
Landslides (2017) 14:2105–2114
DOI 10.1007/s10346-017-0850-7
Received: 25 October 2016
Accepted: 12 June 2017
Published online: 4 July 2017
© Springer-Verlag Berlin Heidelberg 2017

Xudong Han I Jianping Chen I Peihua Xu I Jiewei Zhan

A well-balanced numerical scheme for debris flow
run-out prediction in Xiaojia Gully considering different
hydrological designs

Abstract To simulate debris flow run-out, the governing equa-
tions for free-surface shallow flow are corrected by setting the
basal flow resistance coefficients with the quadratic rheological
friction model. A well-balanced numerical scheme is developed
for its run-out simulation over irregular topography. A linear
reconstruction is adopted for improving the spatial accuracy of
the numerical scheme. Considering the complex friction terms of
governing equations of debris flow, they are estimated with a full
implicit scheme for ensuring stability of the numerical scheme.
The validity check of run-out simulation is implemented based on
general knowledge of fluid, and a well-studied case occurred in the
Xiezi Gully in Yingxiu Town, Sichuan Province of China. For
practical purpose, the present numerical scheme is used for run-
out prediction of debris flow in Xiaojia Gully of Panzhihua City,
Sichuan Province of China. Our work aims to present a well-
balanced numerical scheme for debris flow run-out simulation
prediction, which can be applied quite conveniently to solve other
kinds of debris flow models and helpful to promote the develop-
ment in debris flow numerical calculation.

Keywords Well-balanced numerical scheme . Validity
check . Practical application

Introduction
Debris flow often exists in the mountainous area with irregular
topography, which is assumed conventionally as a free-surface
shallow flow due to that the depth of the flow is small relative to
the tangential length scale of the flow (George and Iverson 2014).
Currently, many engineering and environmental issues involve the
flow type of shallow flow over irregular topography, such as dam-
break flow, open channel flow and flood (Pongsanguansin et al.
2016). It is very helpful for run-out prediction of debris flow over
irregular topography with recent numerical schemes developed in
these fields.

When applying numerical scheme for modelling free-surface
shallow over highly irregular topography, it is very necessary to
ensure it at a steady state, where the flux gradient is needed to be
balanced with the bottom slope of the topography. A numerical
scheme that could make it is named as a well-balanced scheme,
which can better control numerical oscillations in solving
governing equations (Liu et al. 2013). The kind of scheme was first
proposed by Bermudez and Vazquez (1994). In recent years, the
well-balanced scheme has been further developed for simulating
flood or dam-break flow over irregular topography (Song et al.
2011; Liu et al. 2013).

Considering that the initial simulation domain of debris flow is
usually dry, a good numerical scheme solver should be needed to
deal with the wet/dry problem in numerical calculation. Many
Riemann solvers have been developed at the basis of a Godunov-
type finite volume scheme, which are introduced in the two books

of Toro (2001) and LeVeque (2002). Presently, the HLLC Riemann
solver is widely employed to simulate free-surface shallow flow
because it can deal well with wet/dry problem in numerical calcu-
lation (Zia and Banihashemi 2008).

To simulate debris flow run-out with the well-balanced numer-
ical scheme, differences between debris flow and flood or dam-
break flow must be distinguished. As we know, debris flow is the
water-saturated mass which is usually composed of soil and rock.
The physical and mechanical property of it should fall in between
rock avalanche and flash flood (Iverson 1997). The basal flow
resistance coefficients of governing equations of flood or dam-
break flow should be corrected in order to simulate debris flow
run-out. Various friction models for calculating the basal flow
resistance coefficients of debris flow have been proposed based
on different study ideas, such as Voellmy model, Coulomb model
and quadratic rheological model (O’Brien et al. 1993; Hungr 1995;
Rickenmann et al. 2006; George and Iverson 2014).

In this work, we study the well-balanced scheme, which have
been widely applied for simulating flood or dam-break flow over
irregular topography in recent years. The motivation for using it is
that it shows a good capacity in simulating them over irregular
topography, as shown in Liang (2010). Before applying the scheme
to simulate debris flow run-out, we first correct the basal flow
resistance coefficients of free-surface shallow flow equations with
the quadratic rheological friction model. Then, we improve the
spatial accuracy of numerical result by applying a linear recon-
struction method (Liang and Borthwick 2009; Liang 2010). Con-
sidering the complex friction terms of governing equations of
debris flow, we adopt a full implicit scheme to deal with it for
ensuring the stability of numerical scheme (Liang and Marche
2009). By combining all of these techniques, the present numerical
scheme for debris flow run-out simulation is efficient as it has
been shown by our numerical validation. Furthermore, the present
numerical scheme is used for run-out prediction of debris flow in
Xiaojia Gully of Panzhihua City, Sichuan Province of China, con-
sidering different hydrological designs.

Debris flow run-out simulation

Governing equations
Movement of debris mixtures can be simulated by solving free-
surface shallow equations, which include the depth-averaged mass
conservation equation and the momentum conservation equations
(Wu et al. 2016). The vector format of these equations is expressed as

∂q
∂t

þ ∂ f
∂x

þ ∂g
∂y

¼ s ð1Þ

where t denotes time, x and y are Cartesian coordinates, and q, f, g
and s are vectors representing the conserved variables, fluxes in
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the x-direction and y-direction and source terms, respectively.
These vectors are given by
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where h is the water depth; zb is defined as the bed elevation above
the datum; g refers to the acceleration due to gravity; qx (=uh) and
qy (=vh) denote the unit width discharge in the x-direction and y-
direction, respectively; and Sfx and Sfy represent the flow frictional
resistance coefficients in the x-direction and y-direction,
respectively.

For calculating the basal flow resistance coefficients, the qua-
dratic rheological friction model that combines frictional, viscous
and turbulent effects is adopted in this study. The formulas are
expressed as follows (Chen et al. 2017):

Sfx ¼ τ
ρm

þ Kβu
8ρmh

þ gntd
2u2

h1=3
; Sfy ¼ τ

ρm
þ Kβv

8ρmh
þ gntd

2v2

h1=3
ð3Þ

where τ is the yield stress, ρm denotes the solid density of debris
flow mixture, K refers to the resistance coefficient, β is the viscos-
ity of debris flow and ntd represents the equivalent Manning
resistance coefficient, which accounts for both turbulent boundary
friction and internal collisional stresses and is expressed as fol-
lows:

ntd ¼ 0:0538 n exp 6:0896 Cvð Þ ð4Þ

where n represents the Manning resistance coefficient and Cv is the
sediment concentration by volume.

Well-balanced numerical scheme
In this study, a well-balanced numerical scheme with first-order
accuracy in time and second-order accuracy in space is presented
to calculate the above governing equations for debris flow run-out
simulation based on the non-staggered rectangular grids as shown
in Fig. 1.

First, using a finite volume Godunov-type scheme, the flow
variables (q) are updated to a new time step based on the following
time-marching formula:

qnþ1
i; j ¼ qni; j−

Δt
Δx

f iþ1=2; j− f i−1=2; j
� �

−
Δt
Δy

giþ1=2; j−gi−1=2; j
� �

þΔt si; j ð5Þ

where t represents a time step; x and y refer to cell size in
the x-direction and y-direction, respectively, and subscripts i and j
are the cell indices.

Next, to obtain a second-order accurate in space, a linear slope-
limited reconstruction method introduced by Liang and Borthwick
(2009) and Liang (2010) is adopted (see Fig. 1). Using this method,
the face values of the flow variables are first reconstructed with the
available flow data at the cell centres. Then, the face values of the
bed elevations are obtained by finding differences between the
water surface elevations and the corresponding water depths. For
instance, on the left-hand side of the cell interface (i + 1/2, j) (see
Fig. 1), the face values are given by

ηLiþ1=2; j ¼ ηi; j þ
1
2
ψ; hLiþ1=2; j ¼ hi; j þ 1

2
ψ; zLbiþ1=2; j ¼ ηLiþ1=2; j−h

L
iþ1=2; j

qLxiþ1=2; j ¼ qxi; j þ
1
2
ψ; qLyiþ1=2; j ¼ qyi; j þ

1
2
ψ

ð6Þ

where η denotes the water surface elevation above the datum and
Ψ is a slope limiting function evaluated at cell (i,j) for different
flow variables (Pongsanguansin et al. 2016). For instance (η),

ψ ¼ minmod ηi; j−ηi−1; j; ηiþ1; j−ηi; j
� �

ð7Þ

where

minmod a; bð Þ ¼
a; if aj j≤ bj j and ab > 0;
b; if bj j≤ aj j and ab > 0;
0 ; if ab ≤ 0 :

8<
: ð8Þ

Similar reconstructions can also be used to obtain the face
values on the right-hand side of the cell interface (i + 1/2, j) (see
Fig. 1):

ηRiþ1=2; j ¼ ηiþ1; j−
1
2
ψ; hRiþ1=2; j ¼ hiþ1; j−

1
2
ψ;

zRbiþ1=2; j ¼ ηRiþ1=2; j−h
R
iþ1=2; j

qRxiþ1=2; j ¼ qxiþ1; j−
1
2
ψ; qRyiþ1=2; j ¼ qyiþ1; j−

1
2
ψ

ð9Þ

where Ψ is a slope limiting function evaluated at cell (i + 1,j). The
associated face values of velocities are then calculated by

uLiþ1=2; j ¼ qLxiþ1=2; j=h
L
iþ1=2; j; v

L
iþ1=2; j ¼ qLyiþ1=2; j=h

L
iþ1=2; j

uRiþ1=2; j ¼ qRxiþ1=2; j=h
R
iþ1=2; j; v

R
iþ1=2; j ¼ qRyiþ1=2; j=h

R
iþ1=2; j

ð10Þ

In dry cells (defined by h < 10−3 in this study), the velocities
directly take the value of zero and are not computed by Eq. (10).
The slope-limited linear reconstruction method is applied to all
wet cells away from the dry-wet front. In dry cells or in wet cells
directly adjacent to dry cells, the face values of the flow variables
and bed elevations directly take those of the cell centres. This is a
natural behaviour since the slope-limiting procedure essentially
reduces the numerical accuracy near the flow discontinuities,
including shocks and dry/wet fronts (Liang and Borthwick 2009).

Next, in order to obtain the well-balanced scheme, the new face
value of the bed elevation at the cell interface i + 1/2 can be
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expressed based on the above face values after linear reconstruc-
tion (Zhang 2014):

zbiþ1=2; j ¼ min ηLiþ1=2; j; η
R
iþ1=2; j;max zLbiþ1=2; j; z

R
biþ1=2; j

� �� �
ð11Þ

The components on either side of the cell interface (i + 1/2,j) are
then rewritten by

hLiþ1=2; j ¼ ηLiþ1=2; j−max zLbiþ1=2; j; zbiþ1=2; j

� �
;

hRiþ1=2; j ¼ ηRiþ1=2; j−max zRbiþ1=2; j; zbiþ1=2; j

� �

ηLiþ1=2; j ¼ hLiþ1=2; j þ zbiþ1=2; j; η
R
iþ1=2; j ¼ hRiþ1=2; j þ zbiþ1=2; j

qLiþ1=2; j ¼ uLiþ1=2; jh
L
iþ1=2; j; q

R
iþ1=2; j ¼ uRiþ1=2; jh

R
iþ1=2; j

ð12Þ

Next, the HLLC Riemann solver is employed to compute the
interface fi + 1/2,j (Liu et al. 2013). The other cell interfaces (fi − 1/2,j,
gi,j + 1/2, gi,j − 1/2) can also be computed with the same way.

Finally, the bed slope and friction source terms are treated
separately. The bed slope source terms are approximated by a
central differentiation approach, and the friction source terms
are evaluated with a full implicit scheme (Liang and Marche
2009).

Implementation of debris flow run-out calculation
In numerical calculation, the computational domain and
boundary conditions are first allocated based on the actual
situation in the study area as in the method introduced by Hu
et al. (2000) and Ouyang et al. (2013), as illustrated in Fig. 2. Then,
the inflow hydrology of debris flow entering a research region is
set as the inflow boundary condition. Finally, the present well-
balanced scheme is applied to solve the governing equation of
debris flow for run-out simulation. The implementation process
of the numerical calculation is depicted in the flow chart illustrat-
ed in Fig. 3.
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Fig. 1 Schematic of calculative grid and linear slope-limited reconstruction
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Numerical validation

Flow test over irregular topography
An irregular topography with a bulge in the channel is used to
verify the effectiveness of numerical calculation with the present
numerical scheme. The test result is shown in Fig. 4. The compu-
tational domain consists of a 98 m × 92 m (width × height) region
that is divided into 46 × 49 rectangular grids. For the initial inflow
condition, the debris flow inflow flux is set to 30 m3/s. The inflow
duration is set to 50 s. From the simulation result, a natural debris
flow scene over irregular topography is shown with the present
numerical scheme.

Result test of numerical calculation
The validity of calculation result with the present numerical
scheme must be validated before engineering and scientific appli-
cation. For this reason, we consider a well-studied case occurred in
the Xiezi Gully in Yingxiu Town, Sichuan Province of China, which
emanated from the paper of Chen et al. (2017). We compare our
debris flow run-out calculation result with their result with the
FLO-2D model. The results of them are shown in Fig. 5. Figure 5a
shows the calculation result of flow depth of debris flow using the
FLO-2D model, and Fig. 5b describes our calculation result using
the same simulation domain and parameters as those in the FLO-
2D model. Through the comparison between them, some dif-
ferences between the two results can be found. In flow height,

the maximum flow depth obtained by our numerical calcula-
tion is smaller than those in the FLO-2D model. In flow type,
some debris moves upstream, which is different to those
obtained with the FLO-2D model. The similarities between
them are larger flow depth, similar inundation region and
same location of maximum flow depths that are consistent
with the field survey. Thus, the numerical calculation with the
present numerical scheme can be used to run-out calculation
of debris flow.

Case study

Background of Xiaojia Gully
The Xiaojia Gully is on the right bank of the Jinsha River, which
belongs administratively to Panzhihua City of Sichuan Province
(see Fig. 6a). It has a catchment area of 0.92 km2 and a height
range from 1004 to 1754 m. Based on its slope information, the
gully can be divided into two subdomains (see Fig. 6b).
Subdomain 1 (=0.22 km2) has a steep slope, and its longitudinal
gradient is approximately 69.6%. Subdomain 2 (=0.70 km2) has a
slow slope, and its longitudinal gradient is approximately 25.9%.
The bedrock in subdomain 1 is mainly syenite with structural
characteristics including high strength, jointed fissures and strong-
ly weathered layers at the surface (see Fig. 7a, b). In subdomain 2,
the drainage channel is more wide and rough, and some deposited
debris has been found in the drainage channel (see Fig. 7c, d).
Moreover, at the mouth of the gully, the deposited debris is also
seen in the field, and its granularity is less than that of the
deposited debris in the drainage channel (see Fig. 7e). Additional-
ly, the average annual rainfall in the study region is 853.4 mm; the
maximum monthly rainfall is 316 mm (July 1986), and the maxi-
mum daily rainfall is 155 mm (18 June 1986). Precipitation is
unevenly distributed over the year. It is mainly concentrated
between June and September, which accounts for 80% of the total
annual precipitation (see Fig. 8). Such climate characteristics can
prompt the highly weathering rock materials into the channel
when meeting with heavy rainfall.

Debris flow triggering hydrographs
Debris flow is exclusively related to heavy rainstorm, which can
cause either shallow landslides or superficial soil erosion into
channel (Cuomo et al. 2015). Rainfall intensity and duration

Fig. 4 Debris flow over an irregular topography with a bulge in the channel

a b

Fig. 5 Comparison between calculation results with the present numerical scheme and FLO-2D model. a FLO-2D model. b The present numerical scheme in our study
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Fig. 7 Current situation of Xiaojia Gully. a Global photograph in the subdomain 1. b Surface weathered layers located in point 1 of Fig. 6a. c The drainage channel in the
subdomain 2. d The deposited sediment located in point 2 of Fig. 6a. e The deposited sediment located in point 3 of Fig. 6a
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greatly influence debris flow volume. However, it is a complex
process that has yet to be not well solved (Abancó and Hürlimann
2014). Thus, a practical triggering model based on the empirical
hydrograph designs under different recurrence intervals in the
study region and the empirical formula of triggering discharge of
debris flow is adopted to predict the volume of debris flow. Based
on slope information and field survey, subdomain 1 of the gully is

determined as the triggering area where debris materials are initi-
ated. The run-off hydrographs for the triggering area are designed
under 20, 50, 100 and 200-year recurrence intervals, which are
calculated using BThe Rainstorm and Flood Calculation Manual of
Medium and Small Basin in Sichuan Province^ (Liu et al. 2014)
(see Fig. 9). Maximum discharges and run-off confluence times
under different recurrence intervals are listed in Table 1. The shape
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Fig. 8 The average monthly rainfall data from Panzhihua weather station
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Fig. 9 Hydrographs of run-off and the corresponding debris flow triggering hydrographs for different recurrence intervals in Xiaojia Gully. a 20 years. b 50 years. c 100
years. d 200 years
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of these run-off hydrographs is determined with the empirical
triangle method.

The run-off only partly contributes to the debris flow. Herein,
all parts of the hydrograph larger than the triggering discharge are
considered to contribute it (Gregoretti et al. 2016). Because few
expressions between flood discharge and particle diameter have
been proposed in China, the critical discharge as the triggering
discharge is estimated in this study by the formula proposed by
Takahashi (2014):

QCRIT ¼ 2W
ffiffiffiffiffiffiffiffi
gd3m

q
ð13Þ

where QCRIT (m3/s) denotes the critical discharge, dm (m) is the
mean debris diameter (here, 0.08 m is selected based on the
deposited sediment in the drainage channel of subdomain 2) and
W (m) refers to the average width of the valley incision (=8 m in
the study). After calculation, the corresponding triggering dis-
charge QCRIT is equal to 1.13 m3/s.

The discharge of the debris flow can be estimated using the
triggering discharge of run-off and multiplying by the bulking
factor (1-CV)

−1. The volumetric sediment concentration (CV = 0.45)
of the solid-liquid mixture is suggested according to the
BSpecification of geological investigation for debris flow
stabilization^ (the Chinese geological mineral industry standard,
DZ/T0220-2006). The triggering hydrographs of debris flow in-
cluding 20, 50, 100 and 200-year recurrence intervals are shown in
Fig. 9. Based on the above process, the designed inflow volume of
debris flow is from 1128.1 to 7531.3 m3, and the corresponding
debris is from 506.7 to 3389.1 m3.

Run-out calculation of debris flow
The simulation calculation is conducted based on a MATLAB
platform. Subdomain 2 is set as the simulation domain identified
with an 8-m mesh size. The input parameters for debris flow and
simulation domain are listed in Table 2. The solid density (ρm) of
the debris mixture is suggested to be 2700 kg/m3 (Zhou et al. 1991).
Based on published researches (O’Brien and Julien 1988;
Rickenmann et al. 2006; Bisantino et al. 2010; Liu and Wu 2012),
Chen et al. (2013) proposed a simple classification for the yield

stress (τ) and viscosity (η) of debris flow (see Table 3). In our
study, the rheological properties of debris flow in the study region
are considered to be low yield stress (τ = 1500 kPa) and middle
viscosity (β = 10 Pa s). Besides, a relatively large resistance coef-
ficient (K = 2500) and pseudo-Manning’s resistance coefficient
(n = 0.05) are selected for the run-out simulation (Chen et al.
2013; Zhang et al. 2014). The simulation calculation results are
shown in Fig. 10.

Run-out prediction of debris flow
The simulation result in Fig. 10a is in accordance with the field
survey (see Fig. 7d). Over there, the deposited debris is found, and
its deposition depth is estimated to be less than 0.2 m. Again, at
the mouth of the gully, the deposited sediment is also seen in the
field, and its granularity is less than that of the deposited debris in
Fig. 7d (see Fig. 7e). This phenomenon is considered as the result
of run-off erosion subsequent to the debris flow. To predict the
run-out of debris flow at Xiaojia Gully in the future, the designed
debris flow hydrographs under 50, 100 and 200-year recurrence
intervals are also simulated in this study (see Fig. 10b–d). These
results show a smaller average flow depth under different
debris flow run-off hydrographs. The effect of debris flow in
the future is minuscule.

Discussion

Debris flow inflow volume and rheological parameters
One important aspect of numerical simulation calculation is to
predict run-out region of debris flow. Accurate assessment of the
debris flow volume is of great concern. However, the debris flow
volume entering a reach is usually difficult to estimate. A reason-
able calculation of the volume is a key. Thus, a feasible design is
made by considering hydrological run-offs with different recur-
rence intervals and an empirical triggering debris flow mechanism
in this study.

In debris flow run-out simulation calculation, selection of the
rheological parameters of debris flow has a significant impact on
the simulation result. The yield stress controls the inundation
region, and the viscosity largely influences the flow velocity be-
cause it increases viscous friction (Chen et al. 2013). Based on field
investigation combined with published relevant researches, the
two parameters are adjusted to meet the knowledge of the current
situation of Xiaojia Gully.

Debris flow numerical model
Many numerical models have been developed for debris flow
simulation calculation, which can be divided into three categories:
(1) debris flow run-out model without entrainment, (2) debris flow
run-out model with entrainment and (3) debris flow run-out
model including debris material initiation process. In the first
kind of model, such as the FLO-2D model (O’Brien et al. 1993),
the governing equations are obtained based on the free-surface

Table 1 Maximum discharges and run-off confluence times for different recur-
rence intervals in Xiaojia Gully

Interval of
occurrence (year)

Maximum
discharge (m3/s)

Run-off confluence
time (min)

T = 20 1.20 50.8

T = 50 1.42 48.8

T = 100 1.57 47.6

T = 200 1.73 46.4

Table 2 Computational parameters for debris flow run-off simulation in Xiaojia Gully

Simulation type ρm (kg/m3) τ (Pa) η (Pa s) K n

Debris flow 2700 1500 10 2500 0.05
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shallow equations. The basal flow resistance coefficients of them are
corrected with the debris flow friction model. In the second kind of
model, such as the Kanako-2D model (Nakatani et al. 2008) and the
EDDA model (Chen and Zhang 2015), the governing equations of
debris flow are further corrected in consideration of channel erosion
which is likely to occur in many real situations (Iverson et al. 2011;
Cuomo et al. 2014; Frank et al. 2015). Some extra parameters and
formulas are added in this kind of model. In the third kind of model,
such as the D-Claw model (Iverson and George 2014; George and
Iverson 2014), the debris material initiation process is added into the
model. In order to make it, the governing equations of debris flow
are further enhanced. Some parameters, such as pore fluid pressure
parameter, are brought into the governing equations for setting the
threshold from statics to dynamics for the initially stable debris
materials. Based on the above-mentioned fact, it could be seen that
the capacity of debris flow run-out model develops more and more

strongly. However, the input parameters into the model also became
greater in number. Thus, to an extent, the model application condi-
tion is also limited.

Numerical scheme for debris flow run-out calculation
Debris flow numerical models have become viable tools in run-out
analysis of debris flows. However, one challenge in applying them
is to develop robust numerical schemes that can well simulate
them over highly irregular topography with complex geometry
(Ouyang et al. 2013). In our work, we study the well-balanced
scheme which has been widely applied for simulating free-
surface shallow flow over irregular topography in recent years. It
shows its good capacity in simulating free-surface shallow flow
over irregular topography, as shown in Liang (2010). Our work
aims to present a well-balanced numerical scheme for debris flow
run-out simulation prediction, which can be applied quite conve-
niently to solve other kinds of debris flow run-out models and
helpful to promote the development in debris flow numerical
calculation.

Conclusions and remarks
This paper presents a well-balanced numerical scheme for debris
flow run-out prediction in Xiaojia Gully. The values of our work
are listed as follows:

Table 3 Classification of yield stress and viscosity for debris flow run-off simulation
(Chen et al. 2013)

Parameter High Medium Low

Yield stress (kPa) 15 4.5 1.0

Viscosity (Pa s) 1000 8 0.064

a

c d

b

Fig. 10 Run-out result prediction of flow path and depth of potential debris flow in Xiaojia Gully. a 20 years. b 50 years. c 100 years. d 200 years
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1. Bring a well-balanced numerical scheme into debris flow nu-
merical simulation for run-out prediction of it.

2. Effective techniques, such as the linear reconstruction method
and the full implicit scheme to deal with the complex friction
terms of governing equations of debris flow, are employed to
improve the spatial accuracy of numerical result and to ensure
the stability of numerical scheme over irregular topography.

3. The current present numerical scheme could be easily applied
to other kinds of debris flow models, which can be helpful to
promote the development of debris flow numerical calculation.

In our study of debris flow run-out prediction in Xiaojia Gully,
the first kind of model is adopted considering the application
condition and the current situation in Xiaojia Gully: clearly iden-
tifiable source area and broad channel with little loose material. To
enhance and strengthen application ability of the present numer-
ical scheme in debris flow numerical calculation, further work in
the future should consider some additional factors, such as the
channel erosion and debris material initiation process.
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