| Recent Landslides

Landslides (2023) 20:1679-1689

DOI 10.1007/510346-023-02093-9
Received: 30 December 2022

Accepted: 19 May 2023

Published online: 5 June 2023

© Springer-Verlag GmbH Germany,
part of Springer Nature 2023

Abstract The reservoir impoundment can lead to accelerated defor-
mation or reactivation of landslides, posing great threats to human
lives and dam stability. The primary objective of this paper is to
report the movement process of the Tuandigou (TDG) ancient land-
slide in the Baihetan dam area during reservoir impounding. Field
investigation, borehole work, and site monitoring data are used to
analyze the deformation behavior and triggering mechanism of the
TDG landslide. It is found that the landslide deformation is closely
related to the reservoir water level. After the reservoir water level
reached the elevation of 810 m on October 12, 2022, the ground
cracks continued to expand and gradually linked up, resulting in
an accelerated deformation of the TDG landslide. Furthermore, the
lithology in the study area also positively contributes to the slide
movement. Based on these results, it is anticipated that the present
research will provide guidelines for the early warning and control
of the TDG landslide during and after the reservoir impounding.

Keywords Landslide - Reservoir impounding - Deformation
behavior - Triggering mechanism - Baihetan hydropower station

Introduction
The construction and impoundment of many large reservoirs in
high and narrow valley areas can significantly change the hydroge-
ological condition of reservoir slopes and increase the frequency of
geological hazards, particularly in the form of landslides (Paronuzzi
et al. 2013; Tang et al. 2019; Wu et al. 2022; Yan et al. 2019; Zhou et al.
2022). These landslides induced by reservoir filling threaten human
lives and dam stability (Huang et al. 2016; Wu et al. 2023; Yin et al.
2016). The best well-known example is the 1963 Vajont landslide in
Italy, which led to about 270 million m? of sliding mass collapsing
into the reservoir and generated an impulse wave 250 m above the
original water level (Barla and Paronuzzi 2013; Crosta et al. 2015;
Kilburn and Petley 2003; Wolter et al. 2015). Furthermore, villages
nearby were destroyed, and more than 2000 people were killed
(Ibafiez and Hatzor 2018). A similar reservoir-induced geohazard
is the Qianjiangping landslide, which occurred suddenly during the
first impoundment of Three Gorges Reservoir in July 2003. It caused
24 deaths, the sinking of 22 fishing boats, and the direct economic
loss of about 7 million US dollars (Tang et al. 2016; Wang et al. 2004,
2008; Yin et al. 2015). However, the prevention and early warning
of landslides during and after reservoir filling are still challeng-
ing because of the complexity and randomness of trigger factors,
such as topography, lithology, reservoir water level, rainfall, and
earthquakes.

The Baihetan hydropower station on the lower reaches of the
Jinsha River is the second largest hydropower station in China after
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the Three Gorges hydropower station. The first impoundment of
the Baihetan reservoir began from a reservoir level of 657.55 m on
April 6, 2021, and reached its normal water level of 825 m on Octo-
ber 25,2022. Dun et al. (2021) used time-series InSAR technology
to identify 21 active landslides between Hulukou and Xiangbiling
within the Baihetan reservoir area before impoundment. They pre-
dicted that these potential landslides may slide after the reservoir
filling. Indeed, the Wangjiashan ancient landslide underwent accel-
erated deformation during the first impoundment period, develop-
ing into overall sliding on 7 July 2021 (Liu et al. 2023; Yi et al. 2022).
Landslides induced by reservoir impoundment have gradually
become a contentious issue in the Baihetan reservoir.

Tuandigou (TDG) landslide is located on the left bank of the
Jinsha River, which is approximately 22.5 km upstream from the
Baihetan dam site. Further, the No. K8 + 465-K8 + 594 m section of the
Dawanzi (DWZ) tunnel passes through the interior of the landslide.
Since September 11, 2022, the reservoir water has increased rapidly,
reaching its normal water level of 825 m on October 24, which is
ultimately maintained at approximately 824 m. During the rapid rise
of the reservoir water level, the deformation of the TDG landslide
has accelerated since October 12, 2022. The stability of the landslide
and its effect on the DWZ tunnel has raised huge concern among
the authorities regarding the Baihetan reservoir region. Therefore,
field investigation, borehole work, and displacement monitoring have
been used to monitor the evolution process of the TDG landslide. The
deformation characteristics and triggering mechanism have been
analyzed and discussed based on the above multi-source data. The
research presented in this paper can provide relevant guidance for
the early warning and control of the TDG landslide during and after
the filling period of the Baihetan reservoir.

Geological background of the Tuandigou landslide

Geological setting

TDG landslide is located on the left bank of the Jinsha River, which
is approximately 22.5 km upstream from the Baihetan dam site.
Both sides of the landslide are marked by 8* and 9* gully. Besides,
the No. K8 + 465-K8 + 594 m section of DWZ tunnel passes through
the interior of the landslide, as shown in Fig. 1. The TDG landslide
has a chair-shaped morphology, with a gentle landform followed
by a steep landform. The rear edge of the landslide at the elevation
between 850 and 1300 m is slightly steep with slopes of 30-35°. The
middle part of the landslide at 730-850 m elevation is steeper, with
slope angles ranging from 40° to 45°. However, the slope angle is less
than 15° at the front edge of the landslide below the 730 m elevation
(Fig. 1a). The entire area of the TDG landslide is about 2.86,000 m*
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Fig. 1 Overview of Tuandigou landslide: a before the reservoir impounding, b after the reservoir impounding, ¢ recent appearance of the

TDG landslide, and d new collapse failure

with a longitudinal length of 800 m and a width of 358 m. The esti-
mated volume of the landslide mass is approximately 19.82 million
m?, with an average thickness of 69.3 m.

From the geological point of view, the rock mass of TDG land-
slide is soft-weak at the elevation of 700-1300 m, and the bank
slope is dip slop. Under the effect of gravity, the front edge of
the rock mass gradually bends, resulting in tensile cracks in the
bending zone. Moreover, due to weathering and unloading, the
strength of the rock decreased, and the structural planes gradu-
ally extended and connected. During the cutting down of Jinsha
River, the foot of the slope was located on the free face, ultimately
leading to the collapse of the front edge and the shear failure
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of the rear edge along the bottom sliding surface, forming the
relatively stable ancient TDG landslide. After the impoundment
of the Baihetan reservoir, the reservoir water level rises rapidly,
and the bank slope composed of collapsing rock mass is scoured
by the reservoir water again. The rock mass at the front edge col-
lapses, aggravating the deformation of the TDG landslide.

The study area belongs to the subtropical monsoon, with an
annual average temperature ranging from 15 °C to 21 °C. The annual
precipitation is about 600-1600 mm, and nearly 80% of the rainfall
occurs in the rainy season between May and October each year.
As shown in Fig. 2, the major faults crossing the study area are
Daliangshan fault (F6), Zemuhe fault (F3), and Xiaojiang fault (F4).



The minimum distance from the TDG landslide to Fé6, F3, and F4
is approximately 1 km, 7 km, and 10 km, respectively. Based on the
previous study of Liu et al. (2023), the F4 is the most active fault in
the Baihetan reservoir area.

Material compositions and structure characteristics

The lithology and structural characteristics of the landslide are
investigated by drilling and field surveys. A typical geological sec-
tion of the TDG landslide is shown in Fig. 3. The uppermost cov-
ering layer is the Quaternary loose accumulation layer (Q). The
bedrock outcropping in the study area is comprised of medium-
thick dolomite from the Lower Cambrian layer (€1), thin sandstone
from the Middle Cambrian Xiwangmiao Formation layer (€2x),
and thin-medium dolomite from the Upper Cambrian Erdaoshui
Formation layer (€3e). The €2x can be categorized into 4 layers
(€2 Xx1-62 % 4) with a thickness of 25-30 m, 35-40 m, 8-10 m,
and 170-190 m, respectively. The overall production of bedrock is
NS/ £E45-55°. The drilling cores of ZK10, ZK11, and ZK12 reveal that
the bottom sliding surface is composed of silty clay with gravel. The
upper landslide mass mainly contains block stone and is partially
mixed with fine-grained soil breccia.

Deformation characteristics of the landslide
In situ monitoring system

To better understand the deformation characteristics of the TDG
landslide during the reservoir filling, field investigation, borehole
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Fig.2 Fault map of the area of TDG landslide

work, and displacement monitoring are adopted by the hydropower
plant authorities (Yi et al. 2022; Zhang et al. 2021). As shown in
Figs. 4,11 global navigation satellite system (GNSS) antennas and 4
borehole inclinometers are installed in the landslide area to meas-
ure the surface displacements and deep displacements, respectively.
Most GNSS antennas are located in the range of landslide mass
except for GNSS1 and GNSS11. The GNSS monitoring sites began
on November 22,2021, while the monitoring sites of borehole incli-
nometers started on September 14, 2022. Besides, the precipitation
data of the TDG landslide and reservoir water level are also moni-
tored, which will be used latter in our research.

Field investigation

Field investigations are carried out to identify the macroscopic
deformation characteristics of the TDG landslide (Zhang et al.
2021). The main representation forms of deformation include the
ground cracks and the damage to the DWZ tunnel.

As shown in Fig. 4, six typical tension cracks are formed and
developed along the surface of the landslide. The deformation char-
acteristics of ground cracks are illustrated in Fig. 5 and Table 1. It
should be noted that cracks C1, Cs,and C6 were discovered during
the field investigation in October 2021, while cracks C2,C3,and C4
were found in April 2022 after comprehensive geological mapping
of the landslide mass by excavating surveying and mapping side-
walks. The rear edge of the landslide is bounded by long and con-
tinuous developmental cracks C1 and C2, with a width of 20-40 cm,
a dislocation of 40-50 cm, and a visible depth of more than 5 m.
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Fig.3 Schematic geological cross-section map of TDG landslide

There are no rock fragments filling, weeds, and brush growing in
all ground cracks. Therefore, the tension cracks observed on the
landslide are generated after the reservoir’s first impounding. After
comparing with several field investigation, the width and disloca-
tion of the tension cracks has been found to rapidly increase from

April 2022 to October 2022. In addition, crack C4 is intermittently
connected with crack C6, as shown in Fig. 6.

In addition, the DWZ tunnel in the section of K8 + 486-K8+548 m
showed obvious rupturing and deformation. As shown in Fig. 7, the
deformations which includes concrete cracking and local blocking

legend
Landslide boundary Ground crack (8

E Water level at 825 m GNSS antennas
Dawanzi tunnel E Inclinometer

—®  Jinsha River

Fig.4 Layout of the TDG landslide monitoring system
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Fig.5 Photos of typical cracks on the surface of the TDG landslide

Table 1 Summary of deformation characteristics of the main cracks

Crack name Discovery time Distributed Description
elevation

(m)

C1 Oct. 2021 1170-1210 It is a tension crack at the rear edge of the landslide. As a whole, the crack extended in
the direction of N23°E, with a length of 108 m, a width of 20-40 cm, a dislocation of
40-50 cm, and a depth of more than 5 m

2 Apr. 2022 1195-1270 It is a tension crack at the rear edge of the landslide. The crack generally extended in
the N23°E direction, with a length of 135 m, a width of 20-40 cm, a dislocation of
40-50 cm, and a depth of more than 5 m

c3 Apr. 2022 1070-1078 It is a tension crack in the middle of the landslide. In generally, the crack extended in the
direction of N10°E. It is 45 m long, 20-30 cm wide, and 1-2 m deep

Cc4 Apr. 2022 958-975 It is a tension crack in the middle of the landslide. The crack extended in the direction of
N62°E, with a length of 138 m, a width of 30-40 cm, and a depth of more than 3 m

c5 Oct. 2021 882-908 It is a tension crack in the front of the landslide, closed to the 8* gully. The crack
extended in the direction of N15°W-N15°E, with a length of 29 m, a width of 10 cm,
and a depth of more than 3 m

(@) Oct. 2021 905-930 Itis a tension crack in the front of the landslide. It extended in the direction of N8O°E. The
crack is 28 m long, 20-30 cm wide, and more than 3 m deep
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Fig.6 Aggravated deformation characteristics of the cracks during the impounding

have been significantly aggravated since October 17, 2022. In the
meantime, the water level of Baihetan reservoir fluctuated from 810
to 825 m. Currently, the water level is near the normal water level of
825 m, and the rate of fracture deformation is relatively large, showing
no signs of slowing down.

Monitoring results

From November 2021 to September 2022, the reservoir water level
fluctuated from 775.21 m to 800.21 m. Since September 11, 2022,
the reservoir water has increased rapidly, reaching its normal
water level of 825 m on October 24, and is ultimately maintained
at approximately 824 m. The planar displacement data of 8 repre-
sentative GNSS sites between November 2021 and November 2022
are illustrated in Fig. 8.

As shown in Fig. 8, the accumulative horizontal displacements
of GNSS sites were about 48.7-107.2 mm before October 12, 2022,
and the average displacement velocity is 84.6 mm/year. Based on
the landslide velocity classification proposed by Cruden (1996), the
TDG landslide is considered to be at the stage of slow deformation.
However, the landslide displacement is extremely enlarged since the
reservoir level has been impounded to 810 m. This indicates that
the reservoir filling has reactivated the TDG landslide. The GNSS3
had the largest cumulative horizontal displacement of 758.65 mm
by November 30, 2022, and its average displacement rate reached
13.29 mm/day in the last 49 days.

A borehole inclinometer is the most direct way to understand
the landslide deformation near slide surface and identify the slip
zone (Song et al. 2018). Figure 9 shows the deep displacement data
measured by four inclinometers installed in the boreholes. As
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shown in Fig. b, the cumulative displacement value of IN-2 was
mainly negative. Through a complete understanding of the site
situation and analyzing the cause of the instrument failure, it was
found that the instrument probe had been damaged. It can be seen
that the cumulative displacements of inclinometers IN-1,IN-3,and
IN-4 have been increasing during the monitoring period, indicat-
ing that the landslide deformation is still ongoing. In addition,
all inclinometers showed obvious shear displacement at different
depths, as shown in Fig. 9. The depth of the slip zone is 30.5 m in
borehole IN-1, 88.5 m in borehole IN-3, and 69.5 m in borehole
IN-4. From October 10, 2022, to October 26, 2022, the slip surface
at 30.5 m of IN-1 moved at a rate of 0.14 mm/d to 2.96 mm/d, indi-
cating that the deformation was accelerated by reservoir filling.

The failure mechanism of Tuandigou landslide and discussion

Understanding the deformation mechanism of TDG landslide is
an important premise for evaluating its stability and providing an
early warning of the landslide. The displacement monitoring data
in Fig. 8 suggest that rainfall is rare during reservoir impounding
and thus may not induce fast deformation of the TDG landslide.
Therefore, of reservoir water level and lithology factors are selected
for comprehensive analysis.

Correlation of landslide deformation with reservoirimpounding

The Pearson cross-correlation coefficient (PCC) is adopted in this
study to quantify the correlation between the horizontal displace-
ment measured by GNSS stations and reservoir water level. The
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Fig. 7 Photos of concrete cracking in the K8 +486-K8 + 548 m section of the DWZ tunnel
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formula of PCC is expressed as (Huang et al. 2020; Xu and Niu 2018;
Zhang et al. 2023):

M:

(xi - E)()’i -

i=1

(5 =%y Z 0:=5)

R =

i

where R, is the correlation coefficient. x; and y; represent the value
of reservoir water level and horizontal displacement of the TDG
landslide at the i location, respectively. “x is the mean value of
reservoir water level, and ~y expresses the mean value of the hori-
zontal displacement.

The value of |R, | ranges from o to 1,and the greater the value of
|R,,|, the stronger the correlation between the reservoir water level
and landslide deformation. Besides, the index of significance level
Sig is also calculated to identify the statistical correlation between
two random variables X and Y. If Sig is less than o0.05, there is a
significant statistical correlation between the two variables.

Table 2 shows the results of the PCC analysis between horizontal
displacement and reservoir water level. As illustrated in Table 2, the
values of correlation coefficient R, for all the selected GNSS stations
are between 0.5 and 0.8. Based on the study of Xu et al. (2021), the
degree of correlation between landslide deformation and reservoir
water level is moderate. Furthermore, the Sig for all GNSS stations
is equal to zero, indicating that a significant statistical correlation
between the reservoir water level and landslide deformation.

Figure 10 illustrates the horizontal displacement rate of GNSS2
and GNSS3 and its relationship with reservoir water level and
rainfall. It can be found that the displacement rate accelerates
during the period of reservoir filling from 810 to 825 m. The
peak displacement rate of GNSS2 and GNSS3 is 15.3 mm/day and
18.7 mm/day, respectively. The results indicate that deformation
velocity is closely related to the reservoir impounding, but no
to rainfall. In other words, the reactivation of TDG landslide is
mainly controlled by the filling of the reservoir.

(1)

M=

1
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Correlation of landslide deformation with lithologic factors

As mentioned in Section “Material compositions and structure
characteristics”, there are three main strata from the old to the new
in the TDG landslide. Among them, the Xiwangmiao Formation
(€2x) distributes on steep slopes with elevation ranging from 700
to 1300 m. Moreover, the upper layer of €2x is soft-hard integrated,
consisting of purplish red, gray-green extra-thin sandstone, and
silty mudstone, locally interbedded with gypsum. Under the effect
of river erosion and bank slope unloading, the medium-thick dolo-
mite in the front edge of the landslide becomes thinner. It gradually
loses its supporting role, making the rock mass at the front edge of
the landslide collapse and the trailing edge slip.

As shown in Fig. 11, the slip deformation of the gypsum inter-
layer along the top of €,x, occurs at the upstream side boundary of
the TDG landslide with an elevation of 1030 m. After the reservoir
impounding, the water level rises rapidly, aggravating the erosive
effects of the buckling bank slope. Therefore, the rock mass at the

Table 2 Correlation between horizontal displacement and reservoir
water level

GNSS station Person cross-correlation  Significance
coefficient
IGNSS2 0.676 0.000
GNSS3 0.710 0.000
IGNSS4 0.625 0.000
GNSS5 0.640 0.000
GNSS6 0.641 0.000
GNSS8 0.583 0.000
GNSS9 0.695 0.000
GNSS10 0.670 0.000




Displacement rate (mm/day)

(@)

=
[y
S

[
%
=}

[}
—_
(=}

o
(=3
=}

790

() [9AQ] IoJeM ITOAIISOY

2
23
i=}

0 1
21/11/22 21/12/27 22/

24

20

Displacement rate (mm/day)

(b)

770
01731 22/03/07 22/04/11 22/05/16 22/06/20 22/07/25 22/08/29 22/10/03 22/11/07 22/12/12
Data (YY/MM/DD)

1 830

=]
%]
=]

]
(=]

0
(=3
(=]

790

() [OAQ] JojeM JIOAIOSY

]
3
(=]

1 1

0 M
21/11/22 21/12/27 22/01/31 22/03/07 22/04/11 22/05/16 22/06/20 22/07/25 22/08/29 22/10/03 22/1
Data (YY/MM/DD)

770
1/07 22/12/12

Fig. 10 Variations of horizontal displacement rate due to reservoir water level fluctuation and rainfall. a Displacement rate of GNSS2 and b

displacement rate of GNSS3

front edge of the landslide is left unsupported and the deformation
process of the slope occurs. The rock mass within the landslide
is transformed from dry/unsaturated to saturated, decreasing the

Elevation (m)

rock strength due to water-induced weakening and breaking the
limit equilibrium state of the bank slope. In other words, reservoir
impounding has reactivated the ancient TDG landslide.
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Fig. 11 Twisted shear micro-geomorphology of upper steep rock stratum in 8% gully
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Conclusions

This paper reports detailed deformation characteristics of the TDG
landslide in the Baihetan reservoir area based on field investigation
and in-situ monitoring. Subsequently, the triggering mechanism of
the TDG landslide is analyzed and discussed. It is found that the
landslide deformation is closely related to the reservoir water level.
The TDG landslide was in a slow deformation stage before the res-
ervoir filling. After the reservoir water level reached the elevation
of 810 m, the ground cracks continued to expand and gradually
linked up, resulting in an accelerated deformation of the TDG land-
slide. At this stage, the deformation DWZ tunnel in the section of
K8+ 486-K8 + 548 m was also intensified, including concrete crack-
ing and local blocking. Furthermore, the lithology in the study area
also has a positive contribution to the slide movement.

Based on the water level operation plans of Baihetan reservoir,
the water level will gradually drop to 765 m. During the drawdown
period, the influence of rock mass permeability coefficient usually
makes the change rate of groundwater within the landslide and
reservoir water level different. Consequently, the hydrodynamic
pressure in the landslide gradually generates and may induce the
overall sliding of the TDG landslide. Therefore, early warning and
control of the TDG landslide should be strengthened during the
drawdown period of the Baihetan reservoir.
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