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The September 16, 2017, Linjiabang landslide
in Wanyuan County, China: preliminary investigation

and emergency mitigation

Abstract This paper reports on a typical slow-moving landslide that
occurred in Shuitianba village in Wanyuan County, Sichuan Province,
China, on September 16, 2017. The landslide in Wanyuan County is
regionally outstanding for its features and well-developed landslide
morphology. Hence, this event can provide a good case study for
understanding the possible triggering conditions of the occurrences of
all the landslides examined in Wanyuan County. The 225 residents of
Shuitianba village did not flee the village because the deformation of the
landslide was extremely slow. However, the primary emergency tasks are
still necessary to reduce the landslide risk that may affect the residents.
Detailed field investigations, boreholes, and exploratory trenches were
performed to investigate the characteristics and triggering factors of this
landslide. Rainfall and anthropogenic activities (such as informal, un-
planned settlements and deforestation) were revealed to be the main
triggering factors. The main engineering control measures, including
anti-sliding piles, an anti-sliding retaining wall, and intercepting ditch,
were applied to stabilize the landslide. However, landslide mitigation
measures have not been finished, and hence, some interim measures are
suggested to effectively reduce landslide risk.

Keywords Landslide - Landslide features - Emergency
mitigation - Wanyuan County - China

Introduction

Landslides are widely distributed in Southwest China and be-
came a major risk to human life and property (Xu et al. 2014;
Ma et al. 2018; Song et al. 2018; Ma et al. 2019). Wanyuan County
is one of the regions that is heavily affected by landslide disas-
ters in northeast Sichuan Province, China. A total of 321 active
landslides were registered in this region, and landslide occur-
rence has increased markedly since the 1980s according to
records.

Although landslides occur frequently in remote mountainous
areas, they still receive increased attention from many scholars
(Shirzadi et al. 2017; Samodra et al. 2018; Hu et al. 2019). Many
landslide cases have been reported and posed important engi-
neering problems (Gischig et al. 2016; Wang et al. 2016; Yerro
et al. 2016). Generally, landslides can be initiated not only by
natural causes, including earthquakes and intense or prolonged
rainfall but also by anthropogenic activities such as road con-
struction or house overloading (Lin et al. 2018; Ma et al. 2018).
The expanding population and buildings bring human habita-
tion within reach of potential landslide hazards. The number of
people living in the loose mixed deposits of Southwest China
has significantly increased the possibility of landslide occur-
rence. The Linjiabang landslide is a typical slow-moving land-
slide and is also regionally outstanding for its features and well-
developed landslide morphology. This landslide can provide a
good reference for triggering conditions in Wanyuan County.

Understanding the causes and conditions of a landslide disaster
is important to landslide prevention and to providing useful in-
formation for engineers choosing landslide mitigation measures
(Puri¢ et al. 2017; Luo et al. 2017; Song et al. 2019; Huang et al.
2019). According to previous geological experience, if effective
engineering measures were not implemented to control the con-
tinuous displacement of the landslide, the landslide would pose a
serious threat to the safety of human life and property. Further-
more, the 225 residents of Shuitianba village did not flee the village
due to the extremely slow deformation of the landslide. To reduce
the landslide risk, ground investigations, mapping, boreholes, ex-
ploratory trenches, and emergency mitigation have been conduct-
ed since October 2017. This paper describes the landslide
characteristics and possible triggering conditions and discusses
landslide mitigation measures.

Study area

The landslide occurred in Shuitianba village in Wanyuan County,
Sichuan Province (Figs. 1 and 2). Shuitianba village is situated in
the northeastern sector of Sichuan Province, on the southeast limb
of the Shiziba anticlinorium. It is located approximately 541 km
from Chengdu, the capital of Sichuan Province. The study area is
located in the transition zone between the Tibetan Plateau and the
Sichuan Basin, and its topography includes low-middle moun-
tains and hills. Through field investigation, the bedrock exposed
in the region is the Middle Triassic Badong Formation (T,b), which
consists of pelitic limestone intercalated with thin mudstone. A
mantle of Quaternary deposits overlies the Badong Formation, and
the deposits mainly consist of residual and diluvial deposits as well
as reworked landslide deposits. According to the Dazhou Meteo-
rological Bureau (http://www.dzjzw.com/) in Sichuan Province,
this area belongs to a subtropical monsoon climate with a mean
annual temperature of 14.7 °C. The annual average rainfall from
1985 to 2017 is 1232.7 mm, with a minimum of 771.2 mm in 1962 and
a maximum of 2218 mm in 1988. The rainfall mainly concentrates
in June to September and accounts for 65.94% of the annual
rainfall.

Landslide features
The Linjiabang landslide (32°9'48.96"N, 108°1'25.36"E) is approxi-
mately 200 m in length and 240 m in width, with a mean depth of
15 m (Fig. 3). The estimated area of the landslide body is 4.8 X 10*
m?, the volume is approximately 7.2 X 10° m? the main sliding
direction is approximately 207°, the elevation ranges from 776 to
845 m, the height difference is 69 m, and the average gradient is
16°. The major road in this area traverses the middle and rear
section of the landslide.

A significant number of tension cracks, minor scarps and
bulges have been found on the landslide surface (Fig. 4). Detailed
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Fig. 1 Location of the landslide in Guandu Town, Wanyuan County, Sichuan Province, Southwest China

site investigations and inquiring local inhabitants revealed ten
tension cracks developed gradually at the middle and rear region
of the landslide. These cracks have lengths of 7-95 m, widths of 5-
30 cm, observed depths of 10-50 cm, and vertical displacements of
10-60 cm. The cracks caused damage to some houses; moreover,
two long continuous tension cracks developed along the concrete
road at an elevation of 824 m.

Boreholes and exploratory trenches are used to investigate the
geological structure of the landslide and potential slide surfaces.
The locations of the boreholes and the exploratory trenches are
shown in Fig. 3. The landslide structure, including silty clay, clay,
and pelitic limestone, is shown in detail in Fig. 5. Based on the
boreholes and the exploratory trenches, two slip surfaces S1 and S2
were found (Figs. 5 and 6). The upper slip surface is a secondary
slip surface at a depth of 2.5 to 10.8 m, and the lower one is the

Fig. 2 Panoramic photograph of the landslide
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entire slip surface along the interface between the bedrock and the
overlying deposit at a depth of 10.3 to 18 m. The sliding zone is a
continuous, 15- to 30-cm-thick zone. To obtain the shear strength
parameters of the slide zone soil, the shear test was implemented
with a direct shear apparatus. The friction angle and cohesion of
the saturated sample were 8.5-9.7° and 18.1-19.4 kPa, respectively.

Based on topography and deformation characteristics, the
Linjiabang landslide can be classified into two deformation areas: the
rear strong deformation area and the front weak deformation area
(Figs. 3, 6, 7, 8, 9, and 10). Abundant deformation (such as subsidence,
tensile cracks, and bulges) could be observed in the rear strong
deformation area. The elevation of the rear area varies from 804 to
845 m, the mean gradient is 20°, the extent is approximately 2.51 X 10*
m?” in area, the mean thickness is 17 m, and the estimated volume is
4.267 x 10° m>. Expanded cracks developed in the rear of the landslide

landslide boundary
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Fig. 3 Simplified engineering geological map of the landslide. The figure locations show the locations of Fig. 4

and several bulges in the mid-anterior. The front weak deformation  of 13 m, an area of 2.29 X 10* m? and an estimated volume of 2.933 X
area shows no obvious deformation features, but some tiny fissures 10> m>. The elevation of the front area ranges from 776 to 804 m, and
were formed during the rainy season. This area has a mean thickness ~ the mean gradient is 12°.

Fig. 4 Cracks and bulges have been observed within the landslide body. a Crack C1. b Crack C2. ¢ Crack C5. d Crack C9. The locations of bulges are shown in Fig. 3
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Fig. 5 Lithological stratigraphic logs of boreholes (B02 and B05) and the slip zone of the Linjiabang landslide exposed by exploratory trench

Figures 6, 7, 8, 9, and 10 show the structure of the landslide
material and the groundwater level in the landslide area. Ac-
cording to the stratum lithology and hydrogeologic conditions
of this landslide, the groundwater in this area is mainly
carbonatite karst water, which could be found in the contact
zone between the bedrock and the overlying deposits. Ground-
water is discharged to the ground surface in the form of a spring
(Fig. 3). The spring on the southeast of the landslide yielded a
flow of 0.1 I/s (6.0 1/min), which could be observed during the
dry period every year.

In 1985, a local villager witnessed the slope slide in extreme-
ly low speed and found a crack on the rear part of the slope.
However, the crack was filled with weathered materials. Ac-
cording to the information provided by local residents and
field surveys, the Linjiabang landslide has undergone a long
deformation history. Slow sliding was observed every year,
especially during the rainy season, indicating a potentially
highly dangerous area.

Triggering factors

Very high landslide potential in the future would endanger the
lives and properties of local residents. Rainfall and anthropogenic
activities (such as the informal, unplanned settlements, and defor-
estation) are responsible for the occurrence of the landslide.

Rainfall

During the rainy seasons of 2004-2005 and 2010-2011, rainfall
events influenced most areas of Wanyuan County, causing land-
slides and floods (Fig. 11). The cumulative 2-day rainfall from 17
July to 19 July, 2010 totalled 450 mm. Notably, the temporal
distribution of the landslides and the monthly mean rainfall pre-
sents high consistency (Fig. 12), and 87.45% of recorded landslide
events occur between June and September. During the rainy peri-
od, more rain falls and may thus affect the occurrence and distri-
bution of the landslides (Zhang and Huang 2018). Seasonal heavy
rainfall could clearly influence the slope stability. However, the
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Fig. 6 Longitudinal geological profile 1-1" (Fig. 3)
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Fig. 7 Longitudinal geological profile 2-2" (Fig. 3)

initiation of the studied landslide seems to be linked with longer-
term trends rather than short-term heavy rainfall events. During
rainfall, rainwater penetrated into newly formed cracks and
reached the internal weak layers, markedly destabilizing the slope.
Continuous rainfall may have saturated the sliding mass and
increased the water content of the slip zone, leading to a major
loss in the shear strength of the sliding zone. Hence, the stability of
the slope approached the state of limit equilibrium. However,
although long-term rain infiltration exists, the groundwater level
still rises slightly because of the low permeability of the slope.

Anthropogenic activity

Anthropogenic activity, such as slope cutting for houses, land use
changes, and deforestation, was also significant as a triggering
factor for the Linjiabang landslide. Rapid urbanization in

Wanyuan County contributed to the haphazard expansion of set-
tlements. Figure 13 shows an increase from 11 houses in 1988 to 79
in 2019 in the landslide area, indicating insufficient risk manage-
ment by the government. Shallow foundations were used in 79
houses with two to three floors. A considerable concentration of
house overloading was acting on the slope, thereby further reduc-
ing the slope stability. Due to the high proportion of farmland (Fig.
13), irrigation demands in spring and summer may have an impact
on the hydrological response of the slope and contribute to insta-
bility processes. The drainage ditch in the landslide area was built
around the house and suffered severe deformation (Fig. 14). Inad-
equate drainage of surface water could have a negative effect on
the slope stability. The slopes formerly occupied by arable lands
are still liable to sliding even many years after abandonment. A
comparison between the Google Earth© images in 2013 and 2017
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Fig. 8 Longitudinal geological profile 3-3" (Fig. 3)
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Fig. 9 Longitudinal geological profile 4-4" (Fig. 3)

shows that the slope has undergone ecological damage due to
deforestation (Fig. 15). Deforestation, such as cutting down trees
and clearing land for crops, increases the seepage of rainwater into
the ground, exerting a negative effect on slope stability.

Stability evaluation of the Linjiabang landslide

The stability evaluation of slopes has always received considerable
attention from designers and constructors in geotechnical fields
(Luo et al. 2017). In China, the limit equilibrium method
(Bromhead 1992) is the most commonly used stability evaluation
method because of its versatility and simple calculation process.
However, when evaluating some special landslides (such as plastic
flow, diffuse landslides, and lateral spreads), this method is not
appropriate (Mendjel and Messast 2012). The important premises
of this method involve three aspects: (i) the slip surface has been
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[ Clay [ Pelitic limestone
Speculated weathered unloading line boundary

The selection of appropriate geotechnical parameters is highly
important for the accurate determination of slope stability. Through
the direct shear tests, we can obtain the shear strength parameters of
the slide zone soil. However, many factors (such as the heterogeneity
of soil characteristics, the extraction of soil samples, and the han-
dling and testing procedures) disturb the measurements of the shear
strength parameters (Wei et al. 2012). Thus, it is difficult to obtain the
appropriate parameters from testing. The back-calculation provides
a relatively simple method to do this, especially when slopes exhibit
on-going failure (Luo et al. 2017). The shear strength parameters
obtained from the direct shear tests were good references for later
back-calculation. The strength parameters of the slide zone soil were
back-calculated by taking the safety factor (Fs) as 1.0. The back-
calculation can be done with:

determined; (ii) the failure surface obeys the Mohr-Coulomb fail- ¢ — Fs) Wisina;—tang) Wicosa; (1)
ure criterion; and (iii) the sliding mass is coherent during sliding. L
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Fig. 10 Longitudinal geological profile 5-5 (Fig. 3)
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Fig. 11 Photos of the rainfall-triggered flood and landslides in Wanyuan County. (a-b) flood; (c-d) landslides

FsY Wisina—CL In practice, Chinese geologists have empirically concluded sound
W) (2 relationships among the safety factor and the deformation and
failure characteristics of the landslide (Table 1). Two slip surfaces
(S1 and S2) were identified based on the boreholes and exploratory
trenches. The slip surface S1 is approximately in the shape of a circle,
and the Sweden slice method is used in the stability evaluation of the
slip surface S1. The Fs of the slip surface S1 using the Sweden slice
method is calculated with the following equations:

¢ = arctan(

where C and ¢ are the cohesion and friction angle of the slip
surface, respectively; Fs is the safety factor; W; is the weight of
the ith block; L is the length of the slip surface; and ¢ is the dip
angle of the slip surface of the ith block.
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Fig. 12 The monthly distribution of the landslides and rainfall in the period 1985-2017 in Wanyuan County
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Fig. 13 Consistent human interventions in the landslide body

Y ((Wi((1—ry)cosai—Asina;)—Rp, ) tang; + CiL;)

Fs = -
Y (Wi(sinay; + Acosa;) + Tp,)

Tp, = Ywhi, Lising;cos(a;—3;)

Rp, = vwhi, Lising;sin(c;—03;)

where C; and ¢; are the shear strength parameters of the slip
surface, respectively; A is the earthquake acceleration; Tp; and
Rp; are the forces generated by the seepage pressure; L; is the
length of the slip surface of the ith block; ry is the pore pressure
ratio; h; is the groundwater level of the ith block; 7y is the unit
weight of water; and [3; is the groundwater flow direction of ith
block.

The slip surface S2 is simplified as a polyline, and the transfer
coefficient method is used to calculate the Fs of the slip surface Sa.
The Fs of the slip surface S2 using the transfer coefficient method
can be calculated using the following equations:

Fig. 14 Damage of drainage ditch. a The tension crack of drainage ditch and b the dislocation near the furrow bank
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Fig. 15 Forest losses between 2013 and 2017. a Google Earth image taken on October 13, 2013. b Google Earth image taken on February 13, 2017

Table 1 Relationship between safety factor and developed stage (Luo et al. 2017)

Surface deformation Maximal displacement of sliding Status of sliding plane Safety factor
plane
Embryonic Invisible Millimeters = > 1.1
Creep Deformation evidence at scarp and toe Centimeters At limit equilibrium state 1.0-1.1
Sliding Main scarp subsidence and toe bulge Decimeters-meters Complete failure 0.95-1.0
Emplacement Sedimentation, partial collapse = = >1.0

nZ_: ((Wi((1—ry)cosa;—Asina;)—Rp,cosa; ) tang; + C;L;) 'ﬁl 1/;j> +R, Ry = (Wa((1-ry)cosay—Asinay)-Rp, )tang,, + CpLy 7)

i=1 Jj=i

Fs =
4T, T, = (W,,(sina,, + Acosay,) + Tp, (8)

i=1

n-1 n-1
> [(Wi(sinoq + Acosay) + Tp,cosa;) [] Y
: i

(6)

Table 2 Safety factors of the Linjiabang landslide under different scenarios

Sliding plane Emergency mitigation measures Scenarios Safety factor Stable state

S1 No Normal 1.01 Basic stable
Rainstorm 0.86 Unstable
Earthquake 0.94 Unstable

Yes Normal 1.15 Basic stable

Rainstorm 1.06 Basic stable

Earthquake 1.1 Basic stable

S2 No Normal 1.03 Basic stable
Rainstorm 0.88 Unstable
Earthquake 0.97 Unstable

Yes Normal 1.17 Basic stable

Rainstorm 1.07 Basic stable

Earthquake 1.12 Basic stable
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Fig. 17 Longitudinal geological profile 6-6 (Fig. 16)
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Fig. 18. Longitudinal geological profile 7-7" (Fig. 16)

where 1); is the transfer coefficient of the ith block to the (i + 1)th
block;i=1, 2, ..., n — 15 and n is the total number of the soil blocks.

The safety factors of the Linjiabang landslide were calculated
under different scenarios (Table 2), indicating that the landslide
without stabilization work would become unstable under strong
rainfall or earthquake conditions.

Proposed engineering control measures and some advice for the future
According to the landslide characteristics, the main engineering
control measures include anti-sliding piles, an anti-sliding
retaining wall, and intercepting ditch (Figs. 16, 17, 18, and 19).
The anti-sliding piles and retaining wall provide resisting forces
to reduce slope instability, and interception and drainage of

water could improve the soil strength. The design calculations
of the piles, retaining wall, and intercepting ditch were deter-
mined based on the advice of Wang et al. (2014). The total
number of piles is 36, the section size is 1.5 X 2.0 m, and the
piles have a length of 30-32 m (14.5-15.5 m length above the
lower slip surface and 15.5-16.5 m length below the lower slip
surface). The center distance between the two adjacent piles is
6.0 m. The design details of the anti-sliding piles are shown in
Fig. 20. The weight of the 22-mm-diameter longitudinal bar is
2.98 kg per meter, the 28-mm-diameter longitudinal bar is
4.83 kg per meter, and the 32-mm-diameter longitudinal bar is
6.31 kg per meter. In the case of satisfying the slope stability, we
optimized the design of the longitudinal bars based on the
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Fig. 19 Longitudinal geological profile 8-8" (Fig. 16)

Landslides 17 * (2020) | 201



| Recent Landslides

1500 mm
g 1300 mm
S 8, 32 mm dia
il 10 mm ties
g g longitudinal bars
gls 14,22 mm dia
S| oo
= longitudinal bars
36, 28 mm dia
g 100 mm 100 mm
S Concrete C30

Fig. 20 Reinforced concrete pile design

principle of saving steel materials. Thus, the amount of the
longitudinal bars per pile on the left part of the picture is less
than the right part of the picture, saving about 2375.4-2533.8 kg
of steel bars. The retaining wall is 3 to 5 m high, 216 m long, and
has a width of 0.5 m at the crest. The section of the intercepting
ditch is rectangular with a bottom width of 0.4 m, a depth of 0.3
m, a length of 330 m, a furrow bank that is 0.1 m wide, and a
ditch base that is 0.15 m wide. The design details of the retaining
wall and the intercepting ditch are shown in Fig. 21. The
Linjiabang landslide with engineering control measures would
become stable under rainstorm or earthquake conditions
(Table 2).

original topography
/

drainage hole

2200 mm

701

drainage ditch

800 mm

Concrete C25

Fig. 21 The design details of the retaining wall and the intercepting ditch
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Some landslide risk-reduction strategies can be expressed in
some recommendations because the landslide mitigation mea-
sures have not been finished.

1. The landslide cracks should be covered with plastic sheets. This
would prevent rainwater from seeping into the narrow cracks
and restrain the increase in pore water pressure in the
landslide.

2. Monitoring systems of the landslide should be implemented in
the future. This should involve subsurface monitoring (such as
groundwater levels and underground displacement) of the
landslide using inclinometers. The inclinometers should be

original topography 100 mm 100 mm
o~ g earthwork cloth
g BE
B =
=1 ]

l_.l. Concrete C20

. . . 400 mm
intercepting ditch
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Fig. 22 Plan view of the proposed monitoring system

installed near the piezometers. Compared with underground
displacement gages, extensometers can measure the relative
surface displacements and are efficient for monitoring long-
term, continuous movement. The proposed locations of these
measures are shown in Fig. 22.

3. The appropriate land-use policies and regulations should be
prepared based on the potential risks. It is necessary to take
the potential geohazards into consideration in urban planning. 2.

Conclusions 3.
This paper reported that the Linjiabang landslide occurred on
September 16, 2017, in Wanyuan County, Sichuan Province, China.
Based on field investigations, boreholes, and exploratory trenches,

we presented landslide features and possible triggering factors and
then analysed landslide mitigation measures. The conclusions are

as follows:

1. The Linjiabang landslide has been active for at least 34
years and is a typical slow-moving landslide in the hills
area, with a total volume of 7.2 X 10° m®. Two slip surfaces
were determined based on the boreholes and exploratory

deposits, and the upper slip surface was a secondary slip
surface. The Linjiabang landslide could be divided into
two deformation areas: the strong deformation area with
abundant deformation (such as subsidence, tensile cracks,
and bulges) and the weak deformation area with no obvi-
ous deformation but some tiny fissures formed during the
rainy season.

Both the longer-term rainfall and anthropogenic activities
(such as slope cutting for houses, land use changes, and de-
forestation) were considered to be the main triggering factors
of the landslide.

At present, the landslide is unstable overall. Therefore, the
main engineering measures, including anti-sliding piles, an
anti-sliding retaining wall, and intercepting ditch, were imple-
mented to control the continuous displacement of the land-
slide. However, the engineering measures have not yet been
finalized, so some interim measures are required to effectively
mitigate the landslide disaster. In addition, the effectiveness of
the above measures should be further tested, and some efforts
should be carried out for modeling the landslide by the
physical-based model.

trenches. The lower slip surface was the main sliding Funding informationThis study was supported by the National
surface along the interface between bedrock and overlying Nature Science Foundation of China (No. 41702311, 41601422).
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