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An Integrated Approach for Debris Flow Simula-
tion — First results of an application in the Central
Andes

Martin Mergili and Wolfgang Fellin

Background

Debris flows are rapid mass movements of water and
debris, constituting a considerable hazard when in-
terfering with people, buildings, or infrastructure.
They are often triggered by heavy or prolonged rain-
fall or by extreme snow melt. Mobilization of the
material occurs due to translational or rotational fail-
ure of saturated or undercut slopes, or by detach-
ment due to surface runoff or the debris flow itself.
Various models do exist for simulating sub-processes
included into debris flows, for example for detach-
ment (r.sim.sediment within the GRASS GIS environ-
ment), for soil hydrology and slope stability (14), or
for debris flow runout (9; 7). More integrated GIS-
based approaches as attempted for example by (1) or
(11) are scarce. Such approaches would be valuable
for a quick assessment of hydrological thresholds for
potential debris flow hazard regarding specified fea-
tures at risk. This paper describes and discusses the
development of such a model as GRASS GIS raster
module. The model is designed for small catchments
(few square kms) and is tested at the moment with
seven study areas along the international road cor-
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ridor from Mendoza (Western Argentina) to Central
Chile, crossing the highest section of the Andes (fig-
ure 1). The preliminary results for the study area
Guido A are presented.

Model

Implementation and model design

The simulation model is implemented as a GRASS
GIS raster module called r.debrisflow, based on the C
programming language. Data management is facil-
itated using shell scripts. The model is in an inter-
mediate stage of development right now, with major
technical and methodical enhancements prospected
for the near future. Additionally, a GUI for data man-
agement shall be created. By now, the latest devel-
opment version can be downloaded from the home-
page of the first author. r.debrisflow constitutes of a
framework of a number of sub-modules described in
more detail below, the general model design is illus-
trated in figure 2. The sub-modules can be combined
in two different ways, depending on the availability
of input information:

Simulation mode 1: The entire hydrological, stabil-
ity, detachment and runout modelling is exe-
cuted for a defined number of time steps dur-
ing a rainfall or snowmelt event, requiring an
extensive set of information as input, including
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Figure 1: Study areas. The preliminary results for Guido A are presented.

meteorological data, an elevation model, soil
mechanical and hydrological parameters and
surface hydrological characteristics (including
land cover).

Simulation mode 2: The zones of debris flow ini-
tiation are defined manually (e.g. from map-
ping in the field or from orthophotos), and only
runout is computed. The advantage of this
mode is that it requires much less input than
the others, but, on the other hand, it is not suit-
able for predicting future events.

defined areas
of initiation
separation of water

I between pools _l

defined rainfall

event

soil surface
hydrology runoff
v v
slope detachment
failure sediment of soil
I »| concentration | |

v
runout

affected area
deposited volume

Figure 2: General model design.

ISSN 1994-1897

Water input

Rainfall is read from the input file and added to the
system by increasing the surface water table of each
cell, reduced by interception. If a snow cover exists,
snowmelt is computed for each cell with a user de-
fined degree-day-factor and added to the surface wa-
ter table.

Soil hydrology and slope stability

For this sub-module, a three-dimensional raster ap-
proach is used, down to the depth of bedrock (if
known), or to a user-defined maximum soil depth.
The soil is assumed to be homogeneous over its en-
tire depth regarding its physical, hydrological and
mechanical properties. Vertical flow between cells
is computed with the Darcy-Equation. If the water
content of a cell exceeds 90 % of the maximum con-
tent, groundwater flow is assumed to be parallel to
the slope and it is tested whether the cell is stable
or not, using an infinite slope stability approach (14).
For each pixel, the bottom of the deepest cell with a
factor of safety lower than 1 is considered as failure
plane (figure 3). It has to be pointed out that this ap-
proach constitutes a rough approximation to the re-
ality with the character of a worst-case assumption:
the stabilizing role of vertical water movement is ne-
glected, and the destabilizing role of the assumed
slope-parallel component is fully included in case of
saturation. In the real world, both components are
combined, resulting in more stable conditions than
in the model.
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k = hydr. conductivity
@ = hydr. potential

6 = vol. water content
v. = vertical flow velocity

y' = spec. weight of moist soil
Yw = Spec. weight of water

G’ = weight of moist soil
N = normal force

T = shear force

F, = seepage force

T; = shear restistance

6 = Volume,, , /Volume

water cell

from Darcy-equation:

vy = -k grad ®
db/dt = k grad ® / Az

G'=y Axd

N=G'cos S

T=G'sinS
F,=Axdy,sinS
T.=N'tan @ + c Ax/cos S

FS=T,/(T+F)

FS > 1: cell is stable
FS < 1: cell is pot. unstable

Figure 3: Subsurface hydrology and slope stability model.

Surface runoff and detachment

All the water which is not infiltrated into the soil is
added to the surface water table of the correspond-
ing cell. Flow velocity from one cell to the other is
computed using the Manning equation. If no flow
channel is defined for any downward cell, flow takes
place to all downward cells, weighted for slope an-
gle. If a channel is defined, the entire flow moves
there. Transport capacity is computed using the (15)
equation, which it is supposed to suit best for the
conditions in the study areas (6). Rates of detach-
ment are derived from the transport capacity. The
model design is illustrated in figure 4.

Debris flow runout and deposition

Debris flows are here understood in a strict sense,
with a non-hydraulic flow regime and excluding
heavily sediment-loaded water discharge. For this
reason, the sediment concentration is computed for
the mobilized soil volume of each cell:

1. If the sediment concentration exceeds a thresh-
old value (6), the entire mobilized volume is
considered to develop into a debris flow. If mo-
bilization occurred due to slope failure, the cell
is marked and runout of all the failed cells is
computed at the end of the event. If mobiliza-
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tion occurred due to detachment, runout is cal-
culated immediately at the end of the time step.
This is a first approximation as the empirical
runout models used (compare below) neglect
the time required for runout.

2. If the sediment concentration is too low for
the development of a debris flow, the material
is removed with surface runoff and either de-
posited downslope or removed from the sys-
tem, following the (15) equation (compare fig-
ure 4). Though deposition from surface runoff
does not fall into the concept of debris flow, it
can provide valuable complementary informa-
tion and is therefore regarded, too.

Debris flow runout itself can be simulated using
physically-based models (9; 7), but they are complex
and hard to be integrated into a GIS environment.
Therefore it was decided to use a combination of em-
pirical approaches first for estimating the runout dis-
tance and the distribution of the deposited volume
(figure 5). (10) developed an approach enabling the
distinction between scouring and deposition areas,
using threshold slope angles and the ratio between
vertical distance of scouring and horizontal distance
of deposition. (2) and (8) used mobilized volume,
angles, and runout distances for estimating the reach
of the debris flow. These approaches, however, have
the disadvantage that they don’t allow distinguish-
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flow velocity:

bedrock

bedrock
bedrock

bedrock

v = 1/n R%Y7 (tan §)°
pot. sediment concentration C,. Yang ‘s (1973) equation
deposition/detachment: D = (C—C)) R

C =sediment concentration
v = flow velocity
n = Manning‘'s n

Figure 4: Surface runoff and detachment model.

ing between areas of scouring and deposition, and
therefore the distribution of the deposited material.
The approach was included into the model as fol-
lows:

1. The Vandre approach was applied with user-
defined parameters for estimating distributed
scoured and deposited volumes.

2. The Corominas et al. and the Rickenmann ap-
proach were applied independently and then
combined to an index.

The debris flow is routed downwards separately
for each unstable cell, following a random walk (3)
weighted for slope angle and the existence of a de-
fined channel, until the stop criteria for all of the
three approaches is fulfilled. Though each cell is
treated separately, the mobilized volume required
for runout distance is calculated for each patch of
debris flow initiation. In the area of scouring, the
entire saturated soil column is considered to be re-
moved, but never exceeding the depth of initiation.
The initiated and scoured volumes are considered to
distribute over the area of deposition as wedge shape
rising towards the front.
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vdist (m)

hdist < a vdist

hdist (m)
Vandre approach

g

Corominas et al.

approach
(undisturbed flow path)

vol > 2000 m*

vol (m?)

Rickenmann
approach

vdist (m) hdist = 1.9 vol®1® vdist0-83

Figure 5: Runout models.

First results

The model was tested within the study area Guido A
(compare figure 1). Mainly consisting of granite
residuals, the soils of the catchment (area: 2 km?)
are relatively homogeneous. Therefore it was de-
cided to use one single set of soil parameters for the
entire area:

texture 04 Cs 1) CA k 0
kg/m3 N/m? deg. cm/h
Sand 1850 0 40.0 | 043 | 29.7
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p4 is the dried bulk density of the soil, ¢; is soil co-
hesion, ¢ stands for the angle of internal friction, ©s
is the maximum (saturated) water content, and ky is
the saturated hydraulic conductivity.

The figures 6 and 7 illustrate the mapped areas
of debris flow initiation in the study area Guido A,
and the patterns of surface change due to a debris
flow event, based on the mapped areas of initiation
and the computed patterns of scouring and deposi-
tion (simulation mode 2). The white line crossing
the right part of the maps represents the interna-
tional road, roughly coinciding with the distal part
of the observed debris flow depositions. The fig-
ures 8 to 11 show some of the simulation results
for a hypothetical 100 mm rainfall event, correspond-
ing to the maximum daily sum ever recorded at the
nearby meteorological station, and therefore consti-
tuting a worst-case assumption (simulation mode 1).
All maps show plausible patterns when compared to
field observations. The areas of debris flow initiation
and deposition are located correctly, but are over-
estimated compared to the patterns observed in the
field (what is not surprising for a worst-case assump-
tion). The calculated sediment volumes deposited
on the international road are within the same magni-
tude as those reported by the road authorities. When
simulating the impacts of smaller rainfall events, the
model results correspond well to the findings of (5)
that debris flows in the Mendoza valley usually oc-
cur at daily rainfall sums exceeding 6.6 to 12.9 mm.

1 km

Figure 6: Mapped areas of clearly identifiable pre-
vious debris flow initiation, depth of initiation as-
sumed as 0.75 m according to field evidence.
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Figure 7: Simulated change of terrain height due to
debris flow, using mapped areas of initiation.

Discussion and Preview

Though the preliminary results for Guido A appear
plausible, the simulation model still shows a number
of shortcomings that have to be reworked.

1. Infiltration of water into the soil is not yet
modelled in a satisfactory way, so that the ap-
proach will have to be refined (Green-Ampt
model). Slope-parallel groundwater flow will
be included, too, for enabling a closer approxi-
mation to the reality of soil hydrology.

2. The slope stability model as applied at the mo-
ment is only valid for plane, infinite, cohesion-
less slopes. For very shallow failures, this as-
sumption is sufficiently close to reality, but for
more deep-seated rotational failures, it is un-
satisfactory and slope curvature has to be taken
into account. (12) and (13) could serve as exam-
ples for such an approach.

3. The empirical approaches for debris flow
runout shall be complemented by the imple-
mentation of a physically-based runout model
according to (9) and (7), or at least of an inter-
face to a non GIS-based runout model.

4. Aninteresting extension would be to introduce
some probabilistic elements into the slope sta-
bility model (regarding the SINMAP model as
an example) and into the distinction rules be-
tween debris flow and other types of move-
ments.
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Figure 8: Maximum depth of saturation computed Figure 9: Simulated areas of potential debris flow
for 100 mm rainfall event. initiation computed for 100 mm rainfall event.

Figure 10: Simulated change of terrain height due to Figure 11: Debris flow index for 100 mm rainfall
debris flow caused by 100 mm rainfall event. event, denoting number of cells the mobilized ma-
terial of which hits the pixel.
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5. Finally, the model has to be applied to the re-
maining study areas (compare figure 1), and
the results have to be tested carefully against
the field observations and the validation data
(reports about volumes of material deposited
on the international road).

With the mentioned optimizations, r.debrisflow shall
be a valuable tool for evaluating the potential mag-
nitude of debris flows as a response to defined rain-
fall or snow melt events, including the possibility to
determine meteorological thresholds for debris flow
hazard. However, it has to be pointed out that all
the results only denote potential occurrences with
the character of worst case scenarios or probabilities
- it will probably never be possible to predict the ac-
tual response of a slope to a meteorological event in
the real world, as nature is too complex to be fully
understood in all details.
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