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The reactivationmechanism of old landslides has been extensively studied from

building load, erosion of the slope toe, heavy rainfall, and slope cutting for

existing research. However, previous research on the reactivation of old

landslides pays little attention to the combined action of engineering

disturbance and heavy rainfall is rarely studied. This paper describes an old

landslide in Wushan County, Chongqing, China, that was reactivated in August

2019 due to engineering disturbance and heavy rainfall. The deformation of the

old landslidewas first observed in 2007 and 2008, resulting fromexcavation and

rainfall, respectively, and remained stable for about 11 years after treatment. In

August 2019, the landslide was reactivated by slope cutting and damaged anti-

sliding piles at the toe, and entered a state of imminent sliding due to the

concentrated heavy rainfall events that occurred fromOctober 4 to 22, 2019. In

order to reveal the deformation features and reactivation mechanism of the

landslide, field investigations, drilling activities and monitoring were performed.

The results showed that tectonic effects and the stratigraphic lithology were the

main reasons for the formation of the old Dashuitian landslide. The cut slope

and damaged anti-sliding piles at the toe of the landslide provided the sliding

space and reduced the anti-sliding force, and therefore resulted in the

reactivation of the landslide. Continuous intense rainfall increased the

weight of the landslide, decreased the mechanical properties and increased

the pore water pressure of the weak interlayer, which accelerated the

deformation rate. Therefore, 1.5 million m3 of rock and soil masses slid

along the weak interlayer under the action of gravity, threatening the safety

of Wuliu Road, Ring Road, National Road G42 and the Wu-Da Expressway. Our

research provides a theoretical basis for reducing the hazard of similar

engineering projects involving slopes.
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1 Introduction

In recent years, hundreds of old landslides in China have

been reactivated under a combination of internal and external

geological dynamics and have resulted in major property damage

and severe casualties (Yin et al., 2010; Guo et al., 2019). Examples

include the Huangtupo landslide in Badong Town (Fourniadis

et al., 2007), the Sanmendong landslide in Zigui County (Sun

et al., 2016; Huo et al., 2019), the Liangshuijing landslide in

Yunyang County (Xiao et al., 2013; Yin et al., 2016; Li et al., 2020)

and the Baiyangwan landslide in Wushan Town (Zhang et al.,

2020).

The reactivation of an old landslide is usually the result of

multiple factors, among which heavy rainfall and disturbance

from engineering projects are considered to be the most

important (Cruden and Varnes 1996; Chen et al., 2014).

Many old landslides have reactivated under the combined

action of human engineering activities and concentrated

rainfall. Zhang et al. (2020) reported that the old Baiyangwan

landslide showed long-term creep due to the combined effects of

building load, open excavation and heavy rainfall. By analyzing

the deformation features of the old Outang landslide, Dai et al.

(2016) reported that erosion of the slope toe by the Yangtze River,

concentrated rainfall and reservoir impoundment were the main

inducing factors leading to the reactivation of the landslide.

Huang et al. (2020) investigated the reactivation mechanism

of the old Dalixi landslide and found that excavation and rainfall

together promoted the continuous deformation of the landslide.

Due to seasonal heavy rainfall, overloading and slope cutting, the

old Jiaju landslide in Danba county was reactivated and has

undergone progressive retrograde failure since July 1992 (Li et al.,

2008; Yin et al., 2010). With respect to old landslides, due to the

existence of the old sliding zone and old cracks, the disturbance

caused by excavation and heavy rainfall is more obvious and

more likely to lead to landslide instability (Zhang et al., 2020). But

how the combined action of the two factors affects the stability of

an old landslide is little known.

The Dashuitian landslide, occurred in Wushan County,

Chongqing, China, provided an opportunity to study

reactivation mechanism of an old landslide induced by

excavation and rainfall. Due to excavation that occurred in

August 2019, the landslide reactivated and began to slowly

slide, and professional monitoring was initiated on 30 August

2019. In October 2019, continuous and concentrated rainfall

events promoted the deformation rate, and the landslide entered

a state of imminent sliding. The total volume of the activated

zone was about 150 m3 × 104 m3, the average thickness was about

25 m, and the main sliding direction was about 7°. From August

to December 2019, the total accumulated displacement of the

Dashuitian landslide was about 150 mm. The landslide directly

threatened the safety of Wuliu Road, Ring Road, G42 and the

Wu-Da Expressway. The potential economic losses exceed

100 million CNY.

Based on detailed field investigations, drilling activities and

field monitoring data, this study presents the particular

characteristics of the Dashuitian landslide and its deformation

features. The triggering factors were explored, and the

reactivation mechanism was preliminarily analyzed. The

effects of slope cutting and continuous intense rainfall on the

reactivation of the old landslide were also examined. Considering

that a large number of old landslides in China have been triggered

by engineering disturbances and concentrated rainfall, we believe

this study will provide useful guidelines and suggestions for the

prevention and control of similar landslide events.

2 The Dashuitian landslide

2.1 General description

The Dashuitian landslide is located in Wushan County,

Chongqing, China, which has undergone rapid development.

The severe deformation of the landslide occurred in August

2019 (Figures 1A–C ). The topography of the landslide area is

high in the south and low in the north. The rear part of the

Dashuitian landslide has an elevation of 540 m compared to

460 m at the leading edge, which is a height difference of 80 m.

The angle of the slope is approximately 20°–25°. The

G42 Expressway is located at approximately 80 m outside

the northern boundary of the landslide. The leading edge

of the landslide is a multistage stepped slope with an average

angle of about 35°, which was excavated during the Wu-Da

Expressway Interchange construction (Figure 1C). Ring Road

is located at the middle-rear part of the landslide (Figure 1B).

The rear edge of the landslide is bounded by Wuliu Road

(Figure 1A). In addition, a gully has developed along the

western edge of the landslide (Figures 1A, 2).

The landslide area is located at the south east wing of the

Baishuihe syncline, which is the secondary fold of the Wushan

syncline. The strata in the study area are monoclinal in structure

with a northward dip, and the geological units, from top to

bottom, include Quaternary landslide deposits (Q4
del), and

argillaceous limestone and mudstone of the Middle Triassic

Badong Formation (T2b
2) (Figure 3). The study area has a

monsoon-influenced warm and humid subtropical climate

with an average annual precipitation of 1049.5 mm. The rainy

season mainly occurs from May to September, while the dry

season occurs from December to February.

Frontiers in Earth Science frontiersin.org02

Dai et al. 10.3389/feart.2022.1009855

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1009855


2.2 Hydrogeological conditions

The study area is a sloping terrain with good drainage

conditions, and there is no surface water in the area. Based on

the occurrence and migration conditions, the groundwater can

be divided into pore water of loose rock and fissure water of

bedrock, and mainly flows from the southeast to the northwest.

According to the investigation and drilling data, groundwater in

the flat areas of the south and north boundaries of the Dashuitian

landslide is abundant, while in the landslide area the

groundwater is deep with no evident springs (Figures 2, 3).

The pumping test results of the Zk6 and Zk10 boreholes

showed that the permeability coefficients of the rock and soil

masses range between 0.145 and 0.167 m/d, corresponding to a

medium permeability layer.

3 Material composition

3.1 Sliding mass

The sliding mass consists of Quaternary landslide deposits

(Q4
del) and argillaceous limestone of the Middle Triassic Badong

Formation (T2b
2). The composition of the sliding mass varies

greatly in the vertical direction. The upper part is a thin layer of

gravel soil, and the lower part is a thick layer of broken limestone

(Figure 3). Based on remote sensing images (Figure 1), the

horizontal length of failed material is about 250 m, the

maximum width is about 240 m, and the plane distribution

area is about 6 × 104 m2. In addition, the field investigation

and drilling data revealed that the sliding direction of the

landslide is 7°, the average thickness of the sliding body is

about 25 m, and the unstable volume is about 150 m3 × 104 m3.

3.2 Sliding zone

The sliding zone occurs at depths of 7.5 (Zk6) to 32.9 m (Zk1)

and is the contact zone between the argillaceous limestone and

mudstone of the Middle Triassic Badong Formation (T2b
2) with a

thickness of about 0.8–1.3 m (Figures 4A–C). The dip angle of the

sliding surface is about 17–25° and exhibits characteristics of deep

burial depth in the southwest and shallow burial depth in the

northeast. There is a weak interlayer in the sliding zone, which is

composed of broken argillaceous limestone and mudstone clasts

(Figures 3, 4B,C). Many polished surfaces, scratch, and

slickensides were observed in the sliding zone (Figures 4D–G).

Based on the results of direct shear tests, the mechanical

properties of the sliding zone materials are poor, especially in the

saturated state (Table 1).

FIGURE 1
Photos of (A)—location and overview of the Dashuitian landslide, (B)—sliding body at the middle-rear part of the landslide, and (C)—excavation
zone and broken anti-sliding piles at the toe of the landslide damaged during excavation.
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3.3 Sliding bed

The sliding bed is composed of the mudstone, and the

attitude of the strata is 330° with a dip of 25°. The mudstone

is purple, features a medium-thick layered structure and appears

relatively intact compared with the overlying argillaceous

limestone. However, the mudstone near the sliding zone is

highly weathered due to softening by groundwater (Figure 5).

4 Human engineering activities

In the past 20 years, with rapid economic development, many

human engineering disturbances have taken place in the

landslide area, including along Wuliu Road at the rear part of

the landslide, Ring Road at the middle–rear part, the Wu-Da

Expressway at the toe and the G42 Expressway at the leading

edge. Both Wuliu Road and Ring Road cross the sliding body,

forming subgrade slopes with lengths of 450 and 480 m, and

heights of 1–12 and 15–30 m, respectively (Figure 1). The

G42 Expressway is located at approximately 80 m outside the

northern boundary of the landslide and forms a subgrade slope

with a length of 450 m, a height between 25 and 35 m and an

average slope angle of 50°. 18 anti-sliding piles, with a length of

28–30 m, a cross section of 2 m×3 m and a buried depth of

15–25 m, were established at the landslide toe to prevent its

deformation caused by heavy rainfall in August 2008. In August

2019, 30 m3 × 104 m3 of rock and soil masses was excavated, and

13 anti-sliding piles were destroyed at the toe of the landslide

during the construction of the Wu-Da Expressway. As a result of

the excavations, three high-steep slopes were formed at the toe

with heights between 25 and 35 m and a slope angle of 35°

(Figure 1C).

5 Landslide deformation
characteristics

5.1 Field investigation

Five typical old cracks (C13, C14, C18, C19, C20) were

developed prior to this event and were revealed during a detailed

field investigation (Figures 2, 6). C13 is a tension crack of about

30 m in length, 5–20 cm in width and 50 cm in depth, and is located

FIGURE 2
Layout map of the landslide area, showing the stratigraphic boundaries, landslide boundary and the location of boreholes, monitoring points,
inclinometers, exploratory trenches and cracks. C13, C14, C18, C19, and C20 are old cracks induced by previous failure events, and the others are
new cracks caused by this failure event.
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at the rear part of the Dashuitian landslide (Figure 6). C14 is also a

tension crack that developed at the middle-rear part of the landslide

with a length of 2 m and width of 2–4 cm (Figure 6). C18 is a shear

crack located at the leading part of the landslide (Figure 6). The

investigation indicated that these cracks are historical cracks that

were induced by the excavation of the G42 Expressway in

2007 and 2008.

The new deformation signs of the Dashuitian landslide

that were identified during the field investigation mainly

include cracks on the roads and ground surface (Figure 7).

Deformation signs became evident after the heavy rainfall

event of October 4 to 22, 2019, when about 228 mm of

precipitation fell (Figure 8). The new deformation signs

mainly developed at the leading part, rear edge, the

middle-rear part and eastern edge of the landslide. C15,

C16 and C17 developed at the leading part of the

landslide, reaching a length and width of 7–10 m and

1–2 cm, respectively. The deformation signs at the rear

edge developed along Wuliu Road and consist of several

transverse tension cracks, such as C01 and C02. The

length of these is 20–50 m, the width is 1–40 cm and the

visible depth is 20–200 cm. C09–C12 are large tension cracks

along Ring Road at the middle-rear part of the landslide with

a length of 8–120 m. C03–C08 are feathery shear cracks,

located along the eastern edge of the landslide, with a

length of 8–40 m, width of 1–25 cm and depth of 1–50 cm.

Overall, the greatest deformation mainly occurs at the

middle-rear part of the Dashuitian landslide, while the

deformation in the leading part is relatively minor (Figure 2).

5.2 GNSS-based monitoring data

After 30 August 2019, we installed GNSS (Global

Navigation Satellite Systems) in the study area to monitor

the ground deformation, as shown in Figure 2. Based on the

results of the field investigation and the geomorphological

features of the study area, the gully located at the western edge

of the landslide was determined as the western boundary.

Moreover, in order to further determine the northern,

southern and eastern boundaries of the landslide,

monitoring points JC1, JC2, JC3, and JC5 were installed on

the northern side, JC17, JC18, and JC19 were developed at the

southern edge, and JC4, JC9, JC10, and JC14 were situated

along the eastern side. The monitoring results showed that the

cumulative displacement of all 11 monitoring points was

about 2–10 mm, and the deformation rate was only

0.02–0.09 mm/d from August 30 to 2 December 2019,

indicating that the positions of the monitoring points are

relatively stable (Figures 8A–C).

FIGURE 3
Cross sections (sections shown in Figure 2) of the Dashuitian landslide. (A)—Geological I-I′ cross-section; (B)—Geological II-II′ cross-section.
The blue lines are the groundwater levels.
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Regarding the activated zone, two typical stages in the

deformation curves are shown in Figures 8D–F, which

correspond perfectly with the concentrated rainfall events

from October 4 to 22, 2019, with a total precipitation of

228 mm. Monitoring points JC6, JC7, and JC8, which are

located at the open excavation zone in the leading part of the

landslide, had a maximum deformation rate of 1.29 mm/day

before the rainfall event and 1.61 mm/day after the rainfall

FIGURE 4
(A) is a weak interlayer in the sliding zone composed of broken mudstone and argillaceous limestone, which is revealed in Zk16, located at
17.5–18.6 m with a thickness of 1.1 m; (B,C) are argillaceous limestone and weathered mudstone, as revealed in Zk16, with respective depths of
17.7 m and 18.1 m; and (D–G) are revealed in Zk3, Zk7, Zk8 and Zk9, respectively, and contain many polished surfaces and slickensides.

TABLE 1 Shear strength parameters of Dashuitian landslide materials.

Material Natural state
unit
weight
(kN/m3)

Cohesive
(MPa)

Internal
friction
angle (°)

Saturated state
unit
weight (kN/m3)

Cohesive
(MPa)

Internal
friction
angle (°)

sliding
mass

Quaternary
colluvium

20.3 0.021 16.43 20.9 0.017 13.9

Argillaceous
limestone

26.50 7.67 45.41 26.60 6.14 34.06

Sliding
zone

Weak layer 20.4 0.022 16.47 20.9 0.018 14.24

Sliding bed Mudstone 26.20 1.90 37.73 26.30 1.23 28.30
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event. The highest deformation rate of monitoring points

JC11, JC12 and JC13, located at Ring Road in the middle part

of the landslide, reached approximately 1.43 mm/day and

1.87 mm/day before and after the rainfall event, respectively.

The highest deformation rate of monitoring points JC15 and

JC16, located at the rear part of the landslide, was

approximately 0.97 mm/day and 1.25 mm/day before and

after the rainfall event, respectively. In addition, the total

cumulative displacement in the leading (JC6, JC7, and JC8),

middle (JC11, JC12, and JC13) and rear (JC15, JC16) parts of

the landslide were about 85.9–134.7, 96.5–154.3, and

103.1–105 mm, respectively.

5.3 Subsurface deformation
characteristics

Two inclinometers were used to measure the subsurface

deformation, and their positions are shown in Figure 2. The

range of the inclinometer used in this monitoring was ±15°,

and the accuracy was 0.01 mm/500 mm.

The monitoring displacement curve of SY01 indicates that

the displacement increased gradually from the bottom to the

top (Figure 9). An obvious sliding surface was evident between

17 and 20 m. From October 9 to 2 December 2019, the

cumulative horizontal displacement and deformation rate

above the sliding surface reached 78 mm and 1.5 mm/day,

respectively. Based on data from borehole Zk16 (Figure 4A),

the weak interlayer was inferred at a depth of 16–20.5 m,

which is the contact zone between the argillaceous limestone

and mudstone. Given that scratches were apparent in the

borehole core, the contact zone is considered to be a sliding

surface.

The monitoring curve of SY02 shows an obvious sliding

surface at a depth of 19–21 m, and the unstable rock and soil

masses above the sliding surface moved as a whole,

suggesting that the Dashuitian landslide has a well-defined

deep sliding surface (Figures 3, 9). The cumulative horizontal

displacement and deformation rate above the sliding surface

reached 48 mm and 1.6 mm/day from October 20 to

2 November 2019. Based on information from borehole

Zk7 (Figure 4E), the contact zone between the argillaceous

FIGURE 5
(A) is the sliding zone revealed by the excavation; (B) is the softened sliding zone exposed by TC5 (Figure 2) at a depth of 16 m.

FIGURE 6
The typical old cracks developed in 2007 and 2008 due to deformation of the old Dashuitian landslide.
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limestone and mudstone is located at 16.7–19.2 m, and the

sliding surface is interpreted to be located near this

contact zone.

In conclusion, the locations of the sliding surface

revealed by the two inclinometers (Figure 9) are nearly

consistent with the contact zone between the argillaceous

limestone and mudstone revealed by the boreholes

(Figure 4).

6 Discussion

6.1 Influencing factors of the Dashuitian
landslide

The reactivation mechanism of landslides has been

extensively studied from building load (Zhang et al.,

2020), erosion of the slope toe by river (Dai et al., 2016),

FIGURE 7
New deformation signs of the Dashuitian landslide. (A,B) are tensile cracks located at the rear part; (C–E) are shear cracks located at the eastern
edge; (F,G) are large tensile cracks develop along Ring Road at the middle-rear part; (H,I) are tensile cracks located at the leading part.
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heavy rainfall (Huang et al., 2020) and slope cutting (Li

et al., 2008; Yin et al., 2010) for previous research. With

respect to old landslides, the disturbance caused by

excavation and heavy rainfall is more obvious and more

likely to lead to landslide instability due to the existence of

the old sliding zone and old cracks (Zhang et al., 2020).

However, the combined action of engineering disturbance

and heavy rainfall on the reactivation of old landslides is

rarely studied. Under such scenarios, we mainly focus on the

predisposing factors (including tectonic effect and

formation lithology) and triggering factors (including

rainfall and human engineering activities) of the

Dashuitian landslide to study its reactivation mechanism.

Our research may provide a theoretical basis for

reducing the hazard of similar engineering projects

involving slopes.

6.2 Predisposing factors

6.2.1 Tectonic effect
The study area is located in the northwest wing of the

Wushan syncline where the Baishuihe syncline is developed.

Due to the effects of regional tectonic action, the rock and soil

masses in the landslide area are extremely broken (Figure 4) and

easily infiltrated by rainwater and groundwater.

6.2.2 Formation lithology
Broken rock and soil masses compose the Quaternary

colluvium layer of the Dashuitian landslide, which is rapidly

infiltrated by rainfall and surface water due to its loose structure

and good permeability. The underlying layer is argillaceous

limestone, where joints and fractures are well developed due

to tectonic compression (Chai et al., 2013; Yan et al., 2019). These

FIGURE 8
Monitoring results of the cumulative displacement and daily precipitation from August 30 to 2 December 2019. (A–C) are boundary control
points; (D) is located at the open excavation zone in the leading part of the landslide; (E) is located along Ring Road; and (F) has been installed at the
rear part of the landslide. The cyan section corresponds to the period from October 4 to 22, 2019, during which a continuous heavy rainfall event
occurred, with a total precipitation of 228 mm.
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joints and fractures provide channels for the rapid infiltration of

rainwater. The bedrock is mudstone, which is relatively intact

and has poor permeability compared with the upper argillaceous

limestone. Therefore, rainwater can rapidly infiltrate to the

contact surface between argillaceous limestone and mudstone,

and form stagnant water in the sliding zone, especially during

rainfall. A weak interlayer therefore presents near the contact

surface, which is heavily weathered, has poor mechanical

properties and is prone to slippage (Zhang et al., 2020).

6.3 Triggering factors

6.3.1 Human engineering activities
During the construction of the Wuliu and Ring roads, the slope

body showed no obvious deformation signs. In 2007, due to the

construction of the G42 Expressway, a large-scale excavation was

carried out at about 80 m outside the toe of the landslide, causing

apparent deformation for the first time. In order to control the

deformation of the slope, 33 anti-sliding piles were established at the

toe (Figure 2). However, under the influence of concentrated rainfall

in July and August 2008, new deformation occurred. An additional

18 anti-sliding piles were therefore established at the slope toe

(Figure 2). No obvious deformation had occurred since then. In

August 2019, 30 m3 × 104 m3 of rock and soil masses was excavated

from the toe area during the construction of theWu-Da Expressway,

which provided the necessary conditions for reactivation. In

addition, the anti-sliding force of the landslide was reduced due

to damage to 13 of the anti-sliding piles at the toe (Figures 1C, 2),

which triggered the overall slow deformation of the Dashuitian

landslide during August 30 to 22 October 2019 (Figure 8).

6.3.2 Rainfall
Prior to the construction of the Wu-Da Expressway, the

maximum daily precipitation recorded in Wushan County was

384.6 mm on 31 August 2014 (Yan et al., 2019), which is much

higher than the total precipitation of 228 mm that fell from October

4 to 22, 2019 (Figure 8). The maximum recorded daily precipitation

(346.8 mm) did not induce any significant deformation to the

Dashuitian landslide. However, following the construction of the

Wu-Da Expressway in August 2019, the lower rainfall amount

promoted the deformation rate of the landslide, which is supported

by the GNSS-based monitoring data collected after 22 October 2019

(Figure 8). Therefore, compared with engineering activities, the

effect of rainfall was not a decisive factor that led to the

reactivation of the Dashuitian landslide. The concentrated heavy

FIGURE 9
The cumulative displacement monitoring results of inclinometers SY01 and SY02.
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rainfall increased the pore water pressure and reduced the

mechanical properties of the weak interlayer, increased the

weight of the Dashuitian landslide, and finally promoted the

deformation rate. Zhang, 2020.

6.4 Reactivation mechanism

The extensive excavation at the toe of the Dashuitian

landslide provided the sliding space for reactivation.

Meanwhile, the anti-sliding force of the landslide was

significantly reduced due to damage to 13 of the anti-sliding

piles located at the toe. Thus, in August 2019, the Dashuitian

landslide slid slowly along the weak interlayer. Moreover, the

sliding body is composed of loose Quaternary colluvium and

argillaceous limestone broken by tectonic compression, which

provide channels for the rapid infiltration of rainwater. The old

cracks in particular, formed by the deformation of the old

Dashuitian landslide, accelerated the infiltrate process.

Rainwater can therefore quickly infiltrate the sliding body,

increasing the water content of the rock and soil masses

above the sliding zone, and increasing the sliding force of the

landslide. Most importantly, the bedrock is composed of

mudstone, which is relatively intact and has poor permeability

compared with the upper argillaceous limestone. Therefore, the

weak interlayer remained saturated during the heavy rainfall,

which significantly increased its pore water pressure and reduced

the shear strength. This dramatically reduced the anti-sliding

force on the weak interlayer, thereby promoting the deformation

rate of the Dashuitian landslide. Finally, the landslide entered a

state of imminent sliding on 22 October 2019.

7 Conclusion

The Dashuitian landslide is an old landslide with a volume

of 150 m3 × 104 m3, which reactivated in August 2019, and

then entered a state of imminent sliding on 22 October 2019.

The area of greatest deformation is mainly located at the

middle-rear part of the landslide, while the deformation at the

leading part is relatively minor. Based on the field

investigation, monitoring data and drilling results, the

reactivation mechanism of Dashuitian landslide could be

deduced as follows. Tectonic effects and formation

lithology are the main reasons for the formation of the old

landslide. The slope cutting and the damaged anti-sliding piles

at the landslide toe provided the sliding space, reduced the

anti-sliding force and therefore resulted in the reactivation of

the landslide. Moreover, the concentrated rainfall increased

the weight of the Dashuitian landslide, reduced the

mechanical properties and increased the pore water

pressure of the weak interlayer and finally promoted the

landslide to enter a state of imminent sliding. Our research

may provide a theoretical basis for reducing the hazard of

similar engineering projects involving slopes.
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