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Abstract: A catastrophic landslide occurred at 
Xinmo village in Maoxian County, Sichuan Province, 
China, on June 24, 2017. A 2.87×106 m3 rock mass 
collapsed and entrained the surface soil layer along 
the landslide path. Eighty-three people were killed or 
went missing and more than 103 houses were 
destroyed. In this paper, the geological conditions of 
the landslide are analyzed via field investigation and 
high-resolution imagery. The dynamic process and 
runout characteristics of the landslide are numerically 
analyzed using a depth-integrated continuum method 
and MacCormack-TVD finite difference algorithm. 
Computational results show that the evaluated area of  

 
the danger zone matchs well with the results of field 
investigation. It is worth noting that soil sprayed by 
the high-speed blast needs to be taken into account 
for such kind of large high-locality landslide. The 
maximum velocity is about 55 m/s, which is 
consistent with most cases. In addition, the potential 
danger zone of an unstable block is evaluated. The 
potential risk area evaluated by the efficient depth-
integrated continuum method could play a significant 
role in disaster prevention and secondary hazard 
avoidance during rescue operations. 
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Introduction  

People living in mountainous areas commonly 
face tremendous threats from landslides or rock 
falls. A variety of factors impose restrictions on 
moving personnel out of dangerous areas. At about 
5:39 AM on June 24, 2017, a catastrophic landslide 
occurred at Xinmo village (E 103°39' 03", N 32°04' 
09"), Maoxian County, Sichuan province, China. 
The beautiful village, a famous scenic spot, was 
completely buried by rushing high-speed rock and 
soil aggregates, and Eighty-three people were killed 
or went missing and more than 103 houses were 
destroyed. The location of the landslide is very 
close to the epicenter of the Diexi Ms 7.5 
earthquake in 1933. Many bead-like barrier dams 
and old landslides could be easily discriminated in 
the area. The initial collapse of this landslide 
occurred at an elevation of about 3800 m above sea 
level. The high altitude makes on-foot investigation 
difficult. In addition, it is hard to obtain high-
quality remote sensing information about land 
surface deformation due to the thick forest in the 
area. Thus, analysis of the failure mechanism and 
dynamic characteristics of landslides with high 
potential energy is difficult (Guthrie et al. 2009; Xu 
et al. 2010; Burgh et al. 2012; Wu et al. 2013; Coe 
et al. 2016; Wang et al. 2017).  

After the disaster, scientists arrived on the 
scene and collected a variety of data, such as high-
resolution images, pre- and post-landslide 
elevation, land surface deformation, seismic, 
InSAR, and Radar data. Such comprehensive work 
can be expected to provide significant guidance to 
similar cases in the future to prevent casualties and 
protect property. 

Numerical analysis of landslide propagation 
and the danger area is significantly important for 
risk evaluation before a landslide and during the 
rescue stage. Numerical modeling techniques 
including the discrete element method (Banton et 
al. 2009; Zhou et al. 2013; Shi et al. 2016), 
discontinuous deformation analysis (DDA) (Zhang 
et al. 2016; Beyabanaki et al. 2016) and depth-
integrated continuum mechanics method (Iverson 
et al. 2015; Ouyang et al. 2017), have been 
continuously shown to successfully reproduce the 
dynamic process of rockslides. Among the above-
mentioned methods, the depth-integrated 
continuum model, which greatly reduces 

computation time (Iverson and Ouyang 2015), has 
been broadly and successfully applied in modeling 
of earth-surface flows, such as landslides (Iverson 
and George 2015; Ouyang et al. 2017), debris flows 
(Ouyang et al. 2015a; Chen et al. 2016), 
hydrodynamic flows (Liang 2010; Ouyang et al. 
2015b), rock or snow avalanches (Delaney and 
Evans 2015), multi-phase flows (He et al. 2016), 
and landslides into rivers (Liu et al. 2016). The 
depth-integrated continuum method simplifies the 
classical Navier-Stokes model by considering the 
main characteristics of gravity-driven surface flows. 
Thus, it requires far fewer parameters and is solved 
much more efficiently. It is believed to become a 
significant tool for pre-evaluating risk areas and 
guiding mitigation design in the near future.  

In this paper, the landslide at Xinmo village on 
June 24, 2017 in Maoxian County (hereafter called 
Xinmo landslide), China is analyzed in detail. 
Firstly, the geological conditions, causes, and 
mechanisms of the landslide are introduced. 
Secondly, the depth-integrated continuum 
framework and MacCormack-TVD finite difference 
algorithm, which has second-order accuracy in 
both time and space, are introduced. Thirdly, 
numerical modeling of the landslide propagation is 
performed and compared with field observations. 
Fourthly, the potential danger area of a determined 
unstable block is evaluated.  

1    Background 

1.1 Geological conditions and properties  

For Xinmo landslide, the initial failure block is 
located at E 103°39' 03", N 32°04' 09". The general 
features of the landslide are shown in Figure 1. The 
location lies at the left bank of the V-shaped 
Songping gully, which is the first tributary of the 
Minjiang river. The area is located in an active 
earthquake zone and belongs to Longmenshan 
tectonic belt. Strong earthquakes such as the Ms 
7.5 Diexi earthquake in 1933, Ms 7.2 Songpan 
earthquake in 1976 and Ms 8.0 Wenchuan 
earthquake in 2008 have greatly affected the rock 
masses.  

According to data from Sichuan 
meteorological bureau, the study area has a mean 
annual precipitation of 484.1 mm, and the maximum 
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Figure 1 Features of the Xinmo landslide (a) The topographic map of the landslide; (b) Google earth image taken in 
2003; (c) An overview of the post-landslide at Xinmo village (image taken by UAV on June 25, 2017); (d) The 
elevation variations estimated on the pre-and pos-failure DEMs; (e) The unstable block determined by images and 
field investigation. (-to be continued-) 
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annual rainfall is 560.6 mm. The maximum rainfall 
in single day is 75.2 mm. Rainfall is concentrated 
from April to October. In that period, total rainfall 
is about 444.4 mm, which accounts for 91.8% of 
the annual precipitation. In 2017, the cumulative 
rainfall between May 1 and June 22 was 201 mm at 
Diexi town and 227 mm at Songping gully. There 
was continuous rainfall for 10 to 20 days before the 
landslide failure (Figure 2). 

1.2 Dynamic process and runout 
characteristics 

High-resolution images and terrain elevation 
data before and after landslide  were provided by 
the Sichuan Geomatics Center (Figure 1(a)-(d)). 
The geometric feature analysis can be referred to 
Fan et al (2017). Based on the images and field 
investigation, the initial failure, dynamic 

propagation and deposition characteristics are 
analyzed in detail. The altitude of the rear of the 
landslide is about 3400m, and the slope toe is 
about 2150 m. The mobility of this landslide was 
evaluated as about 0.42 by the expert group within 
this investigation team.  

The landslide can be generally divided into 
three areas, source, transition, and flowing-
accumulation as shown in Figure 1(a). The source 
area consists of two parts. Source area 1 contains 
the initial collapsed rock mass and has a volume of 
2.87×106 m3. Source area 2 is the superficial mass 
below source area 1, which was rapidly entrained 
by the strong impact of the slide. The total volume 
of the two parts is 5.08×106 m3. The transition area 
is bound by light green color in Figure 1(a). The 
flow-accumulation area contains the terrace and 
river bank, where houses were built. The maximum 
depth of the deposited mass is more than 32 m. 
Most houses in the terrace were totally buried and 
destroyed. It is worth noting that large quantities of 
sprayed soil were found in the landslide front due 
to high-speed blasting. The depth of the sprayed 
soil is less than 3m and the range of this area is 
marked as flowing-accumulation area 2 by the red 
dotted line, as shown in Figure 1(a). The triggering 
mechanism with detail can be referred to Su et al 
(2017). 

During rescue operations, it was noticed that 
huge deformed unstable masses with a volume of 
3.03×106 m3 are dangerously prone to collapse. A 
rupture tens meters wide in the free face indicates 
that this rock mass is a high-risk source. The 
potential danger range is analyzed in section 3.3. 

(-Continued-) 

 
Figure 1 Features of the Xinmo landslide (a) The 
topographic map of the landslide; (b) Google image 
earth taken in 2003; (c) An overview of the post-
landslide at Xinmo village (image taken by UAV on June 
25,2017); (d) The elevation variations estimated on the 
pre-and pos-failure DEMs; (e) The unstable block 
determined by images and field investigation. 

 
Figure 2 Daily rainfall (column charts) and cumulative 
rainfall (line charts) from May 1, 2017 to June 22, 2017. 
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2    Model Description and Solution  

2.1 Depth-integrated continuum method 

For the Maoxian landslide, the dynamic 
process and runout characteristics are analyzed 
using a depth-integrated continuum method. In a 
depth-integrated continuum framework, the mass 
and momentum equations in rectangular Cartesian 
coordinates with a vertical z-axis can be derived as 

                     (1) 

 

(2) 

    (3) 

where  represents flow density; is flow height; 
 and  are depth-integrated flow velocity in x 

and y direction;  and  are basal 
resistance components;  and are lateral 
earth pressure coefficients which are given by 

                  (4) 

                   (5) 

where  is small and used as a threshold to 
avoid the machine precision error. The lateral earth 
pressure coefficients in the active elongation 
( ) and passive compression ( ) depend 
on the strain rate of the moving material columns, 
as suggested by Savage and Hutter (Savage and 
Hutter 1989); 

 

(6) 

where  and  are the internal and bed 
friction angles.  

The basal friction stress
 

 is assumed to obey 

the following Coulomb failure criterion 

                              (7) 

 and are the cohesion and basal friction 
angle of the mass. 

The depth-integrated mass and momentum 
equations (1-3) are solved by Massflow, which is a 
high-efficiency finite difference framework based 
on a MacCormack-TVD scheme (Ouyang et al. 2013; 
2015a, b; 2017). A variable timestep is adopted and 
guaranteed by a Courant number. The 
computational codes are optimized and sped up by 
using Fortran programming and parallel 
computing. Its robustness has been verified by a 
series of experimental benchmarks and real 
hazards (Ouyang et al. 2015a, b; Ouyang et al. 
2017). 

 

 

3 Numerical Analysis of the Landslide 
Dynamic Propagation  

3.1 Computational setup 

The pre-landslide topography with a precision 
of 5 m was provided by Sichuan Geomatics Center. 
One day after the incident, high-performance UAV 
aerial photogrammetry was performed by the 
Sichuan Geomatics Center and high-resolution 
elevation with 0.5 m precision was created. The 
landslide range was determined from images and 
verified by field investigation. In the computation, 
the initial source consists of the collapsed rock 
mass and the triggered surface soil layer. The 
precise volume is determined by the terrain 
difference before and after landslide. In order to 
consider the volume amplification due to masses 
disintegration, the initial source is enlarged to 1.4, 
which is consistent with similar rockslides (Hungr 
and Evans 2004; Xing et al. 2014).  

3.2 Analysis of computational results  

The Coulomb basal frictional model as 
expressed in Eq. (7) was adopted. The mobility of 
this landslide, which is indicated by the ratio (H/L) 
of flow height H to length L was evaluated as 0.42 
by an expert group within this investigation team. 
Thus, the coefficient of basal friction angle was 
adopted as 0.42. A cohesion of 20 kpa was adopted. 
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It is useful to describe the accumulation behavior 
in the static stage. Lateral earth pressure was 
considered and the internal friction angel was set 
as 35°, which is reasonable and somewhat larger 
than the friction angle for soil material (Ouyang et 
al. 2017). In order to take volume bulking into 
account, the volume was amplified 40% in the 
initial stage. The computational cell size is set as 5 
m and a variable timestep based on Courant rule is 
chosen for all cases.  

The contours of mass depth of the Maoxian 
landslide at times t = 0, 10, 20, 40, 60, 100 seconds 
are shown in Figure 3. The initial collapsed rock 
masses rushed down and propagated fast in the 
direction of S 205.9°W. It quickly merged with the 
triggered surface soil layer. Thus, in the 
computation, the source area containing the two 
parts is considered. When t = 10 s, the front of 
landslide moves to the edge of the channel and 
changes its direction to S 217ºW. Without the 
blockage formed by the terrain, the tourist center 
in the right valley might be damaged by the slide. 
When t = 40 s, the mass reaches the smooth terrain 
and begins to accumulate. After 60 s, the landslide 

has almost stopped and most of the mass is 
deposited along the hillside and valley. The main 
simulated depositional domain is located in the 
measured range enclosed by red line (Figure 3(f)). 
In addition, the computed deep depositional zone 
in Figure 3(f) is coincident with field investigation 
in Figure 1(d). The computed landslide front is a 
little shorter than the real landslide front. This 
could be attributed to two reasons. Reason one is 
that erodible material in the transition and 
accumulation area is neglected in the current 
computation. Reason Two is that soil sprayed by 
the high-speed blast is difficult to account for. 

The landslide flow velocity contours at times t 
= 10, 20, 40, 60, 100 seconds are shown in Figure 4. 
In the initial stage within 0 to 10 s, the rock 
collapses and the front of the sliding mass reaches 
a velocity of 55 m/s. At t = 20 s, the velocity of the 
right side of the slide is larger than the velocity of 
the left side causing more material to be deposited 
on the right side of the slide (Figure 1d). After 40 s, 
most of the mass starts to decelerate due to basal 
friction. After 100 s, the flow velocity in most of the 
slide is almost static except on some steep slopes.

 
(a)                                                                                           (b) 

Figure 3 Snapshots of computed flow height contours of the landslide at (a) t = 0 s, (b) t = 10 s, (c) t = 20 s, (d) t = 
40 s, (e) t = 60 s, (f) t = 100 s. (to be continued) 
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(-Continued-) 

 
(c)                                                                                   (d) 

 
(e)                                                                      (f) 

Figure 3 Snapshots of computed flow height contours of the landslide at (a) t = 0 s, (b) t = 10 s, (c) t = 20 s, (d) t = 
40 s, (e) t = 60 s, (f) t = 100 s. 
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(a)                                        (b) 

 
(c)                                    (d) 

Figure 4 Snapshots of the computed flow velocity contours of the landslide at (a) t = 10 s, (b) t = 20 s, (c) t = 40 s, 
(d) t = 60 s, (e) t = 100 s. (-to be continued-) 
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Velocity histories over time in three different 
locations of the main profile are shown in Figure 5. 
Locations are marked by P1–P3 in Figure 1(a). The 
maximum velocity for all the three locations is 

more than 35 m/s, large enough to destroy all of 
the simple houses and structures.  

3.3 Analysis of danger areas of unstable 
masses 

As shown in Figure 1(e), from field monitoring 
and high-resolution images, the unstable block is 
highly prone to failure. A rupture tens of meters 
wide can be found along the trailing edge of the 
landslide. A crack formed in the left edge and the 
whole block could collapse anytime. In order to 
avoid secondary hazards during rescue operations, 
the potential danger area of the block is evaluated 
by the efficient depth-integrated continuum 
method. According to field investigations, it is 
assumed that averaged initial thickness of potential 
failure blocks is 20 m, and initial volume is about 
3.06×106 m3. Similarly, the initial volume is 
amplified by 1.4 times in the computation.  

All the parameters are same as the previous 
analysis of the landslide dynamic process. The 
dynamic characteristics and predicted danger area 
of the unstable block is shown in Figure 6. Its 
motion trail is similar to the previous real landslide, 
and its runout is smaller than the runout of the real 
case. The maximum thickness of the deposited 
mass is 19 m and the maximum velocity is 40 m/s. 
Similarly, taking soil or rocks sprayed by the high-
speed blast into account, the real danger area 
would be somewhat larger than the initial slide. 
Thus, the whole rescue area should be continuously 
monitored.  

4    Conclusions 

On 24 June 2017, a catastrophic landslide 
occurred at Xinmo village in Maoxian, Sichuan, 
China. The geological background and 
characteristics of the landslide are analyzed. The 
depth-integrated continuum method is adopted to 
numerically simulate the dynamic process of this 
landslide. Computational results agree well with 
the field investigation. The computational 
trajectory path and depositional range match well 
with data collecting in the field. The computational 
maximum velocity is about 55 m/s. The Coulomb 
model is feasible to evaluate the dynamic 
propagation of large landslides.  

(-Continued-) 

 
(e) 

Figure 4 Snapshots of the computed flow velocity 
contours of the landslide at (a) t = 10 s, (b) t = 20 s, (c) 
t = 40 s, (d) t = 60 s, (e) t = 100 s. 

Figure 5 Velocity histories over time in three different 
locations P1–P3 of the main profile A-A'. 
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