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The 2017 Jiuzhaigou earthquake caused numerous landslide masses in the
Jiuzhaigou cultural heritage site, leading to frequent surface mass movements
and affecting the hydrological landscape. This was the first time a strong
earthquake hit the heritage site in China, making it an important area for
ecological geological environment protection and restoration research. To
understand the influence of slope runoff erosion on the activation of landslide
accumulations, this study examined remote sensing images from 2017 to 2020 to
investigate the geological disaster, while field scour tests were conducted to study
the rainfall seepage, mass erosion, and migration.The results indicated that the
steep-sloped landslide deposits in the heritage site contain a high content of fine
grains and good permeability.
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1 Introduction

The Jiuzhaigou cultural heritage site located in Sichuan Province, China, is known for its
beautiful calcified lakes, beaches, waterfalls, and karst water systems. It is the first nature
reserve in China, established primarily for the protection of natural scenery. Jiuzhaigou is
one of the 25 global hotspots of biodiversity and a core distribution area for the panda
population in the Minshan Mountains. It is also a typical fusion area of the Tibetan and Han
culture zones. In 2017, an Ms 7.0 earthquake hit Jiuzhaigou, resulting in 89 new geological
hazards, 132 square kilometers of vegetation damage, and 55 square kilometers of soil
erosion.

Strong earthquakes in mountainous areas can trigger a large number of landslides,
resulting in loose and unstable rockslide deposits. These deposits are easily reactivated due to
a low rainfall threshold (Yang et al., 2021; Li et al., 2016; Huang et al., 2020a) and evolve into
a debris flow (Lin et al., 2006; Hovius et al., 2011; Zhang et al., 2014; Fan et al., 2021). Within
3 years after the Jiuzhaigou earthquake, at least 83 debris flows occurred in the core area,
posing a serious threat to the opening and operation of the Jiuzhaigou scenic area, natural
landscapes, and geological safety (Lei et al., 2018; Hu et al., 2019). Through remote sensing
interpretation and field investigation, a significant increase in the post-earthquake debris
flow has been revealed (Fan et al., 2018; Wang and Mao, 2022), which is mainly caused by
rainfall (Zhang et al., 2019; Zhang et al., 2022), as the post-earthquake threshold is lower than
the pre-earthquake threshold (Liu et al., 2021). It is necessary to understand the mechanisms
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of rainfall infiltration and runoff generation to trigger shallow slope
failure in loose landslide deposits before triggering a debris flow (Cui
et al., 2014).

Physical model experiments, numerical simulations, and field
experiments are the main methods to study the triggering
mechanism of slope instability. Field experiments can better
reproduce actual conditions than physical model experiments
and numerical simulations. Hu et al. (2014) proposed that a
gradient is the main factor controlling the scale of the debris
flow by using flume experiments. Cui et al. (2014) analyzed the
hydraulic response of landslide deposits under rainfall conditions
and proposed surface runoff, interflow, and fine particle migration
effects to explain the shallow failure process. A frictional resistance
model based on the limit equilibrium and unsaturated theory is
established to study the triggering mechanism of landslide deposits
(Travis et al., 2010). Zhou et al. (2013) identified that the increase in
surface water runoff and decrease in the saturated deposit shear
strength are the main causes of the debris flow under heavy rainfall
conditions. Hu et al. (2018) believed that erodible small particles
play an important role in triggering failure and fluidization and
causing particle coarsening. The initiation of loose deposits is
actually a process of increasing the soil pore pressure and
reducing frictional resistance (Terajima et al., 2014; Sidle and
Bogaard, 2016). Torres et al. (1998) pointed out that rainfall-
induced slope instability is related to the formation height of
stable unsaturated flow fields. The pressure wave caused by
rainfall infiltration results in a relatively rapid response of the
pressure head inside the soil during rainfall. Teeca et al. (2003)
measured the soil pore pressure in a shallow slope layer located in
the starting area of a debris flow and found an instantaneous and
upward increase in the pore pressure during a debris flow.
Jiuzhaigou possesses the richest and most typical ecological and
hydrological landscape in the western region of China, making it an
experimental field for studying the science of ecological geological
environment systems. A debris flow causes damage to the water
quality at the Jiuzhaigou cultural heritage site; however, there is still
a lack of experimental data supporting this process.

This study takes landslide deposits in the core area of Jiuzhaigou
as the research object to reveal the impact of runoff erosion on
landslide deposits and improves the understanding of the
transformation of post-earthquake deposits. Based on remote
sensing image interpretation from 2017 to 2020, this study
investigates the seepage response, erosion and transport
processes, and the erosion initiation mechanism of the deposit
through field erosion experiments. The aim of this study is to
provide a theoretical reference for geohazard mitigation of the
Jiuzhaigou cultural heritage site.

2 Study area

The uplift of the Tibet Plateau plays a significant role in the
evolution of Chinese landforms, changes in the climate and
environment, formation of ecological barriers, and the
proliferation of nomadic cultures. It has also given rise to
extremely complex geological conditions and frequent strong
seismic environments, making the ecological and geological
environment extremely fragile. The Jiuzhaigou earthquake

occurred on 8 August 2017, in Jiuzhaigou County, Sichuan
Province, China, and caused damage to more than
73,000 buildings and resulted in 25 fatalities, six missing people,
and 525 injuries (Fan et al., 2018). The Jiuzhaigou earthquake
ruptured a strike-slip fault to the northwest of the Huya fault (Li
et al., 2018; Yi et al., 2018; Zhang et al., 2018; Ling et al., 2020). The
epicenter and focal mechanism of the Jiuzhaigou earthquake did not
seem sufficiently correlated with any of the already known active
faults in the area. The seismogenic fault of the Jiuzhaigou earthquake
was first hypothesized by Li et al. (2017) to be an unknown blind
strike-slip fault, based on the combination of fault mechanism
solutions, field-inferred signs of rupture, and radon anomalies.
However, since the inferred fault slip was rather slight, the
location of the Jiuzhaigou earthquake’s seismogenic fault has
been debated.

The area belongs to theMinshan range in the Bayankala block of
the eastern Tibet Plateau and is characterized by a
Paleozoic–Mesozoic sequence composed of a marine platform,
shallow-water siliciclastic rocks, and reef-bearing limestone or
dolomite (Kirby et al., 2000). The regional geology of the study
area features Devonian to Triassic outcrops, mostly consisting of
limestone, dolomite, slate, and metamorphic sandstone and also
including the Neogene conglomerate to a lesser extent. Under the
effect of the plateau cold and sub-cold monsoon climate, the annual
average precipitation was 704.3 mm, while precipitation from April
to October contributes the most (89.61%) to the total precipitation
throughout the year. Figure 1 shows that the epicenter of the
earthquake is located in Bisang Village, 5 km west of the core
scenic area, and the maximum intensity can reach IX degrees,
resulting in the Jiuzhaigou earthquake having the characteristics
of a large magnitude, deep epicenter, wide impact range, and serious
secondary geological disasters. The use of field investigation and
remote sensing image interpretation is becoming increasingly
frequent in natural hazard studies (Huang et al., 2020b; Chang
et al., 2020; Huang et al., 2020c). The data mainly contain satellite
images, topographic data, and high-definition photographs in this
study. Remote sensing images and high-definition photographs are
used to interpret geohazards by manual annotation. The data
information used in this study is shown in Table 1.

We interpreted the pre-earthquake (5 August 2017), co-seismic
(6 September 2017), and post-earthquake (22 August 2018, 16
August 2019, and 28 August 2020) remote sensing images in an
area of 655 km2. There are 180, 1,344, 1,582, 1,638, and
1,757 landslides with the disaster areas of 2.52 km2, 8.34 km2,
9.87 km2, 10.16 km2, and 10.97 km2, respectively. It should be
noted that both the number and area of landslides increased
gradually in the 3 years after the earthquake (Figure 2). Figure 3
shows that the collapse was significantly distributed in the steep
slope section with an elevation of 2,800–3,400 m and 30°–55° before
and after the earthquake; this is basically the same as the conclusion
Tian et al. (2019) reached. Figure 4 shows that rainfall gradually
increased from May to August after the 2017 earthquake, especially
in 2020. It can be reasonably inferred that rainfall is an important
triggering factor for the increase in post-seismic landslides in
Jiuzhaigou.

Field investigation showed that the sediment composition of
most of the earthquake-induced landslide deposits gradually became
coarse, with fine particles (smaller than 0.075 mm) on the top and

Frontiers in Earth Science frontiersin.org02

Pei et al. 10.3389/feart.2023.1232278

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1232278


large blocks at the bottom. Horizontally, the particles in the middle
are larger than those on both sides, which is favorable for the erosion
and migration of fine particle matters. A total of 76 deposits are
developed along the road in scenic areas. The slope angles of the
deposits are within the range of 35°–42°, and approximately 31.5% of
them are at the gradient of 40° (Figure 5). Compared with deposits
formed under gravity, the deposits induced by earthquakes contain
fewer fine grains and are steeper. An investigation showed that soil
loss and the debris flow are generally caused by rainfall after an
earthquake. These result in the turbidity of lake water and damage to
the infrastructure (Figure 6), extremely threatening the natural
landscape and scenic spot security in the study area.

The Xiajijiehai landslide deposit triggered by the Jiuzhaigou
earthquake is taken as a geological prototype in this study (Figure 7).
The deposit here has an average gradient of approximately 40°, a
slope length of approximately 17 m, a maximum bottom width of
approximately 9 m, and a maximum top width of approximately
1.2 m. The deposit is made of loose gravel soil and blocks. The
surface is covered by sandy soil and silty clay (Figure 8) (Table 2).
The measurement errors arising from equipment, procedural
operators, and random testing effects during soil testing are
generally unavoidable (Jiang et al., 2018). Interested readers can

refer to Phoon and Kulhawy (1999a); Phoon and Kulhawy (1999b)
for a detailed explanation about the measurement errors. Serious
water and soil loss situations during rainfall occur here after an
earthquake.

3 Methods

According to the precipitation data from 2018 to 2020 from the
Scientific Research Department of Jiuzhaigou Administration, the
daily average rainfall of the 3 years after the earthquake is
approximately 4.3 mm, while the rainfall of July and August in
2020 is 326.3 and 239.2 mm, respectively, having reached a “once-
in-a-century” rainfall level. The corresponding scouring flows of the
return periods of “once-in-20-years”, “once-in-50 years,” and “once-
in-a-century” extreme rainfall conditions are planned to be set for
our tests. Based on the peak flow method (Eqs 1 and 2), peak
discharges at different rainfall frequencies in the test area and test
flows are derived from the following (Table. 3):

H1 � Kp* �H, (1)
Qp � 0.278*H1*Ψ*F, (2)

wherein H1 (mm) represents the maximum precipitation. Kp

is the modulus ratio coefficient of the Pearson type III curve, and
�H (mm) represents the mean of the maximum precipitation
values. Qp (m3/s) represents the storm flow at its frequency of
P. Ψ represents the flood peak runoff coefficient. H1 (mm)
represents the maximum precipitation of 1 h, and F (km2)
represents the catchment area. According to the calculation
results, three scouring flows at 22.4 L/min, 29.6 L/min, and
35.2 L/min are set for the test.

FIGURE 1
Earthquake intensity map of the Jiuzhaigou scenic area.

TABLE 1 Data information used in this study.

Data type Source Parameter (m)

Topographic data STRM 30

Satellite images Planet 3

High-definition photographs UAV 0.2
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To obtain the internal seepage process of the slope under different
conditions, including the change of moisture content, matrix suction,
and pore water pressure, the flow meter, 20 sensors, and acquisition
instrument are used in this study. The layout of the sensors in the test is
mainly based on the overall size of the accumulation and related
literature (Liu et al., 2021; Zhang et al., 2022). The sensor
arrangement, including volumetric moisture content sensors, pore
water pressure sensors, and matric suction sensors, is divided into
three layers in total, each spaced 15 cm apart in the direction of the
vertical slope, and the interval is 2, 2, 3, 3, and 4 m in the parallel slope
direction. Moreover, a Polaris 3D laser scanner is set in front of the

deposit to get the slope scouring pattern and deposit migration
conditions. Monitoring instruments are set at three levels on the
middle profile section of the deposits, 15, 30, and 45 cm from the
surface of the deposits, respectively. The first layer is set with a
volumetric moisture content sensor, pore water pressure sensor, and
matric suction sensor; the second layer with a volumetric moisture
content sensor and pore-water pressure sensor, which are vertically 2, 4,
7, and 10 m from the deposit top; and the third layer with volumetric
moisture content sensors are vertically 2 and 4 m from the deposit
top. The parameters of all the instruments and sensors are shown in
Table 4 and Figure 9, respectively.

Landslide deposit instability is the co-effect of early rainfall and
short-term heavy rainfall. Early rainfall changes the saturation
degree of the deposit, playing a supplementary role in deposit
migration later. It could be found that short-term heavy rainfall
triggers the deposit instability and debris flow, so the test is designed
by suddenly increasing the scouring flow after pre-wetting to get the
concentrated runoff erosion effect. After repeated tests on the
deposits in the study area, it has been discovered that the large-
scale migration of matters under runoff erosion usually happens in
the first 30 min (Hu et al., 2011). This study sets the duration of pre-
wetting and scouring as 30 min and 60 min, respectively.

After 3D laser scanning the deposit slope, we pre-wet the deposit
for 30 min with the flow of 2.6 L/min first and then scan the deposit
slope again. We then increase the flow to 22.4, 29.6, and 35.2 L/min
(three tests). The rainfall time duration is 60 min for each rainfall
level. We keep recording the situation of the slope under scouring
and gully characteristics by using a 3D laser scanner during tests.

4 Results

4.1 Mass migration

Figure 10 shows that the three tests have formed shallow
gullies during their pre-wetting stages (duration time: 30 min),
which are 0.07–0.1 m wide, 0.02–0.09 m deep, and approximately
7 m long. When the scouring flow is 22.4 L/min (Figure 10A), the
soil on the surface is quickly eroded and flows. It is mainly
presented by an erosion gully on the top and multiple thin gullies
in the middle. As time goes on, the finer and smaller particles on
the surface are taken away by the flow, and the gully mainly plays
a role in progressive erosion to a width of 0.3 m and a depth of
0.12 m, with a maximum migration distance of 11.7 m. When the
scouring flow rate increases to 29.6 L/min (Figure 10B),
downcutting and surface erosion decrease at the beginning of
this stage compared to a scouring flow of 22.4 L/min. Scouring is
mainly presented in modes of downcutting and lateral erosion
with weak migration power. In this period, the erosion gully is
approximately 0.32 m wide, 0.22 m deep, and 14 m long. The
eroded deposits are made of gravel stones, sandy soil, and silty
clay at first and fine and small sand particles later. When the flow
rate reaches 35.2 L/min (Figure 10C), the superficial matter is
quickly carried down by a strong hydrodynamic force; gravel
stones accumulate along both the sides of the eroded channel.
The eroded gully takes shape in a short time with a width of
approximately 0.33 m and a depth of approximately 0.2 m.
Scouring in this stage is dominated by lateral erosion and

FIGURE 2
Interpretation results of the pre-earthquake (5 August 2017), co-
seismic (6 September 2017), and post-earthquake (22 August 2018,
16 August 2019, and 28 August 2020) images. (A) 2017.8.5, (B)
2017.9.6, (C) 2018.8.22, (D) 2019.8.16, and (E) 2020.8.28.
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downcutting. The eroded deposits mainly accumulate in the
middle-upper and -lower parts of the slope. It should be noted
that a flow of 29.6 L/min produces the maximum scouring depth
of approximately 0.22 m and the largest migration distance of
approximately 15.5 m, which has greater effects than the flow of
35.2 L/min (Figure 10D).

4.2 Seepage characteristic

The volumetric water content responses of deposits are shown in
Figure 11. The initial water content of the deposit is in the range of
14.5%–20.5%, which changes in the form of “increasing
slowly—increasing quickly—high fluctuation of the water
content—decreasing slowly” throughout the process of scouring. In
the stage of pre-wetting, the volumetric water content of the points at

2 m and 4 m on the surface of the slope change. Sensors in the upper
layers (at the depth of 15 cm) respond quickly within 10 min, while
points at 7 m and 10 m almost have no response at this stage.

At the scouring rate of 22.4 L/min, the sensor in the upper
shallow layer starts to respond at the time of 40 min. The
volumetric water content at point H1-1 increases sharply to
40.2%, while the volumetric water content at points H3-1 and
H4-1 below change notably in a matter of 52 min. Points H3-2
and H4-2 deep under the ground fluctuate in a narrow range as
the wetting front moves down to the monitoring level at the depth
of 30 cm (Figure 11A). At the flow rate of 29.6 L/min, points H1-
1, H1-2, H2-1, H2-2, and H3-1 are the first to respond to the
runoff as their volumetric water contents increase quickly and
stop at 65.6%, 60.1%, 62.8%, 49.7%, and 45.7%, respectively.
Points H4-1 and H4-2 in the lower part and points H1-3 and H2-
3 in the middle-upper part of the deposit respond first, with an
increase in a relatively small amplitude (Figure 11B). When the
flow rate increases to 35.2 L/min, points at different levels

FIGURE 3
Distribution of the earthquake-induced landslide area with respect to the (A) elevation and (B) slope classes.

FIGURE 4
Impact of rainfall on landslides in the Jiuzhaigou area after the
2017 Ms 7.0 earthquake.

FIGURE 5
Slope angle of the deposit.
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respond more quickly. At last, the volumetric water contents of
points H1-1, H2-1, H3-1, and H4-1 stabilize at 70.3%, 57%,
49.5%, and 22.5%, respectively (Figure 11C).

Pore water pressure responses are shown in Figure 12. The
pore water pressure of natural deposits is within the range
of −100–0 Pa, suggesting that there is capillary water in the
soil of the slope surface. The pore water pressure generally
changes in slightly in a short time, increases quickly,

fluctuates, and drops quickly. In the period of slope pre-
wetting, monitoring points in the upper part have a notable
response. Points K1-1 and K2-1 increase relatively faster. Points
K3 and K4 in Figure 10B and K3 in Figure 10C also show an
intensity response. When the flow rate is at 22.4 L/min at the
beginning of scouring, points K1-1, K1-2, and K2-1 increase
sharply in a short time with pore water pressures, while point
K4 almost has no change during the whole course (Figure 12A).

FIGURE 6
Deposit activity under heavy rainfall after the earthquake. (A) Heavy rainfall caused turbidity to the water in 2017; (B) landslide accumulation rushed
into the sea of arrows and bamboos in 2018; (C) debris flows block roads in 2019; (D) rainfall washes away the accumulation to form gullies in 2020.

FIGURE 7
Studied slope. (A) Location of the studied slope; (B) enlarged view of the studied slope.
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When the flow rate increases to 29.6 L/min, the monitoring
points on the surface respond violently, with the frequent
volatility of the monitoring curve for a short-term channel
blockage (Figure 12B). During the period when the flow rate
is 35.2 L/min, points K1 and K2 respond with large fluctuation

amplitudes, while points K3 and K4 respond with smaller
amplitudes (Figure 12C).

The changes in the matric suction of deposits are shown in
Figure 13. At the beginning of scouring, when the flow rate is at
22.4 L/min, points J1 and J2 change quickly. J1 drops from
11.6 kPa to 9.3 kPa in 41 min, and J2 drops to 9.7 kPa in
34 min but is almost maintained at 9.9 kPa later, while J3 and
J4 only show a small change (Figure 13A). At the flow rate of
29.6 L/min, all monitoring points respond quickly under the
effect of runoff seepage (Figure 13B). When the flow rate
increases to 35.2 L/min (Figure 13C), the matric suction of
J1 and J2 starts to decrease sharply in 43 min. The two points
are presented with a longer response time in this stage than in the
last two stages (22.4 L/min and 29.6 L/min); the possible reason
might be that a large flow rate results in a slower seepage process,
which lags the response speed. It should be noted that J3 and
J4 have already responded in the pre-wetting period, but no
surface runoff was observed.

5 Discussion

As Jiuzhaigou is located in a high relief area, landslide deposits
generally take place at the gradient of 35°–42° in the study area

FIGURE 8
Particle size analysis of the deposit.

TABLE 2 Basic properties of a deposit.

ω % ρ0 g/cm3 ρsat g/cm3 c kPa φ ° c′ kPa φ′ °

18.8 1.77 2.02 19.4 28.2 15.4 26

Note: ω represents the moisture content; ρ0 represents the density; ρsat represents the saturation density; c and φ represent the cohesion and internal friction angle, respectively; c’ and φ′
represent the saturated soil cohesion and internal friction angle, respectively.

TABLE 3 Peak discharge under different rainfall frequencies.

P (%) H1 mm F km2 ψ Qp m3/s Q L/min

1 41.4 0.00012 0.425 0.000587 35.2

2 36.1 0.410 0.000494 29.6

5 29.4 0.381 0.000373 22.4

P represents the probability; H1 represents the maximum rainfall; F represents the catchment area; ψ is the coefficient; Qp and Q represent the storm flow; 1%, once in a century; 2%, once in

50 years; 5%, once in 20 years.

TABLE 4 Summary of the instruments.

Instrument Type Range Precision Number

Flow meter KWAT 0–100 L/min 0.01 L/min 1

Acquisition instrument HCSC — 0.01% FS 1

3D laser scanner Polaris — 2 mm 1

Pore water pressure sensor HC-25 −10–15 kPa 0.1% FS 6

Volumetric moisture content sensor EC-5 100% VWC 0.1% VWC 6

Matric suction sensor MPS-6 −9~105 kPa 0.1 kPa/0.1°C 4
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FIGURE 9
Layout of sensors for tests.

FIGURE 10
Response of material migration characteristics (unit: m). (A) 22.4 L/min; (B) 29.6 L/min; (C) 35.2 L/min; (D) sections.
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(Figure 3), which meets the gradient for the debris flow (Chen et al.,
2011; Ni et al., 2012; Ni et al., 2014; Zhang et al., 2019; Guo et al.,
2021). So Jiuzhaigou provided the gradient conditions for
developing surface erosion and the debris flow (Ling et al., 2020).
The terrain slope leading to the debris flow disaster is mainly 29° ± 6°

(Brayshaw and Hassan, 2009; Kang et al., 2017). Similarly, rainfall is
an important excitation condition for a debris flow, and Harry
(2007) found that heavy rainfall is necessary to generate surface
runoff and induce a slope debris flow, with the combination of the
debris flow rainfall intensity and cumulative precipitation (Tu et al.,
2019) The tests in this study show that scouring is presented as
runoff downcutting and surface erosion. As the event develops, large
particles on the surface start to migrate first and keep colliding with
different types of matter along the path in a high-speed flow, and
then stop and accumulate on both sides of the channel under the
effect of energy conversion and dissipation. In the mid-to-late stage,
the deposit is mainly subject to headward erosion and lateral
erosion, accompanied by a small scouring flow only carrying
small particles (Figure 10).

In the 3-year flood season after the earthquake, the research area
has more than twice the monthly precipitation of over 20 mm/d.
However, in July and August 2020, the maximum daily precipitation
values are up to 102 and 75.6 mm/d, respectively. Rainfall water
infiltration constantly replaces gases in the deposit with water. As
the wetting front slowly moves down, the pore water pressure keeps
increasing, during which gases in the soil dissipate out from the
ground, and matric suction first simultaneously shows a tendency of
fluctuating within a narrow range and then dropping sharply at a
certain depth. Water infiltration reduces the inner matric suction of
the slope. However, with the increasing scouring flow, the decrease
in matric suction is delayed, which means that the scouring flow has
a negative relationship with the infiltration speed to some degree.
From another point of view, it also suggests that the greater the
rainfall intensity in a short time, the higher the scouring flow rate of
the runoff (Figure 12).

The process of development from the deposit start-up to the
slope debris flow is a complex evolution. According to Howard et al.
(1988), the essence of developing the debris flow is all about the

FIGURE 11
Response of the volumetric water content under different flushing flows. (A) 22.4 L/min; (B) 29.6 L/min; (C) 35.2 L/min.
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increasing soil pore water pressure, causing shear strength reduction
and shallow layer landslides, in turn leading to the debris flow. The
tests in this paper simulate how the deposits develop into the slope
debris flow under rainfall runoff erosion. Based on previous studies
(Lu et al., 2011; Zhuang et al., 2013; Lyu and Xu, 2019), the
initiating process is divided into the early rainfall infiltration stage
and the surface runoff erosion start-up stage (Figure 14). In natural
conditions, the deposits contain low volumetric water content, so
pre-wetting water infiltrates quickly. As pre-wetting develops into
an alternation of blockage and strong currents in the short term,
large amounts of fine particles are carried away by water, which
greatly changes the soil structure and results in the frequent
fluctuation of the volumetric water content in the scouring
stage. At 3–10 min after runoff infiltration, the wetting front
reaches the monitoring point, and the volumetric water content
rises sharply and stays at a stable level after reaching the peak
(Figure 11). With the increasing scouring flow, surface runoff takes
form gradually, the progress of infiltration slows down, and the
large-scale migration of matter on the surface of the deposit is easy
to be initiated via scouring erosion.

The entire instability and evolution process of deposits under
runoff erosion conditions could be divided into four stages
(Figure 15). The early infiltration stage: the small flow of water
quickly infiltrates deep down from the surface of the natural deposit
and moistens the soil into an unsaturated state. The pore water
pressure increases slowly, and fine particles on the surface migrate a
short distance. A rill with mild erosion effects is developed
(Figure 15A). Debris flow stage: the soil water content grows
gradually under the early seepage effect of water. Fine particle
aggregations deep in the wet areas make up a water-resisting
layer. The surface soil strength decreases at the same time. In
case of strong runoff erosion, water cannot infiltrate quickly and
massive amounts of water carry away the loose matter on the surface
of deposits. The loose matter keeps colliding and scraping with the
others, while the flow in this stage develops into cascade slipstreams
(Figure 15B). Depositing stage: the debris flow moving at a high
speed under the coupling effect of water and gravity keeps eroding
the loose matter on the way and the solid matter content keeps
increasing. However, for the distinct property difference between the
flow andmatter on both sides, the kinetic energy is gradually used up

FIGURE 12
Response of the pore water pressure under different flushing flows. (A) 22.4 L/min; (B) 29.6 L/min; (C) 35.2 L/min.
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and the matter finally accumulates on both sides of the gully and the
foot of the slope (Figure 15C). Local erosion stage: the local soil gets
infiltrated with water and reaches a saturated state, the pore water
pressure increases to a peak, and matric suction decreases
remarkably. The gully is subject to tension and shear
deformations, lateral erosion, and headward erosion
(Figure 15D). The deposit is now in the alternative mode
between locally eroded and stable states.

Variations in the volumetric water content, pore water pressure,
matric suction, and matter migration distance under different runoff
erosion scenarios are shown in Figure 16, which are collected from
the surface monitoring points (15 cm from the surface) of the
middle-upper part of the slope having the most significant
response in the test. Under the scouring rate of 22.4 L/min, the
volumetric water content of the deposit gradually increases to 42%.
Although the soil is unsaturated now, its start-up force is
strengthened by the seepage force of the runoff. Meanwhile, the
surge of the pore water pressure and rapid reduction of matric
suction weaken the start-up resistance of the deposit. So the deposit
loses its stability locally and develops with the erosive gully.

However, the matter migration distance is short. When the
scouring rate grows to 29.6 L/min, the volumetric water content
quickly increases to 62.8%, the pore water pressure increases in
waves (Figure 16A), and matric suction has a small reduction
(Figure 16B). As water infiltrates the surface soil until it is full,
the shear strength decreases sharply; the saturated soil loses its
stability and moves to the farthest distance of 17 m as a start-up is
much greater than the start-up resistance. When the scouring rate
reaches 35.2 L/min, the soil is not saturated at the beginning, and
both pore water pressure and matric suction show a small range of
changes according to Figure 16. However, the large runoff intensity
imposes a large draw force on the surface soil, which is much greater
than the start-up resistance, so fine particles on the surface of the
deposit initiate soon and move 15 m away.

6 Conclusion

Through scour tests, the initiation conditions and process of the
deposit flow are analyzed. The geohazards deposit in the Jiuzhaigou

FIGURE 13
Response of matrix suction under different flushing flows. (A) 22.4 L/min; (B) 29.6 L/min; (C) 35.2 L/min.
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earthquake area has the characteristics of a steep slope, large number
of fine grains in soil pores, good permeability, strong hydrodynamic
force, and weak scouring resistance. The initiation process of the
deposit is divided into four parts: the early infiltration, debris flow,
deposition, and locally erosion stage. On account of the large slope
angle of the deposit, the particles of the deposit grow larger and
coarser from the top to the bottom and from the sides to the middle.

Under the effect of rainfall, the deposits which are easily developed
into a slope surface debris flow 3 years after the earthquake is a long-
term threat to the study area.

The matter on the surface of the slope is subject to
downcutting, surface erosion, headward erosion, and lateral
erosion during scouring. The volumetric water content
increases slowly at first, then increases quickly, changes into

FIGURE 14
Runoff infiltration process.

FIGURE 15
Start-up process of deposits under runoff erosion. (A) Early infiltration stage; (B) debris flow stage; (C) depositing stage; (D) local erosion stage.
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waves, and decreases slowly in the end; the pore water pressure
shows no change at first. Then, it soon increases quickly, changes
into waves, and decreases at last, while matric suction decreases
after a period of fluctuation at a certain depth. Simply speaking,
the increase in the soil water content, a surge of pore water
pressure, a rapid drop of matric suction, and a change in the
runoff intensity would lead to the start of a deposit. The results of
this study are of great significance for the prediction of long-term

effects and for the ecological governance of post-earthquake
debris flow activities.
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