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ABSTRACT

Debris flow hazard and risk assessment is not only
based on assumptions on source areas and magnitudes
of possible debris flows and their rheological chara-
cteristics, but also on their runout predictions. With
regard to topographic presentation of slope surface
over which a slope debris flow runs or presentation of
a torrential channel along which a debris flow runs,
this paper reports on the results of two-dimensional
modelling of possible debris flows on selected torrential
fans in the Sava Dolinka valley as a function of the
numerical square grid (5 x 5 m, and 15 x 15 m),
generated from freely available digital elevation model
DEM 5. From the aspect of debris-flow numerical
modelling we showed that buildings that are not shown
on DEMSs should be modelled, because they have large
influence on the flow field close to them. The approach
to introduce buildings into the numerical grid model
by simply defining them as blocked (dry) cells proved
to be better solution than raising the roughness
coefficient in these cells to account for flow obstruction
by buildings. We also checked the applicability of the
digital elevation model DEM 12.5 and generated from
it a numerical grid 12.5 x 12.5 m. In the case of the
Trebiza torrential fan it can be concluded that DEM
12.5 can be more geomorphologically representative
than DEM 5. The next step in modelling natural
hazards such as debris flows will eventually be the
application of even more precise numerical grid,
generated from LIDAR surveys of relief.
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POVZETEK

Presojanje nevarnosti in ogrozenosti zaradi delovanja
drobirskih tokov ne temelji samo na domnevah o
izvornih obmodjih in magnitudah moznih drobirskih
tokov ter njihovih reoloskih lastnostih, temvec tudi na
napovedi njihovega dosega. Glede na zajem topografije
povrsine pobocja, po katerem tece pobocni drobirski
tok, ali zajem oblike hudourniske struge, po kateri
se premika drobirski tok, predstavljamo rezultate
dvodimenzijskega matematicnega modeliranja moznih
drobirskih tokov na izbranih hudourniskih vrsajih v
dolini Save Dolinke v odvisnosti od velikosti racunske
mreze (5x Smin 15 x 15 m), generirane iz digitalnega
modela visin 5 m (DMV 5). Z vidika numericnega
modeliranja drobirskih tokov smo pokazali, da je treba
modelirati tudi zgradbe, ki jih DMV 5 ne obsega, saj
imajo velik vpliv na tokovno polje v bliZini. Pristop,
pri katerem so se zgradbe v numericni racunski
mrezi upostevale z vpeljavo blokiranih (suhih) celic,
se je pokazal kot boljsa resitev od vecanja koeficienta
hrapavosti v teh celicah, da bi upostevali motnje v
toku, ki jih povzrocajo zgradbe. Preverili smo tudi
uporabnost digitalnega modela reliefa DMV 12,5
in iz njega generirali numericno mrezo 12,5 x 12,5
m. Na primeru hudourniskega vrsaja Trebize smo
ugotovili, da je DMV 12,5 lahko bolj geomorfolosko
reprezentativen kot DMV 5. Naslednji korak pri
modeliranju naravnih nevarnosti, kot so drobirski
tokovi, bo uporaba bolj natancne racunske mreze
(recimo I x 1 m), generirane iz lidarskih posnetkov
povrsja.
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1 INTRODUCTION

In the field of physical planning in the European Alps, natural hazards play an important role.
When using physical planning tools as prevention tools against natural hazards, it is important
to take into account different types of Alpine natural hazards, such as flash torrential floods,
landslides or debris flows (Mikos, 1997). It is nowadays a legislative obligation in the majority
of our Alpine neighbouring countries that all new construction permits for new infrastructure
or buildings are issued only if adequate risk maps allow that (Purovi¢ and Mikos, 2004). For
preparing risk maps, firstly, hazard maps should be prepared and in predefined areas at high
hazard any new elements at risk (damage potential) should be avoided (Zakon, 2002). This
modern approach in the field of risk management has been steadily reported and stimulated
in literature, also in Slovenia (see Purovi¢ and Mikos§, 2006 for terminology; see Mikos et al.,
2007 for the first Slovenian debris-flow risk map in Log pod Mangartom, incorporated into a
special governmental decree (Uredba, 2004)). Soon we may expect further progress into this
direction in the field of flood hazard and risk maps (Mikos, 2007).

Debris flows as fast moving mixtures of earthen material (debris), water and in some cases
woody debris (e.g. in Log pod Mangartom) are non-Newtonian fluids physically described by a
set of non-linear equations for two-phase flows (FLO, 2006a). They can be initiated on slopes
or in steep torrential channels during heavy (but rather short-duration) rainfalls or triggered by
strong earthquakes (Mikos, 2000/2001), and can be classified into the group of slope movements
(Skaberne, 2001). Their advancement along a slope or a torrential channel and ultimately over a
fan towards a valley floor is therefore rather complex and not very easy to predict. In order to be
able to apply planning tools, we should be able to assess magnitudes (Sodnik and Mikos, 2006)
and predict run-out of future (possible) debris flows. Many different run-out prediction methods
can be applied to estimate the mobility of future debris flows during hazard assessment, such
as empirical, analytical, simple flow routing and different numerical techniques (Hiirlimann et
al., 2008). According to these, only the use of numerical models provides »final hazard maps,
because they can incorporate different event magnitudes and supply output-values for intensity
calculation. In contrast, empirical relationships and flow routing algorithms, or a combination of
both, could be applied to create »preliminary hazard maps«. The precision of such hazard maps
is to a large extent a function of several parameters, such as the magnitude of a possible debris
flow, rheological characteristics of the water-sediment mixture, surface roughness characteristics,
and surface inclination (Sodnik and Miko$, submitted for publication).

Topographic surfaces can be generated in many ways, among them e.g. from an airborne laser
altimetry (LiDAR) survey, a ground-based differential GPS (DGPS) survey, or from digital
elevation data (Rayburg et al., 2009). A Swiss study that used three generically different
digital elevation models (DEMs) with grid spacing of 25, 4 and 1 m showed that DEM 25 can
give an approximate estimation of the potential hazard zone, and the other higher-resolution
DEMs confine the simulated debris flow to existing channels and were in accordance with
observations of recent debris-flow events (Stolz and Huggel, 2008). Infrastructure of different
types (roads, bridges, houses) also has an important influence on numerical modelling of such
flow phenomena, as was shown in the case of a hypothetical dam breach of the Rhine River close



to Widnau in Switzerland (VAW, 2003). Knowing that topography is one of the major factors in
landslide hazard analysis (van Westen et al., 2008), it is important to assess the impact of different
topography representations on numerical modelling of debris flows. This paper deals with the
possibility of using public domain (existing) digital elevation data in Slovenia for debris-flow risk
assessment, but does not discuss any other available techniques to obtain topographic surfaces.

In the framework of the targeted research project entitled Assessment of debris-flow hazard in
Slovenia (CRP, 2009), the Alpine valley of the Sava Dolinka River was chosen as a test region.
Within this region, four torrential watersheds were selected: Trebiza, Suhelj, Presusnik, and
Koroska Bela. Some results for two of the torrential fans (Koroska Bela, TrebizZa) are reported
in this paper. An important part of numerical modelling was the way how rheological properties
(soil mechanical properties of sediment-water mixtures called debris flow) were taken into
account. Doing that, we intentionally used our experiences gained when modelling real debris-
flow cases in Slovenia in the recent past (large debris flow in Log pod Mangartom in 2000, and
numerous small debris flows in Kose¢ above Kobarid in 2002).

2 TOPOGRAPHIC DATA

For two-dimensional modelling of debris flows we need topographic data in the form of numerical
grids, easily generated from digital elevation models (DEM). The early development of digital
elevation models in Slovenia down to DEM 25 is shown in Ostir et al. (2000) and Podobnikar
(2003) from what is called Interferometric Synthetic Aperture Radar, or INSAR DEM 25. DEM
12.5, produced in 2005 as a composite model of all existing data, is shown in Podobnikar and
Mlinar (2006). Such composite digital elevation model proved to be of high geomorphologic
quality, but unfortunately could not be directly applied to two-dimensional modelling of stone
falls and rock falls (Petje et al., 2005a). Therefore, in the case of the Berebica and Osojnik
rockfalls in the Trenta valley, a field measured 2D computational profile was used instead (Petje
et al., 2005b). The latest development of digital elevation models in Slovenia is summarised in
Podobnikar (2008).

Guzzetti et al. (2004) successfully applied a 5 m grid cell for topographic representation along
a transportation corridor in the Umbria Region of central Italy to study rock-fall hazard and risk
assessment. Since 2006, in Slovenia DEM 5 is available by the Geodetic Survey of the Republic
of Slovenia. Therefore, this topographic representation was selected to be used for debris flow
modelling on the selected torrential fans in the Sava Dolinka valley as the state-of-the-art DEM
freely provided by the state.

We are aware that “traditional” DEMs created by interpolations between contour lines digitised
from topographic maps produced from aerial photographs are lacking higher accuracy needed
for studies not only limited to contributing drainage area or channel gradient (Snyder, 2009).
Nevertheless, at this stage and for the purpose of testing they are the best available topographic
representation available for the whole of Slovenia, although this means neglecting promising and
already existing possibilities of higher precision, such as obtained by airborne light detection and
ranging (LIDAR) for direct and detailed measurement of the digital elevation model (DEM).
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This new technique has already been successfully tested for many purposes, such as e.g. analysis
of a large debris flow event (Breien et al., 2008), landslide recognition (Sato et al., 2007), general
hydraulic modelling of water courses (Rak et al., 2006), or specifically two-dimensional modelling
of flood waves (Cetina and Krzyk, 2007a; 2007b).

The main reason was also very practical, i.e. that the existing computational capabilities using
personal computers allow us to reach ratio between the duration of a natural event and the
computer time to simulate it close to 1 : 1. Nevertheless, it is worth mentioning that on one hand
automatically derived DEM 5 in Slovenia should have been cleaned of any infrastructure such
as roads, bridges or buildings, and on the other it is not able to fully represent fluvial channels.
The quality of DEM 5 in Slovenia for modelling natural phenomena such as debris flows will
be shown in this paper.

The differences between the two computational numerical grids generated from DEM 5 for the
Koroska Bela torrential fans can be seen from Figure 1. The 15 x 15 m grid was generated within
the Flo-2D program using its capabilities to interpolate the grid element elevations (FLO, 2006b).
The 15 x 15 m grid cell elevation was computed using interpolation of all DEM 5 points in the 15
m radius of interpolation. Furthermore, user can define high or low elevation filtering scheme,
where the program offers the following options: no filtering, maximum elevation difference
and standard deviation difference. We used the no-filtering option. Using extreme rainfall and
hydrologic model HEC-HMS (HEC, 2000), a computational hydrograph for each torrential fan
was determined (see details in Table 1).

Torrential Clear water event: Drydebris ~ Wetdebris  no.ofcells  no. of cells
fan peak discharge & flowevent:  flow event: for for
duration magnitude magnitude  S5xSmgrid 15x15m
grid
Trebiza 39.0m/s & 20 hours 407,150 m’* 294,776 m’ 31,953 3,111
Koroska 507 mys & 20 hours 479,390 m* 236,024 m’ 21,708 2,385
Bela
Suhelj 21.9m/s & 20 hours 182,050 m* 131,804 m’ 25,050 8,687
Presusnik 38 7mys & 20 hours 387,770 m* 347,078 m’ 11,264 998

Table 1. Main geometric and hydrologic parameters (magnitudes were computed assuming volumetric
sediment concentration C, of a design dry debris flow to be 0.5 and of a design wet debris flow to be 0.42)
of selected torrential fans in the Sava Dolinka valley, NW Slovenia.



Figure 1: Computational numerical grid 5 x 5 m (left) and 15 x 15 m (right) of the KoroSka Bela fan.

3 DEBRIS-FLOW MODELLING RESULTS AND DISCUSSION

As a debris-flow mathematical model we selected the commercially available two-dimensional
model FLO-2D (O’Brien, 2006) that has been successfully applied in Slovenia, such as for post-
event analysis in Log pod Mangartom (Cetina et al., 2006), for debris-flow hazard assessment
in Kose¢ above Kobarid (Mikos et al., 2006), or for hazard assessment due to possible debris
flows in the torrential watershed Hrenovec above Kropa (Sodnik and Mikos, under review).

We used the Flo-2D model to compute clear water and debris flow events (a debris flow is a
mixture of water and sediments in different proportions). The sensitivity analysis of the computer
model on the numerical grid cell size 5 x 5 m and 15 x 15 m and the roughness (Manning)
coefficient (expressing energy losses) on flow depths, flow velocities, and on inundated area was
performed using clear water case. When applying the computer model for a debris flow event,
two rheological model parameters are to be determined: critical shear stress that determines
the maximum slope at which a debris flow can come to a stop (as opposed to clear water that
flows at any slope), and Bingham viscosity that should be used because debris flow is viscous
fluid (for clear water normally viscosity is neglected). Since for a potential debris flow event in
the test region we do not have precise material rheological data from past (recent) debris-flow
events, we used parameter values gathered when calibrating Flo-2D model for other recent debris
flow cases in Slovenia (StoZe above Log pod Mangartom and Kose¢ above Kobarid). Therefore,
we used: critical shear stress 20 Pa, Bingham viscosity 10 Pa.s for C, = 0.42 (wet debris flow),
critical shear stress 2000 Pa, and Bingham viscosity 156 Pa.s for C, = 0.50 (dry debris flow).
More detailed description of the Flo-2D model is given elsewhere (Fazarinc et al., 2006; Flo,
2006; Sodnik and Mikos, submitted for publication).

The computational time using a desktop personal computer (Intel Core2Duo processor 3.0
GHz, 4 Gb RAM) was very dependent on the computational grid size. Because no LIDAR high
resolution topography was available in the selected areas, we decided to use the official DEM
5 as the basis for the 5 x 5 m numerical grid, and were also able to downscale it to the 15 x 15
m grid in order to speed up the modelling process. For the simulated hydrograph of 20 hours,
the computational time for the 15 x 15 m grid was around 5 minutes (ratio around 240:1), and
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with the 5 x 5 m grid it was between 40 and 60 hours (ratio between 1: 2 and 1:3). Therefore,
the sensitivity computer test for surface roughness was mainly done for the 15 x 15 m grid to
speed up the computational process.

5x5m/15x15m

case Total inundated area Average flow  Average flow
(area covered by blocked cells) (ha) depth (m) velocity
(m/s)

Clear water 9.455/13.300 0.45/0.32 1.10/0.90
10.200 / 12.950 (2.250) 0.35/0.41 1.07 / 1.43
Wet debris 11.115/ 16.200 0.47/0.37 1.10/ 1.00
flow 11.460 / 15.750 (2.800) 0.41/0.43 1.26 / 1.50
Dry debris 12.780/ 19.150 0.48/0.46 0.96 / 0.95
flow 11.945 / 15.800 (3.250) 0.48/0.58 1.19/ 1.60

Table 2. The main modelling results for the Koroska Bela torrential fan using the 5 x 5 m and the 15 x 15
m grid (the first row shows the results for the case where buildings were modelled by higher roughness
coefficients, and the second row for the case where buildings were modelled by blocked (dry) cells).

If there are no field data available on recent debris flows, the selection of appropriate roughness
(Manning) coefficients for a specific field study can be done only on the basis of literature
review and/or own experiences with debris flow modelling. The roughness coefficients used in
our numerical modelling were firstly selected from existing technical literature to be typical for
these field conditions (Chow, 1959; Julien, 2002) as well as from Flo-2D manual (FLO, 2006a).
They were tested for clear-water cases on the Presusnik fan and for debris-flow cases on the
Koroska Bela fan. Lastly, they were compared to the values obtained when the Flo-2D model of
the StoZe debris flow was calibrated using field data (Hojnik et al., 2001) and when modelling
the debris flows in the village of Kose¢ (Hojnik, 2004; Rajar et al., 2004).

The Koroska Bela fan is densely populated, which is why we used the following roughness
(Manning) coefficients: n (forest) = 0.16 sm'3, n (meadow) = 0.033 sm'’3, n (channel) = 0.13 sm
3, n (building area) =0.035 sm'3and n, (buildings) = 0.2 sm’'3 for two topographical situations:
buildings are represented by higher roughness values (ng(buildings) = 0.2 sm3) and buildings
are represented by blocked (dry) grid cells (for the area around dry cells we used ng(building
area) = 0.035 sm'). In the 15 x 15 m model, 206 grid cells (out of 2,385 cells or 8.64% resp.
46,350 m?) and in the 5 x 5 m model, 1931 grid cells (out of 21,798 cells or 8.86% resp. 48,275
m?) were blocked by buildings. The results of this sensitivity analysis (i.e. total inundated area
(ha), average flow depths (m), and average flow velocities (m/s)) are for the KoroSka Bela fan
shown in Table 2.

Using the 15 x 15 m grid instead of the 5 x 5 m grid yields lower values of flow depths and
average flow velocities when representing buildings by higher Manning roughness values, and
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Figure 2: Flo-2D model results for clear water on the KoroSka Bela fan using two different numerical grids:
5x 5 m (up) and 15 x 15 m (down) - building effects are covered by blocked (dry) grid cells where buildings
were recognised on the ortophoto. Colours refer to maximum flow depth in metres.
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Figure 3: Flo-2D model results for wet debris flow (C = 0.42) on the Koroska Bela fan using two different
numerical grids: 5 x 5 m (up) and 15 x 15 m (down) - building effects are covered by blocked (dry) grid cells
where buildings were recognised on the ortophoto. Colours refer to maximum flow depth in metres.
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higher values when representing buildings by blocked (dry) grid cells (Table 2). The difference
between using the 15 x 15 m grid and the 5 x 5 m grid is especially pronounced for the clear water
case (pure torrential event) and using blocked cells. Using the 15 x 15 m grid, the debris-flow
modelling showed that out of 206 blocked cells for the case of clear water 100 cells (48.54%),
in the case of the wet debris flow 146 cells (70.87%), and in the case of the dry debris flow 125
cells (60.68%) would be overtopped. These results show how many existing buildings on the
Koroska Bela torrential fan are threatened by a torrential or a debris-flow event.

When modelling debris-flow events, using the 5 x 5 m grid instead of the 15 x 15 m grid yields
more detailed hazard map with smaller inundated area and clear flow in the main torrential
channel (Figure 3). This example clearly shows the advantage of DEM 5 over DEM 15 when
assessing natural hazards in mountainous areas.

Furthermore, we also applied the 5 x 5 m grid on the Trebiza torrential fan (Figure 4). For
the Trebiza fan the same roughness (Manning) coefficients were used as for the Koroska Bela
fan: n (forest) = 0.16 sm'3, n (meadow) = 0.033 sm'3, n (channel) = 0.13 sm'3, n (building
area) = 0.035 sm'? and n (buildings) = 0.2 sm’'? for two topographical situations: buildings are
represented by higher roughness values (ng(buildings) =0.2 sm'"®) and buildings are represented
by blocked (dry) grid cells (for the area around dry cells we used ng(building area) = 0.035 sm'/?).
Even using the 5 x 5 m grid for the clear water case, the water flow “jumps” out of the channel
close to the torrential apex (presumably due to a road bridge that was interpreted in DEM 5 as
terrain) and runs down the inclined fan through the inhabited area that is lower than the Trebiza
torrential channel (Figure 5). The problem with the 5 x 5 m grid generated from DEM 5 in the
case of the Trebiza torrential fan is a clear example how problematic DEM 5 may be due to its
limited capability to reproduce channel features in the case of steep torrential channels on fans.
Because the torrential channel in the upper part of its course on the fan is poorly reproduced,
the clear water flow as well as debris flow reach out of the channel and start inundating the

Figure 4: Computational numerical grid of the TrebiZa fan (the 5 x 5 m grid generated from DEM 5 on the
left, and the 12.5 x 12.5 m grid generated from DTM 12.5 on the right).
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Figure 5: Flo-2D model results for clear water on the Trebiza fan using two different numerical grids: 5 x
5m (up) and 12.5 x 12.5 m (down) - building effects are covered by dry grid cells where buildings were
recognised on the ortophoto. Colours refer to maximum flow depth in metres.
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fan. We checked this assumption by applying coarser 12.5 x 12.5 m numerical grid generated
from DEM 12.5 (Figure 4). We used the same model parameters as with the 5 x 5 m grid. The
results are given in Figure 5.

With regard to building representation, similar results to ours were achieved for the case of a
hypothetical dam breach of the Rhine River close to the town of Widnau in Switzerland (VAW,
2003). In this case, a comparison between DEM 25 without buildings and digital ortophoto
incorporating buildings of this urbanised area yielded higher water depths for the case where
buildings were taken into account. Similar approach was also used for the case of the Log pod
Mangartom debris flow, where buildings were introduced into the 2 x 2 m and 4 x 4 m grid
models by defining buildings as blocked (dry) grid cells (Fazarinc et al., 2006). This approach
also proved to be successful for debris-flow modelling described in this paper. The main advantage
to replace existing buildings with blocked (dry) cells instead of increasing roughness coefficient
is a more detailed description of the flow field around buildings (dry cells): flow velocities
around dry cells increase and, as a consequence, flow depths behind the dry cells increase as
well (physically correct). This better representation of the flow field is computed faster only for
clear-water cases (10-15%). In the debris-flow case the computational time is longer by 20-25%
due to sharper differences in the flow field around and behind dry cells due to rheology when
compared to clear-water cases.

4 CONCLUSIONS

We performed a two-dimensional modelling of possible debris flows on selected torrential fans
in the Sava Dolinka valley in NW Slovenia and we report on the results of this modelling as a
function of the numerical square grid, generated from freely available DEM 5. If the 5 x 5 m grid
was used, computational times using a state-of-the-art desktop personal computer were of the
same order as the duration of the design extreme debris-flow event (ratio between 1:2 and 1:3),
but the 15 x 15 m grid accelerated the computations by a factor of more than two magnitudes
(between 480 and 720 times faster), thus making it possible to perform an effective model
sensitivity analysis in an acceptable time frame.

Nevertheless, for preparing proper hazard maps only DEM 5 should be used. However, the
widely used and generally available DEM 5 is still not perfect DTM for all applications. As shown
on the case of the Trebiza torrential fan, due to its automatic production, DEM 5 causes the
flow to “jump” out of the channel. On the other hand, DEM 12.5 yields much more physically
realistic results, since it was produced by combining different existing data using an innovative
approach and applying high quality assurance standards (Podobnikar, 2006). Therefore, for
precise numerical modelling of e.g. debris flows over terrain it should be more thoroughly tested.

With regard to these uncertainties of DEM 5, more refined topographic representation is needed
in some field cases when modelling torrential flows or debris flows. The next step in modelling
natural hazards such as debris flows will eventually be the application of even more precise
DTM, such as e.g. DEM 1 from laser scanning (Podobnikar, 2008) - a direction that we could
only strongly support.
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From the aspect of debris-flow numerical modelling, we showed that buildings that are not
shown on DEMs should be modelled, because they have large influence on the flow field close
to them. The approach to introduce buildings into the numerical grid model by simply defining
them as blocked (dry) cells proved to be a better solution than raising the roughness (Manning)
coefficient in these cells to account for flow obstruction by buildings.
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