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Abstract: Knowledge of rheology can reduce damage caused by debris flows, providing a means
to delineate hazard-prone areas and to estimate the dangerous effects of these phenomena. The
application of numerical models of debris-flow propagation and deposition for hazard prediction
requires detailed topographical, hydrological and rheological data, which are not always available.
The large Rivoli Bianchi Fan on the Eastern Italian Alps is mainly built from sediment transported
by debris flows along the Citate Torrent and its tributaries. We compared the results of numerical
simulations performed with two different single-phase, non-Newtonian, two-dimensional models,
FLO-2D and IDRA2D-DF, to test their reliability in simulating the behaviour of debris flows on
alluvial fans. Data from field topographic surveys and from rain gauges were used as input for
the boundary conditions, referring to the Rivoli Bianchi Fan as an example location. The commer-
cial FLO-2D model creates a more accurate representation of the hazard-prone zone in terms of
flooded area, but the results in terms of runout distances and deposit thickness are similar to
those obtained through the open-source IDRA2D-DF. Parameters obtained through back analysis
with both models can be cautiously applied to predict hazard in areas of similar geology, morphol-
ogy and climate.

The aim of this study is the calibration of numerical
debris-flow models to test their applicability in pre-
dicting the dynamic and depositional characteristics
of a debris flow in the Eastern Italian Alps. Debris
flows are dense mixtures of soil, rock and water
flowing over relatively steep slopes under direct
action of gravity, behaving as non-Newtonian fluids
with a plastic yield strength, a high bulk density (up
to twice that of water) and a much greater viscosity
than water (Genevois et al. 2000). These geomor-
phic processes, with a behaviour that can be consid-
ered intermediate between landslides and water
floods (Johnson 1970), represent a severe natural
hazard in mountainous regions given their high
velocity, the large volumes of debris often involved
and the frequent recurrence (Deganutti & Tecca
2013).

Because of the potential destructiveness of these
processes and the increasing human occupancy of
alpine regions, the yearly economic cost of such
disasters is severe: debris flows have been responsi-
ble for the destruction of roadways, bridges and
real estate, and have repeatedly caused casualties
(Marchi et al. 1999). Adequate procedures are
required to recognize hazard-prone areas and the
degree of risk in order to design effective protective
countermeasures or to prescribe land-use restric-
tions (Tecca et al. 2006).

Alluvial fans affected by debris-flow activity can
be easily identified through field surveys of the fan
surface, whereas topographic surveys highlight the
evidence of deposits left by debris-flow events
(Morton & Campbell 1974; Govi 1975; Pierson
1980; Costa 1984; Eisbacher & Clague 1984; John-
son 1984; Peiry 1990; Whipple & Dunne 1992;
Deganutti & Tecca 2013). Moreover, unequivocal
field evidence of debris-flow occurrence consists of
typical geomorphic markers (fan gradients between
38 and 108, levees and terminal lobes comprising
coarse debris, boulder berms), sedimentological fea-
tures (muddy matrix surrounding larger particles,
inversely graded deposits) and vegetation damage
(Aulitzky 1982; Costa 1984; Pasuto & Tecca 2000).
Several studies on debris-flow sites based on field
evidence of past events have been carried out world-
wide as well as in the Eastern Italian Alps, among
others at Cancia (Deganutti & Tecca 2013) and
Acquabona (Tecca & Genevois 2009).

Field surveys for the estimation of morphomet-
ric features of alluvial fans and streams include
techniques such as total topographic station mea-
surements, 3D laser scanning and terrestrial stereo-
photogrammetric surveying (Tecca & Genevois
2009).

Reliable prediction of the extent of the debris-
flow-inundated areas, flow velocities and sediment
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depths can reduce damage and casualties by pro-
viding a means to delineate hazard areas and imple-
menting both zoning restrictions and parameters
for the design of protective measures (Genevois &
Tecca 2014). Several methods have been developed
for mapping debris-flow hazard – historical–
geomorphological (Aulitzky 1994), empirical and
semiempirical (Hungr et al. 1987; Ikeya 1989) –
but in recent years debris-flow prevention has also
been supported by numerical modelling.

Several numerical codes simulating single-phase
flows (the entire mass being considered a homoge-
neous fluid which follows a proposed rheological
law) or two-phase flows (models which take into
account the dynamic interactions between solid
and liquid phases of the flowing mass such as fric-
tion, buoyancy, contact stresses, etc.) have been
developed so far to estimate the propagation and
deposition of debris flows in terms of runout, flow
depth and velocity, in response to different scenarios
of event magnitude.

Simplified single-phase models, considering a
constant-density fluid and following the concept of
an ‘equivalent fluid’ (Hungr 1995), are often used
because the number of model parameters, which
are usually difficult to determine, remains restricted.
In this assumption, the debris flow stops only if the
adopted rheological model foresees the presence of
a plastic yield strength for the flowing mixture.
Some models assume a rigid bed, such as DAMBRK
(Boss Corporation 1989), FLO-2D (FLO-2D Soft-
ware Inc. 2006) and MassMov2D (Beguerı́a et al.
2009), while others include sediment-erosion/
entrainment processes such as TRENT-2D (Arma-
nini et al. 2009), DAN3D (Hungr & McDougall
2009), IDRA2D DF (2013) and RAMMS (Bartelt
et al. 2013). Some of these models have been
implemented in GIS environments (MassMov2D,
IDRA 2D). All models require detailed topographic
and hydrological input data as well as values for
rheological parameters that are rarely available, so
they have to be calibrated by means of post-event
analysis based on actual field data in order to predict
the critical motion characteristics of debris flows.

In this study we examine the applicability of
two single-phase, two-dimensional, non-Newtonian
numerical codes, IDRA2D DF and FLO-2D, evalu-
ating and comparing their performances in simulat-
ing the routing and deposition of debris flows on an
alluvial fan.

The two models are applied to the debris-flow
fan of Rivoli Bianchi, located on the Eastern Italian
Alps. This large alluvial fan is a complex system of
coalescing alluvial fans, mostly built by a single
stream (Rio Citate) fed by a small basin (Table 1),
and with minor contributions from five even smaller
watersheds. The highly fractured rocky slopes of
these watersheds supply material prone to being

mobilized as debris flows following intense rainfall
events. The activity of debris flows on this very
dynamic fan was continuous over several decades
of the last century, with a peak period of activity
following the 1976 earthquake (Govi & Sorzana
1977), when the material transported several times
invaded the National Road 52 that runs close to
the fan toe, near the city of Tolmezzo.

Data from topographical surveys and rain gauges
are used as boundary conditions in running the
numerical simulations (Armento et al. 2008). As a
first step, we calibrate the unknown rheological
parameters of the two models through the retro-
analysis of documented events in similar geo-
morphological conditions, using a trial-and-error
procedure. In a second step, we apply the calculated
values to new simulations in order to evaluate the
predictive potential of both models for debris-flow
behaviour under specific boundary conditions.

Study site

The alluvial fan of Rivoli Bianchi is located on the
left side of the Upper Tagliamento River Valley,
on the Eastern Italian Alps, near the city of
Tolmezzo (Fig. 1). The fan has been built by various
ephemeral streams; the Rio Citate, draining an area
of 1.02 km2 on the western slope of Mt Amariana
(1906 m a.s.l.), and whose narrow gorge follows a
sub-vertical fault, is by far the largest contributor
to the fan formation.

The fan has a volume of 0.2 × 109 m3, dispro-
portionate to the minimal extension of the basin;
indeed the Rivoli Bianchi Fan is among the largest
active alluvial fans in Europe. Its sediments origi-
nate from erosion of Mt Amariana, formed by highly

Table 1. General features of the study site

Yearly average rainfall (mm) 2022
Lithology Calcareous–

dolomitic debris

Fan
Area (km2) 2.44
Max elevation (m a.s.l.) 573
Min elevation (m a.s.l.) 300
Mean slope (deg) 6.6

Rio Citate basin and channel
Area (km2) 1.02
Max elevation (m a.s.l.) 1825
Mean basin slope (deg) 50
Mean channel slope (deg) 7.4

Control works on the alluvial fan
Diversion dike (300 m long, 5 m high)

built in 1990
Debris basin built in 1990
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fractured Upper Triassic dolostones and limestones
of the Dolomia Principale Formation (Carulli 2006).
The area is affected by a severe seismicity: in 1976,
a series of seismic shocks (magnitude 5.8–6.4 on
the Richter scale) triggered large rockslides and
rockfalls, also in the Rio Citate basin (Govi & Sor-
zana 1977). The intense weathering of the fractured
bedrock and the severe seismicity favour high sedi-
ment yield rates and contribute to the thick scree
deposits that cover the rocky slopes down to the val-
ley floor, consisting of poorly sorted debris contain-
ing boulders up to 3–4 m in diameter and including
colluvial, alluvial and old debris-flow deposits. The
supply of large volumes of loose debris to the steep
channel of the Rio Citate feeds the Rivoli Bianchi
Fan and has favoured its progradation since the
end of the Würmian glaciation.

Precipitation in the area is elevated and well
distributed all over the year (Deganutti et al.
2000); mean annual value as recorded in the closest
rain gauge is 2022 mm, rather higher than the
average yearly rainfall of northern Italy, which is
c. 500 mm (Fig. 2).

Debris flows usually occur in summer and early
autumn and are associated with intense, localized
rainfall events, usually related to brief thunder-
storms. A typical debris-flow-triggering rainstorm
in the area reaches an intensity of 30–40 mm in
1 h. In 1990, in order to protect the national road
and the buildings close to the fan toe, a 5 m-high
stone-deflecting wall and a basin for debris contain-
ment were constructed on the left bank of the Rio
Citate near the fan apex and on the distal part of
the fan, respectively (Fig. 3), in order to divert
debris flows northwestward. The general features
of the study site are shown in Table 1.

Numerical simulations

In this study we compare the results of the two
debris-flow simulation codes, FLO-2D and
IDRA2D DF, to test their ability to simulate the
behaviour of debris flows on the Rivoli Bianchi
fan. Simulations also consider the effectiveness of
a debris-flow-deflecting wall built in 1990 as a

Fig. 1. Aerial view of the Rivoli Bianchi alluvial fan with geomorphological elements (satellite photo from Google
Earth).
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measure to mitigate hazard from flow propagation
and deposition.

FLO-2D

FLO-2D is a commercial model widely adopted in
different countries for the assessment of debris-flow
hazard since 1993 (O’Brien et al. 1993; Garcia et al.
2004; Bertolo & Wieczorek 2005; Rickenmann
et al. 2006; Tecca et al. 2007), and has proved to
be useful in various field conditions (especially
when the mixture involved is granular). The model
is based on a finite difference numerical algorithm,

designed for the simulation of debris and mud
flow. It is able to simulate the routing of waterflows
and non-Newtonian flows on alluvial fans, with both
channel and unconfined overland flow modules. The
surface topography is discretized into square-grid
elements and elevation and roughness factors are
assigned to each of them. The resolution and accu-
racy of a simulation are obviously related to the
grid size: the smaller the grid element, the higher
the accuracy. Eight possible flow directions are
assumed for every grid element; a rigid flow bed is
also assumed (no erosion or sediment entrainment
in the flow). When routing hyperconcentrated

Fig. 2. Mean annual isohyetal lines for NE Italy.
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flows (mud or debris flows), as a fluid continuum,
the solved model momentum equation includes the
viscous and yield stresses. The viscosity h and the
yield stress ty of the mixture are assumed to vary
principally with volumetric sediment concentration
Cv and are defined by the following empirical rela-
tionships:

h = a1eb1Cv (1)

and

ty = a2eb2Cv (2)

in which ai and bi are empirical coefficients defined
by laboratory tests (O’Brien & Julien 1988). The
general motion resistance is expressed by a qua-
dratic rheological law through the slope of the
energy line Sf as:

Sf =
ty

rhg
+ Klhv

8rh2g
+ n2v2

h4/3
(3)

where ty and h are respectively the Bingham yield
stress and viscosity functions of sediment concen-
tration, r is the flow density, g is gravitational accel-
eration, v is the mean flow velocity, Kl is a laminar
flow resistance coefficient and n is the pseudo-
Manning’s resistance coefficient accounting for

collisional and turbulent frictional losses. The
model can predict the area of inundation, flow
velocity and depth, and simulates flow cessation,
maintaining mass conservation for both the water
and sediment volumes (O’Brien et al. 1993;
FLO-2D Software Inc. 2006).

IDRA2D DF

IDRA2D DF is an open-source code based on
the GIS platform AdB Toolbox distributed by the
Italian Ministry of Environment for modelling
monophasic debris flows; it has been applied in
the Italian Alps (Gregoretti et al. 2011, 2016).
IDRA2D DF is an erodible-bed code and includes
a choice of friction relations to account for
energy dissipation.

IDRA2D DF has been designed for the simula-
tion of debris-flow routing from triggering to depo-
sition. The code, which includes a hydrological
module, is based on the Cellular Automata method
(Deangeli & Segre 1995): the flow pattern is discre-
tized into square cells; the model considers eight
flow directions as in FLO-2D; and flow is repre-
sented as a continuum equivalent fluid in terms
of runout, deposit thickness and mean velocity.
Erosion and deposition are modelled through the
Egashira equation (Egashira & Ashida 1987;

Fig. 3. Deflecting wall and debris basin in the Rio Citate.
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Egashira et al. 2001) adjusted for monophasic
continuum:

r = Kf u tan (uf − ue) (4)

where r is the erosion-deposition velocity, uf is the
bed slope, ue is the bed equilibrium slope, Kf is a cal-
ibration parameter and u is the flow velocity.

The embedded hydrological model allows the
creation of the liquid hydrograph, by which it is pos-
sible to calculate the solid–liquid hydrograph of the
debris flow, representing the main input of the
model for the simulation of the routing and deposi-
tional phases of a debris flow on a fan. The rheology
of the mixture is determined by the mean sediment
concentration c, and its velocity is controlled by
the conductance coefficient C, having values in the
range 2–3 on the basis of field measurements of
velocity and flow depth (Gregoretti 2000).

Methodology

With the aim of evaluating and comparing the
responses of the two models and their predictive
potential, a characteristic debris flow with the
imposed conditions of rock debris availability and
of rainfall (see below) has been calculated and rep-
licated, using FLO-2D and IDRA2D DF. This kind
of simulation is normally done by engineers for the
design of debris-flow-mitigation structures, chan-
nels, etc. The analyses were carried out with a
medium-viscosity and a high-viscosity rheology
(see below for details) in natural conditions (data
from recorded debris-flow events in the field by
monitoring systems in a close-by debris-flow-prone
basin; Marchi et al. 2002) and considering the pres-
ence of the deflecting wall.

The preliminary steps consisted of identify-
ing the potential debris sources (such as areas of
loose debris, bank and channel-bed erosion and
landslides) by means of field surveys and digital
mapping from aerial photos, and subsequently esti-
mating the volume of debris potentially subject
to mobilization.

The inflow liquid hydrograph for the FLO-2D
simulations was obtained by applying the hydrolog-
ical model Hec-HMS to the maximum 5 min annual
rainfall recorded 3 km from the study area (rainfall
data from the closest rain gauge at 348 m a.s.l.
near Tolmezzo), and the hydrological model calcu-
lated the hydrograph for a total rainfall duration of
45 min with a return period of 100 years, the result-
ing 45 min cumulative precipitation being 64.0 mm.

Hec-HMS loss parameters were calibrated, gen-
erating a peak water discharge of of 9.4 m3 s21 and
a total volume of the water hydrograph as much as
12 100 m3. The debris-flow hydrograph was built

by assigning a sediment concentration by volume
ranging from 0.2 to a maximum of 0.6, the solid–
liquid discharge having a peak value of 22 m3 s21.
These values and the shape of the solid–liquid
hydrograph were chosen to take into account the
input requirements of the two codes (there are code
constraints on input hydrographs to ensure numeri-
cal stability; FLO-2D Software Inc. 2006) and data
from debris-flow field monitoring systems (Marchi
et al. 2002; Tecca et al. 2003). The duration of the
solid–liquid hydrograph was fixed at 1.5 h as an
average value from documented debris-flow events
in the Eastern Italian Alps, involving calcareous–
dolomitic sediments in similar geomorphological
settings, generally show a duration from 1 to 3 h,
moving down the channel in subsequent viscous
waves (Berti et al. 1999; D’Agostino & Tecca
2006; Tecca et al. 2007). Figure 4 shows the water
hydrograph, the solid hydrograph and the assigned
sediment concentrations by volume.

For both models, the input digital elevation
model (DEM) has a grid size of 5 m, obtained
from topographic vectorial data of the Friuli Vene-
zia–Giulia Region at scale 1:10 000.

FLO-2D

In addition to the DEM, the input data requirements
include values for channel and floodplain rough-
ness, inflow hydrographs and rheological properties
of the sediment–water mixture. The inflow point of
the sediment hydrograph is located at the fan apex,
at an elevation of c. 573 m a.s.l. A basal roughness
coefficient of 0.18 was assumed, typical for open
ground with debris (FLO-2D Software Inc. 2006).
The specific weight of the mixture gm and the resis-
tance parameter for laminar flow K were assumed
equal to 20.5 kN m23 and 2285, respectively, values
generally suggested for debris flows (Tecca et al.
2003; FLO-2D Software Inc. 2006).

As specific rheological analyses of the in-situ
material were not available, appropriate values of
the coefficients ai and bi were selected from
O’Brien & Julien (1988) to compute viscous and
yield stresses in equations (1) and (2), so as to obtain
two simulations with different values for viscosity.
These rheologies provided realistic results in terms
of flooded areas and deposit thickness for similar
flows involving carbonate debris (Tecca et al. 2003;
D’Agostino & Tecca 2006). The resulting rheologi-
cal parameters, calculated for a solid concentration
by volume of 0.6, are listed in Table 2.

IDRA2D DF

The DEM and the inflow point of the sediment
hydrograph are the same as those used in the
FLO2D application. As for Flo2D, the duration of
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the simulation is assumed to be equal to 1.5 h (for
comparability of Flo2D simulations), the minimum
flow stage is 0.01 m and the calculation time-step is
5 min – values chosen to ensure calculation stability
(Gregoretti et al. 2016).

Results

Table 3 displays the flow depth and velocity values
computed by the two models at two representative

locations A and B (Fig. 5), at the fan apex and a
site downslope, respectively. Figure 5 shows the
comparison between the flooded area maps obtained
with IDRA2D DF and FLO 2D, in natural condi-
tions and in the presence of the deflecting wall, to
test the effectiveness of the artificial structures for
flow containment.

For the high-viscosity flow, the two models gen-
erate similar results in terms of extension of the
flooded area (even if the shape of the depositional
area is rather different) and volume of deposits,
both in natural conditions (Fig. 5a, b) and in the
presence of the deflecting wall (Fig. 5c, d), as dis-
played in Table 3. IDRA2D DF simulations show
velocities and flow depths at the two chosen loca-
tions of the fan apex, A and B, generally higher
(and much higher for the velocity) than those pro-
vided by FLO 2D, in both configurations.

Likewise, for the low-viscosity flow the two
models give generally comparable results in terms

Fig. 4. Water hydrograph, solid hydrograph and assigned sediment concentrations by volume.

Table 2. Calculated yield stress and viscosity for
Cv ¼ 0.6

Rheology
type

Viscosity
h (Pa s)

Yield stress
ty (Pa)

1 32 139
2 0.6 19

NUMERICAL MODELLING OF A DEBRIS-FLOW FAN



of extension of the flooded area and volume (Fig.
5e, f), although in natural conditions FLO 2D gener-
ates wider flooded areas (Fig. 5f) than the simulation
in the presence of the deflecting wall (Fig. 5g, 5h).
Again, velocity and flow depth values calculated
by IDRA2D DF are higher than FLO2D values.

Discussion

The availability of powerful computing techniques
in recent years has prompted the development of
numerical models for the study of geological phe-
nomena, given the impossibility of predicting their
evolution in deterministic terms owing to the inher-
ent high complexity. Even relying on modern fast
processors and sophisticated numerical models,
simplifications need to be applied when attempting
to model and predict various geological and natural
phenomena in order to ‘downgrade’ natural com-
plexity and to make processes ‘solvable’ in mathe-
matical terms. Debris-flow modelling has evolved
mostly with the purpose of evaluating and managing
the risk related to these phenomena. The choice of
different approaches to simulate processes in terms
of equations, also relying on heavy simplifications,
characterizes the different models and codes pro-
posed for debris flows. In particular, different rela-
tions have been proposed for the description of
flow resistance.

As previous work showed (e.g. Hungr 1995;
Ayotte & Hungr 2000; Rickenmann et al. 2006),
not only in the case of debris-flow simulation but
in the broader field of numerical modelling of geo-
logical phenomena, the choice of boundary condi-
tions and inherent parameters is critical for the
balance between model results and field evidence.
As mentioned above, in our work on debris-flow
modelling we consider previous studies in order to
select adequate models for comparative application
to the Rivoli Bianchi Fan.

Armento et al. (2008) compared the results of
simulations of two well-documented debris-flow
events in the Dolomites area (Italy) obtained with
two single-phase, non-Newtonian models, the two-
dimensional FLO-2D model (O’Brien et al. 1993)
and the one-dimensional Dynamic Analysis
(DAN-W) developed by Hungr (1995). The aim
was to verify whether debris-flow dynamics could
be modelled relying on a limited number of input
parameters. Compared with DAN-W, the FLO-2D
model requires more detailed input on substrate
topography and a more strict specification of rheo-
logical and hydrological data; both codes implement
a variety of rheologies. Armento et al. (2008) found
that DAN-W model results more accurately repre-
sent documented events in terms of runout distances
using the Voellmy rheology, while underestimatingT
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Fig. 5. Maps of flooded areas processed by IDRA 2D DF (red) and FLO2D (green). A, Fan apex; point B,
downslope fan apex; black line, deflecting wall. (a, b) Natural condition – high viscosity; (c, d) deflecting
wall – high viscosity; (e, f) natural condition – low viscosity; (g, h) deflecting wall – low viscosity.
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the predicted depth of resultant deposits. The
FLO-2D algorhithm provides a more accurate haz-
ard representation in terms of flooded area, while
estimates of flow-runout distances are similar to
those of the DAN-W model. The authors concluded
that when detailed topographical, rheological and
hydrological data are not available, DAN-W is a
valuable tool for the prediction of debris-flow haz-
ard to a first approximation, since it requires less
detailed boundary parameters.

In a different geographical context (Yose-
mite Valley, California, USA), Bertolo & Wiec-
zorek (2005), using again the one-dimensional
DAN-W and the two-dimensional FLO-2D models,
attempted to predict and compare the velocities and
runout distances of debris flows. Although the out-
puts of both models appeared strongly influenced
by topographical boundary conditions, the results
were similar to the field observations, and good
agreement between the models was found for calcu-
lated flow velocities; obviously, the authors found a
rather good set of calibration parameters through a
large number of simulations.

Three different, two-dimensional debris-flow
models were applied to two field cases in the
Swiss Alps (Rickenmann et al. 2006): the DFEM
model (Debris flow Finite Element Model), devel-
oped by the Swiss Federal Research Institute WSL;
the 2D-HB model, developed by Cemagref in Gre-
noble (Laigle 1997); and the FLO-2D described
here. The first one is a model based on the numerical
solving of finite elements and includes various fric-
tion/rheological relations; the second one adopts a
Herschel–Bulkley rheology. The authors, as usual
after a careful calibration with historical data,
found that the runout and the final depths of deposits
were reasonably reproduced, concluding optimisti-
cally that, given such levels of agreement between
model output and field data, the simulated velocities
during the final flow stages should not have differed
significantly from real values. It is surprising that
the authors obtained similar results for the debris-
flow depositional features from three fundamentally
different codes; this probably demonstrates that
‘good’ results can be derived from any numerical
model by means of a sufficiently accurate calibra-
tion. Ten years later, Rickenmann (2016) applied
the same models to the Millibach Fan (Switzerland)
and ascertained the considerable output variability
among the three debris-flow models, even though
all models were calibrated upon the same depositio-
nal data based on a past event.

The numerical models adopted for this study are
both single-phase and two-dimensional: the FLO-
2D model is the one most used worldwide for the
design of debris-flow countermeasures, while the
relatively open-source IDRA2D code can take into
account substrate erosion and entrainment. The

aim here was to evaluate and compare model per-
formances by simulating debris-flow routing and
deposition on an large alluvial fan. In particular,
we aimed to test how different approaches and
mathematical assumptions related to the governing
equations would influence model outputs such as
flow velocity, inundated area and final deposit
thickness.

After calibration through field-based data from
past events, the performance of both codes was
tested in terms of consistency of the results with
the observed data: while the calculated extent of
the flooded area was acceptably consistent, values
for flow velocities were in complete disagreement,
a problematic outcome since higher flow velocities
in the field would result in larger areas of debris
inundation. As for the models discussed above, the
problem lies probably in the different approaches
and in the introduced assumptions. In principle,
this ambiguity in the results could be thought to hin-
der the applicability of debris-flow modelling for
planning and hazard reduction in mountainous
areas subject to debris-flow activity (such as alluvial
fans). In fact, it should be considered that debris-
flow numerical modelling has practical use only
with the awareness that model results need to be
accompanied by estimates of uncertainty when
applied to risk reduction.

Consequently, the present study does not offer
great support to numerical models of debris flows:
how could it be possible to constrain a highly com-
plex natural process that is even too difficult to
study in the field, owing to its sporadic occurrence,
impulsive character and high variability in all the
involved parameters? A growing availability of
field data about debris-flow events, along with a
strict collaboration between numerical modellers
and geologists, should contribute to the building of
increasingly robust models in the future.

Conclusions

The objective of this study was to compare two
numerical codes characterized by a different debris-
flow simulation approach, applying them to the case
of a well-documented debris-flow fan in the Eastern
Italian Alps. Since the natural processes involved
in debris-flow activity from triggering to actual
flow propagation deposition are very complex, var-
ious simplifications need to be applied to a numeri-
cal modelling approach in order to make the
phenomenon mathematically solvable. Moreover,
several boundary conditions necessary to perform
a simulation (e.g. volume of available debris in the
watershed and rheological parameters of the flow-
ing mass, such as viscosity, size and concentration
of sediment in the mixture etc.) are not easily
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measured in the field and may vary even during a
single surge.

Modellers must always resort to back-analysis in
order to ensure realistic simulations; however, the
resulting model can hardly be considered a predic-
tive tool under different boundary/initial condi-
tions, even in the same field test area, given that
all of the involved parameters normally differ
from event to event (Oreskes et al. 1994). The com-
parison we made in the present study provides a
clear example in case: a well-known geological set-
ting, a large debris-flow fan, is modelled through a
5 m DEM grid and a debris-flow flood is simulated
by means of two 2D codes starting from the
same DEM and input hydrograph in two different
physical and rheological settings. After many simu-
lations, changing some of the uncertain param-
eters, especially the pseudo-Manning coefficient
(accounting for the general flow resistance), the
results of the two models are realistic and compati-
ble with the natural evolution of the Rivoli Bianchi
Fan, but while the values for the extent of the
flooded area are comparable, the calculated flow
velocities differ substantially. The inconsistency in
flow velocity between the two codes is most likely
due to the different assumptions introduced by mod-
ellers to render the natural process numerically
treatable, and to in-built differences in the approach
to the debris-flow phenomenon. For instance, Flo2D
considers a fixed bed for the flow, while Idra2D DF
takes into consideration an erodible bed; the numer-
ical algorithms of the inherent differential equations
differ as well.

The study thus shows the importance of under-
standing the conceptual foundations of numerical
modelling for the simulation and prediction of natu-
ral geological phenomena, such as debris flows.
Model results are certainly useful for hazard map-
ping or for the design of debris-flow countermea-
sures, but given the inherent uncertainties, one has
to bear in mind an unavoidable lack of trustworthi-
ness of numerical simulations, and the fact that a
general knowledge and field surveys of active pro-
cesses in the interested areas are still indispensable
for a correct approach to risk reduction. In general,
numerical simulations have to be considered as a
qualitative support rather than a quantitative design
instrument for the study of geological hazard and the
design of countermeasures.
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S. 2009. A GIS-based numerical model for simulating
the kinematics of mud and debris flows over complex
terrain. Natural Hazards and Earth System Sciences,
9, 1897–1909, https://doi.org/10.5194/nhess-9-1897-
2009

Berti, M., Genevois, R., Simoni, A. & Tecca, P.R. 1999.
Field observations of a debris flow event in the
Dolomites. Elsevier, Geomorphology, 29, 265–274,
https://doi.org/10.1016/S0169-555X(99)00018-5

Bertolo, P. & Wieczorek, G.F. 2005. Calibration of
numerical models for small debris flows in Yosemite
Valley, California, USA. Natural Hazards and Earth
System Sciences, 5, 993–1001, https://doi.org/10.
5194/nhess-5-993-2005

BOSS CORPORATION 1989. DAMBRK – User’s Manual.
Boss International, Madison, WI.

Carulli, G.B. 2006. Note illustrative della Carta Geolog-
ica del Friuli Venezia Giulia Scala 1:150 000. Regione
Autonoma Friuli Venezia Giulia, Servizio Geologico.
S.EL.CA. srl, Firenze, Italia [in Italian].

Costa, J.E. 1984. Physical geomorphology of debris flows.
In: Costa, J.E. & Fleisher, P.J. (eds) Developments
and Applications of Geomorphology. Springer-Verlag,
Berlin, 269–315.

D’Agostino, V. & Tecca, P.R. 2006. Some consider-
ations on the application of the FLO-2D model for
debris flow hazard assessment. In: Lorenzini, G.,
Brebbia, C.A. & Emmanouloudis, D.E. (eds) Pro-
ceedings of the1st International Conference on Moni-
toring, Simulation, Prevention and Remediation of
Dense and Debris Flow. WIT Transactions on Ecology
and the Environment, WIT Press, Southampton, 90,
159–170, https://doi.org/10.2495/DEB060161

Deangeli, C. & Segre, E. 1995. Cellular automaton for
realistic modelling of landslides. Nonlinear Processes
in Geophysics, 2, 1–15, https://doi.org/10.5194/
npg-2-1-1995

Deganutti, A.M. & Tecca, P.R. 2013. A mountain vil-
lage threatened by a debris flow. Case study of Cancia,

NUMERICAL MODELLING OF A DEBRIS-FLOW FAN

https://doi.org/10.1007/s10346-007-0111-2
https://doi.org/10.1007/s10346-007-0111-2
https://doi.org/10.1007/s10346-007-0111-2
https://doi.org/10.1007/s10346-007-0111-2
https://doi.org/10.1007/s10346-007-0111-2
http://ramms.slf.ch/ramms/downloads/RAMMS_DBF_Manual.pdf
http://ramms.slf.ch/ramms/downloads/RAMMS_DBF_Manual.pdf
http://ramms.slf.ch/ramms/downloads/RAMMS_DBF_Manual.pdf
https://doi.org/10.5194/nhess-9-1897-2009
https://doi.org/10.5194/nhess-9-1897-2009
https://doi.org/10.5194/nhess-9-1897-2009
https://doi.org/10.5194/nhess-9-1897-2009
https://doi.org/10.1016/S0169-555X%2899%2900018-5
https://doi.org/10.1016/S0169-555X%2899%2900018-5
https://doi.org/10.1016/S0169-555X%2899%2900018-5
https://doi.org/10.1016/S0169-555X%2899%2900018-5
https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.2495/DEB060161
https://doi.org/10.2495/DEB060161
https://doi.org/10.5194/npg-2-1-1995
https://doi.org/10.5194/npg-2-1-1995
https://doi.org/10.5194/npg-2-1-1995
https://doi.org/10.5194/npg-2-1-1995
https://doi.org/10.5194/npg-2-1-1995
https://doi.org/10.5194/npg-2-1-1995


Dolomites, Italy. In: Margottini, C., Sassa, K. &
Canuti, P. (eds) Proceedings of the 2nd World Land-
slide Forum, 3–7 October, Rome. Landslide Science
and Practice, 6, 329–333, https://doi.org/10.1007/
s10346-012-0328-6

Deganutti, A.M., Marchi, L. & Arattano, M. 2000.
Rainfall and debris-flow occurrence in the Moscardo
basin (Italian Alps). In: Wieczorek, G.F. & Naeser,
N.D. (eds) Proceedings of the 2nd International Con-
ference on Debris Flow Hazard and Mitigation –
Mechanics, Prediction, and Assessment, 16–18
August, Taipei, Taiwan. Balkema, Rotterdam, 67–72.

Egashira, S. & Ashida, K. 1987. Sediment transport in
steep slope flumes. Proceedings of ROC Japan Joint
Seminar on Water Resources, 30 March to 4 April,
Taipei, Taiwan. National Taiwan University.

Egashira, S., Honda, N. & Itoh, T. 2001. Experimental
study on the entrainment of bed material into debris
flow. Physics and Chemistry of the Earth, 26, 645–650.

Eisbacher, G.H. & Clague, J.J. 1984. Destructive Mass
Movements in High Mountains: Hazard and Manage-
ment. Paper 84-16. Minister of Supply and Services,
Ottawa, 230.

FLO-2D SOFTWARE INC 2006. 2-Dimensional Flood
Routine Model Manual, Version 2006.01. FLO-2D
Inc., Nutrioso, AZ, USA.

Garcia, R., Rodrı́guez, J.J. & O’Brien, J.S. 2004. Haz-
ard zone delineation for urbanized alluvial fans. In:
World Water & Environmental Resources Congress
2004 – Arid Lands Symposium, 27 June – 1 July,
Salt Lake City, UT. ASCE, New York, https://doi.
org/10.1061/40737(2004)11

Genevois, R. & Tecca, P.R. 2014. Debris flow hazard
evaluation and mitigation measures in Cortina
d’Ampezzo (North-Eastern Italy). In: Kazakov,
N.A. (ed.) Proceedings of the IIIth International Con-
ference on Debris Flows: Disasters, Risk, Forecast,
Protection, 22–26 September, Yuzhno-Sakhalinsk,
Russia, Department of Far East Geological Institute
FEB RAS, Sakhalin, Russia, 69–73.

Genevois, R., Tecca, P.R., Berti, M. & Simoni, A. 2000.
Debris flow in Dolomites: experimental data from
a monitoring system. In: Wieczorek, G.F. & Naeser,
N.D. (eds) Proceedings of the 2nd International
Conference on Debris Flow Hazard and Mitigation –
Mechanics, Prediction, and Assessment, 16–18 August,
Taipei, Taiwan. Balkema, Rotterdam, 283–291.

Govi, M. 1975. Cartographie, documentation et interpreta-
tion des crues et coulés de boue dans les Alpes itali-
ennes. In: Proceedings of International Symposium
Interpraevent 1975, 29 September to 3 October, Inns-
bruck, 2, 209–223.

Govi, M. & Sorzana, P.F. 1977. Effetti geologici del terre-
moto. In: Martini, B. (ed.) Studio geologico dell’area
maggiormente colpita dal terremoto friulano del 1976,
Progetto Finalizzato Geodinamica. Rivista Italiana di
Paleontologia e Stratigrafia, 83, 329–368 [in Italian].

Gregoretti, C. 2000. Estimation of the maximum veloc-
ity of a surge of debris flow propagating along an open
channel. In: Proceedings of International Symposium
Interpraevent 2000, 26–30 June, 2000, Villach,
Austria, 3, 99–108.

Gregoretti, C., Furlan, M. & Degetto, M. 2011.
Gis-based cell model for simulating debris flow routing

and deposition phases on a fan. In: Prestininzi, A.,
Hamilton, D.L. & Genevois, R. (eds) Proceedings
of the 5th International Conference on Debris Flow
Hazard and Mitigation Mechanics, Prediction, and
Assessment, 14–17 June, Padova. Casa Editrice Uni-
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