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Abstract. This paper aims to present a useful numerical (Takahashi et al., 1991, 1992); and the collapse of a natu-
method to simulate the propagation and deposition of deral dam (Han and Wang, 1996; Valiani and Caleffi, 2003).
bris flow across the three dimensional complex terrain. AAll the debris flows have at least four characters: rainfall or
depth-averaged two-dimensional numerical model is develdam-break is the triggering factor; a debris flow is a gravity-
oped, in which the debris and water mixture is assumed tadriven flow with free upper surface that move across three-
be continuous, incompressible, unsteady flow. The model iglimensional terrain; the nature of the flow itself, which is
based on the continuity equations and Navier-Stokes equamapid, transient, and includes a steep front mainly constituted
tions. Raster grid networks of digital elevation model in GIS of boulders (Laigle and Coussot, 1997); and debris flows
provide a uniform grid system to describe complex topogra-have very strong destructive power and bring about exten-
phy. As the raster grid can be used as the finite differencesive property damage and loss of life to the communities in
mesh, the continuity and momentum equations are solvedheir path (Takahashi, 1991; Hunt, 1994; Huang and Garcia,
numerically using the finite difference method. The numer-1997; Lien and Tsai, 2003).
ical model is applied to simulate the rainfall-induced debris  As debris-flows are mixtures of flowing sediment and
flow occurred in 20 July 2003, in Minamata City of southern water showing complicated flow behavior intermediate be-
Kyushu, Japan. The simulation reproduces the propagatiofyeen clear-water flows and mass movements of solid ma-
and deposition and the results are in good agreement Witlerial, a number of mathematical rheological models were
the field investigation. The synthesis of numerical methoddeveloped to simulate the flow behavior. Many researchers
and GIS makes possible the solution of debris flow over ahave developed rheological models for mudflows and debris
realistic terrain, and can be used to estimate the flow rangefows. Theses models can be classified as: Newtonian mod-
and to define potentially hazardous areas for homes and roagls (Johnson, 1970; Trunk et al., 1986; Hunt, 1994; Hungr,
section. 1995; Rickenmann, 1999), Bingham model (Johnson, 1970;
O’Brien and Julien, 1988; Liu and Mei, 1989; Jan, 1997;
Whipple, 1997; Fraccarollo and Papa, 2000; Pastor et al.,
1 Introduction 2004), Herschel-Bulkley model (Huang and Garc1997,
1998; Imran et al., 2001; Reftee et al., 2005; Ricken-
Debris flows are rapidly flowing mixtures of water, clay, and mann et al., 2006), generalized viscoplastic model (Chen,
granular materials and often triggered by torrential rains in1988), dilatant fluid models (Bagnold, 1954; Takahashi,
mountainous areas. There are three main possible initiation978, 1991; Mainali and Rajaratnam, 1994), dispersive or
of debris flows: mobilization from rainfall-induced landslide turbulent stress models (Arai and Takahashi, 1986; O'Brien
(Mainali and Rajaratnam, 1994; Anderson, 1995; Bathurst e@nd Julien, 1988; Hunt, 1994), biviscous modified Bingham
al., 1997; Lan et al., 2004; Fiorillo and Wilson, 2004; Flem- model (Dent and Lang, 1983), and frictional models (lver-
ing et al., 1989; Wen and Aydin, 2005; Dai et al., 1999); son, 1997; Chen and Lee, 1999; Arattano and Franzi, 2003;
erosion of steep debris beds in gullies due to intense rainfalPastor et al., 2004; Rickenmann et al., 2006; Naef et al.,
2006). Takahashi and Tsujimoto (1984) presented a two-
dimensional finite difference model for debris flows based
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hashi et al., 1991, 1992). O’'Brien et al. (1993) developed2 Governing equations
a two-dimensional flooding routing model that is a valu-
able tool for delineating flood hazards and simulating flood-Modeling debris flows require rheological models (or consti-
wave attenuation, mudflows, debris flows (FLO-2D). Iver- tutive equations) for solid-liquid mixtures. Identification of
son and Denlinger (2001) developed a generalization of thén appropriate rheology has long been regarded as the key
depth-averaged, two-dimensional grain-fluid mixture modelto interpretation, modeling, and prediction of debris-flow be-
that describes finite masses of variably fluidized grain-fluidhavior, and debates about the most suitable rheological for-
mixtures that move unsteady across three-dimensional tefnula have persisted for several decades. The rheological
rain. Egashira et al. (2003) presented a method of numerProperty of a debris flow depends on a variety of factors, such
ical simulation for 2-D debris flow on an erodible bed us- as the water concentration, the solid concentration, cohesive
ing the constitutive equations for sediment-water mixture properties of the fine material, particle size distribution, par-
when the equation of erosion rate is incorporated in the conticle shape and grain friction (Imran et al., 2001). Itis well-
tinuity equation. McDougall and Hungr (2003) developed know that water is the main contributor to rainfall-induced
a depth-averaged model for the simulation of rapid land-debris flow initiation and the role played by the water in such
slide motion across complex 3-D terrain. Pudasaini andflows will affect the rheological property. At the same time,
Hutter (2003) presented a two-dimensional depth-integratedield observations and video recordings of debris flows have
theory for the gravity-driven free-surface flow of a granular provided clear evidence that no unique rheology is likely
avalanche over an arbitrarily but gently curved and twistedto describe the range of mechanical behaviors exhibited by
topography which is an important extension of the original Poorly sorted, water-saturated debris. Instead, apparent rhe-
Savage and Hutter (1989) theory. Bouchut and Westdick-0logies appear to vary with time, position, and feedbacks that
enberg (2004) developed a multidimensional shallow waterdepend on evolving debris-flow dynamics (lverson, 2003).
model for arbitrary topography. Pastor et al. (2004) presented herefore, in this paper, the debris and water mixture is as-
a depth-integrated Bingham model which is discretized us-Ssumed to be uniform continuous, incompressible, unsteady
ing a Taylor-Galerkin finite element algorithm. Pudasaini flow. The flow is governed by the following forms of the
and Hutter (2006) provided a survey and discussion abougontinuity and Navier-stokes equations.
the motion of avalanche-like flows from initiation to run out. ~ The continuity equation is
Rickenmann et al. (2006) compared three two-dimensionaly,, 5, Juw
debris-flow simulation models with field events, and thesey— + % to. = 0 (1)
models are based on a Voellmy fluid rheology reflecting
turbulent-like and basal frictional stresses, a quadratic rheoand the Navier-stokes equations are as follows:
logic formulation including Bingham, collisional and turbu-_ v e o ow op 2y 92 5%
lent stresses, and a Herschel-Bulkley rheology representing. (5 Fus v wa—> = TH (32 toa T 32> (2

) : . y z X x y z
a viscoplastic fluid.

In recent years, Geographic information systems (GIS) 5, 45, 30 a0
with their excellent data format and spatial data processing (37 tu Tyt wz,*z)
ability have attracted great attention in natural disaster as-

sessment. This is because the collection, manipulation, vi- ) ) )
sualization and analysis of the environmental data on landsp, (22 + .2 1+, 2% 4 wa—w> —pag— 2L 4y (3—“2’ + L“; + a—?)
slide and debris flow hazard can be accomplished much more ? ooy % % R
efficiently and cost effectively (Carrara and Guzzetti, 1999; (4)
Guzzetti et al., 1999). Key requirements in the assessment gf, \vhich u, v, w=velocity components in the x-, y-, and
debris flow risk consist of the prediction of the flow trajec- z-directions; ps=equivalent density of the debris and wa-
tory over the 3-D complex topography, the potential runout g, mixture, andoy=psvs+pwiw, ps and p, are the den-
distance and the extent of the hazard area in order to define &jes of solid grains and water, andv,, are the volumetric
safety zone. Numerical simulation models by incorporating concentrations of solids particles and water in the mixture:
GIS are important prediction and analysis tools. p=pressurep=dynamic viscosityg=gravitational accelera-

The objective of this paper is to develop a two-dimensionaltion; andz=time.
depth-averaged numerical model to simulate the rainfall- A key step in simplifying Egs. (2)-(4) involves scaling
induced debris flow and to integrate GIS with the numeri- that is similar but not identical to the well-known shallow
cal model to analyze the hazard of debris flow. As rasterwater or Saint-Venant scaling (cf. Vreugdenhil, 1994). As
grid networks of digital elevation model in GIS can be used described by Savage and Hutter (1989), Iverson (1997), and
as the finite difference mesh, the continuity and momentunfaray et al. (1999), two length scales existis the typical
equations are solved numerically using the finite differencespan or spread of the flow andhe typical depth of the flow.
method. The parameteﬁ:% describes the ratio of these length scales

ap % 3% 3%
— (2 2 ) (g
8y+u(8x2+8y2+3z2 ®)
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and is deemed generally much smaller than 1. The time-

N
scale for order-unity changes %—) ? because the potential “

for free fall drives debris flow motion (Ilverson, 1997). These
time and length scales in turn lead to differing velocity scales

zn

1 1
for the flow direction,(g/)?, andz direction,s (g/) 2, which
imply thatu, v>w. In Eq. (4), all terms are small relative
to the gravitational acceleration, only the pressure gradient},
remains to balance it. Therefore Eq. (4) can be rewritten as
follows:

ap

Pdg—a—=0 )
Z

Using the notation and coordinate systems given in Fig. 1,
Integration of (5) with respect to from the elevation of the
basez=n, to the upper surface of the flow atn yields,

z=n,

P =pig (M —np) (6)

The final step in further simplifying the continuity and mo-

mentum equations of motion is to adapt depth averagingsig. 1. Definition of coordinate system for two dimensional gov-
to eliminate explicit dependence on the coordinate normakrning equations.

to the bed,z. Depth averaging requires decomposing the

Egs. (1), (2) and (3) into component equations in locally de-

fined x-y-z-orthogonal directions, then integrating each com-in which M=uh and N=vh are thex- andy-components of

ponent equation from the base of the flowzat, to the free
surface of the flow at=n, using the Leibnitz rule to inter-

change the order of integration and differentiation. Herein,

the flow flux respectively;
Integrating the left-hand side of the Eq. (2),

we define the depth-averaged velocities are as follows: /n (a_” + ua_“ + va_” + wa_“)dz
1 1 n \ 01 ax ay 9z
ﬁ:—/ udz, B:—f vdz (7) n/ou 9 P P
h Jy, h Jy, = m + P (uu) + e (uv) + P (uw) |dz

in (7), and equations hereinafter, overbars denote depth- " n 5 5
averaged quantities defined by integrals similar to that (7). = — udz + — u?dz + — uvdz

The continuity Eq. (1) is integrated through the flow depth, M * Iy 0y Ju,

=n

"/ou v dw a 7 a [ —u 3_77_|_u3_7)+v8_77_w (13)
/ (— +—+ —)dz = — udz + — vdz ot ax ay =

o \0X 0y 9z ax Jy, ay Jy,

d d d d With
_(u_m_"_w) +(u_"+v_”_w) @)
ax dy 2=n ax ay = U 2 2 _
u~dz = ajhu” = ajuM,

using the kinematic boundary conditions at the base and aly,
the free surface, we obtain, n

5 9 / uvdz = aphuv = avM (14)
ua—Z + va—Z —w =0 atthebasez=n,, (9) e

* Y Two ad-hoc coefficients; anda, have been introduced. As
9z 9z 0z _ was noted by Savage and Hutter (1989), values;ainda;
PR Yoy VT 0 atthefreesurface=y  (10)  j (14) that deviate from unity provide information about the

) deviation of the vertical velocity profile from uniformity. If
- yp Yy

ash=h(x, y, t)=n—nj is the flow depth, we get, a debris flow velocity profile is reasonably bluat=«>=1.
oh  9(n —np) 11 For parabolic velocity profile and debris flows with no basal
9 9t (11) sliding, «1=a»=6/5, and for a stone-type debris flow on a

Inserting (7), (9), (10), (11) into (8), we get the continuity
equation of debris flow,

oh oM N _ 1)
at ox ay
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rough inclined planey; = a2=1.25 (Takahashi et al., 1992).
We may write for (13) using=a1=asy,

/'7 ou n ou N ou n ou d
— G u—+v—+w—
b \or Tax Ty T )™
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oM 0 (uM d (oM
_OM , a@M) | 0 @M)

= Incorporation of numerical simulation with GIS
ot ax ay

15 3

Furthermore, we integrate the right-hand side of the Eq. (2)3.1 Digital elevation model in GIS
Using the Eq. (6), we get

" ap a

—dz = —

Recently, Geographic Information Systems (GIS), with their
excellent data structures and spatial data processing capac-
ity, have attracted great attention in landslides and debris
Where H=z=n,,+h is the height of the free surface. flows disasters assessment. GIS is a computer-assisted sys-
Similarly, we can integrate term by term the velocity tem for the acquisition, storage, analysis and display of ge-
derivatives on the right-hand side of Eq. (2) to establish theographic data. And GIS provides strong functions in spa-
relationship between viscous stress gradients and their deptially distributed data processing and analysis. Digital Eleva-
averages. tion Models (DEM) within GIS automatically extract topo-
graphic variables, such as basin geometry, stream networks,
slope, aspect, flow direction, etc. from raster elevation data.
A DEM is a numerical representation of landscape topogra-
w " 9%u wBo 3%hu phy. Three schemes for structuring elevation data for DEMs
E/ Wdz = o 0y (17)  are: triangulated irregular networks (TIN), grid networks,
" and vector or contour-based networks (Moore and Grayson,
Where the coefficientg; and 8, represent the ration of the 1991). The most widely used data structures are square grid
vertical normal stress to the horizontal one, for a rainfall- networks with rows and columns where each cell contains a
induced debris flow in which the material behaves more likevalue representing information, such as elevation. The grid-
a fluid, B1=po=p=1. based discretization of the studied area is immensely use-
ful for numerical solution of the partial differential equations
no " & (18) governing the propagation of debris flows. Finite-difference
pd Jy, 372

n oH
5 pag (n —np)dz = pghg— (16)
m 0X 0x . 0x

ﬂ/”& L = MPLO%hE
Pd Jy, ax2 Pd ax2’

1 Ou n ou

Z_
Pd 0z

o= B E az method on rectangular grids are widely used in numerical
) N models of environmental flows when using this method, the
Using the shear stress boundary conditions, at the free suktydied region is discretized into rectangular grids. There-
face, &£ du =Ix =0, at the basel 2 =1 fore, in this paper, we used grid nerworks in GIS as the rect-

pd 0z Pd ba 0z = a0 Thx . . .
;angular grids of finite difference methods.

=

2= =y, P’
is the flow resistance. Naef et al. (2006) gave the compari-

son of flow resistance relations for debris flows using a one-
dimensional finite element simulation model. For the two di- 32  Numerical scheme
mensional numerical simulation in this study, a combination

of a viscous and Coulomb friction flow resistance is used: ] ) ] ]
Numerical models are organized on a grid cell basis. In a

raster-based DEM analysis, each cell has eight possible flow
_ o directions (left, right, up, down, plus the four diagonals), as
whereé, is the angle of inclination at the bed along the X- show in Fig. 2. The flow direction of a cell is expressed in

Thx = [4Pd~/ gh COSO; tang (19)

direction; andy is the dynamic friction angle, and tanis
the dynamic friction coefficient.

degrees: left=Q up=90, right=18C, down=270; and the
diagonals: 45, 135, 225, 315. Within a cell overland

An analogous derivation must be performed for the right-flow is routed along one flow direction. The flow direction

hand side of the second Navier-stokes Eq. (3).

is the maximum downslope direction which is determined

The final form of the depth-averaged momentum equationgrom the raster-based DEM (Fig. 3). The numerical solution

are
M (Mu 3 (Mv
M ( “)+a (Mv)
ot ax dy
9H up [92M  82M
9x2 dy?

) — uy/ghcoshytang  (20)

AN d(Nm) 8 (Nv)
— ta +a
ot ax dy

9H 1B <32N 32N

= ——9h —_ —= _—
ayg * pa \ 3x2  0y?

) — py/ gh costy tang (22)
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is achieved using a finite difference formulation based on the
DEM grid. The governing equations are approximated using
leapfrog time-differencing. A staggered grid approach is fol-
lowed to evaluate the spatial gradients of Egs. (12), (20), and
(21). A forward difference scheme is applied to discretize
the linear terms, and a central difference scheme is applied
to discretize the nonlinear terms. The thickness of the debris
mass in each cell is computed at the midpoint of the cell and
denoted in Fig. 3. The method of adjusting the time step and
mesh size is used to prevent the appearance of numerical in-
stability due to the use of too large a time interval and mesh
size.
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Fig. 2. Flow direction(a) possible flow direction in a cel(p) flow

direction in a DEM).

The finite difference form of the continuity equation is:

n+3
hi+1/2,j+1/2 —h

2At
n+2 n+2
Mi[g a2 = M a2
Ax

n+2 n+2
Ni+1/2,j+1 - Ni+1/2,j

Ay

n+1
i+1/2,j+1/2

=0

And the momentum equation of x-component

+2
M2 = Mg
2At
n n 2 n n 2
o (Mi+1,j+1/2 + Mi,j+1/2> (Mi,j+1/2 + Mi—l.j+1/2)
Ax 1 - 11
Ax 4h7+1/2. j+1/2 4h?—1/2,./+1/2

o (Mf iv12 1 Mﬁ_/+3/2) (Nin+l/2,j+l + Nfil/zjﬂ)
‘Av +1 +1 +1 +1
AV 050 e H 2 12 02 a2 00 42
(ij+1/2 + M;,Lj—l/Z) (Ni"+1/2,j + Nin—l/Z.j) }

) +1 +1 +1
R ime a2 a2 TR e H 1202, )2

+1 +1 +1 +1
(h;‘1+1/2,j+1/2 + hzr'l—l/Z,j+l/2) (Hin—l/Z,jJrl/Z - Hin—l/Z,jJrl/Z)
-8
2Ax

|:Min—l/2.j+l/2 - 2Min+l/2,j+1/2 + M;l+3/2._/+1/2

h (Ax)?
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Fig. 3. Grids for 2-dimensional debris flow computation.

+M;fj—l/2 —2M} T MY s
(Ay)?

_ coss, tan(p\/g a2 ‘; h,"':rll/z,_/+1/2 (23)
A finite difference expression analogous to Eq. (23) rep-
resents the momentum equation of the y-component in
Eq. (21).

The model outlined above has been coded into a numerical
model of general utility in ArcG1S(a GIS software developed
by ESRI). The code is written in Visual Basic language and
ArcObjects as a tool of ArcGIS application. ArcObjects is
the development environment of the desktop ArcGIS appli-
cations (ArcMap, ArcCatalog and ArcScene). It is used to
customize and extend ArcGIS using Visual Basic. All the
input and output data are processed in ArcGIS. The tool is
embedded in a GIS to simplify the specification of input and
to help the interpretation of numerical simulation results.

4 Simulation of real debris flow event

To verify the model and illustrate its validation, the model is
applied to a real debris flow occurred in Japan. On 19-20
July 2003, a short duration of high intensity rainfall event
impacted on Minamata City in the Kumamoto prefecture,
Japan. This rainstorm triggered many landslides and debris
flows (Nakazawa et al., 2003; lwao, 2003; Taniguchi, 2003;
Mizuno et al., 2003; Hashimoto et al., 2003). The landslide
and resultant debris flow at Hogawachi was the largest and
most damaging of the 20 July disasters in Minamata area
(Fig. 4). The debris flow occurred 4.3 h after the beginning

Nat. Hazards Earth Syst. Sci.58, 2008
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Legend
= Road
River
B House _)‘
B Landslide

g

——— Debris avalanche initiation zone 0 0.25 0.5
— — - Region of fatalities W —

Fig. 4. Aerial photograph of destroyed village and the path of the Fig. 6. (a) Schematics of the landslidéb) Longitudinal profile of
debris flow. AA-section.

Rainfall(2003/07/19-20)

80 7300 plunging into the village of Hougawachi-Atsumari district,
£ ol g 250 £ Minamata City, was estimated to be about 68 060 and
S s f 200 £ the velocity of debris flow was estimated from about 2.9 m/s
8 40 150 8 to 23.5m/s (Mizuno et al., 2003; Taniguchi, 2003). This dis-
= 30 100 2 aster killed 15 people and more than 14 houses were either
§ ig 50 é damaged or destroyed.

0 0o 4 Based on a topographic map 1/2500 in scale, a vector

contour line file is generated, with vertical spacing of 2m.
This file is converted to TIN (Triangulated Irregular Net-
Fig. 5. Precipitation at Minamata City (19 July, 00:000 July, ~ Work), and subsequently DEM (Digital Elevation Model)
22:00, 2003). within ArcGIS. The road and river are drawn as polylines,
and the homes as polygons (Fig. 7). The DEM resolution is
2mx2m. The elevation of terrace and river are expressed in
of the rainstorm, at 4:20 a.m. on 20 July 2003, during the pe-this DEM.
riod of highest intensity (Fig. 5). The landslide that triggered How to determine the input parameters is important be-
the debris flow initiated in highly weathered andesite (An-7: cause these parameters will affect the simulation results. The
mainly lava with subordinate tuff breccia) underlain by an al- range of parameters for simulation was constrained using
most impermeable layer (An-5: tuff breccia, brecciated lava,field observations because no direct measurements of the pa-
and lava) (Fig. 6). The maximum depth of the landslide isrameters are available (Rickenmann et al., 2006). In this sim-
about 15 m. The debris flow began after the landslide enteredilation, the square grid mesh in GISAx=Ay=2 m and the
the stream valley and traveled about 1.5km along the chandepth-averaged velocities are considered as blunt, therefore,
nel. The gradient of the slope that failed was I@ar the  we have set=1, =1. As a rough approximation by field in-
top and 36 in the lower section. The gradient of the chan- vestigation, the sediment volume is about 68 06pand the
nel is about 17~9°, and the mean gradient of the fan 5 5 water volume is about 17 000%Mizuno et al., 2003). The
(Hashimoto et al., 2003). The volume of sediment dischargeeffective viscosity and the dynamic friction coefficient are

0 5 10 15 20 1 6 11 16 21
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Table 1. Material properties and rheological parameters for simulation.

p(ka/m3) o« B wu(Pas) g(m/$) tanp Eventvolume (M)
2200 1.25 1.0 0.11 9.8 0.6 85 000

key parameters that affect the flow behavior. Lien and Tsai
(2003) gives the range of the dynamic friction coefficient
from 0.32 to 0.75. Based on field investigation, the inun-
dated area is 0.15 kiand the average thickness of deposits
is assumed to be 3.5m. Using these data and through iter-
ative calculations, the best-fit pair of tar0.4 andu=0.11

are selected (Table 1).

A time-lapse simulation of the dynamic progression and
deposition of the debris flow over the 3-dimensional terrain
is illustrated in Fig. 8. The simulation results show that it
took about 200 seconds to travel 1500 m along the channel,
and an average flow velocity is about 7.5m/s. The affected
region can be dynamically displayed again at different time.
In order to know the flow depth and the deposition thick-
ness in the simulation, a cross section BB and CC was given
(Fig. 7). At the 60s after the beginning of the event, the
debris-flow arrived BB-cross section. Figure 9 shows the
dynamic flow depth of BB-cross section at 60s, 90s, 120s,
150s, and 180s. The deposition thickness and the danger-
ous homes in CC cross section are shown in Fig. 10. Fig-
ure 1la shows the simulation result of the area affected by
debris flow. Comparing with the affected area tracked by |--
aerial photograph and by field survey (Fig. 11b), the simula-
tion result is in close agreement with filed observation. The
homes affected by the simulation result are 15, which is the
same with field observation also. This means that the nu-
merical approach can be properly used to simulate the real
debris-flow triggered by landslide and rainstorm in the study
area.

-

0 0.25
I maw Km

Fig. 7. 3-D view of the study area with houses and roads.

5 Discussion

and is a function of several different known parameters of
Debris flows are complex phenomena, due to spatial and tenthe flow (Hungr, 1995). On the other hand, a comprehensive
poral variability in material properties, and state of trace dur-understanding is still lacking, and a classification of debris
ing their evolution. Their sudden occurrence and transienflow into specific categories is often difficult, this is due to
character make difficult to directly measure their rheologicalPoth to the wide range of water-sediment flows referred to
parameters and friction force. When using numerical simula-2s debris flows and to the flow behavior variability encoun-
tion models for hazard assessment of debris flows, the seledered (Sosio et al., 2007). In this study, the flow resistance
tion of appropriate friction or flow resistance parameters is ofis considered as the function of the flow depth, the effective
great importance (Hungr, 1995; Ayotte and Hungr, 2000; Br-Viscosity, the gravity, the path slope angle, and the dynamic
ufau et al., 2001; Arattano and Franzi, 2003: Revellino et al. friction coefficient. The effective viscosity and the dynamic
2004; Naef et al., 2006; Rickenmann et al., 2006). For thefriction coefficient are the key parameters that affect the flow
detailed reviews of different equations describing the flow behavior.
resistance relations, represented Sy, see Hungr (1995), The elevation values of Digital Elevation Model (DEM)
Chen (1988), Brufau et al. (2001) and Naef et al. (2006). Theare used in algorithms to calculate surface derivatives such as
flow resistance term depends on the rheology of the materiaslope, aspect, flow direction and will affected the flow depth
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Fig. 10. The deposition thickness and the dangerous homes in CC section.

in this model. The grid cell size of DEM within GIS will 6 Conclusions
also affect the simulation results. Accurate representation of
the channel and fan topography in the grid is especially im-In the present study, we presented a two-dimensional depth-
portant to achieve a good replication of the observed depoaveraged numerical model to simulation the propagation and
sition pattern (Rickenmann, 2006). To explore how differentthe inundated area of debris flow, and numerical simulation
DEM resolutions influence the deposition thickness in themethods in combination with GIS-technology were applied.
simulation, three other DEMs with the grid sizes %Bm, A GIS environment provides a good platform for coupling a
8mx8m and 10mx10m were generated in ArcGIS. Fig- numerical model of a debris flow. As raster grid networks
ure 12 shows the depositions and inundated areas of the fo@f digital elevation model in GIS can be used as the finite
different DEM resolutions (grid sizes of 2x2 m, 5mx5m, difference mesh, the continuity and momentum equations
8mx8m, 10mx10m). Using the same rheologic parame- are solved numerically using finite difference method. All
ters, the ratio of the mean deposition thickness of grid sizeghe input and output data are processed in GIS. As a case
in 10 mx10m to 2 mx2m is 0.71, the ratio of the mean de- study, we applied the model to a rainfall-induced real debris
position thickness of grid sizes in 88 m to 2mx2m is  flow occurred in 20 July 2003, in Minamata City of south-
0.78, and the ratio of the mean deposition thickness of gridern Kyushu, Japan. The model achieved reasonable results
sizes in 5mx5m to 2 mx2m is 0.92; the computation times in comparison with a field investigation. This simulation re-
of grid sizes 2mx2m, 5mx5m, 8mx8m, 10mx10m are  displays the propagation and deposition of the debris flow
6.5h, 5.2h, 4.3h, and 4.1h, respectively. Comparing withacross the complex topography.
the deposition and the inundated area of the field investiga- How to prevent or mitigate disaster caused by landslides
tion, the results of the grid sizes of 2¢8 m is better than  and debris flows is an urgent problem. Therefore, prediction
the others. A coarse resolution DEM appears to be of pooof the characters of the landslide and debris flow, such as
quality results, but it can be used for rough estimation of thethe possible inundated extent of the moving debris mass, the
flow range and the deposition. propagation progress across the real three-dimensional ter-
rain, the area of deposition, and finding the dangerous homes
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Fig. 12. Deposition of four different DEM resolution(a) 2 mx2 m; (b) 5mx5m;(c) 8 mx8 m; (d) 20 mx 10 m.
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and other infrastructure is of great importance in hazard andent, J. D. and Lang, T. E.: A biviscous modified bingham model
risk assessment. The advantages of numerical method com- of snow avalanche motion,_ Annals Glaciology, 4, 42—_46, 19_83.
bining with GIS-technology are that the preprocessing rou-Egashira, S., ltoh, T., and Miyamoto, K.: Debris flow simulations
tine in which the computation data are prepared, the post- for San Julian torrents in Venezuela, Proc. 3rd IAHR Symposium
computation visualization, the results analysis, and providing " River. Coastal and Estuarine Morphodynamics. Barcelona,

- . . . Spain, 1-5 September 2003, 976-986, 2003.
an effective tool for risk analysis and hazard mapping. Fiorillo, F. and Wilson, R. C.: Rainfall induced debris flows in pyro-
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