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1 Introduction 
Debris flows represent one of the most hazardous mass-wasting processes in alpine environments due 
to their high velocity, elevated sediment concentration, and strong impact forces (Jacob et al. 2024). 
These phenomena typically originate from the rapid mobilization of colluvial and glacial deposits 
under intense rainfall or accelerated snowmelt, often involving channelized transport along steep 
headwater catchments (de Haas et al. 2024). In the Western Alps, recent evidence suggests an 
increasing frequency and magnitude of such events, likely associated with climate-driven 
modifications of the cryosphere, including glacier retreat and permafrost degradation, which contribute 
to slope destabilization and enhanced sediment availability (Cantonati et al. 2025). 

The Rio Fenils watershed, located in the upper Susa Valley (Cesana Torinese, Northwestern Italy), 
constitutes a representative alpine basin characterized by steep morphologies, abundant unconsolidated 
deposits, and active geomorphic dynamics. The basin is crossed by the former Chaberton Military 
Road, constructed in 1910 to access the highest fortification in Europe. Since 1987, vehicular access 
has been prohibited due to recurrent slope instabilities. A major debris-flow event on July 1, 2019, 
destroyed the ford across the Rio Inferno channel, resulting in the complete interruption of road 
continuity (CFVAS 2019). 

The present study aims to provide a quantitative characterization of debris-flow processes within the 
basin and to support the design of mitigation and restoration measures for the affected infrastructure. 
The methodological framework integrates geological and geomorphological field surveys, analysis of 
historical events, hydrological assessment of triggering conditions, and geotechnical characterization 
of involved materials. A multiscale approach is adopted: at the basin scale, susceptibility mapping is 
performed through terrain analysis and morphometric indicators; at the slope and channel scale, 
detailed stability assessments and hydraulic simulations are conducted to evaluate flow propagation, 
impact pressures, and erosion potential. High-resolution digital terrain models derived from UAV-
based photogrammetry and remote sensing are coupled with two-dimensional numerical modeling 
(HEC-RAS) to simulate debris-flow routing and to support the dimensioning of structural 
countermeasures. 

2 Geological and Geomorphological Framework 
The study area is located within the Penninic Domain and is more precisely referred to the Chaberton–
Grand Hoche–Grand Argentier tectonostratigraphic unit. The bedrock succession is chiefly composed 
of Triassic dolostones overlain by Rhaetian–Cretaceous limestones. These competent yet intensely 
fractured lithologies give rise to steep rock slopes that constitute the primary source areas for detrital 
production. Rockfall processes continuously supply coarse debris, which accumulates at the foot of the 
slopes and represents the main sediment reservoir subsequently mobilized by debris flows (Fig. 1). 

From a geomorphological standpoint, the Rio Fenils watershed exhibits a pronounced U-shaped cross 
profile inherited from Pleistocene glacial sculpting. Under present-day postglacial conditions, slope 
processes and fluvial dynamics dominate landscape evolution. Detailed geomorphological mapping 
shows that nearly 50% of the catchment is mantled by gravity-driven deposits, including active debris 
cones and alluvial fans. The Rio Fenils incises these unconsolidated sediments, locally generating 
steep erosional scarps and promoting their progressive reworking. 

Documentary sources record recurrent debris-flow activity in the Chaberton–Rio Fenils–Rio Inferno 
sector between 1708 and 2019. Most events occurred during the summer months and were triggered 
by short-duration, high-intensity convective rainfall. The most significant episodes (1708, 1957, 1990, 
1998, 1999, and, more recently, 2002, 2004, 2015, 2017, and 2019) produced channel instability, bank 
erosion, substantial sediment transport, and damage to infrastructure. The 1 July 2019 event was 
particularly severe, leading to the destruction of sections of the former Chaberton military road, which 
remains closed. The persistence of debris-flow activity attests to the high hydro-geo-morphological 
hazard characterizing the basin, as also highlighted in the susceptibility map of ARPA Piemonte, 
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For the Fenils basin, the implementation follows approaches previously tested in upper Susa Valley 
and relies on open-source datasets from regional geoportals, processed primarily in QGIS. Five 
predisposing factors are considered (Table 1): lithology, slope, sediment connectivity, land use, and 
fracturing or landslide activity. Because bedrock outcrops and Quaternary deposits respond differently 
to these controls, two separate interaction matrices are constructed—one for rock outcrops (where 
fracture intensity is central) and one for unconsolidated deposits (where landslide activity state serves 
as a proxy for material cohesion and remobilisation potential). Lithologies are classified according to 
mechanical strength and weathering potential; deposits are grouped by genetic and textural 
characteristics. Slope is discretised into classes, recognising that debris flows are most favoured at 
intermediate-to-high gradients (around and below ~35°), whereas very steep slopes tend to promote 
rockfall-dominated processes. Connectivity (Borselli et al. 2008;Cavalli et al. 2013;Crema et al. 2015) 
is quantified using an index-based approach (SedInConnect), thereby distinguishing sediment sources 
that are efficiently coupled to the main channel from those that are effectively disconnected. Land-use 
classes are interpreted in terms of erodibility and vegetation protection.  

Table 1. Interaction matrix used for the evaluation of DfPI in the Fenils watershed.  

Outcrops bedrock 
  1 2 3 4 5 Cause (C) C+E ai 

1 LITHOLOGY 2 2 1 1 6 10 3.57 

2 0 SLOPE 4 3 0 7 17 6.07 

3 0 3 SEDIMENT 
CONNECTIVITY 2 1 6 18 6.43 

4 1 2 2 LAND 
USE 0 5 12 4.29 

5 3 3 4 1 FRACTURING 11 13 4.64 
Effect (E) 4 10 12 7 2 / 70   

Quaternary deposit 
  1 2 3 4 5 Cause (C) C+E ai 
1 DEPOSIT 2 2 2 2 8 19 4.85 
2 4 SLOPE 4 3 3 14 23 5.87 

3 3 3 SEDIMENT 
CONNECTIVITY 2 3 11 21 5.36 

4 1 2 2 LAND 
USE 1 6 16 4.08 

5 3 2 2 3 LANDSLIDE 
ACTIVITY 10 19 4.85 

Effect (E) 11 9 10 10 9 / 98   

3.3 Rainfall Analysis and HEC-RAS Modeling 
To define the potential magnitude of the events in the study area, rainfall data from 25 regional grid 
cells (dataset ARPA Piemonte) were processed using the Gumbel method to construct intensity-
duration-frequency curves for return periods (Gumbel 1941) of 20, 50, 100, and 200 years. 
Concentration times (tc) were calculated using Kirpich (1940) and Chow (1959) formulas, with the 
more conservative Kirpich value (approx. 4.2 minutes) adopted to model peak flow rates. 

Numerical simulations were performed using HEC-RAS 6.5. The debris flow was modeled as a 
Newtonian fluid, a conservative choice that maximizes predicted velocities and runout distances by 
ignoring internal friction. Twelve scenarios were simulated based on hydrographs derived from 
Rational, Takahashi Volumetric methods (1978). 

4 Results 

4.1 Susceptibility and Geomorphological Map 
The RES analysis produced a susceptibility map showing a medium-to-high trend that increases 
toward the head of the valley (Fig. 2). Extremely high values were identified in the sub-basin of the 
Rio Inferno, precisely where the debris flow currently intercepts the buried roadbed. 

1444



 

 

Fig. 2 DfP

4.2 N
HEC-RA
sections.
method a
road seg

Fig. 3Inun
Rational M
(Turbessi 

5 Di
The Rio
dolomiti
rainfall e
flows, w
transport
for the 
extremel
debris-fl

The com
coherenc
flow act

PI map and reco

Numerica
AS simulatio
. The simula
adopted, as s

gment that is 

ndation maps ob
Method (RM), a
et al.2025). 

iscussion
o Fenils wa
ic slopes con
events. Grain

with approxim
t capacity an
Rio Inferno

ly rapid flow
low processe

mbined resul
ce between a
ivity. In part

onstruction of th

al Simulati
ons predicted
ated inundati
shown in Fig
currently bu

btained from HE
and the water di

n and Con
atershed repr
ntinuously su
n-size analy
mately 65% 
nd significan
o sub-catchm
w dynamics, w
es. 

lts of suscep
areas charact
ticular, the R

he source areas 

on Outcom
d maximum 
ion areas var
g. 3. The resu
uried, thereby

EC-RAS under 
ischarge approa

nclusion
resents a hi
upply coarse
sis confirms
of clasts ra

nt impact pot
ment alone, 
with velociti

ptibility map
terized by hi
Rio Inferno s

 

within the Feni

mes 
flow veloci

ried significa
ults consisten
y supporting 

different disch
ach (QW), for r

ighly active 
e debris that
 that these p
nging from 
tential. The 
combined w

ies that can r

pping and nu
igh DfPI valu
sub-basin em

ils Torrent wate

ities of up to
antly depend
ntly indicate
the reliabilit

harge scenario: t
eturn periods o

geomorpho
t is readily m
processes can
decimetric t
estimated vo
with the ste
reach values 

umerical mo
ues and the 

merges as the

Eurock 2026

 
ershed. 

o 15 m/s in 
ding on the r
e that debris 
ty of the mod

 
the volumetric 
f (a) 20 years a

ological syst
mobilized du
n be classifi
to metric siz
olumes, on t
eep channel
consistent w

odeling highl
sectors affec
e most critic

6, Skopje, RN 

the steepest
return period
flows affect 
del. 

method (VM), 
and (b) 200 year

em, where 
uring intense
ed as granul

zes, indicatin
the order of 
 gradients, 

with highly h

light a stron
cted by recen
cal sector, wh

Macedonia 
 

t channel 
d and the 
the same 

the 
rs 

fractured 
e summer 
lar debris 
ng a high 
5,000 m³ 
result in 

hazardous 

ng spatial 
nt debris-
here both 

1445



   Eurock 2026, Skopje, RN Macedonia 
 

 
 

morphometric conditions and sediment availability favor frequent reactivation. The HEC-RAS 
simulations further confirm this behavior, showing that modeled flow paths and inundation areas 
consistently overlap with the currently damaged segment of the former Chaberton military road. This 
agreement supports the reliability of the adopted modeling approach, despite the simplifying 
assumptions and demonstrates its effectiveness as a preliminary tool for hazard assessment in data-
scarce alpine environments. 

From a risk management perspective, the high recurrence and magnitude of debris-flow events suggest 
that purely local and rigid structural solutions, such as gabions or small-scale reinforcements, may 
provide only temporary mitigation. Instead, more flexible and adaptive solutions should be considered. 
Options such as elevated structures (e.g., suspension bridges) or redesigned crossings (e.g., a series of 
fords) could better accommodate the dynamic nature of the system, reducing maintenance 
requirements and improving long-term resilience. These solutions should be evaluated within a 
broader framework that considers not only hydraulic performance but also geomorphological 
evolution and sediment continuity. 

Overall, the study highlights the importance of adopting integrated, multiscale approaches for the 
management of debris-flow hazards in mountain environments. This is particularly relevant in the 
context of ongoing climate change, which is expected to increase the frequency and intensity of 
triggering rainfall events, as well as sediment availability. In this framework, the proposed 
methodology can support more informed decision-making and contribute to the development of 
sustainable risk mitigation strategies in alpine regions. 

References  
Jakob M, McDougall S, Santi P (2024) Introduction. In: Jakob M, McDougall S, Santi P (eds) Advances in 

Debris-flow Science and Practice. Geoenvironmental Disaster Reduction. Springer, Cham. 
https://doi.org/10.1007/978-3-031-48691-3_1 

de Haas T, Lau CA, Ventra D (2024). Debris-Flow Watersheds and Fans: Morphology, Sedimentology and 
Dynamics. In: Jakob M, McDougall S, Santi P (eds) Advances in Debris-flow Science and Practice. 
GeoenvironmentalDisasterReduction. Springer, Cham. https://doi.org/10.1007/978-3-031-48691-3_2 

Cantonati F, Lissari G, Vagnon F, Paro L, Magnani A, Rossato I, Donati Sarti G, Barresi C, Tiranti D (2025) 
From Alpine CatchmentClassification to Debris Flow 
Monitoring. GeoHazards6(1):15.https://doi.org/10.3390/geohazards6010015 

CFVAS – Consorzio Forestale Alta Valle Susa (2019). Site inspection report N° 97/2019 (in Italian). 
Hudson J.A (1992) Rock Engineering System: Theory and Practice. 
Bonetto S, Mosca P, Vagnon F, Vianello D (2021) New application of open source data and Rock Engineering 

System for debris flow susceptibility analysis. https://doi.org/10.1007/s11629-021-6814-3 
Vianello D, Vagnon F, Bonetto S, Mosca P (2023) Debris flow susceptibility mapping using the Rock 

Engineering System (RES) method: A case study. Landslides 20: 735–756. 
Borselli L, Cassi P, Torri D (2008) Prolegomena to sediment and flow connectivity in the landscape: A GIS and 

field numerical assessment. Catena 75: 268–277.  
Cavalli M, Trevisani S,Comiti F, Marchi L (2013) Geomorphometric assessment of spatial sediment 

connectivity in small Alpine catchments. Geomorphology 188: 31–41 
Crema S,Schenato L, Goldin B, Marchi L, Cavalli M (2015) Toward the development of a stand-alone 

application for the assessment of sediment connectivity. In Rendiconti Online Societa Geologica 
Italiana; Societa Geologica Italiana: Roma, Italy,58–61. 

Gumbel EJ (1941) The Return Period of Flood Flows. Ann. Math. Stat. 12:163–190. 
Kirpich ZP (1940) Concentration time of small agricultural watersheds. Civ. Eng. 10(362). 
Chow VE (1959) Open-Channel Hydraulics; McGraw-Hill: New York, NY, USA. 
Takahashi T (1978) Mechanical Characteristics of Debris Flow. J. Hydraul. Div. 104:1153–1169. 
TirantiD, BonettoS, MandroneG (2008) Quantitative basin characterization to refine debris-flow triggering 

criteria and processes: an example from the Italian Western Alps. Landslides5, 45–57. 10.1007/s10346-
007-0101-4 

Turbessi L, Taboni B, Umili G, Fubelli G, Ferrero AM (2025) Modeling Debris Flow Events in the Rio Inferno 
Watershed (Italy) Through UAV-Based Geomorphological Survey and Rainfall Data Analysis. Sensors. 
25(7):1980. https://doi.org/10.3390/s25071980 

1446


	10.Case histories
	1103_EUROCK2026_Paper_H4_Slovenia_Presezzi_Douglas_2026
	1104_EUROCK2026_Paper_Albania_TREA_Paper_Drin_Cascade_Presezzi_Douglas_2026
	1121_P
	1158_NapoliEtAl_Eurock2026_1158
	1185_EUROCK2026_Paper_21042026
	1197_260612_Ragazzo_Tassi_Zanetti_Risk_mitigation_in_deep_excavations_affected_by_Lava
	1246_EUROCK2026_Špago,_Ačkar_Geotechnical_Risks_of_Foundation_in_Karst_-_A_Case_Study_of_Wind_P
	1262_Sead
	1309_EUROCK2026_Challenges in the construction tunnel in BIM rocks - Case Study for Farish tunnels
	1322_EUROCK2026_Simplon_Revised_os
	1328_EUROCK2026_Vissoie_revised_os
	1330_Blatten_Paper_final_submission
	1332_EUROCK2026_Ovella_final_2026-06-15_vonj
	1371_Regional road in N.Macedonia,section of v.Novo Konsko - Dam Konsko IP
	1375_2._Paper_Susinov_et_al.
	1387_EUROCK2026_The_influence_of_the_Coefficient_of_Restitution_and_Horizontal_Acceleration_on_Rockfall_M
	1398_EUROCK2026_Vivoda_Prodan_et_al_FIN
	1401_Research on Deformation Characteristics and Instability Mechanism of Retrogressive Landslide Under the Coupling of Engineering Disturbance and Rainfall
	1417_EUROCK2026_E._Angelova_et_al
	1424

