
above MSL, or (2) level0 is between 145 and 153 m above 
MSL and the reservoir is falling.

The surface movement at AGPS sites and boundary 
cracks acceleration is triggered when RWL is below 153 
m above MSL, with the drawdown rate of RWL also being 
a critical factor inducing rapid movement. In contrast, the 
extension of C2 and C4 is significant when the level of 
RWL is high, but this is because there was continuous 
heavy rainfall from October to early November 2017, when 
the RWL happened to have a high level. Also, the width of 
C4 experienced “multi-step” extensions when the level of 
RWL was high (Figs. 4b and 5b).

Displacement prediction of the Baijiabao 
landslide based on a critical‑level model

A critical‑level model for the prediction of daily 
landslide displacement

The updated daily monitoring data of the Baijiabao landslide 
confirm that the landslide accelerates when the RWL falls 
below the critical level of 153 m above MSL. A critical-level 
model has been proposed to predict displacements at GPS and 
AGPS sites of the Baijiabao landslides (Criss et al. 2020). The 
model assumes a proportional correlation between the daily 
displacement rate (dx/dt) of GPS or AGPS sites and the dif-
ference between the level0 (expressed as l0 in equations) and 
the critical RWL:

Table 1   Candidate attributes 
of daily monitoring data 
concerning surface deformation 
of the Baijiabao landslide

Candidate condition attributes Description

Rainfall0 The cumulative rainfall during the current day
Rainfall1d The cumulative rainfall over the previous day
Rainfall7d The cumulative rainfall over the previous 7 days
Rainfall15d The cumulative rainfall over the previous 15 day2
Rainfall30d The cumulative rainfall over the previous 30 days
Level0 The average reservoir water level during the current day
Level1d The average reservoir water level over the previous day
Level7d The average reservoir water level over the previous 7 days
Level15d The average reservoir water level over the previous 15 days
Level30d The average reservoir water level over the previous 30 days
Level-change1d The change in the reservoir water level over the previous day
Level-change7d The change in the reservoir water level over the previous 7 days
Level-change15d The change in the reservoir water level over the previous 15 days
Level-change30d The change in the reservoir water level over the previous 30 days
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where k is a scaling factor with units of inverse time. Nota-
bly, this model and the following two models can be used 
to predict and obtain corresponding parameters by linear 
fitting using the least square method. Although only lim-
ited data can be used for linear fitting, further insights into 
the movement features, evolution processes, and underlying 
mechanisms may be reached when increasingly monitoring 
data are available.

The model has been proved as an effective tool for depict-
ing the timing and step-like deformation trend; however, the 
variable amplitude of the annual steps was not well predicted 
over the long-term deformation record (Criss et al. 2020). It 
is confirmed that level0 is associated with landslide accelera-
tion (Fig. 6), but level-change1d and rainfall7d have also been 
identified as the most important controlling factors of the 
surface movement at the AGPS sites (Tables 2 and 3). Conse-
quently, two additional models are presented as potential pre-
dictive models for the surface movement at AGPS sites of the 
Baijiabao landslide. The previously proposed critical-level 
model involving level0 is named the “one-factor” critical-
level model. The critical-level model containing factors of 
level0 and level-change1d is named the “two-factor” model, 
and that which contains factors of level0, level-change1d 
(expressed as c1 in equations), and rainfall7d (expressed as r7 
in equations) is named the “three-factor” model. The explicit 
formulas of the two-factor and three-factor models are as 
follows:

where k1 and k2 scaling factors are associated with l0 and c1; 
k3, k4, and k5 scaling factors are associated with l0, c1, and r7; 
all the five coefficients have the unit of day−1. The cumula-
tive displacement can be calculated by adding the predicted 
daily displacement rate.

During the use of the critical-level model in the predic-
tion of displacement at each AGPS site, when all the moni-
toring data are directly used, the coefficients are named as 
fixed k (k in Eq. (1)) in the following parts; when the moni-
toring data of each year are separately used, the coefficients 
are named as varied k (k in Eq. (1)), varied 2 k (k1 and k2 in 
Eq. (2)), and varied 3 k (k3, k4, and k5 in Eq. (3)); when the 
monitoring data of each movement periods are separately 
used, the coefficients are named as varied k’ (k in Eq. (1)), 
varied 2 k’ (k1 and k2 in Eq. (2)), and varied 3 k’ (k3, k4, and 
k5 in Eq. (3)) instead.

(1)dx∕dt =

{

0, for l0 ≥ 153 m

k(153 − l0), for l0 < 153 m

(2)dx∕dt =

{

0, for l0 ≥ 153 m

k1(153 − l0) + k2c1, for l0 < 153 m

(3)dx∕dt =

{

0, for l0 ≥ 153 m

k3(153 − l0) + k4c1 + k5r7, for l0 < 153 m
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Fig. 6   Correlation between 
daily displacement rates at 
AGPS sites and the change in 
the reservoir water level over 
the previous day, the cumula-
tive rainfall over the previous 7 
days, and the average reservoir 
water level during the current 
day. a AG1, b AG2, and c AG3
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Fig. 7   Correlation between 
daily extension rates of the 
monitored cracks and the 
change in the reservoir water 
level over the previous day, the 
cumulative rainfall during the 
current day, and the average 
reservoir water level during the 
current day. a C1, b C2, and 
c C4
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Comparison of critical‑level model predictions 
with short‑term daily monitoring data

The original one-factor critical-level model was first used to 
predict the daily monitoring data at three AGPS sites. When 
the monitoring data within the 2-year period were used, the  
prediction results with a fixed k value for each monitoring  
set were obtained (Fig. 8). The results showed that at the 
end of the monitoring period, the predicted cumulative dis-
placements of AG2 and AG3 were close to the monitoring  
data, while the predicted cumulative displacement of AG1 
was greater than the monitoring value. For the three AGPS 
sites, R2 of 79.52%, 87.50%, and 86.82% can be reached. 
Specifically, the predicted displacements in 2018 were 
significantly less than those observed for the actual sites, 
while the predicted displacements in 2019 are greater than 
observed. Besides, in addition to the rapid movement peri-
ods, periods of slow movement also occurred when RWL 
was below 153 m above MSL (Fig. 8). The displacement 
rates of the three AGPS sites did not show significant accel-
eration but slightly increased or fluctuated during these 
slow movement periods.

The monitoring data in 2018 and 2019 were then sepa-
rately analyzed using the one-factor critical-level model. If 
k values were varied for each year (the monitoring data of 
each year were separately fitted), the predicted curves met 
the monitored ones well (Fig. 8). Notably, there were 279 
sets of monitoring data in 2018 and 362 sets of monitoring 
data in 2019 available for the prediction. As the modified 
critical-level model is an empirical prediction model, all 
the monitoring data were used to identify the coefficients 
and compare the responses of the landslide in different 
years.

The prediction effectiveness, accordingly, was signifi-
cantly improved (R2 ranged from 88.11 to 96.68%) (Table 4). 
The two- and three-factor models were also adopted, whose 
results were close to those of the one-factor model, and the 
prediction effectiveness was slightly improved. However, the 
predicted displacements of AG1 and AG2 were greater than 
observed, while the opposite was found for AG3.

When the monitoring data during each rapid or slow 
movement period were separately analyzed using the 
three models (various k’ values), a better agreement 
between the prediction curves and the monitored ones 
was secured (Fig. 8; Table 4). The prediction effective-
ness was improved with the R2 up to 94.65%, 97.10%, and 
98.36% for AG1, AG2, and AG3, respectively. The surface 
movement during rapid and slow movement periods can 
now be well depicted, as there were different deformation 
responses and characteristics during various movement 
periods.

Discussion

Physical meaning of critical‑level models

The identified crucial controlling factors of the Baijiabao 
landslide include the daily variation of RWL and antecedent 
rainfall over intervals of 1 to 7 days. However, no statisti-
cally significant rule was found between landslide accelera-
tion and rainfall, while the critical RWL of 153 m is a key 
trigger of landslide acceleration. The landslide accelerates 
when RWL is below 153 m above MSL, but RWL was not 
identified as a rate-controlling factor. Besides, the previously 
identified important controlling factors were not included 
in the predictive model as well. The paradox between the 
movement phenomena and model parameters arises from 
two aspects: (1) landslide movement is sensitive to RWL 
only when it is below 153 m above MSL; (2) rainfall can 
generally promote the movement of landslides, but the land-
slide is also influenced by RWL and its variation rate; (3) 
rainfall is an important factor affecting the management of 
RWL and its rate of change. Thus, the correlation between 
surface displacement rate and RWL also comprehensively 
indicates the association between landslide movement and 
hydraulic factors, including rainfall and RWL variation. Evi-
dence of this hypothesis is that the prediction effectiveness 
of one- to three-factor models is very close when the k or k’ 
values are varied.

Although the two- and three-factor models appear to have 
slightly better prediction effectiveness than the one-factor 
model, this is mostly because more fitting coefficients are 
involved. Consequently, the one-factor critical-level model 
is recommended for the prediction and analysis of the sur-
face movement of the Baijiabao landslide on the basis of its 
simplicity and its dependence only on a single, well-defined 
variable, the RWL. A fixed value of k can be used to roughly 
predict the displacement trend in the future, varied k values 
can be used to predict and analyze the yearly movement of 
the landslide, and varied k’ values can be used to analyze 
landslide response in different movement periods.

Landslide responses in different years 
and movement periods

Landslide movements depend on several factors that vary 
spatially and temporally. If a fixed k value is used in the 
simple one-factor model, it fails to accurately predict the 
magnitude of the annual displacements of the Baijiabao 
landslide. The prediction effectiveness of the one-factor 
model is significantly improved when k values are varied, 
indicating that the landslide responses are different each 
year. Specifically, the landslide responded more strongly to 
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Fig. 8   Cumulative displacement 
and prediction results based on 
critical-level models. a AG1, 
b AG2, c AG3. For the fixed 
k case, the k value in the one-
factor model is constant for each 
AGPS site. For the varied k (2 
k, 3 k) cases, the k values in the 
one-factor (two-factor, three-
factor) model vary from each 
year for each AGPS site. For the 
varied k’ (2 k’, 3 k’) cases, the 
k values in the one-factor (two-
factor, three-factor) model vary 
from each movement period 
for each AGPS site. The curves 
of varied k and 2 k in b almost 
overlap, and the curves of 
varied k, 2 k, and 3 k in c almost 
overlap as well. RP, rapid move-
ment period. SP, slow move-
ment period
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RWL in 2018 than in 2019. Among individual sites, AG3 
is the most sensitive site to RWL (Table 5). Also, periods 
of slow movement followed the rapid movement period in 
both 2018 and 2019. When variable k’ values are used in 
each period, better agreement with observation can be real-
ized (Table 4).

The k’ values of AGPS sites in each period reveal that 
AG3 is the most sensitive site to RWL and that AG1 is 
slightly more sensitive to RWL than AG2 (Table 6). The 
landslide is more sensitive to RWL in rapid movement peri-
ods I and IV in 2018 and 2019, respectively. AG3 is also 
very sensitive to RWL in period II, followed by periods III 
and V, while AG1 and AG2 have the sensitivity in the order 
III > II > V. It should be noted that k’ values for AG1 in 
periods III and V are negative; as a result of stress adjust-
ment and strain recovery, the displacement at AG1 fluctuates 
and tends to decrease in the two periods.

The proposed critical-level model has been validated to 
be an easy-to-use, accurate, and effective tool for displace-
ment prediction of similar reservoir landslides. Compared to 
some advanced machine learning models which have satisfy-
ing or even greater prediction performance, quick prediction 
of landslide movement can be made through the proposed 
model using limited data.

Kinematic mechanism of the Baijiabao landslide

The kinematic processes of the Baijiabao landslide affected 
by rainfall and RWL are different. Under intense or con-
tinuous rainfall, the rainwater infiltrates into the landslide 
mass, and a wetting front is formed (Fig. 9). The sliding 
mass above the wetting front has greater unit weight and 
weaker strength (e.g., cohesion and friction angle), and the 
positive pore water pressure increases. The sliding zone near 
the tailing edge has a small depth and is easy to get satu-
rated as well. The downslope seepage pressure and greater 
unit weight of the affected shallow sliding mass and sliding 
zone increase the sliding force of the landslide; the strength 
degradation of the affected sliding zone decreases the resist-
ing force, destabilizes both the shallow sliding mass and 
the who landslide (the sliding mass above the sliding zone), 
thus accelerating the Baijiabao landslide (e.g., rapid sur-
face movement and crack extension). As boundary cracks 
widen, rainwater can pond in them, and the resultant hydro-
static pressure can further accelerate the crack extension. 
Besides, when the wetting front moves down to the ground-
water level, the groundwater level will uplift, and there will 
be an increase in sliding force (i.e., increase in gravity) and 

Table 4   Prediction effectiveness 
of different critical-level models 
using the daily monitoring data 
of AGPS sites

For the fixed k case, the k value in the one-factor model is constant for each AGPS site. For the varied k (2 
k, 3 k) cases, the k values in the one-factor (two-factor, three-factor) model vary from each year for each 
AGPS site. For the varied k’ (2 k’, 3 k’) cases, the k values in the one-factor (two-factor, three-factor) model 
vary from each movement period for each AGPS site. RMSE root mean squared error, R2 coefficient of 
determination

AGPS site Model One-factor model Two-factor model Three-factor model

Variable Fixed k Varied k Varied k’ Varied 2 k Varied 2 k’ Varied 3 k Varied 3 k’

AG1 RMSE (mm) 25.49 14.62 8.48 14.34 7.75 14.66 9.89
R2 (%) 79.52 88.11 94.65 89.01 95.54 89.38 94.82

AG2 RMSE (mm) 26.64 9.65 8.39 9.57 7.85 9.55 7.01
R2 (%) 87.50 94.62 97.10 94.72 97.32 95.01 97.18

AG3 RMSE (mm) 42.49 15.27 17.04 15.43 16.48 15.42 13.76
R2 (%) 86.82 96.68 98.36 96.60 98.44 96.61 98.57

Table 5   Values of fixed k and varied k in the one-factor critical-level 
model using the daily monitoring data of AGPS sites

For the fixed k case, the k value in the one-factor model is constant for 
each AGPS site. For the varied k case, the k value in the one-factor 
model vary from each year for each AGPS site

AGPS site Fixed k Varied k

2018 2019

AG1 0.1349 0.2405 0.0803
AG2 0.1431 0.2399 0.0931
AG3 0.1953 0.3125 0.1348

Table 6   Values of varied k’ in the one-factor critical-level model 
using the daily monitoring data of AGPS sites

For the varied k’ case, the k value in the one-factor model vary from 
each movement period for each AGPS site. I and IV are the rapid 
movement periods in 2018 and 2019, respectively; II and III are the 
slow movement periods in 2018, and V is the slow movement period 
in 2019

AGPS site Varied k’ in 2018 Varied k’ in 2019

I II III IV V

AG1 0.2570 0.0539 -0.0680 0.1414 -0.0154
AG2 0.2502 0.0430 0.0660 0.1410 0.0182
AG3 0.3248 0.2026 0.0769 0.2039 0.0267
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Fig. 9   Effect of rainfall on the 
kinematic process of the Bai-
jiabao landslide. With rainfall 
infiltration, there is acceleration 
in the shallow sliding mass and 
boundary cracks. PWP, positive 
pore water pressure

Fig. 10   Effect of reservoir water fluctuation on the kinematic process 
of the Baijiabao landslide at low level of reservoir water. a Sketch 
illustrating the front part (part 1) influenced by the variations of reser-

voir water level when it is low, b slow drawdown, c rapid drawdown, 
d slow filling, and e rapid filling. The Baijiabao landslide accelerates 
at low level of reservoir water. PWP, positive pore water pressure
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a decrease of resisting force (i.e., increase in the gravity of 
newly affected sliding mass and strength deterioration of 
newly immersed sliding zone, respectively). Then the stabil-
ity of the landslide will be decreased and the movement of 
the landslide will be further accelerated.

When RWL is low (e.g., below 153 m above MSL), the 
sliding mass in the front part of the Baijiabao landslide (part 
1 in Fig. 10) is greatly affected by RWL and its drawdown 
rate, while the affected sliding zone is in the middle part 
of the landslide and has a small range. If RWL drawdown 
is slow, the positive pore water pressure is dissipated syn-
chronously; the unit weight of sliding mass in the hydro-
fluctuation belt gradually decreases to the natural value, 
and the sliding force operating on the Baijiabao landslide 
decrease (Fig. 10a). In contrast, if the drawdown rate is fast, 
there will be a decrease in unit weight inadequate dissipa-
tion of positive pore water pressure in the area of affected 
sliding mass, so the downslope seepage pressure is high. In 
this way, the sliding force of the landslide increases, and the 
landslide tends to accelerate (Fig. 10b). All the AGPS sites 
and monitored boundary cracks showed rapid deformation 
within this scenario. When RWL is rising, there will be an 
increase in positive pore water pressure, unit weight in the 
hydro-fluctuation belt, and the hydrostatic pressure on the 
submerged ground surface. Upslope seepage pressure will 
also be produced when the rising rate is rapid. Consequently, 
the sliding force decreases, and surface deformation may 
cease.

When RWL is high (e.g., higher than 153 m above 
MSL), the greater part of the sliding mass and sliding zone 
is affected by variations of reservoir water. The kinematic 
process of the Baijiabao landslide under reservoir drawdown 
or filling is similar to that when RWL is low, but there will 
be strength recovery or degradation of the sliding zone in 
the meantime, which can greatly affect the stability of the 
landslide (Fig. 11). Under the coupled effect of changes in 
the unit weight and positive pore water pressure, strength 
variation, and seepage pressure, the Baijiabao landslide is 
in a relatively stable state.

Influenced by topography, stratigraphic units, geotechni-
cal properties, hydrology, RWL, and its variation rate, and 
other anthropogenic activities (Zangerl et al. 2010; Pinyol 
et al. 2012; Strauhal et al. 2016; Sun et al. 2016; Wang et al. 
2021a; Tang et al. 2019a, b), reservoir landslides can show 
different responses to variation of RWL. In the TGR area, 
the Muyubao landslide shows rapid movement when RWL 
is high, but the filling-drawdown rate has no direct rela-
tionship with the deformation of the landslide (Huang et al. 
2020). The Shuping landslide accelerates under the critical 
RWL of 163 m above MSL (Wu et al. 2018; Criss et al. 
2020). As for the anaclinal rock slopes in the Wu Gorges, 
the peak movement velocity occurs at the lowest level of 
reservoir water (i.e., 145–150 m above MSL) (Huang and Gu 
2017). The proposed critical-level model has the potential to 
capture the first-order movement characteristics and reach 
a rough prediction of landslide displacement in the future 

Fig. 11   Effect of reservoir water 
variations on the kinematic pro-
cess of the Baijiabao landslide 
at high level of reservoir water. 
a Drawdown and b filling. The 
Baijiabao landslide remains 
stable at high level of reservoir 
water. PWP, positive pore water 
pressure
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time based on limited monitoring time and provide insights 
into the evolution processes and mechanisms of similar res-
ervoir landslides. With sufficient monitoring data available, 
the uniform response coefficient (k in the prediction model) 
of each landslide and reach reliable prediction of landslide 
displacement can also be realized.

Conclusions

The surface movement of the Baijiabao landslide is well 
documented by 13 years of “monthly” GPS data and > 2 
years of daily data. Confirmed by the updated short-term 
daily monitoring data of landslide movement, the Baijiabao 
landslide is in a consistent state of intermittent creep with 
significant temporal and spatial variability. Landslide accel-
eration is triggered when RWL falls below 153 m above 
MSL, and most annual movement occurs before RWL is 
raised back above that critical level.

The daily surface movement of the Baijiabao landslide is 
mostly affected by the daily change of the reservoir water 
level and the cumulative rainfall during antecedent peri-
ods that range from 1 to 7 days. Because both factors enter 
into reservoir management, they can be comprehensively 
reflected by RWL in the one-factor critical-level model. 
Variable k values in the one-factor level model can improve 
fitness, indicating that the Baijiabao landslide shows distinct 
responses to hydraulic factors in different years or movement 
periods.

The kinematic processes affecting the Baijiabao landslide 
are controlled by heavy or continuous rainfall, low level of 
reservoir water, and high reservoir drawdown rate, which 
can destabilize the Baijiabao landslide and accelerate its 
surface movement. Recognizing that the critical reservoir 
water level varies from one reservoir landslide to another, 
the proposed critical-level model can be used to depict the 
characteristic movements and trends.
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