
Vol.:(0123456789)1 3

Bulletin of Engineering Geology and the Environment (2022) 81: 231 
https://doi.org/10.1007/s10064-022-02732-w

ORIGINAL PAPER

Response of landslide deformation to rainfall based on multi‑index 
monitoring: a case of the Tanjiawan landslide in the Three Gorges 
Reservoir

Li Wang1,2 · Yushan Chen1,2 · Shimei Wang1,2   · Fei Guo1,2

Received: 15 November 2021 / Accepted: 5 May 2022 / Published online: 11 May 2022 
© Springer-Verlag GmbH Germany, part of Springer Nature 2022, corrected publication 2022

Abstract
Landslide deformation in the Three Gorges Reservoir Area (TGRA) is mainly caused by water level fluctuations; however, it 
is also influenced by rainfall. The Tanjiawanlandslide is one of the most notable landslides affected by rainfall in the TGRA. 
This study investigates the landslide’s deformation mechanism by analysing reconnaissance data, which are surface deforma-
tion survey data, and GPS displacement data for the last 16 years along with several types of monitoring data from equipment 
installed in 2020. The landslide has undergone significant deformation since September 2014. Subsequent rainfall events have 
caused severe deformation, and tension cracks have appeared in many parts of the landslide. Owing to the slope structure and  
rainfall events, a deformation feature has developed, in which sliding masses no. 1 and no. 2 are the active and secondary 
deformation zones, respectively. The surface displacement of the landslide is clearly step-like, and its episodic deformation is  
controlled by rainfall. Landslide deformation leads to the development of cracks in the slope, producing dominant seepage 
channels. As rainwater enters belowground along the cracks and with the influence of the bedrock morphology, the groundwater 
level in the middle and rear parts, and hence, the hydrodynamic pressure, increase, thereby activating landslide deformation. 
Both continuous rainfall and heavy rain are responsible for this phenomenon; sliding mass no. 1 shows an overall downward 
motion. Finally, the seismic data recorded by microcore piles and the change rate in soil moisture content after rainfalls can 
currently be used for reliable early warnings of landslide instability. 
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Introduction

Geological hazards in China, especially in the Three Gorges 
Reservoir Area (TGRA), manifest themselves primarily in 
the form of landslides. Since the impoundment of the Three 
Gorges Reservoir (TGR), a 660-km-long reservoir bank has 
been formed (Wang et al. 2014), and more than 5000 land-
slides have been identified (Huang et al. 2020a, b). Owing to 
long-term fluctuations in the reservoir water level, 151 land-
slides have undergone significant deformation; among these, 

14 landslides showing a cumulative deformation exceeding 
1000 mm have caused great concern, for example, the Shuping 
landslide (Wang et al. 2008; Wu et al. 2019) and the Bazimen 
landslide (Du et al. 2013; Zhou et al. 2016). In addition to the 
influence of reservoir water level fluctuation, rainfall is another 
important factor that has induced landslide deformation in 
the TGRA (Tang et al. 2019), as this area experiences heavy 
rainfall. Over time, rainfall has resulted in numerous landslide 
deformations and slides. For example, extremely heavy rain 
in July 1982 triggered the reactivation of the Jipazi landslide 
(volume 15 million m3; Ding et al. 2006). The torrential rain 
on 31 August 2014 caused 1014 landslides in Northeastern 
Chongqing in the TGRA, and in 2017, prolonged autumn rain 
in West China caused hundreds of landslides in the Hubei sec-
tion. Multiple rainfall events in June and July 2020 caused 
some landslides in the TGRA to deform, including the Shaziba 
landslide on Qingjiang River in Enshi, Hubei, with a volume 
of 15 million m3 (Song et al. 2020). These events demonstrate 
that rainfall is a highly potent factor causing landslides in the 
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TGRA, and a response relationship between rainfall and land-
slide deformation is a key issue that needs to be investigated 
for effective landslide prevention and management.

Currently, there are two commonly used methods for 
studying the mechanism of rainfall-induced landslides. 
One is based on the theory of unsaturated seepage and uses 
numerical methods to simulate slope rainfall infiltration, 
which affects stability (Alonso et al. 1995; Damiano 2019). 
However, owing to the complexity of the rock–soil slope 
structure, relevant theories based on numerical simulation 
methods that can reveal the deformation mechanism of 
landslides require further development. The other method is 
physical model testing, which is effective in identifying the 
deformation characteristics and mechanisms of landslides. 
Hojat et al. (2019) performed a rainfall-triggered landslide 
model test and found that critical soil saturation, rainfall 
intensity, and rainfall duration (Lora et al. 2016; Wu et al. 
2020) are the most important factors affecting slope stabil-
ity. A more reliable method is the field model test (Rahardjo 
et al. 2005; Sun et al. 2019; Wang et al. 2021a, b); however, 
this test is typically implemented on very small shallow 
slopes, which is a limitation in determining the deformation 
mechanism of large-scale landslides. Studies on large-scale 
landslides using multiple monitoring methods can effec-
tively compensate for the shortcomings of the field tests. 
Among these methods, the on-site hydrological monitoring 
of landslide soil, such as monitoring volumetric water con-
tent (Baum and Godt 2010; Dikshit and Satyam 2019) and 
real-time saturation monitoring (Mirus et al. 2018), is a very 
effective means for predicting the occurrence of landslides, 
especially for shallow sliding (Godt et al. 2008). However, as 
a hydrological monitoring indicator, soil water content can 
only reflect conditions that can lead to shallow landslide trig-
gering, without accurately predicting the failure mechanism. 
More effective results may be obtained based on water con-
tent monitoring combined with pore water pressure monitor-
ing (Bordoni et al. 2015, 2021). Therefore, the combination 
of hydrological and landslide deformation monitoring is an 
important means to investigate the mechanism of landslide 
occurrence. Many researchers have used monitoring data to 
examine the rainfall response of large-scale landslides in the 
TGRA (Tang et al. 2015; Liu et al. 2018; Huang et al. 2020a, 
b). These studies are of great significance for landslide early 
warnings and understanding the rainfall trigger mechanism 
of landslides. With the continuous development of landslide 
monitoring technology, current landslide deformation and 
hydrological monitoring include high-precision and real-
time monitoring; this will provide important support for the 
prevention and mitigation of landslides.

The Tanjiawan landslide is a typical rainfall-induced land-
slide in the TGRA. It exhibited large deformation responses 
to all three of the recent extreme rainfall events in the TGRA 
mentioned above. Therefore, this study took the Tanjiawan 

landslide as the research object, using surface deformation 
surveys, surface crack data, and GPS displacement data for 
the past 16 years to analyse the characteristics of rainfall-
induced deformations. To further examine the influence 
of different rainfall events on the Tanjiawan landslide, a 
series of new monitoring technologies were applied to the 
Tanjiawan landslide after January 2020, including global 
navigation satellite system (GNSS) surface displacement, 
deep displacement, soil moisture content, and groundwater 
level data. The research results can aid in the prevention of 
landslides triggered by rainfall in the TGRA. By analys-
ing the response relationship between the monitoring data 
and rainfall, an attempt was made to reveal the deformation 
mechanism of the Tanjiawan landslide.

Overview of the Tanjiawan landslide

Morphological characteristics of the landslide

The Tanjiawan landslide is located on the right bank of the 
Zhaxi River, a tributary of the Yangtze River, in the TGRA. 
It is 10.8 km from the river’s entrance into the Yangtze River 
in Shangba Village, Shuitianba Township, Zigui County 
(Fig. 1). The middle of the landslide is concave, the eleva-
tion of the trailing edge of the landslide reaches 370–380 m, 
and there is a bedrock outcropping outside the boundary of 
the trailing edge of the landslide, with a rock occurrence 
of 30° ∠ 12°. The leading edge of the landslide reaches the 
Zhaxi River. The elevation in the middle of the landslide and 
south of the leading edge is 168–170 m, and the elevation in 
the north is 200 m. The right side of the landslide is bounded 
by a gully with a width and depth of 1–5 and 2–4 m, respec-
tively. The left boundary is a small mountain beam (Fig. 2). 
The slope of the landslide is 25°–35°, and the longitudinal 
section of the landslide is in the shape of a broken line. The 
maximum longitudinal length of the sliding mass is 440 m, 
and the transverse width is 210–250 m (Fig. 3). The thick-
ness of the sliding mass is uneven; the thickness at the rear 
of the landslide is approximately 17–34 m, the thickness at 
the front is approximately 6–17 m, and the thickness of the 
middle is decreased owing to the convex influence of the 
bedrock. The total volume is approximately 282.5 × 104 m3. 
Over the years, the main sliding direction has been 68° from 
North. Based on its characteristics, the deformation area of 
the Tanjiawan landslide can be divided into sliding masses 
no. 1 and no. 2 (Fig. 2); the former is the main deformation 
area (Fig. 3).

Landslide geological conditions

Zigui County, where the landslide is located, is in a sub-
tropical continental monsoon climate zone, with a mild 



Bulletin of Engineering Geology and the Environment (2022) 81: 231	

1 3

Page 3 of 19  231

and humid climate, abundant rainfall, and four distinct 
seasons. The average annual temperature in the area is 
17–19 °C, and the average annual rainfall is 1493.2 mm. 
The character of the rainfall is continuous and concen-
trated, with heavy rains during the rainy season and a 
maximum daily rainfall of 358 mm. Generally, the annual 
rainfall is 950–1590 mm and approximately 1000 mm in 
the Yangtze River valley. Rainfall is mainly concentrated 
during April–October, with an average monthly rainfall 
of 150–457.6 mm, and heavy rains with daily rainfalls of 
50–100 mm occur from April to October. According to 
the statistical results of historical rainfall data provided by 
Institute of Heavy Rain, China Meteorological Administra-
tion (Wuhan), heavy rains above 100 mm mainly occur in 
June and July, with an average annual frequency 3–4 times, 
the results of the field investigation showed that this is also 
the main hydrodynamic factor for the strong deformation 
of the Tanjiawan landslide.

The main structural trace in the area is the Zigui syn-
cline, which has an axially S-shaped open symmetry that 
runs nearly north–south, turning to a near east–west direc-
tion on the south side of the Yangtze River. The inclination 
angle of the S(E) wing is more than 30° and that of the 
N(W) wing is 16–30°. The core stratum is the upper Jurassic 
Penglai Formation, with an axial length of 47 km. As shown 
in Fig. 1, the landslide area is located at the core of the Zigui 
syncline, the nearby folds and faults are not developed, and 
the rock formations generally tend to be in the northeast 
area. Affected by the regional structure, the north-northeast 
and near east–west fractures in the quartz sandstone are rela-
tively developed. Furthermore, the landslide bedrock also 
includes weak mudstone, and the interlaced soft and hard 
rock layers are the lithological conditions for the formation 
of the landslide.

Owing to the continuous deformation of the Tanjiawan land-
slide and the risk of instability, the management department 

Fig. 1   Geographic location of the landslide and lithology distribution map of the stratum
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organised and completed a geotechnical engineering investi-
gation of the landslide in 2019, and three main profiles were 
described. Engineering geological profiles 1–1′ and 2–2′ on 
sliding mass no. 1 in the main deformation area were based on 
the results of a geophysical exploration and drilling (Fig. 4). 
As evident from the figure, the two main profiles indicate two 
regions in the longitudinal direction. The upper half of the pro-
file has an overall arc shape, whereas the rupture surface at the 
back edge is steep, and the middle part is convex. The lower 
half is linear in shape with a slightly steeper front; the sliding 
mass at the back of the landslide is thick, whereas the sliding 
mass at the leading edge is thin. The sliding mass in the middle 
is thinner owing to the presence of a convex bedrock portion, 
which also immobilises the upper sliding mass to some extent.

According to the investigation results, the sliding mass 
of the Tanjiawan landslide is mainly composed of gravel 
siltstone, which is yellowish-reddish brown. The thickness 
of the sliding mass is distributed unevenly between the two 
gullies and is affected by the convex bedrock surface in the 
middle of the landslide; thus, it is thick at both ends and thin 
in the middle. The slide surface soil is mainly gravelly silty 
clay (Fig. 4a, b), which is reddish brown or brownish yellow 
in colour. The thickness of the slide belt is approximately 
0.2–0.4 m, and the average thickness is 0.3 m. The slide belt 
is located in the contact position of rock and soil; the lower 
part is interbedded with magenta argillaceous siltstone and 
quartz sandstone and is relatively impervious. The strength 
of the slide surface soil is low, and the slide surface soil has 
not been fully penetrated.

The bedrock is composed of quartz sandstone and 
purplish-red sandstone-mudstone of the upper Jurassic 
Penglai Formation. A drilling core is shown in Fig. 4b. It 
has a soft, sandy structure with thick strata and belongs 
to the engineering geological group of soft and relatively 
hard stratified argillaceous sandstone; its mechanical 
strength is not uniform. According to the exploration 
data, the purplish-red argillaceous siltstone is fragile when 
hammered and cracks easily along the layers. Monoclinic 
structures are present in the area. The bedrock dip angle 
is 12–15°, and thus, a slope is formed. No fracture zone 
was found in the exploration area. The photos of the soil 
samples of the sliding mass soil and the sliding surface 
soil are shown in Fig. 4a, b. The physical and mechani-
cal parameters and permeability of the landslide soil were 
determined by field and laboratory tests; the properties 
of these soil samples are tested in accordance with China 
geotechnical engineering test code (SL237-1999 1999). 
Table 1 shows the physical and mechanical parameters of 
the sliding mass and sliding surface soils.

The permeability of clay is a key parameter affecting 
rainfall infiltration (Fig. 5). Therefore, six pit seepage tests 
were performed in the field, with a test depth of 0.5 m. The 
permeability coefficient of the surface gravel in the sliding 
mass soil was in the range of 1.7 × 10−4–7.7 × 10−3 cm/s, 
and the sliding mass is characterised by high permeability 
in the middle part and low permeability in the rear part of 
the landslide. In addition, saturated permeability tests of 
the borehole sliding mass soil from different depths were 

Fig. 2   Panoramic view of the 
Tanjiawan landslide
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performed in the laboratory; the permeability coefficient of 
the sliding mass soil decreased with increasing depth and 
was distributed between 5 × 10−5 and 0.5 × 10−5 cm/s, which 
indicated weak permeability.

Landslide activity features

Since 2006, monthly surface deformation monitoring of 
the Tanjiawan landslide has been conducted. The results 

Fig. 3   Planar and monitoring setup map of the Tanjiawan landslide
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Fig. 4   Engineering geological profile: a geological cross Sect. 1–1′, b geological cross Sect. 2–2′
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indicate that the macro-deformation of the landslide is 
characterised by stages and is closely related to the annual 
rainfall. The main deformation process is as follows.

Prior to 2014, the surface deformation characteristics of 
the landslide were not obvious, and only the middle part 
of the landslide exhibited slight creep deformation. During 
the rainstorm of 31 August 2014 (mentioned in “Introduc-
tion”), three rainstorms produced a total rainfall of 270 mm 
in 5 days, and the Tanjiawan landslide exhibited obvious 
deformation and collapse. The deformation occurred as 
follows. The trailing edge of the landslide, with a volume 
of approximately 1000 m3, collapsed (Fig. 6a), which dam-
aged the highway (Fig. 6b). The location of the damage is 
shown in Fig. 2. The middle part of the landslide, with a 
height of approximately 30 cm, collapsed (Fig. 6c). Two ten-
sion cracks (Fig. 6d) approximately 30 m and 8 m in length 
are visible at the collapse site; the cracks (LF1, Fig. 2) are 
almost parallel, with a trend of approximately 150°.

In October 2017, owing to the effects of the autumn rain 
in West China, various degrees of deformation occurred 
in the front, middle, and back parts of the Tanjiawan land-
slide. Cracks appeared in the middle and back parts, caus-
ing houses to collapse (Fig. 7a). The cracks (LF2; Fig. 2) 
extended to the left gully; they were approximately 80 m in 

length, 1–10 cm in width, and showed a maximum disloca-
tion of 30 cm (Fig. 7b). Cracks appeared at the bottom of 
the retaining wall along the farm track in the middle of the 
landslide (Fig. 7c, the location is shown in D1 in Fig. 2), and 
cement steps were damaged (Fig. 7d, the location is shown 
in D2 in Fig. 2).

The daily rainfall in the landslide area was 121.6 mm 
on 18 June 2018 and 27.4 mm on 30 June 2018. Owing to 
these two rainfall events, the surface of the middle of the 
landslide exhibited obvious deformation, the main mani-
festations of which were as follows. The lateral crack in 
the highway in the middle and at the back of the landslide 
(Fig. 8a) was approximately 50 m long and 2–15 cm wide 
and was lowered by 5–25 cm (LF3; Fig. 2). The highway 
retaining wall in the middle and front parts of the landslide 
bulged (Fig. 8b) and cracked (LF4; Fig. 2). According to 
the deformation characteristics of the landslide, the main 
deformation area was labelled sliding mass no. 1, and the 
area with relatively weak deformation was labelled sliding 
mass no. 2, as shown in Figs. 2 and 3.

Multiple strong rains occurred in the landslide area from 
23 to 28 June 2020; the cumulative rainfall was 199.8 mm. 
On 2 July 2020, the rainfall amount was 42 mm. These rain-
fall events caused the sliding masses no. 1 and no. 2 to be 

Table 1   Basic physical and mechanical parameters of the Tanjiawan landslide soil

Soil type Specific 
gravity

Density (g/
cm3)

Dry 
density (g/
cm3)

Void ratio Plasticity 
index

Liquidity 
index

Liquid limit 
(%)

Cohesion 
(kPa)

Internal 
friction 
angle 
(°)

Sliding mass 2.73 2.04 1.74 0.57 14.70 0.02 29.38 41.30 18.30
Sliding sur-

face
2.73 2.04 1.72 0.56 13.65 0.02 33.22 48.6 18.6

Fig. 5   Grain size distribution 
curve
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greatly deformed. Specifically, the crack deformation in the 
middle of the landslide intensified, resulting in a small-scale 
failure of the retaining wall (Fig. 9a). This deformation was 
a further extension of the original deformation (Fig. 7c). The 
back of sliding mass no. 1 was deformed, forming a deep 
crack (LF5, Fig. 2) and resulting in collapse (Fig. 9b). A 
crack (LF4; Fig. 2) at the front of sliding mass no. 1 caused 
the sliding mass to slide down and damage the highway 
(Fig. 9c). In addition, a 15-cm-wide tension crack (LF6; 

Fig. 2) developed in the middle part of sliding mass no. 2, 
which also damaged the highway (Fig. 9d, the location is 
shown in D3 in Fig. 2).

Since the deformation of the Tanjiawan landslide began 
in 2014, the landslide has undergone obvious deformation 
during repeated rainfalls, and large-scale cracks (LF1–LF6; 
Fig. 2) have appeared in many places. Bounded by the convex 
of bedrock, the deformation above the boundary was rela-
tively stable, the deformation of sliding mass no. 2, on the 

Fig. 6   Deformation of the 
Tanjiawan landslide after the 
rainfall on 31 August 2014: 
a large-scale collapse at the 
back edge of the landslide, b 
resulting damage to the road 
behind the landslide, c collapse 
in the middle of the landslide, d 
crack LF1 in the middle of the 
landslide

(a) (b)

(c) (d)

Fig. 7   Deformation of the 
middle part of the Tanjiawan 
landslide owing to autumn 
rain in West China in 2017: a 
damage to houses caused by 
the deformation, b crack LF2 
approximately 80 m long, c road 
damage caused by the cracks, 
d damage to the cement board 
due to the deformation of the 
sliding mass

(a) (b)

(c) (d)
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left side of the landslide, is relatively weak, whereas sliding 
mass no. 1, on the right side of the landslide, has undergone 
intense deformation in recent years. The structural character-
istics observed in the survey indicate that sliding mass no. 1 
is likely to be unstable under the effects of rainfall. However, 
there is no clear displacement response of the landslide during 
some rainfall events; therefore, it is necessary to analyse the 
deformation response of the Tanjiawan landslide using rainfall 
data and data from other types of landslide monitoring.

Multi‑index monitoring results of the Tanjiawan landslide

Monitoring arrangement

Professional monitoring of the Tanjiawan landslide began 
in 2006. The initial monitoring setup included five GPS 

surface displacement monitoring points, two GPS datum 
points arranged at the bedrock outside the landslide, an LF1 
crack monitoring point, and a rainfall monitoring point at 
the crack in the middle of the landslide. GPS data are col-
lected manually, and the collection frequency is 1–2 times/
month; therefore, the recorded displacement data are also 
1–2 times/month. Crack and rainfall data are manually 
collected monthly, but daily data are recorded. Owing to 
the increasing deformation of the Tanjiawan landslide, the 
administration added new monitoring equipment in January 
2020. The equipment includes 11 GNSS automatic surface 
displacement monitors, three deep displacement monitors, 
three groundwater level monitoring points, two soil moisture 
content monitors, and eight soil vibration and inclination 
monitors. All monitoring data are collected in real time and 
sent automatically. The layout of monitoring points is shown 
in Fig. 3.

Fig. 8   Landslide deformation 
caused by rainfall in 2018: a 
crack LF3 outside the highway 
in the middle of the landslide, 
b crack LF4 in the highway 
retaining wall at the front of the 
landslide

(a) (b)

Fig. 9   Intensified deformation 
throughout the landslide due to 
multiple rainfall events in June 
and July 2020: a break in the 
middle of the retaining wall due 
to sliding mass No. 1, b crack 
LF5 at the back of sliding mass 
No. 1, c intensified deformation 
of crack LF4, d damage of high-
way due to crack LF6 caused by 
sliding mass No. 1

(a) (b)

(c) (d)
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Response of groundwater level

Three groundwater level monitoring points, CX1, CX2, and 
CX3 from top to bottom, were identified in the borehole on 
the 2–2′ main profile of the Tanjiawan landslide in January 
2020. A grit pipe was arranged at the bottom of the borehole, 
and a water level gauge was placed at a position 1 m from 
the bottom of the borehole. The groundwater level gauge 
is a pressure level gauge, in which the water level depth at 
the position of the measuring sensor is converted through 
the pressure difference; their locations and burial depths are 
shown in Fig. 3. The groundwater level and daily rainfall 
measured at these points were plotted in Fig. 10. Owing 
to the high elevation of the landslide front, the water level 
scheduling of the TGR does not affect the groundwater level 
of the Tanjiawan landslide. CX1 at the back edge of the land-
slide clearly responded to rainfall, and after three consecu-
tive rainfall events, the groundwater level increased consid-
erably and rapidly. There are two main reasons for this. One 
is the water catchment effect of the concave terrain where 
CX1 is located (Fig. 4b). In addition, it was speculated that 
multiple cracks were produced near the CX1 borehole and 
formed the dominant seepage channel. As there was no sig-
nificant tension crack at the position of the CX2 and CX3 
monitoring points and the permeability of the sliding mass 
soil was low, the groundwater levels at CX2 and CX3 did 
not change significantly for several months. However, after 
a large deformation in the middle and lower parts of the 
landslide in June 2020, the CX2 and CX3 monitoring points 
were also affected, and multiple cracks appeared. Subse-
quently, the water level at CX2 fluctuated by several meters 
during the rainfall. It is speculated that cracks near the CX2 
borehole were generated owing to a previous deformation 
and formed the dominant seepage channel. After the severe 

deformation in June, the groundwater level at CX3 increased 
sharply (by 15 m) and then remained essentially unchanged 
at an elevation of 204 m. An inspection of the site revealed 
that the groundwater level was close to the landslide surface, 
and because of severe deformation, the borehole at CX3 col-
lapsed, resulting in instrument damage.

The changes in the groundwater level monitoring points 
were not uniform, and the analysis is related to the bedrock 
bulge and cracks in the landslide mass. To further determine 
the impact of rainfall on the groundwater level of the land-
slide, the finite element method software SEEP/W was used to 
simulate the changes in the groundwater level of the Tanjiawan 
landslide under rainfall conditions. The rainfall condition used 
was the actual rainfall from January to October 2020, and the 
calculation profile used geological profiles 2–2′. The calculated 
initial water level conditions used the results of the survey, as 
shown in Fig. 4b, and the unsaturated permeability function 
used the predicted value from the Fredlund-Xing equation 
based on the saturated permeability coefficient. The results 
of the groundwater level calculations are shown in Fig. 11. 
Multiple local saturation zones were formed by the rainfall in 
the landslide mass. Compared with the initial water level, the 
water level at the rear of the landslide changed significantly. 
In the numerical model, the same monitoring points as those 
for the actual groundwater levels were selected: CX1′, CX2′, 
and CX3′, as shown in Fig. 11a. The groundwater level results 
of the three numerical monitoring points CX1'–CX3' in the 
calculation period are plotted in Fig. 10. Compared with the 
actual groundwater level, the groundwater level changed at the 
CX1′ monitoring point which also changed, and the variation 
range reached 15 m; however, it was still significantly lower 
than the actual monitoring water level which changed by 30 m. 
However, owing to the special terrain of the CX2′ monitoring 
point, the simulation results were similar to the monitoring 

Fig. 10   Relationship between 
groundwater level and rainfall in 
the Tanjiawan landslide
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results, and there was no significant difference. There was a 
large gap between the simulation results of CX3′ and the actual 
situation. Compared with the long-term unchanged monitor-
ing results of the actual water level, the numerical simulation 
results showed significant fluctuations with the rainfall cycle. 
Obviously, the actual groundwater level monitoring at CX3 
has technical problems. In general, the influence of bedrock 
shape on the change in the groundwater level of the Tanjiawan 

landslide is relatively large, especially for the CX1′ monitor-
ing point. SEEP/W has difficulty in simulating the effect of 
cracks, but the effect can be seen by comparing the simulation 
results with the actual results. The developed cracks were also 
the dominant seepage channel for surface water, causing rapid 
changes in the groundwater level. In short, the fluctuation in 
the groundwater level of the Tanjiawan landslide was the main 
hydrodynamic result caused by the recent large deformation.
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Surface deformation in response to rainfall

GPS monitoring displacement

Since 2014, the Tanjiawan landslide has undergone obvi-
ous deformation during repeated rainfall events. To analyse 
the effects of rainfall on the deformation, GPS displace-
ment data, monthly rainfall data, and reservoir water level 
data were plotted in Fig. 12. All GPS displacement data 
are resultant displacements in the horizontal and vertical 
directions. Owing to the limited wading range at the front of 
the landslide, fluctuations in the reservoir water level in the 
TGR do not affect the Tanjiawan landslide. Prior to 2014, the 
surface deformation of the landslide was dominated by slow 
creep deformation, and the largest cumulative displacement 
was at the ZG331 monitoring point in the middle of the land-
slide, which showed a displacement of only 88 mm. After 
2014, multiple monitoring points showed step-like displace-
ment curves. Specifically, in response to the rainfall of 31 
August 2014, the displacement of ZG331 increased sharply 
to 153 mm; the surface deformation is shown in Fig. 7d. 
Other monitoring points still showed slow creep deforma-
tion. During the 2017 autumn rain in West China, the rainfall 
reached 286.8 mm in July and 409 mm in September and 
October. The five GPS monitoring points on the landslide 
all indicated severe deformation; that of ZG331 in the mid-
dle of the landslide was the most significant, with a sudden 

displacement increase of 265 mm. This rainfall event was 
also the first time that the entire landslide region underwent 
deformation. In response to the two heavy rainfall events in 
June 2018, strong deformation occurred at all the monitor-
ing points on the landslide except at ZG332; again, the most 
obvious deformation occurred at ZG331 in the middle of the 
landslide. The cumulative displacement increased sharply, 
from 560 to 1388 mm, and the surface deformation was 
obvious (Fig. 8). Subsequently, the landslide can be divided 
into two deformation zones, the main deformation zone is 
the no. 1 sliding mass, and the secondary deformation zone 
is the no. 2 sliding mass. The rear part of the landslide is 
relatively stable. From 8 to 23 June 2020, several heavy 
rainfall events occurred in the landslide area, and 42 mm of 
rain fell on July 2. As a result, sliding mass no. 1 (except for 
the ZG332 monitoring point) exhibited the largest deforma-
tion to date and is still undergoing deformation. From May 
to October 2020, the displacements of ZG396 and ZG397 
increased by nearly 1000 mm, that of ZG333 increased by 
approximately 2400 mm, and that of the central monitoring 
point ZG331 increased by approximately 2700 mm. Sliding 
mass no. 1 showed an overall sliding trend.

Automatic crack meter monitoring displacement

The GPS displacement data reported above are usually 
obtained once or twice a month, and the analysis of the 
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relationship between monthly rainfall and GPS displace-
ment cannot accurately indicate the real deformation pro-
cess of the landslide. Therefore, in June 2016, an SRL-16 
surface crack metre manufactured by Japan’s Fantian Motor 
was used to monitor surface cracks (details of the instru-
ment in Wang et al. 2021a, b). The monitor was installed 
at the crack near the GPS monitoring point ZG331, which 
has shown the largest deformation, for the automatic daily 
recording of the crack displacement data. Rainfall has been 
monitored in the landslide area since April 2017. The plot of 
the relationship between the measured dynamic crack defor-
mation and daily rainfall (Fig. 13) shows that ACM1 is under 
continuous tension. Figure 13 shows that the 2017 autumn 
rain in West China strongly affected the displacement of 
ACM1, and the cumulative displacement reached 76 mm. 
The resulting deformation occurred during the continuous 
rainfall event, under the heavy rainfall of 65 mm on 2 Octo-
ber, and then the deformation continued to increase. The 
figure shows a steep increase in the displacement of ACM1 
induced by heavy rainfall on 5 July 2018. Before the land-
slide deformation occurred, the daily rainfall in the landslide 
area was 121.6 mm on June 18 and 27.4 mm on June 30; 
these rainfall events were the main causes of the deforma-
tion. In June 2020, from Fig. 13, we can see a steep increase 
in the displacement of ACM1 caused by continuous rainfall 
for several days. Rainfall occurred on 12 of 25 days before 
the deformation occurred, and the average daily rainfall was 
21.2 mm; the rain dramatically increased the displacement 
by as much as 720 mm. Then, the instrument was damaged 
and lost its monitoring function.

GNSS monitoring displacement and soil moisture 
content

The GNSS displacement monitoring instruments that were 
installed in January 2020 have the advantage of transmitting 
the information on landslide deformation in real time. Four 
points with obvious deformation (G3, G7, G8, and G9) were 
selected to plot the relationship between displacement and 
daily rainfall (Fig. 14). The displacements at the other moni-
toring points were the same as those at G5 and did not show 
obvious deformation. Sliding mass no. 1 clearly showed the 
most extensive deformation, and all of the monitoring points 
exhibited a large displacement. The deformation of the back 
part in no. 2 sliding mass was more obvious. The deforma-
tion of the Tanjiawan landslide in 2020 could be divided into 
three stages: first stage — continuous deformation in late June 
2020, second stage — accelerated deformation in late July 
2020, and third stage — strong deformation on 3 October 
2020. A comparison of the deformation data showed that the 
deformation in the first two stages had a relatively clear lag 
with respect to rainfall. The third stage was dominated by the 
deformation of sliding mass no. 1 that was caused by heavy 
rainfall (65 mm) on the day before the deformation.

To further compare the effects of rainfall on the three 
deformation processes of the landslide, the displacement of 
G8 (which showed clear deformation) and the soil mois-
ture content at T2, near G8, with rainfall data were plotted 
as shown in Fig. 15. The soil moisture content sensor was 
located at a depth of 0.5 m. Prior to April 2020, the rainfall 
was generally scant, and the soil moisture content was below 

Fig. 13   Automatic crack 
displacement metre data from 
ACM1 for recent unusual rain-
fall events
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10% for an extended period. Several rainfall events in April 
increased the soil moisture content, and the displacement 
of G8 also began to increase slowly. During the continuous 
rainfall in June, the soil moisture content increased rapidly, 
with a corresponding increase in displacement. In response 
to the rainfall on 2 October (65 mm), the moisture content 
increased sharply, nearly saturating the soil, and a significant 
response in displacement was also observed. Continuous and 
heavy rainfalls will clearly increase the moisture content of 
landslide soil; in particular, heavy rainfall may cause the 

surface soil to enter the transient saturation zone, eventually 
resulting in severe deformation of the surface.

Deep displacement and dip angle variation

Three deep displacement monitoring holes were established 
on the 2–2′ main profile of the Tanjiawan landslide in January 
2020 (Fig. 3). The monitoring equipment included an incli-
nometer with one side embedded in the bedrock at least 1–2 m. 

Fig. 14   Response of GNSS 
monitoring displacement instru-
ments to the rainfall in 2020
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Among the monitoring points, CX2 and CX3 showed obvious 
deformation (Fig. 16), the sliding surface depths of CX2 and 
CX3 monitoring points are 29.5 m and 18.1 m, respectively. 
The deep deformation observed at CX2 appeared mainly at 
4–7 m, and the overall deformation appeared at a depth of 
15–27 m in June. CX3 showed deformation at a shallow level 
of 1–4 m. Overall, the 2–2′ main profile showed no deep slid-
ing, and no significant deformation of the contact between 
the sliding surface and bedrock was observed in the survey. 
However, sliding at the shallow depths was more prominent.

Microcore pile is a new type of geological hazard moni-
toring and warning system that can monitor the vibration 
acceleration, inclination, and vibration curve, perform sud-
den displacement calculation, measure other indicators, and 
conduct real-time warning and data transmission. In par-
ticular, it can record the slight vibration that occurs before 
landslide sliding, which provides a good early warning. 
Eight microcore piles were placed at the locations shown 
in Fig. 3 in 2020. The monitoring data of WX3 and WX4 
on the main profile 2–2′ and the adjacent GNSS monitoring 
points G7 and G8 were plotted as shown in Fig. 17. The 
microcore pile vibrated before many strong deformation 
events, and the change in soil inclination recorded by the 
pile was consistent with the deformation response of the 
landslide surface. In particular, the inclination recorded by 
the WX4 monitoring point increased by approximately 90°, 

and it was found that this outburst was severely deformed 
during surface surveys.

Discussion

The Tanjiawan landslide began to show significant deformation 
in 2014. Currently, the back of the landslide is relatively stable, 
and intense deformation is occurring in the middle and at the 
front of the landslide. According to the deformation character-
istics, the landslide can be divided into sliding masses no. 1 and 
no. 2, where no. 1 is the active deformation area. The investiga-
tion results revealed that the bedrock in the middle of the land-
slide protrudes outward, and this natural feature has prevented 
sliding, and is also the dividing line of the landslide deformation 
area. The deformation above the boundary was relatively stable, 
the deformation below the boundary was relatively severe.

An analysis of the monitoring results in “Multi-index 
monitoring results of the Tanjiawan landslide” revealed that 
rainfall was the most important factor in landslide deforma-
tion. Prior to 2014, neither long rainfall events nor short 
rainstorms triggered obvious deformations of the Tanjiawan 
landslide, the main reason being the weak permeability of the 
sliding body, which made it extremely difficult for rainfall to 
deeply penetrate the sliding mass. Several cracks appeared 
in the landslide body after 2014; in particular, fractures that 

Fig. 16   Deep displacement 
curve (January to October 2020) 
at a CX2 and b CX3
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developed in 2017 resulted in the formation of dominant 
channels for rainfall infiltration. The heavy rainfall of June 
2018 caused further deformation. GPS displacement moni-
toring data showed that the deformation of the Tanjiawan 
landslide with time showed a typical step shape. The defor-
mation intensified even more in 2020, and the number of 
cracks and dominant seepage channels for rainfall infiltra-
tion in the sliding mass increased, further facilitating rainfall 
infiltration into the landslide. Specifically, the groundwater 
level at CX2 and CX3 began to exhibit a significant response 
to rainfall (Fig. 9). The effect of the groundwater level fluc-
tuation on the landslide deformation was also explored. The 
groundwater level data for the 2–2′ profile at CX2 and CX3 

and the data from the adjacent displacement monitoring point 
G8 from 10 June to 7 July 2020 are shown in Fig. 18. The 
landslide deformation at CX2, in the middle of the land-
slide, clearly responded to the change in water level, and 
the landslide began to deform after the underground water 
level increased. The groundwater level at CX3 (located at 
the front of the landslide) increased steeply after the severe 
deformation of the landslide and was found to be only 4 m 
below the surface after the event. The groundwater level at 
CX3 remained stable. The increase in cracks in the landslide 
allowed rainwater infiltration, and the subsequent increase 
in the groundwater level produced hydrodynamic pres-
sure that caused the landslide to deform dramatically. The 

Fig. 17   Microcore pile monitor-
ing data from WX3 and WX4 
on the main profile 2–2′ and 
adjacent GNSS monitoring 
points G7 and G8
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Fig. 18   Relationship between 
groundwater level fluctuation 
and landslide deformation
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hydrodynamic pressure itself was the result of both continu-
ous light rain and short-term rainstorms, and thus both types 
of rainfall events affected the landslide.

Monitoring is one of the important components of land-
slide early warning systems (LEWS), and the effective use 
of monitoring results was the main research purpose of 
this study. Note that the abrupt increase in soil moisture 
content occurred before the strong deformation of the 
landslide; hence, this phenomenon can be used as an early 
warning of landslide instability. However, in general, it 
is difficult to accurately determine the necessary warn-
ing time by directly observing the change in soil moisture 
content. As shown in Fig. 15, we can find that the rate 
of change in moisture content has a direct impact on the 
magnitude of the displacement. The relationship between 
the displacement change rate and soil moisture change 
rate is shown in Fig. 19. When the landslide undergoes 
a large deformation, the change rate in the soil moisture 
content increases significantly. For example, the dis-
placement change rate on September 1 reached 127 mm/
day, which corresponded to the moisture content change 
rate on August 25 at 1.18%/day. The largest deformation 
occurred on October 2, 2020, and the moisture content 
change rate 2 days earlier reached 8.96%/day. When the 
rate of change in water content was lower than 1%/day, 
generally no major deformation occurred. Obviously, the 
change rate in soil moisture content can be used as an 
important early warning criterion for landslide deforma-
tion. Therefore, for LEWSs, we can calculate the change in 

soil moisture content every day compared to the previous 
day, and through long-term monitoring, obtain a threshold 
moisture content change rate, such as 1%, as the landslide 
deformation warning value.

As an important part of an LEWS, multi-index monitor-
ing methods, such as surface deformation, deep displace-
ment, groundwater, and soil moisture content monitoring, 
have been conducted on the Tanjiawan landslide. In the 
monitoring of surface deformation, three methods includ-
ing GPS, surface cracks, and GNSS were used. Among 
these methods, GNSS monitoring technology was applied 
for the first time to a landslide in the TGRA. This technol-
ogy can automatically send displacement data in real time, 
overcoming the past inconvenience of manual collection 
and insufficient data timeliness. Similarly, soil moisture 
content as a monitoring parameter was also applied for 
the first time to landslides in the TGRA. The response 
relationship with GNSS shows that the change rate in soil 
moisture content can be used as an early warning indica-
tor of landslide deformation. However, the monitoring of 
pore water pressure and matric suction is not included in 
the monitoring of hydrological indicators of landslides. 
Therefore, it is difficult to obtain suitable early warning 
indicators for the deformation and failure of landslides 
under unsaturated conditions. Thus, establishing the 
response relationship with displacement based on a vari-
ety of hydrological monitoring methods will be an effec-
tive method for early warning of rainfall-type landslides 
in the future.

Fig. 19   Relationship between 
the displacement change rate 
and soil moisture change rate
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Conclusion

First, the deformation of the Tanjiawan landslide is a func-
tion of various geological conditions, including stratigraphic 
lithology and slope structure. In addition, rainfall is another 
important factor affecting deformation. Based on the surface 
deformation characteristics, surface displacement monitoring 
data, and slope structure revealed by the survey, the Tanjiawan 
landslide can be divided into two deformation zones, no. 1 
and no. 2, the former being more active. At present, the deep 
displacement behaviour reveals that the Tanjiawan landslide 
is dominated by surface deformation, and the overall sliding 
process of the landslide is discontinuous. However, further 
development of the cracks may cause sliding mass no. 1 to slip.

The displacement and deformation curves of the Tanjiawan 
landslide show step-like features. Prior to 2014, the deforma-
tion was mainly peristaltic owing to the weak permeability of 
the sliding mass soil. Subsequently, cracks developed gradu-
ally in the Tanjiawan landslide. Since August 2014, owing 
to continuous rainfall or short-term rainstorms, the surface 
water has formed dominant seepage along the cracks, and the 
groundwater level in the middle and rear parts of the landslide 
has risen significantly owing to the influence of the bedrock 
morphology. The resulting dynamic water pressure has caused 
the displacement to increase sharply, which is the main reason 
for the steps in the displacement curve.

In conclusion, the deformation rate and frequency of 
the Tanjiawan landslide are increasing with time, and the 
landslide cracks are widely distributed, especially those in 
sliding mass no. 1. If the sliding surfaces connect, sliding 
mass no. 1 is likely to be unstable overall. Therefore, further 
studies on a landslide warning system based on various mon-
itoring methods are imperative. The seismic data recorded 
by microcore piles and change rate in soil moisture content 
after rainfalls can currently be used for early warnings of 
landslide instability.
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