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Abstract
On June 17, 2020, a sequential disaster event, including debris flows, dammed lakes and the reactivation of ancient landslides, 
occurred in Danba County, Southwest China. The debris flow, which was triggered by short-term heavy rainfall, caused 
damage to houses and casualties, eventually leading to the blockage of the main channel of the Xiaojinchuan River as well 
as the formation of a debris flow–dammed lake. The outburst flood induced by the breakage of the debris flow dam caused 
devastating damage to dozens of villages, towns, and national highway G350 downstream. Moreover, an ancient landslide 
located on the left bank was reactivated during the outburst flood and experienced a large degree of deformation for several 
months. According to this sequential disaster event, we conducted on-site surveys and monitoring using three-dimensional 
terrestrial laser scanning (TLS) and unmanned aerial vehicles (UAVs). The development and dynamic evolution mechanism 
of the debris flow, dammed lake, and reactivated ancient landslide were illustrated based on the monitoring data. The results 
show that the erosion of outburst floods is the main cause of the deep and shallow sliding of the ancient landslide, and the 
presence of landslide deposits or unstable slopes near the debris flow dam sites is the key factor in the amplification and 
expansion of the disasters.
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Introduction

Landslides, debris flows, dammed lakes, and other natural haz-
ards often occur in the mountainous areas of Southwest China 
(Hu and Huang 2017). The topography of high alpine canyons 
provides favorable geographical conditions for the occurrence 
of geological hazards (Ge et al. 2017). In addition, the heavy 
rainfall in the flood season brings plenty of surface runoff and 
material sources for the formation of debris flows, landslides, 
collapses, and dammed lakes (Cui et al. 2013; Martha et al. 
2015; Cai et al. 2020). Moreover, the occurrence and develop-
ment of a natural disaster may not only cause damage to traffic 
and facilities but also trigger secondary disasters and form 
sequential disasters, resulting in an exponential increase in the 
scale and severity of natural disasters (Tacconi Stefanelli et al. 

2018; Zhou et al. 2020b; Li et al. 2021; Shen et al. 2021). The 
typical forms of sequential disaster events include (a) debris 
flows formed on the landslide deposits under the effect of 
heavy rainfall (Samodra et al. 2018; Setiawan et al. 2019); (b) 
landslides that occur immediately above the river channels, 
leading to the formation of landslide-dammed lakes (Zygouri 
and Koukouvelas 2018; Brideau et al. 2019; Koukouvelas et al. 
2020b); and (c) debris flows formed in the tributary channel 
entering the main channel, thereby blocking the main channel 
and forming debris flow–dammed lakes (Chen et al. 2019). 
Among these sequential disasters, the formation of a dammed 
lake and the ensuing outburst flood are the key contributors 
to the multiplication of disasters (Zou et al. 2013; Zhou et al. 
2016). Because of the large amount of sands, gravels, rocks, 
and boulders, outburst floods during the break of a landslide 
dam or a debris flow dam drastically change the original river 
channel and cause severe damage to villages, towns, cities, 
and roads downstream (Yang et al. 2020). In addition, outburst 
floods can cause severe erosion to the riverbank and riverbed 
at the breach due to the strong incision during the flood peak.

On June 17, 2020, a sequential natural disaster event con-
taining a debris flow, a dammed lake, and a reactivated ancient 
landslide occurred in Banshanmen town, Danba County, 
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Southwest China; the event is known as the “6.17” Danba 
continuous disaster. Among these disasters, the debris flow 
and dammed lake lasted only approximately 1 day from the 
initiation to the end, but the outburst flood of the dammed lake 
triggered the reactivation of an ancient landslide on the left 
bank, resulting in the disruption of national highway G350 
for approximately half a year. This is typical of sequential 
natural disasters with a strong amplification effect and long 
duration. The debris flows form as a result of the interaction 
of short-term intense rainfall and long-term accumulation 
of loose soils, gravels, rocks, and boulders in the tributaries. 
Once the accumulation of debris flows at the outlet reaches 
a certain level, the main river channel may be blocked, and a 
dammed lake is formed (Chen et al. 2005). The overtopping 
of dammed lakes is usually accompanied by dam failure and 
the formation of an outburst flood with a large flow (Jiang 
et al. 2018; Cai et al. 2020). The erosion caused by outburst 
floods during dam breakage can reduce the instability of riv-
erbanks and riverbeds, leading to the occurrence of riverbank 
landslides or collapses.

To analyze the development process of this sequential dis-
aster event, this paper focuses on the causes, processes, and 
mechanisms of debris flows, dammed lakes, and reactivated 
ancient landslides. Topographic and terrain data were col-
lected by means of a three-dimensional terrestrial laser scan-
ner (TLS), unmanned aerial vehicles (UAVs), and field sur-
veys, and real-time kinematic (RTK) positioning was used for 
geo-registration (Gao et al. 2002). We independently analyze 
each disaster in the sequential disaster event and elaborate on 
their interactions. Based on on-site monitoring and quantita-
tive deformation analyses, the motion process and reactivation 
mechanism of the ancient landslide are described.

The scale of this disaster event was tremendous, and its 
influences lasted for years, causing significant damage to the 
economy and security of Danba County. Therefore, we hope 
this study will provide valuable information for the follow-
up management of these sequential disasters and insight into 
future similar hazards in Danba County, as well as useful 
information for studies of debris flows, dammed lakes, and 
reactivated landslides in other areas.

Fig. 1   Overall study area: (a) the distribution of the river channels and the statistics of geological disasters in Danba County and (b) the location 
of Danba County
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Background and method

Study area

Danba County is located in the mountainous area of 
Southwest China (Fig. 1b), and its water system consists 
of five major rivers and hundreds of tributaries (Liu and 

Zhang 1994). Four main rivers, the Geshizha River (GSZ), 
Dajinchuan River (DJC), Xiaojinchuan River (XJC), and 
Donggu River (DG), converge in the middle of Danba 
County and flow into Dadu River (DD). Natural disas-
ters in Danba County include debris flows, landslides, 
and collapses, which are mainly distributed along the five 
major rivers (Fig. 1a). The mid-high mountainous valley, 

Fig. 2   Topography and geology 
of the study area: (a) topogra-
phy of the study area and (b) 
engineering geology of the 
study area (Jiang et al. 2021)

Fig. 3   Statistics of monthly 
rainfall and geological hazard 
events in the last 3 years
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vulnerable shallow ground surface, and heavy rainfall in 
the flood season are the main factors that led to the forma-
tion of these disasters (Zou et al. 2013).

The study area is located in the main stream of the XJC. 
The topography of the study area is an erosional and denu-
dational alpine canyon. The elevations of the V-shaped val-
ley range from 1787 to 5007 m (Fig. 2a). According to the 
major engineering geological rock grouping (Yu 2018), the 
stratigraphic lithology of the study area is part of the fourth 
rock group of the Wuiguan Group in Paleozoic Devonian 
(Dwg4) strata. There are three reverse faults that cross part 
of the rainfall catchment area of the Meilong gully. The 
middle and shallow rock layers of the ancient landslide are 
mainly composed of black carbonaceous slate, gray marble, 
and quartzite, and the overburden is dominated by Quater-
nary avalanches and slope deposits (Fig. 2b).

According to a detailed investigation report of geo-
logical hazards in Danba County, debris flows account 
for approximately 40% of the annual natural hazards and 
mainly develop in Quaternary strata, including residual 
slope layers, avalanche layers, glacial flood layers, ancient 
debris flow deposit layers, and flood deposit layers. These 

layers vary in thickness and generally consist of loose 
soils or gravels. Landslides generally occur on slopes with 
angles of 25° to 40°. Multistage sliding accounts for most 
of the landslides, and the sliding surfaces are generally 
nearly parallel to the slope. Collapses usually occur on 
high and steep metamorphic rock strata with slope angles 
greater than 60°.

Rainfall is considered the key factor for the develop-
ment of natural disasters in Danba County. Most of the 
tributary channels in Danba County are surrounded by 
high and steep mountains, leading to the concentration 
of surface runoff at the outlet of the rainfall collection 
area. According to the monthly rainfall statistics of the 
China Meteorological Administration and the natural haz-
ard statistics of Danba County in the last 3 years (Fig. 3), 
rainfall-caused disasters account for 92% of the total dis-
asters. Short periods of heavy rainfall in the summer bring 
an abundance of surface runoff for the formation of moun-
tain torrents, debris flows, landslides, and collapses (Zhou 
et al. 2020a). In addition, glacial meltwater caused by high 
temperatures in the rainy season also increases the surface 
runoff discharge.

Fig. 4   Danba “6.17” sequen-
tial disaster event: (a) the 
6.17 debris flow in Meilong 
gully, Danba County and (b) 
the debris flow-dammed lake 
upstream

Fig. 5   Onsite investigation of the Danba 6.17 sequential disaster event: (a) overview of the debris flow deposits, landslide and dammed lake; 
(b1)–(b2) file images taken in position b; and (c1)–(c2) file images taken in position c
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The 6.17 Danba sequential disasters

At 3:20 a.m. on June 17, 2020, a large debris flow occurred 
in Meilong gully, Banshanmen town, Danba County 
(E102°01′32″, N30°58′57″). The debris flow, which was 
caused by a flash flood, brought large amounts of soils, 
fine sands, gravels, rocks, and boulders into the main chan-
nel of the XJC (Fig. 4a), thereby blocking the main river 

channel and leading to the formation of a dammed lake in 
the upstream Guanzhou Hydropower Station (Fig. 4b).

The total amount of material from the debris flow was 
approximately 848,000 cubic meters according to the dis-
aster survey by the Water Conservancy Bureau of Danba 
County (WCBDC). The debris flow contained a large num-
ber of large rocks and boulders, which led to great losses in 
Guanzhou village (Fig. 5). Almost all the houses on the right 

Fig. 6   Reactivation of the 
ancient landslide: (a) two days 
after the breakage of the debris 
flow dam and (b) one month 
after the breakage of the debris 
flow dam

Fig. 7   Onsite investigation of 
the reactivated ancient land-
slide: (a) overview of the reac-
tivated ancient landslide after 
5 days; (b) lateral scarp of the 
reactivated ancient landslide; 
(c) new scarps appearing above 
the reactivated ancient landslide 
after one month; (d) image of 
the flood-induced landslide 
scarp; and (e) collapse and 
large-scale deformation of the 
flood-induced landslide scarp
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bank of the Meilong gully were influenced by the debris 
flow, and casualties were reported (Fig. 5b1 and b2). The 
bridges and part of the roads were completely destroyed, and 
some houses near the outlet were submerged by the debris 
flow deposits (Fig. 5c1 and c2). According to the WCBDC, 
the water level reached the top of the debris flow dam at 4:00 
p.m., which caused the overtopping of the debris flow dam. 
With the development of overtopping, the debris flow dam 
eventually failed, and the left bank slope was eroded by the 
dam break flood, resulting in the occurrence of landslides on 
the left bank and the destruction of national highway G350 
(Fig. 6a). Large amounts of debris flow deposits and land-
slide masses were washed downstream, resulting in the uplift 
of the riverbed and the inundation of farmland, villages, and 
roads. In addition, the erosion of the left bank slope also 
led to the reactivation of an unstable slope: the Aniangzhai 
ancient landslide. These landslide deposits have existed for 
at least 100 years, according to a 72-year-old senior citizen 
in Guanzhou village. Within 1 month after the breakage 
of the debris flow dam, significant tensile cracks appeared 
along the back and lateral edges of the slope (Fig. 6b).

The earliest reactivation of the slope was concentrated 
in the river bend (Fig. 7a), and its main components were 
loose soils, gravels, and large stones with diameters of 
0.5–2 m (Fig. 7d). With the deformation of the ancient 
landslide, the cracks along the back and lateral edge 

expanded over time (Fig. 7b), and new cracks in shallow 
layers began to appear on the top of the reactivated slope 
(Fig. 7c). Moreover, collapses, rockfalls, and subsidence 
occurred continuously on the flood-induced landslide 
scarp (Fig. 7e).

Data acquisition

To acquire the terrain information and monitor the develop-
ment of the landslide, RTK, TLS, and UAVs were used in 
this study. TLS is a high-resolution remote sensing tech-
nique that rapidly acquires three-dimensional information 
of distant objects (Li et al. 2020; Jiang et al. 2020). Lim-
ited by the terrain, the TLS scan position can be set up 
only where people can physically reach, so it usually fails 
to obtain data in the presence of visual obstacles, which is 
especially obvious in mountain valleys (Li et al. 2019). In 
contrast, although the accuracy of UAV photogrammetry 
is lower than that of TLS, it has a faster speed and wider 
range in data acquisition (Dong et al. 2014; Koukouvelas 
et al. 2020a). Therefore, UAVs are suitable for large-scale 
topographic mapping, especially for the deformation moni-
toring of giant landslides. However, the accuracy of UAVs 
decreases rapidly in the absence of ground control points 
(GCPs), which are often difficult to set in landslide areas 
with limited access. In this paper, the reactivation of the 

Fig. 8   Topography of the Meilong gully: (a) a satellite image of the Meilong gully (from Google Earth); (b) and (c) topography of Meilong 
gully
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ancient landslide caused only the uphill road to be disrupted 
(Fig. 7a), so we could set up GCPs only within the river 
valley via RTK early in the disaster. In this case, we were 
faced with the dilemma that TLS cannot obtain a complete 
view of the entire landslide, and the accuracy of the UAV 
model and orthophoto decreases significantly with the dis-
tance from the RTK-based GCPs. To solve this problem, 
we extracted the spatial coordinates of obvious buildings, 
utility poles or boulders on the landslide surface from the 
high-precision TLS data and used them as the GCPs of the 
UAV. Furthermore, to verify the accuracy of this method, 
we conducted much research on the accuracy control and 
alignment methods of the point cloud data and finally real-
ized the accurate alignment of UAV and TLS data in differ-
ent periods (Jiang et al. 2021).

In this paper, we collected terrain data from 6 phases 
of TLS and 4 phases of UAVs. The TLS instrument was 
a RIEGL-VZ2000i, 3–5 scan positions were set in each 
phase of data collection, and the vertical and horizontal 
resolutions of TLS were set to 0.01°. The FeiMa-D2000, 
which was equipped with a Sony D-OP3000 camera, was 

used for UAV photogrammetry (FeiMa Robotics 2019). 
The aerial image resolution was 0.05 m, and the flight 
height was fixed at 300 m. Except for the RTK-based 
GCPs, we extracted 10 GPCs on the reactivated ancient 
landslide from the TLS data.

Results

Debris flow in the Meilong gully

The location of the Meilong debris flow is approximately 
19.5 km upstream of Danba County. The rain collection 
range is surrounded by steep mountains on all sides and 
has an area of 64.37 km2 and a maximum height of 2500 
m (Fig. 8). The minimum width of its outlet is only 113 
m. There are freeze–thaw areas at the top of the mountain 
(from elevation (EL.) 4000 m to EL. 5000 m), with average 
slopes between 0° and 30° (Fig. 8c). The slopes below the 
freeze–thaw areas are relatively steep (30°–60°) with eleva-
tions between 2300 and 4000 m.

Fig. 9   Typical profile of the main Meilong gully

Table 1   Statistics and 
classification of debris flows in 
Danba County

Scale Slope of hillside (°) Gradient of gully (‰)

< 25 25–40 > 40 < 250 250–400 > 400

Giant 1 0 4 3 1 1
Large 0 4 19 11 11 1
Medium 0 12 32 14 15 15
Small 2 9 29 7 19 14
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Figure 9 shows a typical profile of the Meilong gully and 
the average slope angle of the nearby hillside. The surface 
overburden in the freeze–thaw areas is a Quaternary deposit 
layer with abundant fine particles. According to a geological 
hazard report in 2006, the statistical relationship between the 
scale of the debris flow, slope of the hillside, and gradient 
of debris flow gullies in Danba County is shown in Table 1. 
This shows that giant debris flows were more likely to occur 
in gullies with gradients less than 240‰ and hillside slopes 
greater than 40°, which is consistent with the characteristics 
of the Meilong gully.

According to the on-site investigation of the residual 
debris flow deposits (Fig. 10a), the main components of the 
debris flow are soils, fine sands, rocks, and boulders, and the 
particle size distribution ranges from less than 1 mm to more 
than 5 m (Fig. 10c). We counted the stones exposed on the 
debris flow deposits near Guanzhou village and found that 
almost all the rocks with a diameter of more than 0.5 m have 
experienced strong weathering and erosion, indicating that 

they have resided within the Meilong gully for a long time 
and have been eroded by water flow throughout the year. 
We described a typical cross-section of the Meilong gully to 
show its shape after the 6.17 debris flow (Fig. 10b) accord-
ing to the submerged area in Guanzhou village. Then, we 
depicted several cross-sections based on TLS data and flood 
traces in the flooded area and simplified the real section into 
a trapezoidal section with a slope angle of 45°. According 
to Manning’s formula (Attari and Hosseini 2019; Tuozzolo 
et al. 2019), the discharge of the debris flow in the Meilong 
gully is calculated in Table 2. The formula is

where n is the roughness coefficient of the gully, R is the 
hydraulic radius, and i is the gradient of the gully.

The results show that the flood discharge of the Danba 
6.17 debris flow was approximately ten times the normal 
discharge.

(1)V =
1

n
× R

2

3 × i
1

2

Fig. 10   Onsite investigation 
of the debris flow deposits: 
(a) debris flow deposits; (b) 
submerged area of the debris 
flow; and (c) major components 
of the debris flow deposit

Table 2   Discharge estimation for the Meilong gully, where n is the 
roughness coefficient of the gully; b1 and b2 are the average bottom 
and top widths of the cross-section, respectively; i is the gradient 

of the Meilong gully; h is the average water depth; v is the average 
velocity of the cross-section; and Q is the discharge of the Meilong 
gully

Parameter n b1 (m) b2 (m) i (‰) h (m) v (m/s) Q (m3/s)

Normal 0.04 4 (±0.5) 9 (±0.5) 220 2.5 (±0.5) 2.2 (±0.1) 35 (±5)
Flood 0.04 35 (±0.5) 41 (±0.5) 220 3.5 (±0.5) 3.3 (±0.1) 412 (±47)
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Dynamic evolution of the debris flow‑dammed lake

The time interval between the formation and destruction of 
the debris flow dam was only a few hours. Therefore, it is 
very difficult to obtain actual image or terrain information 
on the dam formation and failure processes in subsequent 
studies. To reproduce the dynamic evolution of the debris 
flow dam, we carefully analyzed the TLS data on Jun. 20, 
2020 and conducted a detailed field survey in an attempt 
to infer the formation and destruction of debris flow dams 
using some typical ground features.

Because of the existence of the ancient landslide, anti-
slide piles were used as the foundation of national high-
way G350. Some of the anti-slide piles were destroyed in 
the flood-induced landslide, while others were preserved 
(Fig. 11a). As shown in Fig. 11b, most of the top beams 
of the preserved anti-slide piles were intact. According to 
the TLS data, we extracted the elevations of G350 (EL. 
2090 m), the top of the anti-slide pile (EL. 2079 m), and 
the edge of the residual debris flow dam (EL. 2088 m) and 
then restored a typical section of the river channel before 
dam breakage (Fig. 11c).

According to the elevation of these ground features, we 
speculate on the development of the breakage of the debris 
flow dam and the flood-induced landslide on the left bank. 
At first, the debris flow brought particles of various sizes 

into the main channel of the XJC and blocked the river chan-
nel (Fig. 12a). The anti-slide pile was completely buried 
by debris flow deposits (Fig. 12b). Generally, debris flow 
deposition is fan-shaped, and the height of the front edge 
is relatively low (Chen et al. 2013; Hu et al. 2019; Wang 
et al. 2017). Therefore, the initial overtopping might have 
occurred near the intersection of debris flow deposits and the 
left bank slope (Fig. 12b). As erosion developed at the slope 
toe, the bank slope gradually lost its stability. Two types of 
landslide surfaces might exist in this situation: (a) the slid-
ing surface of the landslide is deep, and the anti-slide pile is 
damaged by the direct impact of the landslide (Fig. 12c1 and 
d1); (b) the sliding surface was shallow, and the landslide 
occurred above the anti-slide pile, resulting in the anti-slide 
pile remaining intact (Fig. 12c2 and d2). Then, because of 
the existence of the dammed lake and the increased upstream 
flow in the flood season, the water level at the breach was 
much higher than usual, which had a strong erosion effect 
on the left bank landslide residues, resulting in the continu-
ous occurrence of landslides, collapses, subsidence, and 
rockfalls.

Monitoring of the ancient landslide

According to the monitoring results, the ancient landslide 
can be divided into two stages and five zones (Fig. 13a). 
The reactivation of the lower stage (Stage I) began with the 
dam break flood, which can be subdivided into four smaller 
zones (zones I, II, III, and IV) according to the accumu-
lated deformation. Zone I is the scarp of the flood-induced 
landslide, with a length of approximately 650 m along the 
river and an average width of approximately 180 m along 
the slope. The height of this area is approximately 70 m, 
and the slope is approximately 40 degrees. Zone II is the 
area with the largest deformation during the landslide, which 
can be divided into two parts: Zone II1 and Zone II2. Zone 
II1 is the main landslide mass and Zone II2 is the reacti-
vated scarp of Zone II1, as well as the toe of Zone V (stage 
II). Zone III is the upstream triangular-shaped area whose 
deformation process is controlled by the instability of its 
toe and the lateral restraint in Zone II1. The length along 
the slope is approximately 700 m, and the top and bottom 
widths are approximately 300 m and 100 m, respectively. 
Zone IV is a downstream syncline bedrock on which two 
bedrock outcrops appeared. There is no significant displace-
ment in this area. The reactivation of Zone V (stage II) is 
approximately 1 month later than that of stage I, with a small 
sliding distance and good integrity. There are obvious ten-
sion cracks on its trailing edge, ranging in width from 4 to 
10 m (Fig. 13b and c). In addition, there was a significant 
horizontal displacement of the anti-slip pile on the riverbed, 
which moved approximately 15 m toward the opposite bank 
a few months after reactivation (Fig. 13d and e).

Fig. 11   On-site investigation and TLS data of the ground features: 
(a) overview of the investigated ground features; (b) TLS data for 
extracting the elevation of ground features; and (c) typical profile for 
the analysis of debris flow dams
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Based on the above observations, we first used the 3D 
point cloud generated by UAV aerial photography to quan-
titatively analyze the overall deformation of the landslide. 
Figure 14 shows the deformation of the landslide in the 

first month (Fig. 14a) and in the second to third months 
(Fig. 14b). As a result, the accumulated deformation and 
failure mode of the ancient landslide varied spatially and 
temporally. The most obvious phenomenon is that the overall 

Fig. 12   Formation and breakage of the debris flow dam: (a) typical 
profile of the original river channel; (b) river blockage by the debris 
flow dam; (c1) and (c2) overtopping of the debris flow dam and the 

erosion process of the water; and (d1) and (d2) process of the flood-
induced landslide

Fig. 13   Deformation of the 
reactivated ancient landslide 
after one month: (a) overview 
of the ancient landslide; (b), (c) 
cracks and scarps at the back 
edge of the ancient landslide; 
and (d), (e) horizontal displace-
ment of the slope toe from 2020 
Jun 22 to 2020 Jul 28
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deformation of the landslide gradually decreases, but the 
deformation area expands significantly. During the first 
month, the deformation area was mainly concentrated in 
stage I, and the maximum deformation appeared in Zone 
II1. The slope mass in this area slid down along the slope, 
which led to the extrusion, collapse, and subsidence of the 
slope toe (Zone I). In the next 2 months, the deformation of 
stage I slowed down to a large extent, while stage II started 

to show a significant displacement. Stage II gradually desta-
bilized after losing the restraint from Zone II1, and its slope 
toe exhibited obvious outward extrusion and collapse.

Figure 15a shows a typical profile of the 3D deformation 
map in Fig. 14b. The deformation mode of zone I can be 
deduced by Fig. 15c:

1.	 Subsidence on the back edge

Fig. 14   3D deformation analysis based on point cloud data obtained from UAV photogrammetry: (a) 3D deformation from 2020 Jun 20 to 2020 
Jul 28 and (b) 3D deformation from 2020 Jul 28 to 2020 Aug 19

Fig. 15   Typical profile of the 3D deformation map: (a) overall profile and (b)-(d) local deformation diagram in Zones II2, I and II1
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2.	 Outward extrusion and uplift on the front edge
3.	 Uplift and horizontal displacement of the riverbed

The most obvious difference between the deformation 
forms of Zones I and II2 is the rotation deformation at the 
front edge (Fig. 15c). Although the cause of the reactivation 
of both stages I and II was the instability of the front edge, 
the former underwent a rotational deformation in which the 
front edge lifted and the trailing edge subsided. As a result, 
the sliding surface of stage I should be located below the 
riverbed, which is the only way to cause the uplift and hori-
zontal displacement of the riverbed.

The shortest distance (SD) method is used to measure 
the 3D deformation based on point cloud data. The method 
selects the points closest to the reference point set from the 
test point cloud set and considers the distance between the 
points as the amount of deformation. In this method, the 
deformation nephograms in Zones II and III are distrib-
uted in red and blue stripes. This is because the surfaces of 
the slope before and after the deformation crisscross each 
other, and the tie points selected by the SD method were not 

the real points before and after the deformation (Fig. 15d). 
Therefore, to compensate for the defects of the SD method, 
we use the difference in orthophotos (DOO) to analyze 
the sliding process of the landslide mass along the slope 
(Fig. 16). The displacement identified from the DOO can 
be analyzed based on manual visualization or offset pixel 
tracking, such as Cosi-Corr (Ayoub et al. 2009). Since the 
relative deformation of the ground surface is clearly visible 
and regular, we manually extract the characteristic points of 
the ground surface before and after deformation in the UAV 
images, such as roads, houses, utility poles, and vegetation, 
to analyze the landslide displacement.

As a result, the use of the DOO allows a better visualiza-
tion of the ancient landslide sliding down the slope. Since 
the maximum slope angle of the ancient landslide is less 
than 45° (approximately 40°), there is a certain degree of 
synchronization between the horizontal displacement and 
the actual displacement, and the horizontal displacement can 
reflect the actual displacement to a certain extent. In addi-
tion, this method can overcome the data shortage caused by 
the lack of point cloud data. For example, due to the high 

Fig. 16   Horizontal displace-
ment based on the differences 
in orthophotos (DOO): (a)-(c) 
UAV orthophotographs on 2020 
Jun 20, 2020 Jul 28, and 2020 
Aug 19 in different color bands 
and (d), (e) horizontal displace-
ment of the ancient landslide
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water level in the first month, it is difficult to obtain the ter-
rain of the riverbed (Fig. 14a), so it is difficult to analyze 
the evolution of the riverbed in the first month by means 
of 3D analysis. Instead, we determined the boundary of the 
landslide by means of the DOO and found that part of the 
riverbed deformed synchronously with the ancient land-
slide. Moreover, we quantitatively analyzed the horizontal 
displacement of the ancient landslide and found that the 
cumulative horizontal displacements in Zone II and Zone 
III were 12–22 m and 6–8 m, respectively, in the first month, 
and the maximum displacement occurred at the junction of 
Zone II and Zone III (approximately 18–22 m).

Reactivation of the ancient landslide

There are two possible factors causing the instability of the 
ancient landslide: one is the lateral erosion of the outburst 
flood, which causes the instability of the left bank slope and 
the reduction of the anti-slide force; the other is the vertical 
erosion, which causes the undercutting of the riverbed and 
the reduction of the anti-slide force. In the first case, there 
is a high probability that the exit of the sliding surface will 
appear above the riverbed, while in the second case, the exit 
of the sliding surface may appear below the riverbed.

Based on the boundary of the DOO and the original river-
bank, we determined the boundary of the disturbed riverbed 
and the exit of the sliding surface. Then, the horizontal dis-
placement of the riverbed was determined by quantitatively 
calculating the horizontal displacement of the anti-slide 

piles and the large boulders in the riverbed (Fig. 17a). From 
these results, we drew three typical profiles of the disturbed 
riverbed (Fig. 17b–d). The maximum width of the disturbed 
riverbed appeared on the upstream side (profile A-A′), and 
the horizontal displacement of the riverbed was approxi-
mately 20–23 m, which was almost equal to the horizon-
tal displacement of the ancient landslide above this area in 
Fig. 16d (18–22 m in the first month and 3–5 m in the next 
2 months). Similarly, the horizontal displacement of profile 
B-B′ was almost the same as that of the upper ancient land-
slide. It can be determined that this part of the disturbed 
riverbed deformed synchronously with the ancient landslide, 
indicating that the exit of the sliding surface of the ancient 
landslide had penetrated into the river channel. In contrast, 
the DOO boundary in profile C–C′ was on the slope surface 
of Zone I, and the riverbed in this area was stable.

It can be inferred that the reactivation of the ancient 
landslide was related to both slope erosion and riverbed 
undercutting. The undercutting of the riverbed caused 
deep sliding of the ancient landslide, resulting in synchro-
nous deformation of the riverbed and the ancient landslide, 
while slope erosion caused shallow sliding of the slope. 
The main reasons for the different deformation modes of 
the three profiles include the deposition range of the debris 
flow dam, the shape of the river channel, and the topo-
graphic constraints. Profile C–C′ was located downstream 
of the ancient landslide, which was far from the debris 
flow dam, so the erosion effect of the dam break flood 
was the weakest. Compared with profile B-B′, profile A-A′ 

Fig. 17   Analysis of the land-
slide boundary: (a) deter-
mination of the range of the 
disturbed riverbed based on the 
DOO; (b)–(d) typical profiles of 
the riverbed
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was closer to the debris flow dam. Moreover, the narrow 
channel and hard bedrock on the opposite bank limited the 
expansion of the spillway during the outburst flood, lead-
ing to increased vertical erosion and more severe distur-
bance of the riverbed. Therefore, the riverbed disturbance 
in profile A-A′ was larger, which was reflected in the larger 
horizontal displacement in this section.

Discussions

Debris flows, landslides, collapses, and dammed lakes are 
common disasters in mountainous areas. The occurrence of 
one of these disasters usually results in a succession of the 
other disasters, thereby forming sequential disaster events. 
The form of the Danba 6.17 sequential disaster event is a 

Fig. 18   Schematic diagram of 
the mechanism of continuous 
disasters: landslide-dammed 
lake disasters (blue lines), 
landslide-debris flow-dammed 
lake disasters (red lines) and the 
6.17 Danba disasters (purple 
lines)

Fig. 19   Potential sites similar 
to the 6.17 Danba sequential 
disasters in Danba County
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debris flow–dammed lake-reactivated landslide, which has 
a longer duration and greater potential risk than a normal 
dammed lake disaster (Fig. 18). The key factor in the forma-
tion of this type of sequential disaster event is the presence 
of an ancient landslide or unstable slope at the site of the 
debris flow dam. Dam failure floods may cause the instabil-
ity of unstable slopes and have the potential to block river 
channels. According to geological surveys, there are dozens 
of ancient landslides or unstable slopes in Danba County. To 
determine whether other sequential disaster events similar 
to the Danba 6.17 sequential disasters could occur in these 
areas, we counted the locations of existing natural hazards, 
including debris flows, landslides, and unstable slopes, 
according to the detailed investigation report of geologi-
cal hazards in Danba County (Fig. 19). Nine positions with 
ancient landslides or unstable slopes located at the outlet of 
debris flow gullies were highlighted. All of the positions are 
located near the main river channel, and the formation of a 
large debris flow may form such continuous disasters, seri-
ously affecting regional safety and economic development 
in downstream areas.

The reactivation of ancient landslides induced by dam 
break floods greatly promoted the potential severity and pro-
longed the duration of the disasters. During the breakage of 
the debris flow dam, the lateral erosion of the outburst flood 
caused slope instability and the formation of lateral free sur-
faces, while vertical erosion caused riverbed disturbance and 
a reduction in the shear strength of the slope toe. With fur-
ther deformation of the ancient landslide toward the oppo-
site bank, the disturbed riverbed was gradually compacted, 
and the shear strength of the slope toe increased, leading to 
the weakening of the deformation rate of the ancient land-
slide. In the flood season, the lateral erosion of water flow 
is unlikely to cause deep destabilization of the riverbed, but 
shallow collapses or landslides may still occur in zone I. 
If the landslide is large enough, narrow channels (e.g., the 
A-A′ profile) may be blocked again. Even if the volume of 
the barrier is small, the outburst flood may again adversely 
affect the stability of the deeper part of the riverbed and lead 
to the reactivation of the ancient landslide again.

Conclusions

The main components of the Danba 6.17 sequential disas-
ters include the large-scale debris flow, the subsequent debris 
flow-dammed lake, and the reactivation of an ancient land-
slide after dam failure. The discharge of the debris flow was 
approximately ten times that of the normal flow. The long-term 
accumulation of a large number of solids in the Meilong gully 
and the flash flood triggered by short-term heavy rainfall were 
the main causes of the debris flow. The breakage of the debris 

flow dam induced an outburst flood that intensely eroded the 
riverbed and the slope toe of the left bank, leading to the reac-
tivation of the ancient landslide.

On-site monitoring and quantitative deformation analyses 
were conducted based on TLS and UAVs. The reactivated 
ancient landslide was a two-stage landslide, and the upper part 
was reactivated approximately 1 month later than the lower 
part. The main deformation modes of the landslide include the 
main body sliding along the slope and the rotational deforma-
tion at the front edge. The landslide was deformed to a greater 
extent during the first month, while the deformation rapidly 
decreased in the next 2 months. Based on the differences in 
orthophotos, the extent and horizontal displacement of the dis-
turbed riverbed were determined, and the depth of the sliding 
surface of the landslide on the upstream side was found to 
be greater than that on the downstream side. As a result, the 
undercutting of the riverbed could cause the deep sliding of the 
ancient landslide, while lateral erosion could lead to shallow 
sliding at the slope toe.
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