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Abstract: This paper reports on a massive landslide event, in which 8 million cubic meters of earth and
rocks slid down from the top of a mountain in the village of Xinmo, located in the county of Maoxian,
in the province of Sichuan, China, on 24 June 2017. This landslide resulted in 10 fatalities and 73 people
were reported as missing. This paper details the preliminary investigation, the joint-force rescue
activity, and the analysis of the nearby topography, rainfall, and seismic fracture zone. The combined
effects of large amounts of rainwater, steep topography, deep-seated sliding interface, and significant
altitude difference between the highest point of the mountain and the Xinmo villagers” houses are
considered as the main influencing factor that triggered this landslide event. To develop geological
disaster-prone areas in the future, four main recommendations to reduce casualties and environmental
impacts are provided in this paper.
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1. Introduction

China is a country that is severely affected by geological disasters [1,2], including landslides [3,4],
land subsidence [5-8], mud-rock flow, and karst collapses [9]. Geological disasters in 2016 resulted in
370 deaths and an economic loss of 3.17 billion RMB ($USD 480 million) [10]. Landslides are among
the most serious geological disasters that occur in China. In 2014 alone, 8149 landslides in 10,937
geological disasters occurred in China [11].

Landslides can be triggered by factors such as rainfall [12-15], earthquakes [16-19], and urban
construction activities. Landslides cause catastrophic damage to engineering infrastructures [20-22]
and result in a large number of casualties [23,24] in a number of cities and countries each year.
In order to assess the losses caused by landslides, a variety of methods have been proposed, including
computations of direct and indirect losses resulting from structure and infrastructure damage [25,26].

In order to reduce the casualties and economic losses resulting from landslides, early warning
systems (EWSs) have been established, which can be divided into several categories depending
on the type of monitoring object. Rainfall monitoring is the most mature technique used in EWSs.
Many early warning models have been developed in recent years, which are mainly based on daily
rainfall, pre-rainfall, and previous soil moisture records [27-34]. Displacement monitoring is another
important technique for EWSs [35]. GPS and InSAR combined with GIS can be applied to a wide range
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of displacement monitoring systems to carry out risk analysis [36—42], and displacement transducers
can be used at specific locations. Moreover, other methods such as groundwater level monitoring can
also provide a reference for EWSs.

Despite efforts made by researchers and the government, a catastrophic landslide occurred in the
village of Xinmo, situated in the county of Maoxian, in the province of Sichuan, in 2017. This paper
reports on this landslide event and the subsequent rescue work, which are then analyzed based on
local rainfall and earthquakes records.

2. Methodology

2.1. Preliminary Investigation

The Xinmo village was struck by a catastrophic landslide at 5:38:55 a.m. on 24 June (Figure 1).
Xinmo is located in the northwest of Chengdu, the capital of Sichuan. This village has been deemed
as a hub of the Diexi-Songpinggou scenic area, which is famous for several barrier lakes that were
formed by the Diexi Earthquake that occurred in 1933. In this landslide event, approximately 8 million
cubic meters of earth and rocks—equivalent to more than 3000 Olympic-sized swimming pools—slid
down the mountain from a height of 1100 m (the vertical distance between the highest point of the
landslide and the Xinmo villagers” houses). The China Earthquake Networks Center (CENC) reported
that the altitude of the landslide was located at a longitude of 103.65° E and a latitude of 32.09° N,
and its duration was estimated to be around 100 s. Figure 2a,b show the 3D model from Google Earth
before the landslide and the photo taken after the event, respectively.

(c)

Xinmo Village
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Figure 1. (a) Satellite image depicting the location of the landslide and nearby topography based on
google maps. (b) Location of Sichuan. (c) Location of Xinmo.
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Figure 2. (a) 3D model from Google Earth before the landslide. (b) Photo taken after the landslide.

Figure 3 presents an overall view of the site after the landslide. As is evident, the landslide’s
horizontal and vertical trajectory projected 3000 m and about 1250 m, respectively. In addition,
the tributary of the Minjiang River was blocked by earth and rocks, which exacerbated the scale of this
landslide. The landslide resulted in 10 deaths and with 73 people reported as missing. Three people
(a couple with a one-month old baby) were later rescued on 28 June.

the location of
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About 1250m

the tributary of %
- - the Minjiang River

Figure 3. An overview of the landslide site.

Figure 4 shows a profile schematic of the landslide. The elevation before this landslide event was
based on records from satellite data. The elevation after this landslide event was estimated according
to the law of conservation of mass, while volume expansion during landslide is ignored. The section
line is also shown in Figure 4. Preliminary investigation showed that the landslide can be divided into
three main parts:

e Part A was the source of the landslide. The slope exposed after the landslide mainly ranged
from 55 to 70 degrees, and the depth of the sliding interface reached about 60 m. A width of
350 m, a length of 450 m, and an average depth of about 23 m made up a volume of 3.6 million
cubic meters.

e  Part B slid down under the influence of Part A, and it has a relatively gentler slope angle ranging
from 25 to 35 degrees. An average width of 360 m, a length of 945 m, and an average depth of
about 14 m made up a volume of 4.8 million cubic meters.

e  Part C received the earth and rocks slid from Part A and Part B. The villagers” houses at the toe of
this slope and the Minjiang River were thus buried (see Figure 5a,b) and clogged (see Figure 5c,d).
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Figure 4. A profile of the landslide.
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Figure 5. Close view of the landslide site: (a) Excavators involved in the rescue operation. (b) Houses

not affected by the landslide, and the set-up of the rescue operation headquarter. (c) River being
dredged after the landslide. (d) Debris of the landslide accumulated at the foot of the mountain.

2.2. Data Source

In order to analyze the event, the weather data records of Maoxian County were collected from
the National Meteorological Center of China Meteorological Administration (NMC), which includes
the annual average rainfall in Maoxian, the monthly average highest temperature, the monthly average
lowest temperature, and the rainfall recorded by meteorological stations a week prior to the disaster.
Seismic data was collected from the United States Geological Survey (GUGS).

3. Rescue Effort

This massive landslide has been deemed as one of the most serious landslide disaster ever to

hit Sichuan. The joint-force rescue operation involved more than 3200 rescue personnel, including
firefighters, armed police, experts, and doctors who came from Maoxian as well as other counties such
as Aba and Songpan. In addition, more than 150 vehicles, two helicopters, and six unmanned aerial
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vehicles (UAVs) attended the joint-force rescue activity and played a leading role in excavating and
investigating the distress area. As shown in Figure 6, cobbles and gravels hurled by the landslide
body, with a weight exceeding 100 kN piled up at the lower landslide body, which brought about
considerable difficulty in undertaking rescue works. In addition, a secondary landslide hit the disaster
site at 11 a.m. on 27 June 2017. Fortunately, the displacement was monitored by a slope synthetic
aperture radar (S-SAR) [36,37,41], and the operators ordered an evacuation prior to the landslide event,
resulting in no further casualties. The rescue lasted about a week, with 3 people rescued and 10 bodies
recovered. One hundred fifty-four tourists were safely transferred to other areas unaffected by the
landslide. The total cost for this rescue operation was difficult to estimate, as all the rescuers and
machineries involved in this rescue came from various parts of the country, but is estimated to cost in
the tens of millions (US Dollars). In addition, another 412.1 million RMB (60.6 million USD) has been
planned to invest into the reconstruction.

In addition, the geological disaster investigation in Sichuan was carried out to avoid the recurrence
of similar geological disasters. Since October 2017, roads and rivers have been dredged, and roads have
been rebuilt. This mitigation exercise is expected to be completed by the end of 2018. The destroyed
houses are being replaced with new houses that are being constructed in the village of Jiaochang
(beside Xinmo).

Figure 6. Joint-force rescue activity. (a) Firefighters who are detecting signs of life. (b) Armed police
involved in the rescue. (c) People involved in the rescue.

4. Analysis and Discussions

4.1. Rainfall and Topography

Maoxian, located northwest of the Sichuan Basin, is located in mountainous terrain, with an
annual rainfall of 477.5 mm (see Figure 7). In this landslide case study, rainfall water was considered as
the most important influence factor [27-30]. From 1 to 24 June, 15 days of rainfall was recorded, and a
4.2 mm rainfall event was also recorded (see Figure 7) the day before the landslide. The rainwater
significantly deteriorated the sliding interface. The shear stresses due to deterioration of the sliding
interface acted along the shear band (or potential sliding surface) resulted in reduced shear strength
available at the shear band, which resulted in the displacement of the earth and rocks above, thereby
triggering this massive landslide.
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Figure 7. (a) The average monthly rainfall, the highest temperature (H-temperature), and the lowest
temperature (L-temperature) in Maoxian. (b) The rainfall in Maoxian prior to the landslide.

The topography at Xinmo contributed to the formation of this landslide (see Figure 4). The repose
angle of steep slope reached up to 70 degrees, which was a triggering factor for sliding failure.
Moreover, according to remote sensing images shown in Figure 8, the vegetation at the top of the
mountain was damaged before sliding, reducing the shear strength of soil enhanced by the root system
of vegetation, thereby decreasing the sliding resistance. It is the authors’ opinion that a larger volume
of earth and rocks attributed to the deep-seated sliding interface contributed to the considerable weight
of the earth and rocks.

Xinmo Village

Figure 8. Gravels on the top of the mountain before landslides. (a) Three parts A, B, and C of gravels.
(b) An enlarged image of A and B.

The volume of the earth and rocks, which slid down from the top of the mountain,
was approximately 8 million cubic meters. The sliding interface reached a depth of about 60 m.
The altitude difference between the highest point of the landslide and the houses of Xinmo was
approximately 1100 m. The combined effects of the large amount of rainwater, the steep topography,
the deep-seated sliding interface, and the considerable altitude difference between the highest point of
the mountain and the Xinmo villagers” houses enhanced the damage due to the debris flow, thereby
severely impacting the Xinmo villagers as well as the surface traffic in the vicinity.

4.2. Seismic Fracture Zone in Sichuan

Figure 9 shows the complicated geological conditions around Xinmo. The surface layer of the
mountains is a Quaternary sedimentary layer and the rock exposed after the landslide is from the
Triassic period. The sliding of earth and rocks took place along the interface between the Quaternary
sedimentary layers and the Triassic layers (see Figure 4). Thus, the interface deterioration due to
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the reduced shear strength caused by the infiltration of the pre-event rainfall can be considered the
triggering mechanism for the landslide event.

Figure 9 also depicts the location of Xinmo, which is near the fracture zone northwest of the
Sichuan Basin. The fracture zone includes Longmen Shan Thrust Fault, Minjiang Thrust Fault, Tazang
Fault, Huya Thrust Fault, and Qingchuan Fault [43-47]. Thus, the landslide occurred at a geological
disaster-prone area. Five earthquakes greater than Ms 7.0 have struck this area in the past. In 1933,
the Diexi earthquake (Ms 7.5, Mw 7.3) struck the Diexi city, and the distress area covered Xinmo,
causing more than 6800 deaths. In 1976, two earthquakes (Ms 7.2, Mw 6.7; Ms 7.2, Mw 6.9) hit the
Songpan and Pingwu counties, which are located about 150 km away from Xinmo. The most recent
earthquakes that occurred near Xinmo are the Wenchuan earthquake (2008, Ms 8.0, Mw 7.9) and the
Lushan earthquake (2010, Ms 7.0, Mw 6.6). The epicenter of the Wenchuan earthquake was 114 km
away from Xinmo, while the Lushan earthquake was further away from Xinmo. The Wenchuan
earthquake eventually caused more than 69,000 deaths, 18,000 people were reported missing, and
many associated landslides were triggered [18,19]. It is the authors” and many other geologists” opinion
that landslide and seismic activities should have case-specific relationships, but further investigation
is deemed necessary to ascertain this postulation [48,49].
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Figure 9. Earthquakes (Mw > 6.5, after 1900) and faults near Xinmo (geographical location in red
rectangle of Figure 1c).

4.3. Recommendations

Landslides are considered one of the most serious natural disasters that can occur in Mainland
China and worldwide [23-26]. However, such a massive scale of landslide, with approximately
8 million cubic meters of earth and rocks displaced, is rare. Four main recommendations given in this
paper for future development of geological disaster-prone areas are as follows:
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(1) Firstly, key geological disaster monitoring areas should be investigated. In fact, the investigation is
one of the major difficulties for geological disaster prevention. It has been reported that, in China,
in 2010, one-third of geological disasters occurred outside monitored areas [50]. Therefore,
GIS and other methods should be applied to a more extensive range. The analysis combined with
topography, geology, direct economic losses, and potential losses should be used for the division of
landslide-prone areas. The geomorphology of landslide areas can also be reconstructed based on
GIS or GPS data [51]. Moreover, artificial intelligence can also be used [52,53]. These technologies
can aid in predicting geological disasters.

(2) More economical and reasonable methods for slope reinforcement, continuous monitoring,
and resident migration should be selected considering monitoring costs and potential losses [25,54].

(3) For continuous monitoring areas, an EWS is necessary. Local weather stations and satellites
should be used for continuous rainfall monitoring and displacement monitoring. A threshold
should also be established based on rainfall and displacement, considering topography, geology,
potential losses, and degree of risk.

(4) Displacement measuring devices such as GPS, distributed optic fibers and 3D laser scanners,
should be deployed in small key continuous monitoring areas. The cost of a monitoring system
with a range of kilometers can been economically controlled to be in the order of tens of thousands
US dollars.

In addition, villagers who live in the geological disaster-prone areas should be educated on
planned evacuation routes released by responsible authorities, and evacuation practice should be
performed on a regular basis.

5. Conclusions

This paper reports on the massive landslide event that occurred on 24 June 2017 in Sichuan, China.
Based upon the preliminary investigation and analysis, the following conclusions can be drawn:

1 A large-scale landslide event, with about 8 million cubic meters of earth and rocks, occurred
at Xinmo, resulting in 10 fatalities and 73 people reported as missing. The debris flow hurled
cobbles and gravels that weighed more than 100 kN into the valley, clogging a 2 km section of the
Minjiang river. In preliminary investigations, the debris flow’s horizontal and vertical trajectory
was projected as 3000 m and 1250 m, respectively.

2 The combined effects of large amounts of rainwater, steep topography, deep-seated sliding
interface, and significant altitude difference between the highest point of the mountain and the
Xinmo villagers” houses enhanced the power of the debris flow, leading to severe casualties and
environmental impacts.

3  Early warning systems and continuous monitoring by cost-effective strain sensing technology
should be deployed for geological disaster-prone areas. Villagers who live in geological
disaster-prone areas should be educated on planned evacuation routes, thereby reducing
casualties in future similar incidents.
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