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Abstract
Since the 12 May 2008 Wenchuan earthquake, numerous catastrophic debris flows have occurred in the Wenchuan earthquake-
stricken zones. In particular, on 14 August 2010, long-duration, low-intensity rainfall triggered widespread debris flows at the
epicenter of the Wenchuan earthquake. These flows caused serious casualties and property losses. In this study, a novel approach
combining a soil-water mixing model and a depth-integrated particle method is applied to the analysis of the post-seismic debris
flows in the epicentral area. The presented approach makes use of satellite images of the debris flow in the affected area. It is
assumed that debris sourcematerials are primarily generated from slope failure during the earthquake. Debris flows are initiated after
different amounts of cumulative rainfall according to diffusion governing equations. The debris flow disaster is investigated in terms
of volume, concentration, discharge, velocity, deposition thickness and affected area by setting the cumulative rainfall, Manning
coefficient and diffusion coefficient to 38 mm, 0.1 and 0.004 m2 s−1, respectively. Although the thickness and volume of debris
source materials are underestimated in this study, the numerical results, including the volume concentration, velocity, discharge and
the affected area are in good agreement with the actual observations/measurements of the debris flow events. Adopting a simple and
efficient numerical model, systematic analysis of the entire debris flow generation process not only contributes to understanding the
mechanism of initiation, transportation and deposition, but is also very useful in designing effective protection structures according
to the distribution characteristics of the main parameters. Additionally, the coupling effect of multiple debris flows is discussed.
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Introduction

Mega-earthquakes not only cause serious casualties and prop-
erty losses but also trigger numerous coseismic geohazards. For

example, the 12 May 2008 Wenchuan earthquake in China
triggered approximately 56,000 landslides (Gorum et al.
2011; Huang and Fan 2013), with a total debris volume of more
than 5 × 109 m3. Extremely abundant loose materials easily
serve as source materials for subsequent rainfall-induced debris
flows in the earthquake-stricken zones. Since the Wenchuan
earthquake, numerous debris flows have occurred in the
earthquake-stricken zones in the last ten years (Huang and Li
2009; Fan et al. 2017, 2018), and many of these events have
been reported (Xu et al. 2012; Zhang et al. 2016). Investigation
of the source material evolution in 11 debris flows occurring
during 12–14 August 2010 in the vicinity of Qingping Town in
the Wenchuan earthquake area demonstrated that approximate-
ly 20% of the landslide deposits evolved into debris flows (Xu
et al. 2012). Zhang et al. (2016) noted that the mass transport
rates (defined as the percentage volume loss of the hillslope
deposits) were 24.5%, 16.3 and 12.1% during the rainstorms
in 2010, 2011 and 2013, respectively, by evaluating the evolu-
tion of debris flows that occurred after the Wenchuan earth-
quake along Province Road 303. Therefore, debris flows have
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become a dominant disaster type and threaten post-seismic res-
cue, temporary resettlement, post-reconstruction and rehabili-
tation in earthquake-stricken zones. Moreover, the post-seismic
geohazards effect lasts for several dozens of years (Nakamura
et al. 2000; Lin et al. 2003; Huang 2011; Zhang et al. 2016)
because of the extreme abundance of loose materials. To pre-
vent and reduce such geohazards, an efficient evaluation of the
hazards of post-seismic debris flows shortly after earthquakes
in earthquake-stricken zones is very urgently needed.

Previous research (e.g., Tang et al. 2012a; Zhou et al. 2014)
concentrated on studying the relationship between the distri-
bution of post-seismic debris flow hazards and their influenc-
ing factors, such as earthquake magnitude and intensity, dis-
tance from the epicenter, slope angle and material properties,
applying a statistical approach based on field data. At present,
the field survey is still a typical and primary method of
obtaining field data, although it requires considerable man-
power and is both time-consuming and inefficient.
Moreover, because of a dramatic underestimation of the debris
flow hazards during a field survey, many potential debris flow
valleys have been overlooked, resulting in an unexpectedly
large number of casualties and property losses (Tang et al.
2011a). To efficiently evaluate the potential debris flow val-
leys, a numerical method considering source materials and
rainfall based on an accurate digital elevation model (DEM)
is a good choice (Iverson 2014). Nowadays, it is common to
numerically evaluate debris flows by incorporating high-
resolution satellite images and aerial images into a detailed
DEM. Furthermore, debris source materials can also be eval-
uated using the depth-integrated particle method based on
such a detailed DEM (Nakata and Matsushima 2014; Zhang
and Matsushima 2018). However, rainfall, one of three essen-
tial factors in the generation of debris flows (together with
steep topography and sufficient available loose materials;
Takahashi et al. 1981), is still uncertain, because of its high
variability, especially in mountainous areas.

The rainfall characteristics necessary to trigger debris flows
in earthquake-stricken zones have attracted the attention of
many researchers. Subsequent to the 1999 Chi-Chi earthquake,
the heavy rainfall associated with typhoons resulted in the
development of numerous landslides as well as the reactivation
of some pre-existingmovements. Many non-debris flow catch-
ments before the earthquake evolved into debris flow catch-
ments after the earthquake. Chen and Hawkins (2009) reported
the relationships among earthquake disturbance, tropical
rainstorms and debris movements. Tang et al. (2015) investi-
gated the catastrophic impact of a debris flow in the Hongchun
valley near the earthquake epicenter, revealing that earthquake
shaking strongly disturbed the surface strata and that the
hillslopes were then conditioned to enhance the likelihood of
future landslides and debris flows under heavy rainfall condi-
tions. The corresponding triggering rainfall thresholds and in-
tensity of post-seismic debris flows are significantly reduced in

comparison with the thresholds of pre-earthquake debris flows
(Lin et al. 2003; Guo et al. 2016). However, in the Wenchuan
earthquake-stricken zones, many valleys with abundant loose
source materials did not see debris flows in wet seasons when
the rainfall was larger than the threshold (Tang and Liang
2008). One reason is the recordings by rain gage stations can-
not reflect the correct rainfall information in the potential de-
bris flow zones, because they are far from research areas and
the distribution density of the stations is rather small, particu-
larly in remote, mountainous areas. Another reason is that there
are many uncertainties in the initiation process of debris flows,
while rainfall is usually taken into account only by the ante-
cedent rainfall account and critical rainfall intensity in an em-
pirical approach (historical, statistical; Zhou and Tang 2014).
To a large extent, the rainfall threshold not only has a regional
limitation but also varies after successive rain events due to a
change in erodible material (Van Asch et al. 2014). Howmuch
rainfall is actually used to initiate and transport debris flows? It
is necessary to find methodologies capable of identifying the
potential debris flow valleys, taking debris source materials
and rainfall into consideration, in the earthquake areas in order
to provide crucial decision-making information for hazard as-
sessment after an earthquake.

In this study, a soil-water mixing model coupled with a
depth-integrated particle method that can efficiently evaluate
debris flow hazards by considering deposit entrainment by
flow erosion and rainfall characteristics is adopted to analyze
the post-seismic debris flows in the Wenchuan epicentral area,
based on satellite images.

Geological setting and overview
of post-seismic debris flows in the Wenchuan
epicentral area

Yingxiu, which is situated in Wenchuan County, Sichuan
Province, SW China, is the epicenter of the 2008 Wenchuan
earthquake. As illustrated in Fig. 1, Yingxiu Town is located on
the Yingxiu-Beichuan fault. With elevation ranging from
880 to 4500 m, the region from Yingxiu to Wenchuan has
topography characterized by rugged mountains and incised
valleys. The valley density is so large that there are more than
70 valleys with catchment areas ranging from 0.25 km2 to
55 km2. Statistically, there are just 16 valleys with areas larger
than 10 km2. Most of these valleys have areas less than 3 km2.
The distance between the valley mouth and the Min River is
small and the area outside of the valleys is also so small that the
debris flows flow very easily into the river, further blocking its
flow (Zhang 2015; Zhang et al. 2016; Ge et al. 2014).
Moreover, there are 48 cross angles lying in the range of 80-
90° and more than 80% of the cross angles are larger than 70°
(Fig. 2). It has been demonstrated that the debris flows have a
very high probability of blocking the Min River in this region.
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More than 87% of the slopes have inclinations larger than 20°,
while only 10% of the slopes have inclinations larger than 50°
(Zhang 2015), according to the 10-m DEM. The mean slope
inclination is approximately 37°. The main lithology of this
region is pre-Sinian granitic rocks, Sinian pyroclastic rocks,
Carboniferous limestone and Triassic sandstone. All bedrock
is deeply fractured, heavily weathered and covered with a layer
of weathered material (Ge et al. 2014). Loose Quaternary de-
posits are distributed in the terraces and alluvial fans. After the
earthquake, more than 56 new geohazards were identified,
compared to the geohazard situation in 2005 in the area from
Wenchuan to Yingxiu (Gan et al. 2012). Consequently, more
than 0.2 × 109 m3 of deposits were generated in the area from
Wenchuan to Yingxiu along the Min River (Zhuang et al.
2009). The flow direction of the Min River is from
Wenchuan to Yingxiu. The annual mean discharge of the
Min River is 452 m3 s−1 (Tang et al. 2011a). The annual aver-
age precipitation is approximately 1285 mm, with more than
70–80% of it being recorded as part of heavy rainstorms from
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Fig. 2 The cross angles in the region from Yingxiu to Wenchuan along
theMin River. A cross angle is defined as the upstream angle between the
two intersecting flow lines, i.e., the debris flow and river flow. When the
debris flow valleys are perpendicular to the river, the debris flows are very
likely to block the river

Fig. 1 The epicentral area of the
Wenchuan earthquake. The post-
seismic images in this regionwere
observed on 31 March 2011. The
area enclosed by the red dotted
line is the Yingxiu Town; and the
black dotted line is the boundary
of valleys. The light grey-white
zones are areas damaged during
the earthquake. The high-
elevation zones were covered by
snow and cloud, in particular, on
the upper right zone of the image
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June to September. Such heavy rainstorms play a critical role in
triggering debris flows.

Since the Wenchuan earthquake, several prolonged rain-
falls have triggered many catastrophic debris flows in the
earthquake-stricken zones. These debris flows led to many
casualties and the destruction of highways, bridges, villages,
reconstructed infrastructures and barrier lakes (Ge et al. 2014).
In particular, the debris flows on 14 August 2010 killed more
than 70 people and all of the 5 debris flows near Yingxiu town
flowed into the Min River. As a result, more than half of the
riverbed was blocked and the river was pushed to the opposite
side, leading to flooding in the newly reconstructed Yingxiu
town (Tang et al. 2011a; Xu et al. 2012). Figure 3 shows
cumulative rainfall of this debris flow event recorded by the
Yingxiu rain gage station marked in Fig. 12. The debris flows
in the Yingxiu area occurred on August 14 between 02:00 and
03:00 am, with a critical hourly rainfall of 16 mm h−1 and a
cumulative rainfall of 106 mm in 10 h. Debris flows usually
occur with a combination of high cumulative rainfall and very
high rainfall intensity (Crosta 1998). However, cumulative
rainfall can reflect actual rainfall initiating debris flow in the
physical model. The threshold of rainfall necessary to initiate
debris flows in the Yingxiu area is poorly known, though Tang
et al. (2011b) reported that small debris flows in branches had
already been initiated by more than 60 mm of cumulative
rainfall before 02:00 am on 14 August. Previous studies
(Tan and Han 1992; Lan et al. 2003) have reported rainfall
that initiates debris flows with cumulative rainfall of near
100 mm in southwestern China. Tang et al. (2012b) suggested
the expression I = 25.962 T–0.239 (T is rainfall duration) as a
rainfall threshold for debris flow occurrence in the Qingping
area. Combining the preliminary research and the rainfall

characteristics of the event, three rainfall thresholds (R1 =
106 mm, R2 = 60 mm and R3 = 38 mm) are proposed in this
study. In the Results and Discussion section, the cumulative
rainfall effect on the initiation of debris flows is analyzed.

Here, the debris flow hazard is evaluated in the epicentral
area of the Wenchuan earthquake. In particular, the research
area (3.25 × 4 km; Fig. 1), including five valleys near Yingxiu
Town, was selected to numerically investigate the post-
seismic debris flows in detail. The basic information for the
five valleys (Hongchun, Shaofang, Xiaojia, Wangyimiao and
Mozi valley, denoted as HC, SF, XJ, WYM and MZ valley,
respectively) is shown in Table 1.

Method and satellite images

Soil-water mixing model coupled
with the depth-integrated particle method

Depth-integrated models have been widely adopted to de-
scribe erosion and deposition in debris flows (McDougall
and Hungr 2005; Hungr et al. 2005; Pastor et al. 2009,
2014; Iverson et al. 2011; Luna et al. 2012; Zhang and
Matsushima 2016). The biggest advantage of these methods
is their structural simplicity and flexibility. These advantages
make it possible to construct a simple, efficient and stable
particle method. In particular, Pastor et al. (2009, 2014) devel-
oped a smoothed particle hydrodynamics (SPH) model
coupled with the depth-integrated model and demonstrated
its performance by comparing it with theoretical solutions,
laboratory experiments, and disaster case studies. Zhang and
Matsushima (2016) proposed a soil-water mixing model

Fig. 3 Cumulative rainfall
amount from 13 to 14 August
2010. The debris flow in Yingxiu
area occurred on August 14
between 02:00 and 03:00 am with
the critical rainfall intensity of
16 mm/h. The red arrow stands
for the duration of the debris flow
and flood. The flood was
observed after 04:00 am on 14
August. Therefore, the
cumulative rainfall after 04:00 am
will not be used to initiate and
generate the debris flow.
According to the rainfall
characteristic and the preliminary
research, three cumulative rainfall
of R1, R2 and R3 is proposed to
study post-seismic debris flows
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coupled with the depth-integrated model and demonstrated its
performance by comparing the numerical results with theoret-
ical solutions, laboratory experiments, and disaster case stud-
ies using actual topographic data. In these Lagrangian particle
methods, continuum flow is discretized with numerical parti-
cles (or columns) that move along the topographic surface,
maintaining information on their material and mechanical
properties. Therefore, it is a quasi-3D simulation, and the con-
servation laws easily hold without dealing with the advection
term. However, SPH requires a certain number of numerical
particles to assure their accuracy, as well as their computation-
al stability, because of the inherent discontinuity problem at
their boundaries. In contrast, a soil-water mixing model
coupled with the depth-integrated model is "fully" discretized
and is numerically stable. In this study, we focus on introduc-
ing the depth-integrated model coupling a soil-water mixing
model that can be used to describe the initiation, transportation
and deposition of a soil mass.

In the model, we set a horizontal coordinate system, (x, y),
and a numerical particle (or column) of soil water mixture
whose initial height is h0 and bottom width is d0, as shown
in Fig. 4. The commonly used shallow water equation [Eq.
(1)] is adopted for each particle:

Dvx
Dt

¼ ∂vx
∂t

þ vx
∂vx
∂x

þ vy
∂vx
∂y

¼ gx−
∂p
ρ∂x

−
τbx
ρh

Dvy
Dt

¼ ∂vy
∂t

þ vx
∂vy
∂x

þ vy
∂vy
∂y

¼ gy−
∂p
ρ∂y

−
τby
ρh

ð1Þ

where v = (vx, vy) is a depth-integrated flow velocity vector,
h is the surface height of debris flow, τb(τbx, τby) is the
bottom shear stress vector, ρ is the density of the mixture,
p is the hydraulic pressure and g(gx, gy) is the gravitational
acceleration. Note that the mass conservation equation is
quite easily described in Lagrangian particle methods as
ρd2h = constant.

A particle-wise discretization is adopted for the hydrau-
lic pressure gradient (Fig. 4), which is discretized by the
difference in height between the neighboring particles. In
this pair-wise particle interaction, the height of each parti-
cle is computed from the inter-particle distance by assum-
ing a constant particle volume. Therefore, the pressure is
described by the inter-particle distance d [Eq. (2)]. In ad-
dition, we assume that the two particles whose distance is
1.5 times larger than the initial particle distance do not
interact. The hydraulic pressure is calculated by the follow-
ing inter-particle force [Eq. (2)].

∇p ¼ ρg∇ h ¼
−2ρgh0 1− dk k=d0ð Þ= 1þ dk k=d0ð Þd= dk k dk k < d0ð Þ
−2ρg h0 dk k=d0−1:25ð Þ2 þ 0:0625

h i
d= dk k d0≤ dk k < 1:5d0ð Þ

0 dk k≥1:5d0ð Þ

8><
>: ð2Þ

where d is the distance vector between two interacting
particles.

The bottom shear stress is expressed based on the Manning
equation as follows:

τb ¼ τcr vk km þ ρg
n2

Rh
1=3

vk k2
� �

v
vk k

τ cr ¼ ρ g Rh icr

ð3Þ

where n is the Manning coefficient, Rh is the hydraulic radius,
icr is the critical slope angle of deposition, andm is a numerical
parameter. In the present study, m is set to 0.01, considered as
a sufficiently small value to reproduce the Bingham type

response and a sufficiently large value to assure the efficiency
of the numerical computation (Zhang and Matsushima 2016).

There are only two major parameters in the depth-
integrated particle model to control the flow behavior: the
Manning coefficient and the critical slope of deposition. To
couple the depth-integrated particle method and the soil-water
mixing model, the diffusion equation [Eq. (4)] is adopted.

c d; tð Þ ¼ 4πDtð Þ−1=2e−d2=4Dt ð4Þ

where c is the volume concentration of each particle and D is
the diffusion coefficient. Another very important aspect of the
model is to link the soil volume concentration c to the

Table 1 The basic parameters of
the five valleys in typical research
area

Valley name Catchment area (km2) Deposition area (km2) Main channel length (km) Cross angle (°)

Hongchun 5.2 0.064 3.55 90

Shaofang 0.53 0.018 1.04 101

Xiaojia 0.45 0.012 1.07 99

Wangyimiao 0.4 0.013 1 90

Mozi 5.08 0.01 1.6 90
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mechanical properties. The condition c = 0 indicates that the
material is water, while c = 1 corresponds to dry soil.
Therefore, the critical slope angle of deposition, icr, can be
set as a function of c such that icr(c = 0) = 0° and icr(c = 1) =
im, where im is the repose angle of the soil material in the dry
condition. Zhang and Matsushima (2016) proposed the fol-
lowing two-parameter smooth function between the above
two extreme conditions:

icr ¼ im 1=1þ e−α c−cmð Þ−1=1þ eαcm
� �

ð5Þ

where cm is the critical concentration for the transition be-
tween the soil phase and water phase and α is a numerical
parameter to describe the change rate of the critical failure
slope. Regarding cm, some field observations suggest that
the critical concentration is approximately 0.83 (Fei and Shu
2004), while no information is available for α. As a result, cm
and α are set to 0.8 and 20 in the present study, respectively.
According to the preliminary study, these parameters are not
very influential to the simulation results in comparison with
the effects of im and D (Zhang and Matsushima 2016).

In the model, two main physical parameters need to be
determined, the Manning coefficient and the diffusion co-
efficient. The Manning coefficient has been widely used in
the field of river engineering (Limerinos 1970), providing

the suggested values of water flow on floodplains (0.07 to
0.10 for medium to dense brush and 0.15 for trees; Chow
1959) and on natural channels (0.060 to 0.075; Barnes
1967), and the suggested values of debris flow in valleys
(0.01–0.1 for a relatively stable valley channel, and 0.1–
0.5 for rougher and steeper valley channels; Chen and
Zhang 2006). In the actual soil-water mixing process, D
controls how fast the soil mass is exchanged between the
two neighboring particles. It must be a function of velocity
fluctuation, soil type, the condition of the deposition, etc.
In the present study, however, we assume it as constant
because currently we do not have the quantitative relation-
ship between D and its influential factors. By comparing
the numerical results and the laboratory experiments, the
valid range of the coefficient D is found to be 0.0006–
0.005 m2 s−1 (Zhang and Matsushima 2016).

To apply the soil-water mixing model to the valley bot-
tom soil erosion and the volume increase of the debris
flow, a two-step simulation procedure is adopted. In the
first step, according to the critical failure slope angle and
repose angle of the materials in the study area, dry slope
failure is simulated to prepare numerical particles of loose
soil deposit with c = 1. Then, in the second step, numerical
particles representing rainfall are generated in the entire
research region, including the solid material generated in
the first step. During the process of rainfall, particles flow
down and form surface runoff under a gravitational force,
and solid particles are mixed by exchanging soil mass ac-
cording to the diffusion equation. This process causes the
change in icr for loose soil deposit particles and the change
in their mobility, and finally, generates a debris flow and
further flows together as a larger debris flow.

Satellite images

The Advanced Land Observing Satellite (ALOS) was in op-
eration from 24 January 2006 to 12 May 2011. The ALOS
was expected to contribute to society in numerous ways, such
as cartography, regional observation, disaster monitoring and
resource surveying. The ALOS has three remote sensing in-
struments: PRISM, AVNIR-2 and PALSAR. To compare and
analyze the affected area and deposits, we obtained pre- and
post-seismic satellite images in the epicentral area from the
PRISM sensor. The detailed information from the images is
shown in Table 2. The covered area per image from the
PRISM sensor is 70 × 35 km. The spatial resolution of the
satellite images is 2.5 m. Considering the computational ca-
pacity and simulation time, a 10-mDEMwere processed from
the pre-seismic satellite image to supply accurate topographic
information for simulating deposits and debris flows, while
the post-seismic images from the PRISM sensor were used
to analyze the numerical results.

Fig. 4 Particle interaction model based on hydraulic pressure gradient.
The yellow dots are particles in the model. h0 and d0 are the initial
dimensions of the column, and the h and d are the dimensions of
column after deformation
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Results and discussion

In this section, the soil-water mixing model coupled with the
depth-integrated particle method is applied to evaluate post-
seismic debris flows in the epicentral area of the Wenchuan
earthquake. Numerical investigations of debris flows in the
study area are performed: (1) the spatial distribution of debris
source materials is investigated, and evaluated in comparison
with the post-seismic satellite images; (2) the numerical sim-
ulations considering the entrainment of deposits into debris
flows are carried out; and (3) coupling effects between multi-
ple debris flows are discussed.

Debris source materials

The 2008 Wenchuan earthquake triggered numerous land-
slides, leaving a large amount of loose materials on the
hillslopes and channels (Xu et al. 2014). Although this
region sees many ancient debr is f lows and has
considerable loose deposits on both sides of the channels,
the new deposits formed during the earthquake are still
dominant in the study area. All the deposits are
considered potential source materials for debris flows.
Under a seismic wave, the topographical slope serves as
the main factor controlling the development of coseismal
geohazards. By field survey, Huang (2011) observed that
the inclination of the failed slopes ranged from 10 to 70°;
in particular, more than 85% of the unstable slopes had an
inclination from 20 to 50°. By interpreting satellite images,
Tang et al. (2011a) found that 75% of the coseismic land-
slides occurred in locations with slopes between 30 and
50°. In this study, unstable debris source materials are gen-
erated from shallow landslides with relatively steep slopes
with inclinations larger than 37° by parametric studies
(Zhang 2015). First, unstable slope areas with steep slopes
with inclinations larger than 37° are determined from the
topographic data, and debris ‘particles’ are assumed to be
positioned there. Then, those particles flow down the

slopes and heap up at the valley bottom. In the present
study, the repose angle of loose deposits is set to 30°,
which is the typical repose angle of dry sand. The
Manning coefficient is set to 0.1 following Chen and
Zhang (2006), and the initial particle height is assumed to
be 1.0 m. The volume concentration of all particles is 1 in
this step.

Figure 5 shows the distribution characteristics of the debris
source material. There are 49 sites with generated source ma-
terials in the 5 valleys. By calculating the slope failure area
and deposition area, the affected area is approximately 18% of
the study area. In particular, two larger valleys have larger
damaged areas (the area enclosed in the black line in Fig. 5),
22 and 15 sites for the HC and MZ valley, respectively. In the
HC valley, the source materials are mainly distributed up-
stream of the valley. Moreover, debris materials in the HC
valley are distributed on the left side of main valley channel
(hanging wall) due to the hanging wall effect from the
Wenchuan earthquake (Donahue and Abrahamson 2014). In
the MZ valley, the main source materials are distributed at the
middle of and downstream along both sides of valley channel.
Compared with the base images, our numerical simulation
gives a quite similar affected area. The mean deposition
thickness of debris source materials is approximately 1.5 m
and the largest thickness is up to 2.5 m. The total volume of
debris source materials is 564,000 m3. Tang et al. (2011a)
evaluated the mean thickness and volume of deposits by ana-
lyzing the aerial photographs and found them to be 5.5–7.2 m
and 1,032,000 m3, respectively. In their study, the depth of
landslides was obtained using a regression analysis between
the landslide surface area and the landslide depth based on 62
field measurements. The simulated values of volume and
thickness for deposits are clearly smaller than the evaluation
results of Tang et al. (2011a). This implies that the assumed
thickness of 1.0 m might be smaller than the actual deposition
thickness.

Although the thickness and volume of debris source mate-
rials are smaller than that indicated by the field data in

Table 2 The information of satellite images in the epicentral area of Wenchuan earthquake

Scene ID Obs. date Product ID Img_Center coordinate Img_Cloud quantity Note

Lat. Long.

ALPSMB072073030 20,070,602 O1B2R_UB 31.082 103.635 4 Pre-seismic
ALPSMW072072975 20,070,602 O1B2R_UW 31.068 103.628 5

ALPSMB119043025 20,080,419 O1B2R_UB 31.362 103.538 5

ALPSMN119042970 20,080,419 O1B2R_UN 31.347 103.531 5

ALPSMW219692975 20,100,310 O1B2R_UW 31.068 103.627 1 Post-seismic
ALPSMB219693030 20,100,310 O1B2R_UB 31.111 103.485 2

ALPSMB219693025 20,100,310 O1B2R_UB 31.359 103.550 2

ALPSMW219692970 20,100,310 O1B2R_UW 31.315 103.692 2
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comparison of the preliminary research, the spatial distribu-
tion of source materials agrees well with post-seismic satellite
images. This infers the probability of performing deposit iden-
tification by slope failure without the field investigation. This
finding is quite important for the hazard assessment of a rela-
tively large area shortly after an earthquake, because it is hard
to reach and perform thorough field investigations in moun-
tainous areas. Obtaining the thickness of deposits from images
remains a challenge.

Debris flows

Rainfall is another important factor to be evaluated before
conducting the debris flow simulation. The observed cu-
mulative rainfall is 106 mm in 10 h and the critical hourly
rainfall is 16 mm h−1 (Fig. 3). The critical hourly rainfall is
an index used to predict the possibility of debris flow oc-
currence, but its value cannot be used to initiate the debris
flows in a physical model. Before the critical rainfall in-
tensity triggers debris flow, there must be enough cumula-
tive rainfall to soften and weaken soils by infiltration.
However, how much antecedent rainfall is actually re-
quired to initiate debris flows can be modeled. According
to the rainfall characteristics and previous studies (Tan and
Han 1992; Lan et al. 2003) in a neighboring region, three

cumulative rainfall values (R1 = 106 mm, R2 = 60 mm and
R3 = 38 mm; Fig. 3) are proposed in this study to generate
debris flows. The rainfall particles are distributed average-
ly in the study area, including the debris source materials,
which are generated in the first step. The deposits are rather
loose shortly after an earthquake and are easily transported
with rainfall. Therefore, it is reasonable to set a larger val-
ue for the diffusion coefficient (D1 = 0.004 and D2 =
0.001). To explore the trade-offs between the model pa-
rameters and their effects on entrainment, six cases (case
1–case 6; Table 3) with varying cumulative rainfall and
diffusion coefficients are preliminarily studied by assum-
ing uniform rainfall in the research area.

The entrainment rate is defined as the percentage vol-
ume loss of debris source materials. By simulating six
cases, it is found that the entrainment rate clearly varies
with cumulative rainfall and diffusion coefficient.
Moreover, the entrainment rate decreases with decreasing
cumulative rainfall and diffusion coefficient. In case 1, the
entrainment rate is so high that more than 70% of debris
source materials flow out from the valleys if the diffusion
coefficient is set to 0.004, assuming antecedent cumulative
rainfall is completely required to initiate and transport de-
bris flows. Under the same rainfall conditions, the volume
of debris source materials by entrainment is reduced by

Fig. 5 The simulation results of
debris source materials. The
enclosed areas in black curves are
the shallow landslides with
relatively steep slopes with
inclinations larger than 37°. The
debris source materials are mainly
distributed on the hillslopes and
valley channels. The colorful
areas are the deposits generated
by the shallow landslides, and the
legend shows the thickness of
deposits. The base image is
satellite image observed by the
ALOS on 10 March 2010; the
light grey zones, except the
summit, are areas damaged
during the Wenchuan earthquake
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approximately 14% at a smaller diffusion coefficient, com-
pared to a larger diffusion coefficient in case 1. When the
cumulative rainfall is set to 60 mm, the entrainment rate is
57 and 41% at diffusion coefficients of 0.004 and 0.001,
respectively. If the cumulative rainfall is 38 mm, the en-
trainment rate ranges from 36 to 43% when the diffusion
coefficient is set to 0.001–0.004. It is interesting that the
entrainment rate is rather close in both case 2 (R1 =
106 mm, D2 = 0.001) and case 3 (R2 = 60 mm, D1 =
0.004), approximately 56%, and both case 4 (R2 =
60 mm, D2 = 0.001) and case 5 (R3 = 38 mm, D1 =
0.004), approximately 43%. It is inferred that a constant
entrainment rate can be obtained either by increasing rain-
fall with a small diffusion coefficient or increasing the
diffusion coefficient with less rainfall. The entrainment
rate is a variable of a larger region that includes multiple
debris flow valleys. From field surveys at many sites in the
HC valley, the entrainment rate is approximately 22%.

However, in some local areas it can be up to 64% (Tang
et al. 2011b).

To a large extent, the cumulative rainfall and diffusion co-
efficient not only control the entrainment rate but also influ-
ence the volume concentration, which further determines the
possibility of formation of a debris dam in the river. Figure 6
shows the distribution characteristics of the volume concen-
tration at the final state of HC deposition zone for case 4, case
5 and case 6. In these three cases, the volume concentration of
the debris flow deposits is up to 0.7 in the center of the depo-
sition zone. Among the three deposits of debris flow, the vol-
ume of deposits in case 4 is the largest one, case 6 is the
smallest one, and case 5 is between case 4 and case 6.
However, the volume of deposits with relatively high concen-
tration (larger than 0.5) in case 5 is the largest among the three
cases, while the case 6 is the smallest. A debris flow with a
larger volume and a higher concentration is more likely to
block the river. Therefore, the debris flow in case 5 has

Table 3 The parameters of a
series of simulations in the
preliminary study

Cases Cumulative rainfall (R, mm) Diffusion coefficient (D, m2 s−10 Mean entrainment rate (%)

Case 1 R1 = 106 D1 = 0.004 70

Case 2 R1 = 106 D2 = 0.001 56

Case 3 R2 = 60 D1 = 0.004 57

Case 4 R2 = 60 D2 = 0.001 41

Case 5 R3 = 38 D1 = 0.004 43

Case 6 R3 = 38 D2 = 0.001 36
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Fig. 6 The volume concentration distribution characteristic on the HC deposition zone at the final state for different cases: case 4 (R2 = 60 mm, D2 =
0.001), case 5 (R3 = 38 mm, D1 = 0.004) and case 6 (R3 = 38 mm, D2 = 0.001). The area in red dot line is the newly reconstructed Yingxiu Town



the highest possibility of forming a debris dam and
blocking the river. Actually, the debris flows in the HC
valley formed debris dams and partially blocked the Min
River (Gan et al. 2012).

By evaluating the entrainment rate and the volume concen-
tration in the HC deposition zone, the numerical results from
case 5 agree best with the actual events in comparison with the
field investigation. Therefore, the detailed numerical results
(volume, concentration, velocity, discharge and affected area)
of case 5 will be discussed to evaluate post-seismic debris
flows in the Wenchuan epicentral area.

First, the debris flow volume is investigated. It is controlled
by the surface runoff, the volume of deposits and the diffusion
coefficient for given topographic conditions. The surface run-
off is determined by the valley area because uniform rainfall is
assumed in the simulations. Rainfall particles flow down ac-
cording to the equation of motion, and form runoff based on
the given topographic characteristics. The runoff can erode
solid materials and entrain them along the flow path according
to the diffusion equation. Initially, the increase in debris flow
volume mainly originates from the mixing between hillslope
deposits and surface runoff. During the surface runoff and/or
debris flow moving process, the volume rapidly increases due
to the entrainment of channelized sedimentation along the
flow path. Gradually, the channelized debris flows, replacing
the hillslope debris flows, become the dominant flow type.
The volume of these 5 debris flows transported into the river
are 100,000 m3, 20,000 m3, 10,000 m3, 10,000 m3 and
150,000 m3 in the HC, SF, XJ, WYM andMZ valleys, respec-
tively. From the field survey, debris flows of approximately
400,000 m3 flowed into the Min River from the HC valley.
The numerically obtained volume is smaller than that from the
field data, probably due to the smaller volume of debris source
materials generated in step 1.

Second, Fig. 7 shows the distribution map of volume con-
centration in the flowing process. With the diffusion effect
between source materials and surface runoff, the volume con-
centration of particles is reduced and the debris flows are
initiated. The three smaller debris flows (SF, XJ and WYM)
reach the river first, due to the shorter channel lengths, and
start depositing with a mean concentration close to 0.3. At the
same time, the other two larger debris flows (HC and MZ)
flow towards the deposition fan. After 400 s from initiation,
the debris flow in the MZ valley starts to deposit in the depo-
sition zone with a mean concentration of approximately 0.6,
whereas the debris flow in the HC valley flows out of the
valley mouth with a low concentration in the front (Fig. 7b).
Compared with the evolution characteristic of the concentra-
tion in Fig. 7a, b, c and d, the volume of the high-
concentration deposits on both sides of debris flow over time
is reduced. Hillslope deposits upstream of both larger valleys
move down to the channels and become entrained in both
sides of the valley channel due to erosion and bank failure.

Due to the deposit entrainment along the entire flow path, the
concentration varies at different sites and stages (Fig. 7a, b, c
and d). Finally, the concentration in the MZ valley is about
0.7, while the concentration is close to 0.6 in the HC valley. In
the actual debris flow event, the five deposition zones were
formed (Tang et al. 2011b; Xu et al. 2012). The concentration
was near 0.6 for the HC debris flow by measuring the bulk
density of the debris flow (Tang et al. 2011b).

Third, the velocity of the debris flows is investigated.
Figures 8a and b show the velocity distribution map at two
times (t = 400 s and 500 s). The velocity varies with topo-
graphic features at different stages. The maximum velocity
is approximately 7 m s−1. The velocity is about 4 m s−1 when
the debris flow runs into the river. This velocity largely deter-
mines whether a debris dam forms. The velocity also influ-
ences the destructive power and impact force. By field mea-
surement of mud lines and empirical estimation, the velocity
ranges from 5.2 to 13.2 m/s by assuming the Manning coeffi-
cient ranges 0.05 to 0.067 for the HC debris flow (Li et al.
2012). However, Gan et al. (2012) and Tang et al. (2011b)
evaluated the velocity near the HC valley mouth to be approx-
imately 8 m/s. The simulation value is in the range of the field
data. Such simulation results are very useful in designing ef-
fective protection structures to avoid large debris flows arriv-
ing simultaneously at the main channel.

Next, the deposition thickness of the debris flow at the final
state is calculated in Fig. 9. The deposits distributed in the
river channel are mainly debris flows, while the deposits dis-
tributed on the slope surface and valley channel are mainly
remaining debris source materials. Themean deposition thick-
ness of the debris flow is approximately 1.5 m, and the largest
thickness is near 4 m in the MZ deposition zone. Preliminary
research (Tang et al. 2011b; Xu et al. 2012) indicated that the
thickness of deposits in the river by the HC valley was 9 m.
The simulated result is much smaller than the observed value,
because the thickness and the volume of debris source mate-
rial in the simulation were significantly smaller than the mea-
sured values.

Figure 10 shows the hydrograph for four cross sections
(HC01, HC02 for the HC valley; MZ01, MZ02 for the MZ
valley) and the peak discharge in the HC debris flow was
286 m3 s−1 according to the field investigation (Li et al.,
2012). The sites of the cross sections are shown in Fig. 8b.
Comparing HC01 and HC02, although the shape of
hydrograph is different, the peak discharges are almost iden-
tical. A peak discharge of approximately 300 m3 s−1 is ob-
served in HC01 and HC02. Some deposits are entrained into
the main debris flow from HC01 to HC02 before the peak
discharge in HC01 moved to HC02. The shape of the
hydrograph in the MZ valley is completely different. At
MZ01, the hydrograph has only one peak value, while there
are two peaks atMZ02. The peak discharge atMZ01 is clearly
smaller than the peak discharges at MZ02. At MZ02, the first
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peak discharge demonstrates that many deposits located in
zones from MZ01 to MZ02 are entrained into the debris flow
and form the first surge in the MZ debris flow; the second
peak discharge indicates that the second surge is mainly gen-
erated from the upstream flow. The peak discharge is approx-
imately 550 m3 s−1, which is larger than the water discharge of
the Min River [452 m3 s−1 by Tang et al. (2011a)]. This might
be one of the main reasons that debris flows partially blocked
the river. Fortunately, the two surges in the MZ valley did not
coincide in time; otherwise, they would have caused more
serious hazards.

Finally, the affected area (including the initiation zone,
the transportation zone and the deposition zone) is investi-
gated. The distribution of the affected area is largely deter-
mined by the location of the debris source materials as well
as the runoff characteristic. As illustrated in Fig. 11, in the
three smaller valleys, the affected area is mainly distributed
along the valley channels, while the hillslope is also affect-
ed in the two larger valleys. All of the five debris flows

partially bury highways and block the Min River. In prac-
tical situations, engineers usually pay more attention to the
deposition zone where serious damage is caused. It is neces-
sary to do hazard assessments in the deposition areas in detail
in order to protect people and infrastructure from future debris
flows and to manage the risk more effectively (Hürlimann et
al. 2006; Prochaska et al. 2008). Therefore, the area affected
by the HC debris flows is analyzed in detail, because the HC
debris flow directly threatens the safety of Yingxiu Town. As
shown in Fig. 12, the range of the affected area is marked in
red. A large amount of debris flows flow into the Min River
and partially block it. Consequently, the river course is forced
to move to the opposite side and the newly rebuilt town is
seriously flooded. It seems that the affected area is slightly
larger than the actual damaged area (Fig. 12), ignoring the
volume of deposits underwater. If the affected area with
high-concentration deposits is compared with the actual de-
posits, the affected area should agree well with the actual
deposition range.

Fig. 7 The volume concentration
distribution characteristics of case
5 (R3 = 38 mm, D1 = 0.004) at
different stages
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Although the thickness and volume of debris source mate-
rials are underestimated in the study, the volume concentra-
tion, velocity, discharge and affected area are well simulated

by setting the lowest cumulative rainfall to 38 mm and a larger
diffusion coefficient to 0.004. However, the volume and de-
position thickness of the debris flow are markedly smaller

Fig. 9 Deposition thickness of
the debris flows at the final state

Fig. 8 The velocity distribution characteristics of case 5 (R3 = 38 mm,
D1 = 0.004) at different stages. The area within the red dotted line is the
newly reconstructed Yingxiu Town. Four cross sections, HC01, HC02,

MZ01 and MZ02, are selected to evaluate some parameters of debris
flows, such as maximum velocity and peak discharge.
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than the observed values. This demonstrates that the volume
and deposition thickness of debris flows are largely deter-
mined by the volume of debris source material and cumulative

rainfall, because more debris materials must be initiated by
more rainfall. Additionally, the cumulative rainfall in the ac-
tual event must be larger than 38 mm.

Fig. 11 Simulated results of the
affected area in study area

Fig. 10 The hydrograph for the HC and MZ debris flows. HC01 and
HC02 are two selected cross sections in HC valley, while MZ01 and
MZ02 are two selected cross sections in MZ valley; the corresponding

locations are shown in Fig. 8b. The dashed line 286 (ref.) means that the
peak discharge in the HC debris flowwas estimated as 286m3 s−1 by Li et
al. (2012), according to field investigation
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Coupling effects between multiple debris flows

Multiple debris flows, which will be more likely to occur
simultaneously is a typical characteristic of post-seismic de-
bris flows in earthquake-stricken areas during heavy rain-
storms (Lin et al. 2003; Okano et al. 2012; Jeong et al. 2011;
Sepúlveda et al. 2015). Consequently, the coupling effect be-
tween multiple debris flows increases the complexity of the
hazards and induces additional difficulty in the analysis (Chen
et al. 2016). In this study, there are two kinds of interactions
between multiple debris flows in space during a rainfall event.
One occurs within one valley with multiple branches (e.g., HC
debris flow), while the other occurs in the deposition zone
among debris flows from different valleys (e.g., the coupling
between HC debris flow and MZ debris flow in the river). In
the HC valley, debris flows derived from multiple branches
merge and result in different flow properties (Figs. 7, 8 and 9).
In the study area, due to multiple debris dams formed in the
river, the possibility of blocking the river increases. In partic-
ular, the upstream section of the MZ debris flow forms a
debris dam earlier than the HC debris flow, and the MZ flow
has a larger volume concentration (Fig. 7b and c). The

sequence of successive debris flows significantly influences
the runout characteristics of the debris flows (Chen et al.
2016). The deposits in the MZ deposition zone partially
blocked the river. The cross section of the river flow and its
discharge are reduced. Therefore, the formation of the MZ
debris dam makes it easier for the HC debris flows to block
the river, to a large extent. The discharge and volume concen-
tration are two good indices to evaluate such a coupling effect.
In a practical situation, the coupling effect among multiple
debris flows is always underestimated or ignored. It must be
taken into consideration in the risk evaluation for post-seismic
debris flows.

Conclusions

The Wenchuan earthquake produced an extraordinary amount
of abundant loose materials that serve as potential debris
source materials for subsequent rainfall-induced debris flow
hazards. Numerous catastrophic debris flows have seriously
threatened the local residents and facilities in the Wenchuan
earthquake-stricken zones. In this study, adopting a soil-water

Fig. 12 The area affected by HC debris flow on the deposition zone. The
base image is from Tang et al. (2011a, 2011b), an aerial photo taken on 15
August 2010 showing the HC debris flow fan, and the inundated area in

the newly reconstructed Yingxiu town within the yellow dash line. The
range within the red line is the simulation results of affected area by the
HC debris flow on the deposition zone
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mixing model, coupled with a depth-integrated particle meth-
od, the post-seismic debris flows in the epicentral area of the
Wenchuan earthquake are investigated based on satellite im-
ages. The debris source materials can be numerically investi-
gated by assuming slope failure during the earthquake. The
debris flow hazards in the epicentral area of the Wenchuan
earthquake on 14 August 2010 are simulated in terms of vol-
ume, concentration, velocity, deposition thickness, discharge
and affected area by setting cumulative rainfall, the Manning
coefficient and the diffusion coefficient to 38 mm, 0.1 and
0.004 m2 s−1, respectively. The numerical results are well
simulated and have good agreement with the actual debris
flow hazards compared with field data in terms of the volume
concentration, velocity, discharge and affected area, except the
deposition thickness of debris flow, due to the volume of de-
bris source materials being underestimated. Additionally, the
coupling effect between multiple debris flows in both space
and time increases the destructiveness of debris flows.
Systematic analysis of the entire process of debris flow gen-
eration might contribute to understanding the mechanism of
initiation, transportation and deposition, and be useful in de-
signing effective protection structures according to the distri-
bution characteristics of the main parameters.
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