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Abstract: This research describes a quantitative, rapid,
and low-cost methodology for debris flow susceptibility
evaluation at the basin scale using open-access data and
geodatabases. The proposed approach can aid decision
makers in land management and territorial planning, by
first screening for areas with a higher debris flow
susceptibility. Five environmental predisposing factors,
namely, bedrock lithology, fracture network, quaternary
deposits, slope inclination, and hydrographic network,
were selected as independent parameters and their
mutual interactions were described and quantified using
the Rock Engineering System (RES) methodology. For
each parameter, specific indexes were proposed, aiming
to provide a final synthetic and representative index of
debris flow susceptibility at the basin scale. The
methodology was tested in four basins located in the
Upper Susa Valley (NW Italian Alps) where debris flow
events are the predominant natural hazard. The
proposed matrix can represent a useful standardized tool,
universally applicable, since it is independent of type and
characteristic of the basin.
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1 Introduction

Landslides are one of the most dangerous natural
events that affect the physical, human, and industrial
environments on Earth (Jakob et al. 2005). Among all
landslide types, debris flows are the most destructive
due to their unpredictability, their high runout
velocity, and their high travel distance (Calligaris and
Zini 2012). Loose unsorted material of low plasticity
such as that produced by mass wasting processes
(colluvium), weathering, glacier transport, explosive
volcanism or human activities (e.g. mine spoil) may
be mobilized as a consequence of a great amount of
water (e.g. heavy rainfall, snow and ice melt, dam
break events).

The system of hazardous conditions generated by
the interaction of these geomorphological and
geological features, water saturation, and propagation
velocity is very complex and difficult to forecast
(Skempton et al. 1969; Varnes 1978; Hutchinson 1988;
Coussot and Meunier 1996; Cruden and Varnes 1996;
Lorenzini and Massa 2004). Consequently, the
identification of the mutual interactions between
geomorphological and geological features and the
socio-economic fabric becomes fundamental for



hazard mapping and defining the best risk
management strategy (Vagnon et al. 2015; Vagnon et
al. 2019; Vagnon 2020).

For developing plans and/or implementing
appropriate risk mitigation measures, landslide
susceptibility, hazard and risk maps are essential for
depicting the areas potentially affected by debris flows
(Corominas et al. 2014; Vagnon et al. 2020a, 2020b).
A large number of methodologies have already been
established to assist in risk management decisions
(Guzzetti et al. 1999; Carrara et al. 1999; Glade et al.
2005) and several suggestions and guidelines have
been proposed (Cascini et al. 2005; Corominas et al.
2014 and references herein).

In general, risk must be quantified with reference
to a given time period, for an expected frequency or
probability of occurrence of an event, with an
intensity higher than a minimum established value.
The process of quantitative risk analysis (QRA) is
fundamental as it provides an objective and
reproducible risk evaluation, and the results are
spatially independent (they can be compared from
one location to another). In a multi-hazard landslide
risk assessment, various steps of analysis are
proposed. The first step deals with the input data
required to generate susceptibility maps (Van Westen
et al. 2006), according to Cascini et al. (2005) who
consider the mapping of susceptible areas within a
basin as a useful application of passive interventions
aimed at risk mitigation.

Landslide susceptibility refers to the possibility
that a landslide may occur in a given area, under
specific conditions (Brabb 1987), with a resulting
susceptibility map identifying zones prone to
landslides (Kavoura et al. 2020). Susceptibility
considers the spatial distribution of landslide
predisposing environmental factors that are expected
to influence the occurrence of landslides. The
predisposing factors, such as geology of bedrocks and
deposits, geomorphology, hydrological conditions,
and topography (Radbruch 1970; Brabb 1987), are
specific to landslide types and failure mechanisms
and consequently are given different weights in each
instability phenomenon (Cruden and Varnes 1996).

The relationship between predisposing factors
and landslide susceptibility have been obtained using
both qualitative, such as inventory-based and
knowledge-driven methods, and quantitative methods,
such as data-driven and physically based models. A
detailed overview of these methods is available in
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Corominas et al. (2014). All these methods
demonstrated that as more technical information
becomes available, as rock engineering projects
become more complicated, as environmental issues
become more significant, and as more emphasis is
placed on quality assurance, there is need to provide
procedural guidance to analyse all rock-engineering
problems (Hudson 1992). Thus, the identification and
quantification of parameters that affect the events,
and their interaction, is the basic requirement for a
proper technical approach to the problem (Vagnon et
al. 2015, 2017).

With the development of remote sensing
techniques and geographic information systems (GIS),
most of the predisposing factors are available as
spatial data at the basin scale and are accessible free-
of-charge in national and regional geodatabases.
Consequently, these data are used as a first-step in
our basin-scale susceptibility analysis.

This research describes the design and
implementation of a quantitative, rapid and low-cost
methodology for debris flow susceptibility analysis in
order to help decision makers in a first step screening
for areas most susceptible to this phenomenon. Five
environmental predisposing factors were selected as
independent parameters and their mutual
interactions were quantified wusing the Rock
Engineering System (RES) methodology (Hudson
1992): i) bedrock lithology, ii) the fracture network, iii)
unconsolidated Quaternary deposits, iv) slope
inclination and v) hydrographic network.

The selection of these parameters was based on a
deep knowledge of debris flow phenomena achieved
after years of study in this field (Zimmerman and
Haeberli 1992; Iverson 1997; Jakob et al. 2005;
Takahashi 2007 and references herein) and on
valuable works of other researchers where RES was
successfully applied to landslides (Rozos et al. 2008;
Tavoularis et al. 2018). Moreover, their choice was
made following five criteria (Ayalew et al. 2005): 1)
representative of the whole basin, 2) spatial variation,
3) easily measurable, 4) no two or more factors are
duplicative, 5) known or generally accepted to be
associated with debris flows through the established
past years of research.

For each parameter, specific indexes were
proposed for developing a standardized, universally
applicable tool. The RES is able to describe and score
the relationship and interactions among all the
selected factors, furnishing a synthetic and
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representative index of debris flow susceptibility. RES
combines objectivity and efficiency (Rozos et al. 2008)
and allows for the analysis of rock engineering
problems from a systematic perspective, using a
matrix approach. It has been used in tunnelling
applications and slope and mining instability analyses
(Mazzoccola et al. 1996; Kim et al. 2008; Rozos et al.
2008; Tavoularis et al. 2018 and references herein)
but, as far as the authors know, it has never been used
as a basic tool for representing the parameters and
interaction mechanisms associated with debris flow
phenomena.

The efficiency of this innovative methodology
was tested in four hydrological basins located in the
Upper Susa Valley (NW Italian Alps) where numerous
debris flow events were identified and analysed from
“SIFRAP landslides Inventory (ARPA Piemonte

2011)”, basin scale studies (e.g. Tiranti et al. 2015;
Tiranti et al. 2016) and local land-use plan (Oulx
Municipality 2012).

2 Study Area

2.1 Regional geological settings

The hydrological basins considered in this study
are located in Upper Susa Valley (Fig. 1a) which is one
of the major valleys of the Western Alps (NW Italy)
and is drained by the Dora Riparia River, a left-hand
tributary of the Po River. The valley landscape results
from prolonged erosion by glaciers at the end of the
Late Pleistocene. Glacial deposits and erosional
landforms are widespread. The glacial retreats
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Fig. 1 a) Google image showing location of Susa Valley in the Italian Western Alps (red dot in the insert) (© Google
Maps). b) Tectonic sketch map of the part of the Upper Susa Valley (after Servizio Geologico d’Italia 2002).
Continental margin unit: 1-Clarea Unit; 2a- Pre-Triassic and 2b-Mesozoic rocks of the Ambin Unit; 3-Vallonetto Unit;
4- Gad Unit; 5-Valfredda Unit; 6-Chaberton-Grand Hoche-Grand Argentier unit. Oceanic Units: 7a-Aigle Unit; 7b-
Cerogne-Ciantiplagna Unit, 7c-Lago Nero Unit, 7d-Puy Venaus Unit; 7e-Vin Vert Unit. 8-Gypsum and tectonic
carbonate breccias. 9- Alluvial deposits. ¢) Panoramic view of the left side of the Upper Susa Valley. SR:WGS84/UTM

zone 32N.
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favoured widespread occurrence of deep-seated
gravitational slope deformations on the valley flanks
(Polino et al. 2002).

The Western Alps consist of different units
derived from European and Adria continental plates
and from their interposed Piedmont-Ligurian oceanic
basin, juxtaposed and metamorphosed during
subduction and continental collision-related
processes (e.g. Dal Piaz 2010).

Along the Upper Susa Valley transect, continental
margin units (Ambin Massif Auct, Pre-Piedmont and
Brianconnais units) and ocean-derived Piedmont-
Ligurian units are juxtaposed by west-dipping
tectonic contacts (Malusa et al. 2002; Polino et al.
2002; Piana et al. 2017) (Fig. 1b).

The Ambin massif Auct. consists of two pre-
alpine units, i.e. the Clarea and Ambin units, resting
in lower and upper structural levels respectively (e.g.
Malusa et al. 2002; Mosca et al. 2008).

The prevailing rock type of the Clarea unit is
quartz-bearing micaschist, containing bodies of
metabasites and masses of orthogneiss. The Ambin
unit consists of several types of micaschist and gneiss
embedding metabasites and locally intruded by aplitic
gneiss. These rocks are unconformably overlain by a
Mesozoic cover starting with Upper Permian
quartzose microconglomerate and Lower Triassic
massive quartzite. Then, upsection Middle Triassic to
Cretaceous metacarbonate rocks occur, dominated by
dolomitic marble and calcareous schist (calcschist)
with local intercalation of carbonate breccias. The
Brianconnais unit mainly consists of marble and
dolomitic marble of Triassic age, upsection followed
by Jurassic to Cretaceous calcschist. The Chaberton-
Grand Hoche-Grand Argentier unit (belonging to the
Pre-Piedmont zone) consists of a thick Norian
dolomitic succession upwards passing to Rhaetian-
Hettangian calcschist, and Jurassic calcareous schist
and phyllite with discontinuous beds of breccias.

Several ophiolite-bearing Ligurian—Piedmont
units are mapped in this sector of the Western Alps
(Polino et al. 2002; Piana et al. 2017). These units
consist of prevailing Upper Jurassic (?)-Cretaceous
calcschist with intercalations of micaschist and
phylladic schist and embedding different amounts of
ophiolites. In addition, large masses of gypsum and
discontinuous bodies of carbonate breccias (Carniole
Auct.) occur along main tectonic contacts.

The bedrocks are variably covered by different
types of Quaternary glacial deposits, landslides, and
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recent detrital deposits (Polino et al. 2002; Servizio
Geologico d’Ttalia 2002; Piana et al. 2017).

Four Dbasins were chosen based on
morphometrical and geological features, hydrological
settings, and number of recorded events.

2.2 Analysed basins

The Rio Secco, Rio Geronda and Rio Seguret
basins are located on the left side of the Susa Valley
(Fig. 1c), and the Rio Champeiron basin on the right
one. All the basins have an extent ranging from ~3 to
~10 km2, and their uppermost parts are characterized
by steep cliffs.

From 1728 to 2015, these four basins were
affected by several debris flow events recorded in the
“SIFRAP landslides Inventory” (ARPA Piemonte 2011)
and Oulx’s land-use plan (Oulx Municipality 2012).
These events caused socio-economic damage to the
urbanized areas near the channel streams. No
information about the source areas was available, only
the event date and brief qualitative descriptions of the
events.

The major lithologies of the Rio Geronda basin
are micaschists and gneisses of the Clarea and Ambin
units (Fig. 2a), deeply incised in the mid to lower
basin. Widespread eluvio-colluvial deposits cover the
left sectors of the basin and local patches of glacial
deposits are located in the upper basin (Fig. 2b).

The Rio Secco basin includes lithologies similar

to those of the Rio Geronda basin (Fig. 2a), but its
head consists of quartzites (Mesozoic cover of the
Ambin Unit). On the right side of the basin, the
sources of tributary streams can reach marble and
dolomitic marble (upper part of the Ambin Unit cover
and the Vallonetto unit). The Rio Secco basin is
almost entirely incised in bedrock with micaschist,
gneiss and quartzite talus (Fig. 2b).
The uppermost part of the Rio Seguret basin is
located in Vallonetto Unit marble (Fig. 2a). The
remaining part of the basin consists of quartzites
(deeply incised in the lower part of the basin) and
carbonate rocks of the Ambin Unit. Mid-basin,
Gypsum is exposed on the right and left sides, and
crossed by a few tributary streams. Deposits are
composed of carbonate rock talus and landslide
deposits (Fig. 2b).

The Rio Campheiron basin is characterized by
dolomitic marbles and carbonate schists (Chaberton-
Grand Hoche unit) at its uppermost part, and
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Quartzite (QZ)
Quartz micaschist, Gneiss (MG)

Dolomitic Limestone rock (DL)

Caleschist, Calcareous micaschist (CM)

Gypsum, Carbonate breccias (GB)

XY

Talus deposits (TQ)
Talus deposits (TC)

Glacial deposits (GD)
Landslides deposits (LD)

Eluvio — colluvial deposits (CD)

Fig. 2 Distribution of a) the bedrock lithology and b) the Quaternary deposits in the studied basins (after Servizio
Geologico d’'Ttalia 2002). SR: WGS84/UTM zone 32N.
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carbonate schists (Piedmont-Ligurian unit) are
mapped in the middle-lower part of the basin (Fig. 2a).
Eluvio-colluvial deposits cover large portions of the
basin, while glacial deposits have been locally
identified in the lower part of the basin. At the
catchment of the basin, talus cones of prevailing
carbonate rocks are present (Fig. 2b).

3 Methodology
3.1 Rock Engineering System (RES)

The interaction between the main geological and
geomorphological predisposing parameters can be
analysed using the Rock Engineering System (RES)
proposed by Hudson (1992). This approach is an
objective-based methodology and allows using all the
existing information to hierarchically classify and
score the involved parameters in a rational way. For
this purpose, an interaction matrix is created: it
summarizes the key geotechnical, geological, and
geomorphological parameters that influence debris
flows and quantifies their mutual interactions for
assessing the debris flow susceptibility of an alpine
basin.

Fig. 3 shows the main principles of the
interaction matrix. The relevant parameters are
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placed along the leading diagonal (diagonal terms, P;)
and the influence of the parameter on the others is
located at the correspondent intersection (off-
diagonal terms, I;;) between the diagonals term. Along
the diagonal, the parameters are hierarchically placed:
first those linked to the rock mass and finally those
related to in situ conditions.

If the diagonal-off terms are scored, the
interaction matrix becomes a computation matrix and
it’'s possible to numerically define the parameter
dominance and to graphically represent the cause/
effect relationship.

There are qualitative and quantitative code
methods: in this research, the authors used the Expert
Semi-Quantitative (ESQ) method (Harrison and
Hudson 2006; Vagnon et al. 2015) which introduces a
rating from 0 to 4, corresponding to no interaction,
weak interaction, medium interaction, strong
interaction, and critical interaction.

Analysing the physical meaning of the matrix (Fig.
3), the row passing through leading parameter P: can
be interpreted as the influence of P: on all other
parameters in the system. On the other hand, the
column through P; represents the influence of the
system on P;. Furthermore, the sum of each row is the
cause (C) and the sum of each column is the effect (E).
Thus, C represents the way in which P; affects the
system and E represents the effect that system has on

7
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Fig. 3 Operating principles and physical meaning of the interaction matrix.
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Pi. Once C and E are defined, the next step is to
compute the “Debris flow Propensity Index” (DfPI)
for the considered basin (j), by using the following
equation:

DfPI; = ¥(a; - Py) €Y
where i refers to predisposing parameters and k refers

to the examined basin and a: is the weighting
coefficient of each parameter given by:

1 [ C+E
max(lyj,, ) | X1ij+E1ji

] -100 (2)

a; =

With Ijn is the maximum value that the off-
diagonal term can assume (in this case is equal to 4).

Py is a specific index that describes the influence
of each predisposing factor to generate debris flow
events.

A detailed description of each P« is given in the
following sub-sections by introducing specifically
developed indexes for each predisposing factor, taking
inspiration by other studies on RES landslide
applications (Rozos et al. 2008; Tavoularis et al. 2018
and references herein).

According to RES principles, an interaction
matrix for the analysis of debris flow susceptibility
was developed to weight the contribution of each
predisposing parameter in relation to their mutual
interaction.

Fig. 4 summarizes the logical flow and the main
steps for evaluating DfPI.

Identification of
environmental factors
(geology, geomorphology,
soil, topography, hydrology)
|

Use of geodatabase
and qualitative
factor classification

Interaction matrix

Parameter weight
evaluation

GIS analysis and index
definition

DAPI calculation

Fig. 4 Main steps of the proposed methodology.
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3.2 Pik index definition

To define a user-friendly, fast, and low-cost
methodology for debris flow susceptibility zonation at
a basin scale, QGIS software was used for processing
open-source  geodatabases (e.g.  http://www.
geoportale.piemonte.it/geocatalogorp/?sezione=catal
0go/, 2020).

The geological data (bedrock lithology and
Quaternary deposits) were obtained from the Italian
Geological Cartography CARG-Project at 1:50 000
scale. Geomorphological features, such as slope and
hydrographic network, were developed with a s5m
resolution digital elevation model (DEM) of the study
area. A lineaments network was extracted through
remote sensing surveys and aerial image analyses.

In the following sections, a detailed description of
the predisposing factor indexes is given.

3.2.1 Bedrock lithology

Different lithologies have different susceptibility
to produce landslide and debris flow occurrence (Xu
et al. 2013). Mineralogy, texture, and fabric influence
the shear strength, the permeability, the susceptibility
to chemical and physical weathering of rocks, which
in turn affect the slope stability (Varnes 1978; Rozos
et al. 2008; Tavoularis et al. 2018) and debris flow
generation.

A qualitative strength classification (Sr) was
defined by scoring the lithologies with values ranging
from o (higher rock strength) to 4 (lower rock
strength). These classes were implemented starting
from a tripartite classification proposed by Tiranti et
al. (2008, 2014) and based on their potential to
weather into clay or other fine minerals.

Considering the mapped area of a given bedrock
lithology class (AL:) with respect to the basin area (Asp),
the index quantifying the strength lithology of each
class at the basin scale (Scs:) can be expressed as:

Sip; = (ﬁ) Sy, (3)

AB

From the contribution of each class (Scai), the
Lithological Index (iL) can be given by:

L= XS (4)

The i describes the susceptibility of the intact
bedrock within a given basin on furnishing loose material
that may be mobilized during debris flow events.

3.2.2 Fracture network

The fracture network of a rock mass, defined by



the spatial arrangement of any type of fractures,
including discrete surfaces and zones of opening
fractures (joints) and faults, can lead to favourable
conditions for debris flow generation (Kouli et al.
2010). Fractures affect surface material increasing the
amount of loose debris from degradation of rock
masses (Ferrero et al. 2016; Caselle et al. 2020a;
Umili et al. 2020) and water circulation that induces
hydraulic pressure along fracture planes. It is
important to remember that lithology also has a major
control on the development of fracture patterns.

Lineament extraction from remote sensing
analysis is a useful and reliable tool (Tripathi et al.
2000; Jordan et al. 2005; Vaz et al. 2012; Bonetto et
al. 2017; Umili et al. 2018) for mapping fracture
network on outcrops at regional scale. In this study, a
visual approach was adopted by drawing lineaments
on aerial photos.

The lineament trend, obtained by remote survey,
was evaluated by comparing the results with available
data from classical geomechanical surveys (scan lines)
performed by the authors in representative areas of
each basin, in order to verify the reliability of the
records. The fracture intensity (FI) (total trace length
per unit area) of each analysed outcrop of a given
lithology class was estimated as:

FI, =4 5)

Aj
where L; is the total trace length and A; is the surface
of the investigated outcrop of a specific lithology class,
identified from aerial photographs.

FI; was enhanced to include the relationship
between fracture intensity and bedrock lithology in a
new index FIL; (fracture intensity for each bedrock
lithology):

FIL; = FI; - Sy, (6)

where Sisi is the strength lithology index defined in
the previous section.

The total fracture index of the basin (ir) can be
estimated by:

ip = Y FIL; (7

Since ir is not dimensionless and can assume
values higher than Ijm, it is scaled following the
criteria proposed in Table 1.

3.2.3 Quaternary deposits

Most debris flow material has a metastable, loose,
or high porosity structure (Hutchinson 1988)
originating from discrete or distributed source areas,
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characterized by steep slopes. As a result of intense
rainfall or snowmelt, these deposits become partially/
totally saturated and start to move when driving forces
are greater than frictional forces (at some depth). Thus,
debris availability, both within the source area and
along the runout path, is one of the most important
predisposing factors (Bovis and Jakob 1999).

Especially in the Alpine basins where types and
distributions of deposits are derived from erosion,
weathering and fall of bedrock are the result of the
Quaternary geological evolution. Quaternary deposits
and bedrock lithology can be considered as
independent parameters since the former is related to
potentially unstable volume and the latter can be
related to the mechanical characteristics of the rock.

Types and spatial distributions of Quaternary
deposits are obtained by geological mapping. A
qualitative “strength” rating, Sp ranging from o to 4,
was attributed to each type of deposit on the basis of
their distinctive textural features, type of matrix, and
geotechnical behaviour.

As in bedrock lithology analysis, the mapped area
of a given deposit (Api) and the basin area (Ag) were
considered for defining the strength of a given deposit
class at the basin scale (Spgi) as:

Spp; = (ﬂ) X Sp; (8)

Ap
Then, the influence of all the Quaternary deposits
(ip) on predisposing debris flow events, was given by:

ip = ZSDBL- 9)
3.2.4 Slope inclination

Basin slope, and in particular channel bed slope,
is one of the first parameters to analyse in the study of
debris flow events since it amplifies the combined
effects of many factors such as the intensity of
climatic conditions, the weathering processes, and the
internal geometry of geological formations (Rozos et
al. 2008). This parameter is easy to obtain and can
immediately reveal information about possible debris
instabilities and flow formation (Rickenmann et al.
1993; Liu et al. 1994; D’Agostino 1996; Dine 1996;

Table 1 ir rating as a function of the density of
fracturing.

Fracture network classes 1r (km?) ir Rating
Weak 0—2 0]
Moderate 2-5 1
Strong 5—10 2
Very Strong 10 — 20 3
Intense >20 4
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Takahashi 2007).

Generally, debris flows are triggered where slopes
range between 20° and 45° (Hungr et al. 2014) while
for inclinations steeper than 45°, the debris is not
present, or it has a negligible thickness. Accordingly,
five different slope classes were distinguished and a
qualitative “strength” rating Se: ranging from o to 4
was attributed.

For each basin, the surface characterized by each
class of slope (Ase) was calculated. The slope index, IS,
is given by:

Is, = A:Zi - S, (10)

The weighted contribution of each slope classes
within the whole basin can be expressed as:

Isg = X 1S; (11)
3.2.5 Hydrographic network

Excluding the amount of water derived directly
from atmospheric events (including snow melt), the
hydrographic network is a crucial predisposing factor
in debris flow triggering. In a basin, second and third
order streams greatly influence debris flow
transportation, inducing erosional processes and,
sporadically, local instabilities that increase the debris
flow magnitude.

For these reasons, a hydrographic network index
was proposed as follows:

_ Litly Ly
= L (12)

ly
where L, and L. are the length of the principal and the
tributary channels, respectively.

The first factor describes the density of the
hydrographic network within the basin while the
second term defines the relationship between the
lengths of tributary streams and principal channels.
High iu values represent an intense hydrographic
network inside the basin; on the other hand, iu values
close to 0 define basins where the principal channel is
dominant compared to the tributary streams.

Since in is not dimensionless and can assume
values higher than Ijm, it is scaled following the
criteria proposed in Table 2.

Table 2 in rating as a function of the hydrographical
network.

Hydrographic network classes  ir (km™)  ir Rating
Weak 0-2 0
Moderate 2-5 1
Strong 5—10 2
Very strong 10 — 15 3
Intense >15 4
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4 Results

4.1 RES Interaction matrix

In complex geological problems, such as the
definition of debris flow susceptibility areas, it is
fundamental to define and quantify the mutual
interactions of each factor. Thus, for the calculation of
weighted coefficient and the definition of DfPI, a
descriptive  interaction  matrix between the
parameters is proposed (Table 3).

Using the ESQ method (Harrison and Hudson
2006), each mutual interaction of off-diagonal terms
was scored with values ranging from o (no interaction)
to 4 (critical interaction) and the numerical coding is
reported in Table 4.

By analyzing Table 4, it can be seen that slope
and hydrographic network are the most interactive
parameters (C + E = 19) while bedrock lithology is
the less interactive (C + E = 13). On the other hand,
the most dominant parameter is the Quaternary
deposit (C — E = 14), while the least dominant
parameter is the fracture network (C - E = 4). These
results can also be analyzed in the C — E diagram
(Fig. 5), where the shape of the C versus E cluster,
with respect to the C = E line, defines the number of
crucial parameters necessary for evaluating DfPI.
Since C — E data are perpendicular to the C = E line,
there is a small range of interaction intensity and a
wide range in dominance between parameters. Thus,
all five selected parameters are required for DfPI
calculation.

@ Bedrock lithology X Fracture network Quaternary deposit

Slope ¢ Hydrographic network

Effect [-]

o
L

[

0 2 4 6 8 10 12 14
Cause [-]

Fig. 5 Cause versus Effect diagram obtained from Rock
Engineering System (RES) procedure.



Table 3 5x5 interaction matrix applied to debris flow phenomena
The type of substrate in

relation to its mineral-
petrographical
Bedrock composition and strength
lithology conditions, considering
the same stress state, will
affect the degree of
fracturing.
Faulting and
structural
elements can
control Fracture network
juxtaposition of
different types
of rock.
No direct conditioning on
the development and
Quaternary localization of fragile
deposits define  structures. They protect
areal the fractured substrate
distribution of ~ from the action of
bedrock at atmospheric agents,
surface. limiting the weathering
and decay of the
resistance parameters
No influence No influence
No influence No influence

The composition of the
substrate affects the
alterability of the rock
and therefore the
susceptibility to generate
debris, which can be
easily mobilized.

Brittle deformation
influences the rock
fracturing, increasing the
rock weathering. These
processes increase the
availability of loose
material that change the
magnitude of the deposit.

Quaternary deposits

The slope affects the
presence, stability and
thickness of any deposits
The channel can
determine the
accumulation or
movement of the
deposits by changing the
distribution and textural
characteristics of
deposits.

J. Mt. Sci.

The slope s the
morphological
expression of rock
weathering. Strength,
fabric and rock texture
affect slope morphology.

Highly fractured
substrates are subject to
alteration, erosion and
decrease of mechanical
properties (friction angle
and cohesion) with
consequent influence on
slopes (minor slopes).

Slopes on deposits have
different acclivity
depending on the types,
thickness and textural
characteristics of the
loose deposits that
characterize them

Slope

Depending on the energy
of the watercourse and
its erosive capacity, the
hydrographic network
can reshape the slope

Table 4 Matrix of binary interactions coded for basins subjected to debris flow event

1 2 3
Bedrock
1 lithology 4
Fracture
23 network
3 0 o)
4 0O (0] 4
5 0 o 3
E 3 1 14

4.2 Numerical quantification of the Pi indexes

for DfPI evaluation

Following the procedure described in Section 3.2,
five Px indexes were calculated for each predisposing
factor, aimed at defining the DfPI for each analysed

basin.

Quaternary
deposits

4 5 C
2 3 10
4 4 14
2 2 4
Slope 4

Hydrographic
3 network
1 13 42

C+E C-E Parameters

Bedrock
1310 lithology
) 1 Fracture
5 4 network
Quaternary
Sk deposits
19 8  Slope

Hydrographic
e network
84

4.2.1 Bedrock lithology

(2021) 18(12): 3200-3217

Compositional and
textural features affect the
erodibility of the stream.
For this reason the
hydrographical network is
influenced.

The presence of brittle
deformation affects the
erodibility and alterability
of the substrate, increasing
the erosive power of
streams. Moreover, fault
zones may allow the
formation of new stream.

Type, thickness and

textural characteristics of
the deposits influence the
morphology around the
stream.
The slope affects the
energy of the watercourse
and the erosive power
Hydrographic network
[(C+E)/ .
(CLi+XI)]x100 !
15 3.87
18 4.46
21 5.36
23 5.65
23 5.65
100

The lithological indexes (iL) for each basin are

listed in Table 5. The obtained iL values clearly reflect
the relationship between bedrock conditions and
basin extent (see Fig. 2a): since only the upper sectors

of each selected basin are mainly characterized by
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Table 5 Lithological indexes for each analysed basin

St rating  Bedrock Lithology Classes 11?125(11?112)

Apr (km2)

o Quartzite (QZ) Ar/AB(-)
Sts (-)

Ar (km2)

1 Quartz micaschist, Gneiss (MG) Ar/As (-)
Sts (-)

Ar (km2)

2 Dolomitic Limestone Rock (DL) Ar/As (-)
Sts (-)

Calcschist — Calcareous micaschist Ar (km?)

3 (CM) Ar/AsB (-)
Sts (-)

Gypsum and carbonate breccias Ar (km?)

4 (GB) Ar/As (-)
Sts (-)

L

GERONDA SECCO SEGURET CHAMPEIRON
3.66 5.93 9.65 2.84
0.01 0.07 0.13 0.00
0.00 0.01 0.01 0.00
0.00 0.00 0.00 0.00
0.95 1.89 0.04 0.03
0.26 0.32 0.00 0.01
0.26 0.32 0.00 0.01
0.00 0.76 0.96 0.35
0.00 0.13 0.10 0.12
0.00 0.26 0.20 0.25
0.00 0.14 0.54 0.07
0.00 0.02 0.06 0.02
0.00 0.07 0.17 0.07
0.00 0.02 0.19 0.00
0.00 0.00 0.02 0.00
0.00 0.01 0.08 0.00
0.26 0.66 0.45 0.33

Note: Ap: Basin Area, Ar: Lithology surface, Sra: strength lithology at the basin scale, ir: Lithological Index

outcropping portions of a certain lithological class
(mostly with high strength quality), the final influence
of this parameter is quite low (lower than one for
each basin).

4.2.2 Fracture network

Most of the lineaments are NW-SE, NE-SW or N-
S trending with various intensity (Li), in good
agreement with the regional geological setting and
with the results of available mesostructural data
(Malusa and Mosca 2002; Polino et al. 2002; Malusa
2004). In gypsum and carbonate breccias (GB),
lineaments have not been recognized due to the
features of the outcrop surface. However, in this case,
stability and alterability of the rock mass is dependent
on the strength of the rock matrix and the very low
mechanical quality (Caselle et al. 2019).

Fig. 6 shows the fracture network detection
applied to Geronda Basin: the red lines represent the
recognized geological lineaments. The same procedure
was performed on each case study. The values of
fracture networ k indexes are listed in Table 6.

4.2.3 Quaternary deposits

Quaternary deposit index values are listed in
Table 7. According to Fig. 2b and in field observations,
the Quaternary deposit indexes are quite high
compared to bedrock lithology indexes (see Table 5)

due to the significant presence of loose debris along
the basin flanks.

4.2.4 Slope inclination

Fig. 7 shows the slope map of the four watersheds
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obtained from the 5x5 m resolution DEM.

The results of spatial analysis and index values
defined for each basin are listed in Table 8. In general,
all the basins have high slope index values (greater
than 3) as the majorit y of the watersheds have slopes
between 31° and 45°. However, the Champeiron basin
exhibits the lowest value of ise: in fact, only the basin
crown has a steep inclination (>45°) and gentle slopes
in the remainder of the basin.

4.2.5 Hydrographic network

Hydrographic patterns were classified into
principal and tributary channels (Fig. 8) and their
lengths were measured on the DEM. Table 9
summarizes the results obtained by hydrographic
pattern analysis; a correspondent hydrographic
network index for each basin was obtained by using
Eq. (12).

Comparing Fig. 8 and Table 9, it can be
highlighted that Rio Secco and Rio Seguret basins
show the highest in values due to the significant
development of lower order drainage systems, which
cover most of the peripheral areas of the basins. On
the other hand, in the Geronda and Champeiron
basins the main channel path is dominant compared
to the tributary streams.

4.3 DfPI evaluation

DfPI was evaluated for each basin (Table 10) by
using Eq. (1). This index, which varies between 0 and
100, can be used as an indicator of debris flow
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susceptibility for a given basin based on geological DfPI and susceptibility class are also compared
and geomorphological information. To describe the with recorded events and the frequency for each basin.
debris flow susceptibility in qualitative terms, the Table 9 highlights that Secco and Seguret basin have a
modified Brabb’s classification (1987) is used. very high susceptibility to debris flow events while

y "% K " <
Legend y
H mmm Fracture traces I :‘
L _ _ | % Wl

Fig. 6 Example of fracture trend identification on aerial photos (© Google Maps). SR: WGS84/UTM zone 32N.

Table 6 Fracture network indexes for each analysed basin

Fracture Network Classes Basins GERONDA SECCO SEGURET CHAMPEIRON
Li (km) 1.317
oz A; (km?2) 0.162
FI (km?) 8.130
FIL 8.130
Li (km) 10.408 5.368
MG A;i (km?2) 0.528 1.197
FI (km?) 19.712 4.485
FIL 5.100 1.432
Li (km) 6.387 3.667 2.464
DL Ai (km2) 0.659 0.345 0.238
FI (km?) 9.692 10.629 10.353
FIL 2.484 2.110 2.566
iF 5.100 3.917 2.110 2.566
irrating 2 1 1 1

Notes: L:: total trace length; Ai: surface of the investigated outcrop of a specific lithology class; FI: fracture intensity;
FIL: fracture intensity for each bedrock lithology.
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Table 7 Quaternary deposit indexes for each analysed basin

SD Quaternary Semmien Basins GERONDA SECCO SEGURET CHAMPEIRON
Rating deposit classes Ap (km2) 3.66 5.93 9.65 2.84
Openwork and partially Ap (km2) 0.447 0.19 0 0.396
openwork deposits madeup  Ap/Az(-) 0.122 0.032 0.000 0.139
.. of angular clasts and blocks of
Talus deposits - .
0 (TQ) pr'evalln}g quarjmte, quartz-
micaschist, gneiss or marble  Spg (-) 0.000 0.000 0.000 0.000
and scanty sandy-silty and
sandy-gravelly matrix
Openwork and partially Ap (km2) o 0 0.741 0
openwork deposits madeup  Ap/Az(-) 0.000 0.000 0.077 0.000
.. of angular clasts and blocks of
Talus deposits e .
1 (TC) prevailing cal‘cschls't or
calcareous micaschists and Spz (-) 0.000 0.000 0.077 0.000
scanty sandy-silty and sandy-
gravelly matrix
Chaotic deposits consisting of Ap (km2) 0.465 0.503 1.435 0.231
5 Glacial heterometric unsorted clasts Ap/Az(-) 0.127 0.085 0.149 0.081
deposits (GD) and blocks embedded in silty- S
sandy matrix p(-)  0.254 0.170  0.297 0.163
Chaotic deposits made up of Ap (km2) 0.106 0.076 1.069 o)
heterometric clasts and Ap/Ap(-) 0.029 0.013  0.111 0.000
Landslides l‘olocks' with sandy—§ilty matrix
3 -0 in varlable'proportlons; rocky
accumulations made up of Spz (-) 0.087 0.038 0.332 0.000
loosened portions of bedrock,
locally of large dimensions
Eluvio- Ap (km2) 1.686 2.283 4.555 1.765
4 colluvial Loose fine material Ap/AB(-) 0.461 0.385 0.472 0.621
deposits (CD) Spz (-) 1.843 1.540 1.888 2.486
ip 2.184 1.748 2.505 2.649

Notes: Ap: Basin Area; Ap: Deposit surface; Spp: strength of a given deposit class at the basin scale; ip: Deposit Index

Geronda and Champeiron exhibit a high susceptibility
to this phenomenon. These results are partially
mirrored by the number of recorded events in each
basin: in fact, the Secco basin exhibits the highest
DfPI value and the highest number of recorded events.
On the contrary, Champeiron basin has the lowest
DfPI value and the lowest number of recorded debris
flow events. Geronda and Seguret have almost the
same number of recorded events (respectively 7 and 5)
but quite different DfPI (respectively 48 and 55),
which ranks them in two different susceptibility
classes (respectively V and VI).

This difference can be explained by the frequency
of events in Seguret basin which is double that of
Geronda.

5 Discussion

The presented results show a good match
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between the forecasted susceptibility indexes (DfPI)
and the occurrence of debris flow events in the
analyzed basins. In general, a high value of
susceptibility index corresponds to a significant
number of debris flow events. The Rio Seguret basin
does not reflect the global trend of the other basins
but provides an interesting starting point for further
discussions on the nature of data archives. The
available datasets provide only the most relevant
events (those that resulted in damages to local
infrastructures and/or buildings), neglecting events
with no damages. The main problem in the use of
such a dataset is the reliability of the number and
frequency of the events. Most of the events that
happened in uninhabited areas were usually not
recorded, so it is difficult to compare data from one
basin to another. Consequently, the lack of a complete
and reliable inventory is the main limitation for
validation of the results.
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Fig. 7 Slope map of the study area using 5 m resolution DEM. SR:WGS84/UTM zone 32N.

Table 8 Slope inclination indexes for each analysed basin

Slope

inclination Classes
0-5

6-10

>45

11-30

31-45

isg

So
Rating

(0]

Basins
Ap (km?)
Aso(km?)
Aso/As (-)
SO (-)

Asg (km?2)
Ase/As (-)
S6(-)

Ase (km?2)
Ase¢/AB (-)
S6(-)

Ase (km?2)
Ase/As (-)
Sa(-)

Ase (km?2)
Ase¢/AB (-)
Se(-)

GERONDA
3.66
0.000
0.000
0.00
0.035
0.010
0.01
0.509
0.139
0.28
0.877
0.240
0.72
2.235
0.611
2.44
3.45

SECCO
5.93
0.000
0.000
0.00
0.061
0.010
0.01
1.084
0.183
0.37
1.323
0.223
0.67
3.464
0.584
2.34
3.38

SEGURET

9.65
0.000
0.000
0.00
0.709
0.073
0.07
0.502
0.052
0.10
3.961
0.410
1.23
4.481
0.464
1.86
3.27

CHAMPEIRON
2.84
0.000
0.000
0.00
0.098
0.035
0.03
0.172
0.061
0.12
1.670
0.588
1.76
0.900
0.317
1.27
3.19

Notes: Ap: Basin Area; Ass: surface characterized by each class of slope; S& qualitative “strength” rating; ise: Slope

Index.

Table 9 Hydrographic network indexes for each studied basin
GERONDA

Indexes

L: (km)

L> (km)

u (km?)

iu rating (-)

5.575
4.525
2.240
1.000

SECCO
4.559
18.552
15.859
4.000

SEGURET
7.801
24.689
10.656
3.000

CHAMPEIRON

4.667
4.621
3.238
1.000

Notes: Li: length of the principal channels; L.: length of the tributary channels; ix: hydrographic network index.
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Fig. 8 Hydrographic pattern map of the study area developed using 5 m resolution DEM. SR: WGS84/UTM zone 32N.

Table 10 Debris flow Propensity Index (DfPI) indexes evaluated for each basin

DfPI o1 2-8 9-25 26-42 43-53 54-70 71-100  Recorded
Susceptibility classes I - L Iy y L kil BT g:g:r?tr;cyear)
P None Verylow Low Medium High VeryHigh Extreme (1728 -2015) ¥
GERONDA 48 7 21
B SECCO 58 12 24
SEGURET 55 5 44
CHAMPEIRON 44 3 26

The proposed methodology can be applied to
different scales, from regional to local depending on
the detail of the available datasets. In this preliminary
study, a single value of DfPI representing the average
susceptibility of the entire basin was evaluated. At this
stage, a proper susceptibility mapping was not
possible due to the lack of information about source
debris flow location and the medium-low resolution of
the the official geological map of Italy (CARG map in
scale 1:50000). Further studies based on comparison
of historical images and analysis of other landslide
inventory, will be made for developing and validating
a forecasting susceptibility map of the study area.
Quantification of the parameters related to geological
features of the basins (bedrock lithology,
unconsolidated quaternary deposits, and fracture

3214

network) could benefit from subsequent field
investigations and more detailed maps. The same
consideration can be extended to DEM resolution for
slope inclination and hydrographic pattern
determination.

Regarding Egs. (4) and (9), both the bedrock
lithology index (ir) and the Quaternary deposit index
(ip) influence the basin susceptibility index based on
their presence in the basin and their strength quality.
It is important to underline that these indexes
intrinsically include the areal distribution (within the
basin) of all bedrock lithologies and Quaternary
deposits. For each selected basin, the ir values are
very low (0-1) due to both the limited areal
distribution of the bedrock with respect to Quaternary
deposits, and the minimal influence of lithologies due



to the prevalence and strength of bedrock (lower S.
rating). With Quaternary deposits, the ip values are
higher (1-3) due to their widespread extent and
prevalence, in some basins, of deposits geotechnically
poor and less stable (higher Sp). Therefore, the sum of
iz and ip index can be considered as a “basin
compositional index” that provides information on
the geological order of the whole basin.

6 Conclusions

This paper suggests a quantitative, rapid, and
low-cost methodology for debris flow susceptibility
analysis based on open-access geodatabases. Five
environmental predisposing factors (bedrock
lithology,  fracture = network,  unconsolidated
Quaternary  deposits, slope inclination and
hydrographic network) were selected and indexed,
and their mutual interactions quantified using the
Rock Engineering System (RES) methodology.

RES methodology was used to quantify the
mutual interaction among the five parameters, and
once normalized by the overall interactivity of the
system, provided further indications on their
importance in debris flow susceptibility. An
interaction matrix was developed, and its off-diagonal
terms were scored using ESQ method. The interaction
matrix is a universal tool since it is independent of the
type and characteristic of the basin: for instance,
other parameters (such as land use) may be
considered without changing the methodological
approach. Furthermore, the interaction matrix allows
the model designer to include mechanisms not
considered in other susceptibility methodologies.

For each parameter, an index (Px) was proposed
to quantitatively define the weight of the parameter
on the debris flow susceptibility, based on its spatial
distribution in the watershed. These indexes, coupled
with the interaction matrix, result in the DfPI at the
basin scale. DfPI is a weighted average of the
dominant landslide predisposing parameters and
allows for the identification of the main problematic
basins that require further detailed field
investigations.

Performance of this methodology was tested in
four basins, with debris flow activity over several
years, in the Upper Susa Valley (NW Italian Alps).

J. Mt. Sci. (2021) 18(12): 3200-3217

The DfPI results accurately represent the archived
debris flow inventory both in terms of number and
frequency of the recorded events.

The results are encouraging, but further research
and modelling is needed in order to implement the
matrix with new predisposing factors, and by
increasing the number of test sites for better
methodology calibration.

This methodology is a first screening for debris
flow susceptibility of large areas. This methodology
utilizes available and open-access data and meets the
needs of authorities for land use management and
planning. This methodology is appropriate for both
small to medium and large-scale debris flow
susceptibility areas.

Therefore, as a general conclusion, this research
would like to emphasize the need for available
geodatabases for scientists and public institutions in
geo-environmental studies and projects, sharing data,
using a standard vocabulary.
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