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Abstract

Extreme climate events and reservoir impoundment may cause the reactivation of ancient landslides. Understanding the
evolutionary mechanisms and triggers of these landslides is crucial for evaluating their stability. The spatial and tempo-
ral deformation characteristics and reactivation mechanisms of two ancient landslides in the Dahuagiao Reservoir were
researched in detail using field investigations and in situ monitoring. The Yingpan (YP) and Lagu (LG) landslides are
retrogressive landslides mainly in the creeping stage, characterized by low velocities. Flooding and impoundment are trig-
gers of two accelerated deformations of landslides based on correlation analysis, respectively. Flooding caused a reservoir
water level rapid drawdown, resulting in a loss of buttressing effect and a continual increase in seepage force, which,
combined with sustained scouring, shearing, and erosion, reactivated the two landslides. During the impoundment, increas-
ing buoyancy of the LG landslide mass resulted in decreased normal stress on the sliding surface and diminished resisting
force. The LG landslide entered another accelerated deformation phase. In contrast, the YP landslide, which had been
reinforced with stabilizing piles and slope toe presses, did not experience acceleration during the impoundment. Owing to
the different permeability characteristics of the two landslides, rainfall has a greater impact on the LG landslide than the
YP landslide. The results from this study will be invaluable for reservoir landslide disaster prevention.
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Introduction

Hydroenergy represents an inexhaustible source of renew-
able and clean energy, and numerous hydroelectric power
stations have been built around the world to make the best
use of this energy. However, these engineering works can
significantly change the hydrogeological conditions of bank
slopes; massive reservoir landslides have subsequently
formed or resurrected, resulting in serious fatalities and
significant economic losses. For example, more than 4,000
landslides were discovered after the reservoir water level
(RWL) of the Three Gorges Reservoir Area, one of the larg-
est hydraulic engineering projects in the world, was filled
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(Yin et al. 2010; Tang et al. 2019a), including the Qian-
jiangping landslide in 2003 with direct damages of up to
USD 7 million (Wang et al. 2004). Another tragic event was
the Vajont landslide that occurred in Italy in 1963. Under
the effect of reservoir storage and continuous heavy rain,
2.7x10% m? of slope filled up half of the reservoir within
45 s, creating an instantaneous 250-meter high wave that
inundated the nearby town and village, causing the death of
nearly 2,000 people (Kilburn and Petley 2003). To present,
many engineers and geologists have studied the influence
of hydrological factors on landslide deformation, including
RWL changes and precipitation (Yin et al. 2016; Huang et
al. 2020a; Wu et al. 2022).

For RWL changes, current studies mainly focus on the
initial impoundment and subsequent RWL fluctuations,
the latter including drawdown and filling periods (Tang et
al. 2019b; Yang et al. 2023). Reservoir initial impound-
ment implies extensive submerging of the sliding mass and
sliding zone, causing a decrease in the shear strength of
the landslide involved materials and a significant increase
in buoyancy force, which adversely affects the landslide
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stability (Igbal et al. 2018; Yi et al. 2022). Huang et al.
(2016) investigated the major influencing factors of the Jin-
longshan landslide at the Ertan Reservoir based on monitor-
ing data over 25 years, covering the period before, during,
and after the reservoir impoundment, which exhibited a slow
creep phase before impoundment, a sharp increase in veloc-
ity during impoundment, and another slow creep phase after
impoundment. However, when the permeability coefficient
of the sliding mass is very small, the seepage force point-
ing to the slope increases landslide resistance, which instead
promotes landslide stability in the early stage of impound-
ment (Paronuzzi et al. 2013). During the drawdown, when
the RWL declines faster than the groundwater level, the dis-
sipation of pore water pressure in the slope lags behind the
reduction of external hydrostatic pressure, which generates
a seepage force along the slip direction under the transient
seepage and accelerates the landslide deformation (Yin et
al. 2016). The cumulative displacement curve of this type of
landslide, called seepage-driven landslide, usually shows an
obvious step-like shape (Zhou et al. 2022). Wu et al. (2021,
2022) reported a long-monitored giant landslide located in
the Jinping Reservoir and classified its deformation process
into four phases: slow movement pre-impoundment; reac-
tivated motion in the initial impoundment; significantly
accelerated movement during reservoir drawdown with
a rate above 500-600 mm/year; and deformation speed
decreased under the following RWL fluctuations. Reservoir
filling leads to softening of slope material and an increase in
buoyancy force. Although these impacts are smaller than the
initial impoundment, they can still aggravate deformation
in some landslides (Zhao et al. 2013; Huang et al. 2020b).
These landslides are often referred to as buoyancy-driven
landslides, characterized by high permeability (soil-rock
ratios < 1), a chair-shaped sliding surface, and a linear curve
of cumulative displacement (Zhou et al. 2022). At present,
there are fewer reports on the effect of impoundment on
the deformation characteristics of reservoir landslides rein-
forced with stabilizing piles.

Rainfall was found to be another important causative fac-
tor for reservoir landslides (Huang et al. 2020a; Shi et al.
2021). Continuous or heavy rainfall raises the water table
after infiltrating the landslide (Wang et al. 2022), increasing
the pore water pressure, and reducing the effective stress,
while adding the weight of the sliding mass, weakening the
shear strength of the sliding zone, and causing slope desta-
bilization (Collins and Znidarcic 2004; Rahardjo et al. 2007;
Ran et al. 2018). Normally, the rainy season is followed by
a drop in RWL; hence the accelerated deformation of res-
ervoir landslides is caused by the combined effect of both
(Tang et al. 2019a; Yao et al. 2019). However, long-term
sustained rainfall or heavy rainfall may create flooding.
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There are few studies on landslide reactivation due to ero-
sion, high-speed scouring, and rapid RWL changes caused
by flooding.

The topography of southwest China has allowed for the
construction and planning of a number of hydropower proj-
ects, including the Dahuaqiao hydropower station. In this
study, a comprehensive analysis of deformation character-
istics associated with the Yingpan (YP) landslide and the
Lagu (LG) landslide located in the Dahuaqgiao Reservoir
was conducted based on field monitoring. Notably, the YP
landslide was reinforced with stabilizing piles and slope
toe pressed. To examine the causes of landslide accelerated
deformation, correlation coefficients were utilized to iden-
tify the response of landslide movement to flooding, reser-
voir impoundment, and rainfall. In addition, the reactivation
mechanisms of the two landslides were compared and some
interesting conclusions were drawn. Given that further con-
struction of hydroelectric power worldwide and extreme
climate may lead to more landslides, this study provides
insights into preventing and mitigating similar landslides.

Study area

The Dahuaqiao hydropower station is located in Lanping
County, Yunnan Province (Fig. 1). This is the seventh dam
constructed on the upper reaches of the Lancang River, with
the Huangdeng and Miaowei dams situated upstream and
downstream, respectively. The dam site is approximately
588 km from Kunming City and 77 km from Lanping
County.

The dam is a concrete gravity dam with a crest length of
231.5 m, a dam height of 106 m, a total reservoir capacity
0f 2.93x 10® m?, and an installed capacity of 920 MW. The
normal water level rests at an elevation of 1477 m, while the
dead water level is at an altitude of 1472 m. The drainage
area of the Dahuagiao Reservoir is 9.26 x 10* km?. Several
areas of the front edge of the mountains have been sub-
merged by the reservoir following its impoundment, thereby
contributing to the possibility of landslides.

Geological conditions

The hydropower station is located in the middle section of
the Hengduan Mountains, western Yunnan. The terrain is
generally higher in the north and lower in the south, with
the mountain ranges roughly oriented in a north-northwest
or nearly north-south direction. Most river valleys in the
reservoir area are V-shaped, showing a high and medium
mountain canyon landscape.

The reservoir areca lies on the southeastern edge
of the Tibetan Plateau, in the southeastern arc of the
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Fig. 1 Location of the study area: a location of the Dahuaqiao Reservoir, southwestern China; b location of two landslides and the dam site; ¢ field

overview of the Dahuagiao hydropower station

Tethys-Himalayan tectonic domain, and is the combined
part of the Yunnan-Tibetan Plate and the Yangzi Plate. The
geological structure of the region is complex and has seen
many periods of tectonic movement, with the most signifi-
cant tectonic traces dating back to the Himalayan period.
Due to the strong tectonic action, the rocks are mostly
folded, faulted, and metamorphosed, and therefore easily
alterable and breakable(Sun 2015; Lin et al. 2017).

Hydrological and meteorological conditions

The climate in the area is characterized by high temperatures
and precipitation due to a subtropical monsoon climate.
Statistically, Lanping Meteorological Station (No. 56645)
indicates that the multi-year average temperature is 11.3 °C,
and the average precipitation is 973.5 mm. The distribution
of precipitation throughout the year is uneven: more than
71.6% of the annual precipitation falls from June to Sep-
tember. In contrast, from November to March, precipitation
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Fig. 2 Time-series of a rainfall and b RWL

Fig. 3 Field photos a before and
b after flooding

is relatively low, comprising only 10.8% of the annual total
(Fig. 2a).

The flood season is mainly concentrated between June
and September, and major floods are mainly caused by con-
tinuous or heavy rainfall. It was observed in July 2017 that
the RWL exhibited a rapid rise and fall due to heavy rain-
fall upstream and a restriction on the flood discharge from
the diversion hole of the uncompleted hydropower station.
The water level reached its highest on July 10 (Fig. 2b),
with the peak flow at the dam site reaching 6120 m3/s
at 16:00, close to the 20-year return period standard, a
new local record for nearly 30 years (https://www.sohu.
com/a/158156455 735428), causing road disruptions and
house damage, as well as reactivating some ancient land-
slides (Fig. 3).

In February 2018, Dahuaqiao hydropower station started
impounding, and RWL started rising from 1410.97 m. As
shown in Fig. 2b, the impounding process consists of two
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stages: Firstly, the RWL rose rapidly to 1435 m within 5
days. After waiting 80 days, the RWL gradually increased
from 1435 m to 1476.5 m and then fluctuated between 1472
and 1477 m.

Landslide characteristics

There are several ancient landslides and collapsed deposits
in the middle and lower reaches of the Dahuaqgiao Reser-
voir area. To ensure the safety of the reservoir area after
impoundment, several landslides were monitored before
impoundment. The YP and LG landslides (Fig. 1b), which
have undergone extensive monitoring, demonstrated sig-
nificant responses to flooding and impoundment. Therefore,
these two landslides were selected for more detailed inves-
tigation in this study.
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Yingpan landslide

The YP landslide is located on the left bank of the Lan-
cang River, 24 km from the dam (Fig. 1b), and is divided
into three zones (Fig. 4a). The I# zone is in the shape of
a circular chair with a length of about 900 m and a width
of 1200 m, a gradient of 10~25° and a volume of about
7.0% 10% m?, the mean thickness of the sliding mass is about
42.5 m. The elevation of II# zone is 1590~ 1850 m, with a
volume of about 1.0 107 m>, on which is Yingpan Town.
The III# zone is located at the back edge of Yingpan Town,
with an elevation of 1850~2100 m and a volume of about
9.6x 10° m®.

The composition of the sliding mass is mainly Quater-
nary system (Q,%") gravel clay and silt with a small number
of boulders, fractured slate, and rock debris. The permeabil-
ity coefficient of the sliding mass is estimated at 1.5x 107°
~4.3%1077 m/s based on the permeability tests (Lin et al.
2017). The sliding zone mostly consists of clay, silt clay,
containing gravel, with 10~25% gravel content, charac-
terized by fine particles and poor permeability, and can be
regarded as an aquiclude. According to the borehole data,
the distribution of the sliding zone is discontinuous and has
a thickness of 0.1~1.3 m (Lin et al. 2017). The underlying
bedrock is the purple slate of the Middle Jurassic Huakaizuo
Formation (J,h) and the purple-red slate of the Upper Juras-
sic Bazhulu Formation (J;b), with an average dip direction
of 320° and a dip angle of 75° (Fig. 4b). The upper part of
the bedrock is highly weathered or completely weathered,
which is mostly dumped and broken, and the RQD (Rock
Quality Designation) is very poor. The YP landslide can be
defined as a retrogressive, slow, moist earth slide according
to Cruden and Varnes (1996).

Yingpan Town is in the middle of the landslide, including
the government, schools, hospitals, banks, etc., and a total
of more than 2000 people. After reservoir impoundment, the
RWL will rise about 32 m and the leading edge of the land-
slide will be partially submerged, deteriorating its stability.
Once I# zone is broken, it will cause a large deformation in
the II# zone due to the traction effect. Several treatments
were taken before impoundment to avoid the development
of this situation, such as stabilizing piles and slope toe
pressed (Fig. 5). Stabilizing piles are employed with a circu-
lar cross-section, with a diameter of 2 m, and pile spacing of
4~6 m, totaling 222 piles. The volume of slope toe pressed

is estimated to be approximately 1.38 million m®.

Lagu landslide
The LG landslide is 12.5 km from the dam, and its elevation

ranges from 1430 m to 2000 m (Fig. 6). Within the slope
area, the terrain is higher in the west (rear) and lower in

the east (front), and higher in the south (downstream) and
lower in the north (upstream). The volume of the landslide
deposit is estimated to be approximately 5.8 x 107 m®, mean
thickness is about 40 m. When the RWL reaches normal
water level, the leading edge of the landslide is approxi-
mately 47 m below the water level. The LG landslide can
be divided into three zones: I# zone has large deformation
and long tongue shape, II# zone and I1I# zone are stable at
present.

The sliding mass is a Quaternary soil-rock mixture con-
sisting of crushed stone and clay, including the strongly
weathered broken slate. The soil-rock mixture has a high
content of crushed blocks, which are sub-angular in shape,
and the crushed blocks are generally 2~15 cm in diameter
and 15~30 m thick. The permeability coefficient of the slid-
ing mass is estimated at 6.63 x 107> m/s based on the per-
meability tests of nearby landslides (Jiang et al. 2021). The
sliding zone, which is found in LG-SAA1-1, LG-IN2-2, and
LGIN3-1, is mostly composed of clay, mud and gray-green
gravel with a grain size of 3~8 mm, sub-angular shape and
content of about 30%. The bedrock is characterized by the
weakly weathered purple-red slate of the Bazhulu formation
of the Upper Jurassic system (J;b) with a small amount of
sandstone, with an average dip direction of 345° and a dip
angle of 70°, tilting inward to the slope (Fig. 6b). The LG
landslide can be defined as a retrogressive, very slow, moist
earth slide according to Cruden and Varnes (1996).

Method

In order to understand the deformation characteristics of two
landslides during the flood season and impoundment period,
various monitoring devices were installed on the landslide
(Fig. 7). The long-term monitoring system includes hydro-
logical monitoring and measurements of surface displace-
ment and deep displacement. The hydrological monitoring
measured rainfall and RWL. A total of 21 and 17 automatic
GNSS monitoring stations were used since September 2016
to measure the ground displacement of the YP and LG land-
slide, respectively. In addition, borehole inclinometers and
SAA were used to measure the underground displacement.
There were 12 borehole inclinometers and 3 sets of SAA
for the YP landslide, and 11 borehole inclinometers and 2
sets of SAA for the LG landslide. These manual monitoring
instruments were buried at a depth of 40~93.5 m, which
exceeds the depth of the potential sliding surface. The verti-
cal spacing of each borehole monitoring point was 0.5 m,
and the frequency of data collection was 2~4 times per
month.
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Fig. 5 Landslide control methods: a slope toe pressed, b construction,
and c stabilizing piles

Results
Surface deformation
YP landslide

There were many cracks on the surface of the I-1# zone
found during site investigations (Fig. 8), and the retain-
ing wall of the road leading to Cangjiang Bridge has been
deformed (Fig. 8b). The orientations of cracks L7~L11 are
185~195°, perpendicular to the main slip direction. The
opening of crack L7 at 1612 m a.s.l. varies by 0.5 m, and
the maximum vertical dislocation is approximately 61 m
(Fig. 8d). The maximum width of crack L9 is 1.7 m, and the
length is 85 m (Fig. 8f). According to residents, the defor-
mation of these cracks is mainly concentrated in the flood
season, especially in 2017. Following the geological survey,
no significant large deformations were discovered in the [1#
and I1I# zones, only localized shallow deformation, indicat-
ing that these areas are in a stable state. The movement of
the YP landslide was from front to back.

The surface movement characteristics of the YP landslide
were established based on the data from GNSS (Fig. 9). The
deformation of the YP landslide was in a stage of creep
characterized by retrogressive movement most of the time,
which means displacements of the slope toe are significantly
larger than those of the upper slope (Zhang et al. 2024).
However, the landslide underwent accelerated deformation
in July 2017, corresponding to the flood event.

The cumulative displacements recorded at the GNSS
monitoring points YP-LD1, YP-LD4, and YP-LD2-1
reached 2472.16 mm, 2155.02 mm, and 2563.56 mm,
respectively, during the monitoring period (Fig. 9a; Table 1).
In contrast, the maximum displacement recorded in Zone
I1# was only 195.05 mm, and in Zone I1I#, YP-LD-YD1 and
YP-LD-YD2 recorded maximum values of 11.48 mm and
25.42 mm, respectively. These results indicate that the defor-
mation of the YP landslide was predominantly concentrated
in Zone I#, particularly in the upstream I-1# zone. This is
consistent with the results from field investigations, which
revealed many large cracks perpendicular to the main slide
direction on the downstream side of the I-1# zone (Fig. 4a).

Furthermore, the statistical data in Table 1 highlight that
significant deformation of the YP landslide occurred
mainly in July 2017. During this month, the front monitor-
ing points YP-LD1 and YP-LD4 registered displacements
of 1403.85 mm and 1258.07 mm, respectively, whereas
the middle monitoring points YP-LD2-2 and YP-LD2-3
recorded only 8.23 mm and 3.36 mm, respectively.

Figure 9b illustrates the variation in the GNSS displace-
ment rate and the water level change rate over time. The sur-
face displacement rate of the YP landslide was maintained
between —5~10 mm/d and was in the slow creep stage
most of the time. The RWL kept rising due to the strong
rainfall upstream and restriction of the flood discharge from
the diversion hole of Dahuaqiao hydropower station since
the flood season in 2017. Then, the YP landslide deforma-
tion rate began to increase. The maximum displacement rate
reached 126 mm/d, which was 10 times the slow creep rate,
and the landslide entered the accelerated deformation stage
(bounded by a first red box in Fig. 9b). Subsequently, after
another rapid change of RWL occurred in September 2017,
the landslide displacement rate increased significantly again,
reaching a maximum of 61 mm/d (labeled by the second red
box in Fig. 9b). However, at medium and high altitudes, the
velocity of the monitoring point remained at a low level; for
example, YP-LDS5 was 0.07 ~0.14 mm/d. These results sug-
gest that the YP landslide is a retrogressive landslide and the
rapid change in RWL resulted in accelerated deformation.

Following the reservoir impoundment in February 2018,
a detailed analysis of the landslide behavior showed that
there was no significant acceleration in deformation. How-
ever, a slight acceleration was observed at monitoring points
YP-LD7 and YP-LD3-1, located on the downstream side
(Fig. 9a, labeled by the red box, and 9b, labeled by the third
red box). This behavior can be ascribed to the stabilizing
piles and slope toe pressed used to reinforce the I-1# zone
on the upstream side before impoundment, whereas only
slope toe pressed was applied in the I-2# zone. Despite the
observed response of the downstream side of the landslide
to the water storage process more or less, the maximum
displacement rate was only 0.29 mm/day, which can still
be classified as “very slow” (Hungr et al. 2014). This find-
ing indicates that stabilizing piles are an effective method
for enhancing reservoir landslide stability during impound-
ment, and the YP landslide re-entered in a slow creep phase.

LG landslide

There were different volumes of toe erosion-collapse
appeared in the LG landslide along the river bank, espe-
cially in I# zone and II-1# zone (Fig. 10) based on field
investigation. The opening degree and scope of the original
local cracks in the lower part of the landslide widened with
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Fig. 7 Aerial photo and monitor-
ing sites (the blue zone repre-
sents the submerged part of the
landslide after impoundment): a
YP and b LG landslide

the approaching flood season and the filling of the reservoir.
The orientation of cracks L4~L6 is perpendicular to the
main slip direction. There were no obvious signs of defor-
mation in the center and rear of the landslide.

Unlike the YP landslide, the LG landslide has exhibited
two instances of rapid deformation since 2017 (Fig. 11a).
The displacement is predominantly greater at the lead-
ing edge than at the back edge and more significant on the
upstream side compared to the downstream side. The defor-
mation is primarily concentrated in the I# zone. The cumula-
tive displacements recorded at monitoring points LG-LD1,
LG-LD1-1, LG-LD1-2, LG-LD1-3, LG-LD2-3, and
LG-LD3-3 were 4569.02 mm, 2866.64 mm, 2012.58 mm,
821.32 mm, 70.16 mm, and 52.64 mm, respectively
(Table 1).

The first accelerated deformation occurred during the
flood season in 2017, corresponding to the main flood event.
Figure 11b shows that the closer it is to the leading edge, the
faster the landslide deformation responds to the RWL change
and the greater the maximum horizontal displacement rate.

Taking the monitoring profile of I# zone as an example,
most blue points representing LG-LD1-1 are located above
the green points representing LG-LD1-2, and the vivid
amber points representing LG-LD1-3 are near the zero axis.
In the LG landslide, accelerated deformation began when
the RWL rose and reached its peak when it dropped rap-
idly (labeled by the second red box), as shown by a linear
increase in displacement rate (Fig. 11b). In contrast, the YP
landslide experienced accelerated deformation only at the
rapid fall of the RWL, which was expressed as a sudden
change in displacement rate (Fig. 9b). Another interesting
phenomenon is that the LG landslide reached its maximum
displacement rate and maximum monthly displacement in
September, later than the YP landslide. It is plausible to
hypothesize that the prolonged rainfall from June to Sep-
tember facilitated continued rainwater infiltration into the
slope. Given the higher permeability of the sliding mass in
the LG landslide compared to the YP landslide, the former
was more susceptible to rainfall infiltration, leading to its
sustained deformation. At the end of the flood season, the
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Fig. 8 Deformation of the YP
landslide: a back scarp in I-1#
zone, b road damages, ¢ crack
L5, d crack L7, e crack L8, f
crack L9, g crack L11, and h
crack L10
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Table 1 Monthly displacement of representative GNSS monitoring sites from 2017 to 2018

Month  YP-LD4 YP-YD! YP-LD6 YP-LD2-1 YP-LD2-2 YP-LD2-3 LG-LD! LG-LDI1-1 LG-LD1-2 LG-LDI1-3 LG-LDI1-4
201,701 6.06 / -4.19 8.36 0.00 0.19 49.34 95.03 78.62 33.26 15.89
201,702 13.63 / 5.36 23.89 0.00 8.91 35.54 68.05 55.01 25.25 12.96
201,703 19.00 / 0.00 28.28 14.48 4.12 54.65 99.10 75.64 30.85 13.76
201,704 0.00 / 0.00 16.94 0.14 -4.04 60.27  103.95 71.79 37.04 5.82
201,705 0.00 / 3.39 40.46 0.71 -1.15 49.44 92.47 63.78 30.06 5.92
201,706 47.85 / 0.00 68.59 10.43 7.99 39.60 79.02 48.73 26.95 11.51
201,707 1403.85 / -1.88 1258.07 8.23 3.36 135.87  114.27 78.04 37.78 5.82
201,708 27771 / 227 470.80 9.62 8.18 2135 213.93 132.08 54.86 6.44
201,709 3897 / 4.71 235.37 11.32 8.69 226.69  276.99 170.39 56.88 20.81
201,710 28.62 / 0.16 56.67 9.33 7.42 95.56  190.21 125.87 45.74 12.43
201,711 10.80 3.67 0.26 28.57 3.24 1.02 40.13 95.02 72.47 26.72 4.82
201,712 8.38 0.74 -3.03 18.62 5.75 5.62 23.94 81.15 52.31 21.00 1.28
201,801 -23.77 2.58 0.78 12.32 15.93 11.89 15.50 21.76 31.63 14.90 19.05
201,802 5.81 0.96 2.63 3.43 5.57 3.56 9.89 42.25 17.86 8.33 241
201,803 4.02 -0.27 2.79 7.63 10.04 12.63 10.17 27.05 17.36 8.24 5.31
201,804 0.15 -1.22 1.64 3.40 8.68 3.38 8.18 22.54 14.97 6.21 4.63
201,805 1.57 -0.68 0.06 10.40 5.25 3.63 36.56 26.99 25.12 17.47 -1.95
201,806 7.19 -0.74 2.75 13.13 10.74 5.45 293.18 62.12 45.08 15.94 3.20
201,807 0.88 1.16 -0.23 8.68 7.17 6.29 255.85 119.60 76.98 20.90 9.12
201,808 1.73  -1.91 -1.36 1.27 5.75 6.30 664.86  207.02 137.79 29.30 2.88
201,809 -3.19  0.37 2.28 4.17 6.39 6.45 50598  100.67 87.11 25.08 -2.02
201,810 1.19 145 -1.69 -5.73 -0.06 -0.83 308.05 28.61 19.49 18.53 5.52
201,811 4.07 1.09 -2.17 -1.60 4.26 7.08 463.58 34.16 25.98 24.77 1.11
201,812 3.56 4.28 2.86 3.93 4.98 0.19 715.89 9.78 4.20 25.52 1.43

Fig. 10 Deformation of the LG
landslide: a Collapse in I# zone,
b Collapse in II-1# zone, ¢ crack
L4, d crack L5, and e crack L6

rate of landslide displacement decreased significantly and
re-entered a low-velocity creep phase.

Landslides remained slowly deformed during the first
rapid water storage phase in 2018 (Fig. 11b - third red box).
Entering the second phase, characterized by slow filling,
the displacement rate of each monitoring point began to

increase, and the maximum displacement rate of LG-LD1
reached 39.35 mm/day, which was 40 times the low-speed
creep rates (Fig. 11b - fourth red box). Subsequently, the dis-
placement rate decreased, and the landslide re-entered the
low-velocity creep stage. However, the displacement rate
at monitoring point LG-LD1 continued to switch between
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Fig. 12 Difference in response time after impoundment

high and low velocities, possibly due to the fact that this
monitoring point is located at the foot of the landslide and
in I# where deformation is intense, and the frequent fluctua-
tions in RWL have resulted in a local collapse of the slope
surface (Figs. 8b and 11b - fifth red box).

After the RWL reached 1472 m, the initial response
of the LG landslide had a significant lag compared to the
RWL rise (Fig. 12). The monitoring point data show that
the time interval between the end moment of water storage
and the beginning moment of accelerated deformation at
monitoring points LG-LD1, LG-LD1-1, and LG-LD4-1 are
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14, 19, and 22 days, respectively, while monitoring points
at the back edge of the landslide, such as LG-LD4-2 and
LG-LD4-3, show no turning point. It can be seen that the
duration of response time is related to the location of the
monitoring sites; the closer the points to Lancang River the
shorter the response time, and the reservoir storage has less
influence on the middle and rear part of the landslide. The
LG landslide is, therefore, a typical retrogressive landslide,
with deformation developing from front to back, similar to
most reservoir landslides (Zhang et al. 2024).
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Subsurface deformation
YP landslide

The displacement curves measured by the inclinometers and
SAA of the YP landslide are shown in Fig. 13. The land-
slide displacement decreases with depth, and data from YP-
SAA2-1 and YP-SAA3-1 located in the toe of the landslide
exhibit obvious shear movement at 48 m and 29 m, respec-
tively, which is essentially consistent with the location of

the sliding zone revealed by the borehole. In general, the
subsurface displacement of the landslide is larger the closer
it is to the Lancang River, consistent with the surface dis-
placement. There was no significant sliding surface formed
at YP-IN2-1 in the rear of the landslide. These results sug-
gesting that the landslide moved towards the toe of the slope
(downwards), the movement is progressive from front to
back.

YP-IN1-3 and YP-SAA3-1, located on the leading edge
of the Yingpan landslide, underwent abrupt deformation in
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Fig. 13 Displacements measured by the inclinometers and SAA of YP landslide: a internal displacement; b time-series of RWL, rainfall, and

displacement
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July 2017, corresponding to the rapid fluctuations in RWL
caused by floods. However, this accelerating phenomenon
can only be observed in the shallow displacements (0.5 m)
of the landslides; the deeper displacements of YP-IN1-3,
YP-IN2-1, and YP-SAA2-1 do not show this character. In
addition, the curve of YP-SAA3-1 shows a clear turning
point in February 2018, suggesting that the reservoir stor-
age has an effect on the downstream side of the Yingpan
landslide, where stabilizing piles were not used. The stabi-
lizing pile has a significant impact on the leading edge of the
YP landslide, and the cumulative displacement of YP-IN1-3
for two years before pile implantation is about 450 mm
(Fig. 13b). After the use of the stabilizing pile, the displace-
ment curves in 2018 almost overlap, indicating that the
deformation of the slope at this location is barely affected by
impoundment. YP-IN2-1 lies in the middle of the landslide
and keeps on creeping at a low rate throughout the observa-
tion period, with a maximum accumulated displacement of
68 mm, but displays an abrupt shift in July 2017, Septem-
ber 2017, and August 2018, which corresponds to constant
precipitation.

LG landslide

As shown in Fig. 14a, the LG-IN2-1and LG-SAA1-1 at the
toe of the sliding mass showed significant shear displace-
ment at depths of 57 m and 43.5 m, while no apparent sliding
surface was found at the LG-IN3-3 point on the rear edge,
and the displacement was much less than that of the leading
edge. This phenomenon is consistent with the results of the
aforementioned field investigations and surface displace-
ment monitoring, where LG landslide deformation devel-
oped from front to back. The displacement of a landslide
diminishes with depth, with small deformation concentrated
in a shear zone near bedrock, whereas the destabilized slip
mass above the shear zone is influenced by greater strains
and moves like a rigid body.

Figure 14b demonstrates the relationship between the
deformation and the RWL and precipitation. There were
three accelerated deformations of the LG landslide: the first
was from July to August 2016, with two months of cumula-
tive rainfall up to 268 mm; the second was in July 2017,
corresponding to a continuous increase in rainfall and rapid
fluctuations in RWL; and the third occurred during the slow
reservoir storage phase and continued to accelerate after
the onset of the rainy season. No data was collected for
LG-SAAI-1 from July to October 2017. According to the
available data, its displacement increased from 40.38 mm
to 14.25 mm on 25 June to 183.50 mm and 77.98 mm on 23
November; hence it is presumed that the landslide underwent
rapid deformation in flood season. On this basis, the miss-
ing displacement records are projected and supplemented to
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the full displacement curve using the black solid and dashed
lines (Fig. 14b). A noteworthy point is that the deeper part
of the landslide did not follow the rapid deformation of the
shallow surface for the first two occasions but only followed
the same trend after the water filling. In other words, the
effects of rainfall and flood on the landslide were mainly
concentrated on the slope surface, while impoundment
caused increased deformation in the deeper parts.

Discussion

Triggering factors of the landslide deformation
acceleration

There was accelerated deformation of the two ancient land-
slides due to the effects of flooding, impoundment, and
rainfall; however, it remains uncertain which one is the gov-
erning factor. Consequently, the Pearson Correlation Coef-
ficient was applied to quantitatively identify the triggering
factor (Song et al. 2018). The correlation coefficients » and
significance Sig. of landslide surface displacements with
different hydrological factors are shown in Tables 2 and 3.

Table 2 shows the response of deformation to flooding and
rainfall. The daily displacements and daily rainfall at four
monitoring points at the leading edge of the YP landslide
and the LG landslide from June to July 2017 were selected
for the calculations. The water level changed rapidly before
and after the flood event, so daily water levels were chosen
to represent the contribution of the flood. For monitoring
points YP-LD2-1, YP-LD4, LG-LDI, and LG-LD3-1, the
r values between displacement and flood are negative, and
their absolute values are all greater than 0.68, indicating a
negative correlation between both. Landslide deformation
increases when the reservoir level decreases. Hence, the
water level decreased rapidly after the 2017 flood event,
resulting in the landslide deformation. The absolute values
of the coefficient » between displacement and rainfall are
all less than 0.2, and those of the Sig. are greater than 0.05.
There are no statistical correlations between displacement
and rainfall. Thus, it can be concluded that flooding was the
triggering factor for the first accelerated deformation of the
two landslides.

Table 3 calculates the correlation of deformation to res-
ervoir impoundment and rainfall, and the data used were
monthly displacements at representative monitoring points,
monthly reservoir level elevations, and monthly rainfall
from January to October 2018. For the LG landslide, the
r values between displacement and impoundment are both
greater than 0.691, and the Sig. ones are less than 0.05, sug-
gesting that there is a significant positive correlation between
reservoir impoundment and accelerated deformation of the
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Fig. 14 Displacements measured by the inclinometers and SAA of LG landslide: a internal displacement; b time-series of RWL, rainfall, and

displacement

Table 2 Correlations of displacement vs. flood and rainfall

Table 3 Correlations of displacement vs. impoundment and rainfall

Point number Flood Rainfall Point number Impoundment Rainfall

r Sig. r Sig. r Sig. r Sig.
YP-LD2-1 -0.779" 0.000 -0.200 0.274 YP-LD2-1 0.176 0.650 0.482 0.189
YP-LD4 -0.739" 0.000 -0.205 0.260 YP-LD4 0.424 0.256 0.692" 0.039
LG-LDI -0.684" 0.000 -0.244 0.178 LG-LDI 0.710" 0.021 0.696" 0.026
LG-LD3-1 -0.709" 0.000 -0.251 0.166 LG-LD4-1 0.691" 0.027 0.639" 0.047

Note r is the Pearson correlation coefficient and Sig. is the signifi-
cance; “represents the values of Sig. less than 0.05, which means sig-
nificant correlation

Note r is the Pearson correlation coefficient and Sig. is the signifi-
cance; “represents the values of Sig. less than 0.05, which means sig-
nificant correlation
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landslide. The r values between the displacement and rain-
fall are smaller than those between the former and impound-
ment, but for LG-LD1 and LG-LD4-1 they also reached
0.696 and 0.639, respectively. Therefore, impoundment
and rainfall can be considered as controlling factors for the
second accelerated deformation of the LG landslide, with
the former playing a greater role than the latter. For the YP
landslide, of the four correlation coefficients, only the one
between LD4 and rainfall was greater than 0.6 and passed
the significance test. This means that, statistically, impound-
ment has less of an effect on YP landslide movement.

Reactivation mechanisms
First acceleration deformation

Persistent rainfall or heavy storms are common in south-
western China from June to August, sometimes resulting in
further flooding. Current research on the effects of the rainy
season on landslides has primarily focused on different
types of rainfall. Interestingly, this study found that flood
event directly contributes to the reactivation of landslides.
As shown in Fig. 15, the landslide did not occur at an accel-
erated deformation after the sustained rainfall and RWL
increase in June and July 2017. Instead, the GNSS curve
changed rapidly and abruptly following the transit of the
20-year flood in the afternoon of July 10. The damage pro-
cess of flood on the reservoir bank slope is manifested as the
soil and rock on the surface leaving the embankment under
the action of water flow, which modifies the stress field at
the front of the bank slope. Some scholars have reported the
phenomenon of sliding and collapse of reservoir bank slope
under the action of scouring, shearing, and erosion of flood
(Richards and Reddy 2005; Larsen and Montgomery 2012).

The constant washing of the slope surface by the flood
with its rapid flow, results in the erosion of slope materi-
als and downstream transport of particles. This action

culminates in the thinning of the leading edge of the land-
slide, thereby creating space for its movement (Thorne and
Tovey 1981; Hooke 2008). Concurrently, the high energy
of a large flood can create significant shear forces on the
slopes, causing blocks to break as a result of collisions and
the slopes to collapse (Snyder et al. 2003; Julian and Torres
2006). A portion of the floodwater can penetrate the inte-
rior of the bank slope, potentially prompting the loosening
and dissolution of soil particles and resulting in the loss of
fine particles and seepage deformation, further undermin-
ing the stability of the slope (Dang 2021). The site survey
revealed that prior to flood transit, the leading edge of both
landslides had generally collapsed, there were many visible
cracks, and the slope material was severely broken (Fig. 16a
and d). It is, therefore, very easy for the landslide surface
material to be washed away and cause traction deformation
during flood transit.

Besides, the flood causes a rapid shift in the RWL; in
particular, a rapid drop in the RWL leads to a movement of
the reservoir bank (Abam 1993; Wang et al. 2015). Over
the course of the 2017 flood season, the RWL began to
rise, reaching a cumulative height of 42 m in 30 days by
10 July. Broken ground provides favorable conditions for
infiltration of reservoir water. The infiltration of reservoir
water produced a deterioration effect on the geomaterials
and reduced their shear strength, while the buoyancy force
of the submerged part of the slope increased and the anti-
sliding force decreased, which is not conducive to landslide
stability. Nevertheless, the permeability coefficient of two
landslides mass is between “medium” and “weak”, so the
rate of groundwater level rise lags behind that of the res-
ervoir level. The seepage at the foot of the slope causes a
continuous increase in dynamic water pressure (Tang et al.
2019b). Furthermore, the hydrostatic pressure generated by
the high RWL outside the slope provides a supporting effect
for the lateral deformation of the landslide (Paronuzzi et al.
2013). The combined action of the above two balances the

Fig. 15 Time series of RWL,
daily rainfall, and GNSS data
during the 2017 flood event
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negative effects of landslide deformation (Xia et al. 2013;
Zou et al. 2021). After the flood passed on 10 July, the RWL
dropped rapidly, dropping 35 m in 8 days, with the biggest
daily drop being 8.9 m. The GNSS monitoring curve of the
YP landslide rose steeply, with the highest displacement
reaching about 700 mm within a few days, and the largest
cumulative displacement in July being about 1403 mm. The
LG landslide has also entered the accelerated deformation
stage. This phenomenon can be explained by three possible
reasons (Fig. 16b and e). Firstly, the sudden drop in RWL
resulted in a rapid loss of buttressing effect at the toe of
the slope (Paronuzzi et al. 2013; Wu et al. 2022). Second,
the landslide soil was subjected to alternating wet and dry
conditions, it is difficult to restore shear strength quickly
in a short time. Third, the groundwater drawdown lagged
behind the RWL since the permeability coefficient of the
sliding mass is less than the rate of RWL fall. The rapid fall
of the reservoir water created a higher hydraulic gradient,
which created a greater seepage force, according to Darcy’s
Law, that pulled the landslide toward the valley (Song et al.
2018). The landslide reactivated and entered the first accel-
erated deformation phase. This type of landslide is often
referred to as a seepage-driven landslide (Zhou et al. 2022).
Since the permeability of the LG landslide is better than
that of the YP, the head difference produced by the former
is smaller than that of the latter, which in turn produces a
smaller seepage force. The difference in displacement incre-
ments between the two landslides in July 2017 confirmed
this, with the LG landslide being much smaller than the YP
landslide (Figs. 9a and 11a; Table 1).

Floods often occur in the rainy season. It is worth noting
that precipitation is not the primary driving factor for the
two landslides. As an example, several long-term or heavy
rainfall events occurred in June and early July 2017, but no
large displacements were observed (Fig. 15). A significant
acceleration did not occur until 10 July, when floods moved
in and the RWL began to decline.

In conclusion, the mechanism of the first accelerated
deformation of the two landslides is similar. The direct trig-
gering factors were flood-induced scouring, shearing, ero-
sion, and rapid drawdown in water level.

Second acceleration deformation

The experience gained from the construction of many hydro-
power stations shows that reservoir impoundment leads to
the reactivation of ancient landslides (Chen et al. 2018;
Tang et al. 2019a). As mentioned before, the impound-
ment process of Dahuaqiao Reservoir is divided into two
phases: rapid impoundment in a short time and continuous
impoundment (Fig. 2b). In the first stage, the RWL rose by
25 min 5 days, which was too fast and made it difficult for
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the reservoir water to infiltrate into the slope in time to raise
the groundwater level. By this time, the hydrostatic pressure
provided a dominant supporting effect, and the LG landslide
continued to move slowly (Figs. 11 and 14b). Another pos-
sible reason is that the landslide developed adaptive capacity
after the 2017 RWL change, so when the initial filling height
did not exceed the 2017 peak, the landslide deformation did
not accelerate (He et al. 2020). In the second stage, the res-
ervoir water can continue to supply groundwater when the
reservoir level rises due to the small difference between the
filling rate and the permeability coefficient of LG landslide
sliding mass, resulting in an elevation of the groundwater
level (Tang et al. 2019b; Yi et al. 2022). At this point, more
parts of the slope were submerged. The pore water pressure
of the landslide increased, the effective stress reduced, and
the landslide’s anti-slip force was weakened by the float-
ing weight-reducing effect due to the ongoing increase in
buoyancy (Fig. 16f). Additionally, the invasion of reservoir
water led to the softening, lubrication, and argillation of the
sliding mass and zone, reducing their mechanical strength.
Thus, the dynamic equilibrium between the negative effect
and the supporting effect was broken, which eventually
led to the second rapid deformation of the LG landslide.
These features are usually considered to be characteristic
of buoyancy-driven landslides (Xia et al. 2019; Zhou et al.
2022; Yi et al. 2022). After impoundment was completed,
the RWL fluctuated between 1472 and 1477 m, and the
landslide deformation reentered the creep phase with low
velocity. However, the deformation rate of the monitoring
point LG-LD1 didn’t reduce, and the displacement contin-
ued to grow at a fast rate. Given that the LG-LD1 monitor-
ing station is located on a scarp close to the leading edge of
the landslide (Fig. 5b), the frequent fluctuations of the RWL
may have caused significant denudation on the scarp, result-
ing in persistent deformation.

The YP landslide maintained a uniform deformation at
a low rate during the entire impoundment, which is owing
to the reinforcing methods of stabilizing piles and slope
toe pressed utilized prior to water storage (Fig. 16e). The
former greatly improved landslide stability by transferring
the sliding force of the sliding mass into the stable bedrock,
whereas the latter limited spalling of the slope surface due
to frequent fluctuations in RWL and mitigated the infiltra-
tion of reservoir water; the seepage force pointing into the
slope also helped to restrict landslide deformation (Fig. 16d)
(Li et al. 2009; Tang et al. 2023). The shear strength of the
landslide materials decreased after three months of immer-
sion, and the movement rate increased slightly on the down-
stream side in the I-1# zone during the second stage of water
storage due to the lack of stabilizing piles (Fig. 7a). How-
ever, it should be noted that the acceleration was still quite
tiny with a maximum displacement rate of around 0.29 mm/
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day. However, in the long term, impoundment will reduce
slope stability due to the accumulation of damage within the
material being moved (Luo et al. 2019).

Rainfall is another factor that promotes the deformation
of the reservoir landslides. Rainfall infiltration not only
increases the water content of the sliding mass and sliding
zone and weakens the shear strength but also enhances the
pore water pressure and reduces the effective stress (Wang
and Sassa 2003; Collins and Znidarcic 2004; Wang et al.
2022) (Fig. 16b and e). Rainfall has a greater impact on the
LG landslide than the YP landslide, due to differences in
permeability. In addition, the leading edge of the LG land-
slide has not been treated in any way and the broken surface
is very favorable for rain infiltration (Fig. 16f). Hence, the
movement of the LG landslide accelerated into the rainy
season. The calculated results of the correlations in Sect. 5.1
support this conclusion.

The LG landslide showed a second accelerated deforma-
tion after impoundment, while the YP landslide did not. The
discrepancy in the observed results can be attributed to two
factors. On the one hand, the permeability of the LG land-
slide is better than that of the YP landslide, which is more
favorable to the infiltration of reservoir water and rainfall.
On the other hand, the treatment works changed the evo-
lutionary stage of the YP landslide, and the landslide re-
entered the creep stage (Hu et al. 2019).

Conclusions

In this paper, the deformation features and reactivation
mechanisms of the Yingpan and Lagu landslides subjected
to flood and impoundment of the Dahuaqiao Reservoir are
elucidated through a combined analysis of geological inves-
tigations and in-situ monitoring. The following are the main
conclusions:

(1) The two ancient landslides were in a low-velocity
creep state most of the time and were reactivated as a result
of changes in the hydraulic conditions. In 2017, the 20-year
flood directly led to accelerated deformation of the two
landslides, with the YP landslide showing an abrupt change
in cumulative surface displacement and its speed and the
LG landslide showing a continuous increase in displace-
ment rate until the end of the rainy season. In 2018, the shal-
low and deep displacements of the LG landslide showed an
obvious response to reservoir impoundment, and the lower
the altitude, the faster the response. The YP landslide and
the LG landslide are both retrogressive landslides because
the influence of the flood and impoundment is mainly con-
centrated on the leading edge of the two landslides. The
effects of the flood focused on the shallow surface, while
the impoundment caused overall deformation.

(2) Although the YP and LG landslides are only 12 km
apart and share similar geological conditions, their reaction
to various hydrological factors is distinct because of the
difference in permeability and the presence or absence of
reinforcement. Correlation analyses reveal that the decrease
in water level due to flooding is negatively correlated with
the initial accelerated deformation of both landslides, with
a small impact from rainfall. Reservoir impoundment and
rainfall are strongly positively correlated with the secondary
accelerated deformation of the LG landslide while showing
no statistical correlation with the YP landslide.

(3) In the first acceleration movement, the deformation
mechanisms are similar for both landslides: Floods caused
rapid rise and fall of water level. When the water level rap-
idly draws down, the immediate loss of buttressing effect, the
continuous increase in seepage force, and the deterioration
of the geotechnical material after soaking, coupled with the
action of scouring, shearing, and erosion of flood, together
lead to accelerated deformation of landslides. In the second
acceleration movement, the deformation mechanisms are
different: The LG landslide exhibits a higher coefficient of
permeability compared to the YP landslide. After impound-
ment, the leading edge of the LG landslide was submerged.
The reservoir water gradually increased the buoyancy force
on the landslide mass, leading to a reduction in normal stress
on the sliding surface and a decrease in resisting force. Con-
currently, infiltration of rainwater contributed to a reduction
in effective stress. Collectively, these effects precipitated the
rapid movement of the landslide. The YP landslide was rein-
forced with slope toe pressed and stabilizing piles prior to
impoundment. The former slowed down the infiltration of
the reservoir water and rainfall, while the latter reduced the
landslide sliding force by transferring the landslide thrust to
the stabilized bedrock. Together, they ensure the stability of
the YP landslide during and after the impoundment process.

At present, the deformation rate of the two landslides has
decreased following rapid movement, reverting to a creep
phase characterized by low velocity. However, long-term
RWL fluctuations may cause damage to the forward edge
of the landslides; thus, continued monitoring of both land-
slides is essential to understand their deformation mecha-
nisms further.
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