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the study area of Favazzina (Italy), which is affected 
by debris flows that are very difficult to monitor. The 
proposed approach used to design the integrated mon-
itoring system may serve as a useful methodological 
tool to be adopted in similar geological and geotech-
nical contexts within the framework of risk mitigation 
strategies.
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1  Introduction

Debris flows, triggered by various factors such as 
heavy rainfall, seismic activity or human-induced 
changes, can have devastating consequences on 
exposed elements such as people, structures, infra-
structure, environmental assets, and architectural 
heritage. Analysing debris flow risk requires eval-
uating susceptibility, hazard zoning, and the sce-
nario consequences of the events on the exposed 
elements. According to the quantitative risk 
approach (Fell et  al. 2005, 2008; Corominas et  al. 
2014), three different mitigation strategies may be 
adopted to reduce landslide risk: (i) hazard reduc-
tion strategies, i.e. measures that decrease the like-
lihood of landslide occurrence or the probability 
of a landslide reaching the most exposed element; 
(ii) exposure reduction strategies, i.e. measures that 
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reduce the probability of elements being within the 
affected area during a landslide event at the time of 
its occurrence; (iii) vulnerability reduction strate-
gies, i.e. measures that mitigate the potential loss 
or damage of elements exposed at risk (Guidelines 
AGI-ISPRA 2022).

Among hazard reduction strategies, prevention 
and protection measures may be used to reduce the 
inception occurrence of a landslide of fixed magni-
tude, as well as the probability that it reaches the ele-
ments at risk. Specifically, prevention measures can 
modify the balance between actions and resistances 
along the failure surface, transfer stable forces from 
stable zones to potentially unstable ones, increase the 
available shear strength, and prevent erosion and infil-
tration caused by rainfall; protection measures can 
control the direction of the landslide or dissipate its 
kinetic energy.

Among exposure reduction strategies, monitoring, 
alert systems and emergency plans, which identify 
and manage the paroxysmal phases of landslides by 
alerting and/or temporarily relocating the popula-
tion, are increasingly adopted worldwide also due to 
cost-effectiveness. According to Calvello (2017) and 
Pecoraro et  al. (2019), a key component of an early 
warning system for weather-induced landslides is the 
landslide model, which links weather data and land-
slide events by considering monitoring data and the 
geological, geomorphological, hydrogeological and 
geotechnical characteristics of the area of interest.

Previous studies by the authors (Ciurleo et  al. 
2019, 2020, 2021, 2022; Gioffrè et al. 2023; Moraci 
et al. 2017, 2024) developed an integrated methodol-
ogy for analysing debris flow inception, propagation 
and accumulation, as well as its possible effects on 
exposed elements. The proposed methodology uses 
a dynamic and upgradable database with site-specific 
soil mechanical and hydraulic properties, geological 
data, soil cover thickness, topography and rheologi-
cal data obtained from field and laboratory investi-
gations. TRIGRS (“Transient Rainfall Infiltration 
and Grid-Based Regional Slope-Stability”, Baum 
et  al. 2002) predicts shallow landslide source areas 
of debris flows (inception analysis), while GeoFloW-
SPH (“Smoothed Particle Hydrodynamics”, Pastor 
et  al. 2009) simulates propagation and deposition 
stages. This methodology proved to be robust, effi-
cient and reliable in modelling debris flows occurred 
in the Favazzina study area (Italy).

Aligned with the quantitative risk approach (Fell 
et  al. 2005, 2008; Corominas et  al. 2014), the pro-
posed methodology serves as a useful tool for the 
design of possible hazard and exposure reduction 
strategies.

This paper introduces an integrated monitoring 
system designed both to validate further the previ-
ously described debris flow inception and propaga-
tion methodology and to develop a warning model to 
be used in an early warning system. The integrated 
monitoring system was implemented in the Favazzina 
study area, where the proposed methodology was 
applied to model past debris flow events.

2 � Favazzina Study Area

The study area is located within the “Costa Viola” 
between Scilla and Bagnara Calabra municipalities 
(Calabria, Italy) in the South-West Italy. The exten-
sion of the study area, which is periodically affected 
by debris flows, is about 1 km2 (Fig. 1). The first his-
torical report of debris flow occurrence in the area 
dates back to 1894 when a debris flow affected the 
railway line located in the coastal plain. The most 
significant debris flows, in terms of consequences, 
occurred on 12 May 2001, and 31 March 2005. The 
propagation paths of these events hit the SNAM 
methane pipeline, the State Road 18, the hamlet of 
Favazzina and the railways, causing the derailment 
of two trains. The 2001 debris flow was character-
ized by two triggering volumes that merged in the 
middle portion of the slope, while the 2005 debris 
flow was characterized by three triggering volumes. 
In both cases, the debris flows exhibited high velocity 
andstrong entrainment of material and water from the 
flow path.

The geological units of the area consist of a high-
grade metamorphic rock basement from the Paleozoic 
era, which is strongly tectonized and deeply weath-
ered, and is locally covered by sedimentary deposits 
from the Upper Pliocene to the Holocene.

From bottom to top, the weathering sequence of 
the Paleozoic basement includes moderately weath-
ered rocks (class III gneiss), which rarely crop out, 
highly weathered rocks (class IV gneiss), which out-
crop in the mid to lower portions of the slopes, com-
pletely weathered or saprolite rocks (class V gneiss), 
prevailing in the uppermost parts of the slopes, and 
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residual, colluvial and detrital soils (class VI gneiss), 
which cover about 60% of the study area (Fig. 2).

An extensive on-site survey campaign and several 
sampling activities were performed in sites identi-
fied as most susceptible to debris flow occurrence 
(Ciurleo et  al. 2021). Geotechnical laboratory tests 
were carried out on specimens retrieved from undis-
turbed samples taken on site to characterize the 
residual, colluvial and detrital soils (class VI gneiss) 
involved in the debris flows. Mineralogical classifica-
tion of these soils (samples taken at depths ranging 
from 0.5 to 1.0  m) revealed the presence of quartz, 
feldspars (albite and microcline), phyllosilicates (bio-
tite), and kaolinite, highlighting the typical composi-
tion of weathered gneiss (Biondino et al. 2020).

The on-site survey campaign, carried out through 
continuous mechanical borehole drillings and seismic 
refraction tomographies, identified the thickness of 
class VI gneiss, which is generally less than 2  m at 
the heads of the slopes where the debris flow trigger-
ing may occur.

According to the Unified Soil Classification Sys-
tem (USCS), residual, colluvial and detrital soils 
(class VI gneiss) can be classified as silty sand (SM) 

Fig. 1   Location of the Favazzina study area (modified from Ciurleo et al. 2021). A01 and A02 are the 2001 debris flow triggering 
areas; A03, A04 and A05 are the 2005 debris flow triggering areas

Fig. 2   Weathering grade map with geomorphological charac-
teristics and multi-temporal landslide inventory. Legend: (1) 
weathered gneiss of class III; (2) weathered gneiss of class 
IV; (3) weathered gneiss of class V; (4) weathered gneiss of 
class VI; (5) terraced marine deposits; (6) coastal and alluvial 
deposits; (7) sandstone (modified from Ciurleo et al. 2022)
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and clayey sand (SC) with an inorganic fine fraction 
of medium compressibility and no activity. The liquid 
limit (LL) and plasticity index (PI) range from 30.2 to 
33.4% and from 3.2 to 11.4%, respectively. The solids 
unit weight (γs) varies from 25.9 to 26.1 kN/m3, the 
void ratio (e) ranges from 0.90 to 1.17, and the soil 
porosity (n) varies from 0.40 to 0.55.

Triaxial compression tests on saturated undis-
turbed specimens of residual soils (class VI gneiss) 
showed a hardening behaviour. The peak shear 
strength parameters, i.e. effective cohesion (c′) and 
effective shear strength angle (ϕ′), range from 0 to 
5 kPa and from 30° to 40°, respectively. The saturated 
hydraulic conductivity (Ksat) and the saturated volu-
metric water content (θs) range from 1.84 E−08 m/s 
to 3.64 E−07 m/s and from 0.38 to 0.40, respectively.

3 � Integrated Monitoring System

An integrated monitoring system can serve different 
purposes. When the goal is to improve the under-
standing of landslide processes, it comprises a net-
work of instruments capable of collecting essential 
field measurements to enhance knowledge of land-
slide models, as well as to calibrate and validate 
numerical models used for landslide simulation.

For integrated monitoring systems used as part 
of landslide early warning systems (LEWSs), they 
include tools and technologies necessary not only to 
monitor the landslide phenomena but also to gener-
ate and disseminate timely and meaningful warning 
information to individuals, communities and organi-
zations threatened by a hazard. This enables them to 
take appropriate actions in time to reduce the possi-
bility of harm or loss of human life (UNISDR 2009). 
In such cases, the predisposing and triggering factors 
used in warning and landslide models, the process of 
disseminating information, the emergency plan, and 
the educational activities must be considered (Lac-
asse and Nadim 2009). Therefore, LEWSs need the 
engagement of scientists, managers and citizens.

In any case, the type, velocity and volume of land-
slides, the materials involved, the predisposing and 
triggering factors, and the scale of operation influence 
the design of the integrated monitoring systems.

In early warning systems for weather-induced land-
slides, the monitored parameters are classified into 
three categories: deformation activity (displacements, 

strains, cracking, micro-seismic and acoustic emis-
sions, rockfall event frequency); groundwater (pore-
water pressure, suction, soil humidity); and trigger-
ing factors (weather, earthquake, volcanic activity). 
The monitoring techniques (Safeland 2010, 2012; 
Guidelines AGI 2023; Dunnicliff 1988; Arattano and 
Marchi 2008; Casagli et al. 2023; Gupta et al. 2023; 
Ivanov et  al. 2021; Wang et  al. 2022; Stähli et  al. 
2015) include the use of: (i) geodetic methods (global 
positioning satellite, interferometer, total station); 
(ii) remote sensing (cameras, ground-based LiDAR, 
airborne LiDAR, ground-based synthetic aperture 
radar, interferometric synthetic aperture radar, ground 
penetrating radar, unmanned aerial vehicles, ground 
penetrating radar, satellite sensors); (iii) geophysical 
methods (accelerometers, geophones, time domain 
reflectometer sensors, electrical conductivity sen-
sors, thermal conductivity sensors); (iv) geotechnical 
investigations (extensometers, inclinometers, differ-
ential monitoring of stability columns, tiltmeters, pie-
zometers, tensiometers, level sensors, contact earth 
pressure cells, optical fibers, etc.); (v) meteorologi-
cal instrumentation (rain gauge, snow gauge, weather 
station).

Deployment of sensor networks provides continu-
ous monitoring, enabling the identification of changes 
in slope stability.

For debris flow monitoring, parameters such as 
precipitation, snow depth, water level, negative and 
positive pore-water pressures, and soil moisture are 
generally monitored to analyse landslide inception. 
For the propagation and deposition stages, parameters 
such as flow depth, flow velocity, and ground vibra-
tion are typically considered.

The integrated monitoring system installed in the 
Favazzina study area was designed both to further 
validate the methodology proposed by the authors for 
analysing the inception, propagation and deposition 
of debris flow, and as part of LEWS.

In previous studies (Ciurleo et  al. 2019, 2020, 
2021, 2022; Moraci et  al. 2017, 2024), debris flow 
susceptibility maps for the Favazzina site were 
obtained using the authors’ proposed methodology. 
Based on the best susceptibility map, three moni-
toring stations were designed and installed in areas 
identified as most susceptible to debris flow inception 
(Fig. 3).

Monitoring Station N. 1 (Fig.  4) aims at meas-
uring and recording the triggering and predisposing 
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factors of debris flow inception. It is located in the 
upper zone of the study area and consists of a rain 
gauge to measure rainfall, coupled with a thermo-
hygrometer and a 2D sonic anemometer to measure 
air humidity and wind speed and direction, respec-
tively. For monitoring predisposing factors, six jet-
fill tensiometers for the measurement of negative 

pore-water pressures, five time domain reflectom-
eter (TDR) sensors, and one capacitive probe for 
measuring soil water content were installed.

The tensiometers were arranged at various depths 
(30, 60 × 2, 90, 120 and 150  cm). The capacitive 
probe allows an almost continuous soil moisture 
measurement along a 120  cm length and is com-
plemented by the five TDR sensors installed at the 
same investigation depths as the tensiometers.

In Monitoring Station N. 1, two support poles 
were installed. One pole supports the rain gauge 
only, while the other supports the power system, 
thermo-hygrometer and anemometer. The tensi-
ometers and capacitive probe were installed in the 
ground between the two poles, and a trench was 
excavated downstream of the anemometer pole for 
the TDR sensors. Figure  5 shows the installation 
scheme of Monitoring Station N.1.

The aim of the two remaining monitoring stations 
is to measure predisposing factors only. Monitoring 
Station N. 2, located in the middle zone of the study 
area (Fig. 6a), consists of five TDR sensors, six jet-
fill tensiometers and, one capacitive probe, installed 
at the same depths as in Monitoring Station N. 1. 
These instruments, shielded with a PVC platform, 
were put near the base of an existing retaining wall 
and connected to an electrical panel mounted on a 
pole. This station also includes the installation of a 
piezometer within a core destruction borehole for 
measuring positive pore-water pressures, and two 
inclinometers capable of measuring surface layer 

Fig. 3   Best inception susceptibility map used to localize mon-
itoring stations (modified from Ciurleo et al. 2022)

Fig. 4   Monitoring Station 
N. 1
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displacements, installed within a continuous drill-
ing borehole suitable for both inclinometers.

The first inclinometric column features a 15.5 m 
long aluminum tube with a 76  mm internal diam-
eter, while the second one features a plastic tube of 
the same length with a minimum internal diameter 

of 27  mm. Both tubes were cemented in the same 
hole.

Monitoring Station N. 3, also located in the middle 
zone of the study area (Fig. 6b), consists of one pie-
zometer installed within a core destruction borehole 
and one fixed inclinometer installed within a continu-
ous drilling borehole equipped with a 15.5  m long 
aluminum tube with an internal diameter of 76 mm.

For monitoring the debris flow propagation stage, 
six sonic level sensors (SL1 to SL6) and two cam-
eras (CAM1 and CAM2) were installed on cantilever 
metal structures along the potential path at heights 
ranging from 2 to 3 m, (Fig. 7). The use of these sen-
sors will provide data on flow depth and flow velocity.

All stations used for inception and propagation 
analysis are powered by photovoltaic panels (50W) 
and backup batteries (27AH) connected to a charge 
controller. They are equipped with data acquisition 
units and 4G modem routers for data transfer (Fig. 8).

The rain gauge (Fig.  9a) selected for real-time 
rainfall measurement provides a cumulative measure 
of precipitation. It is made of UV-stabilized mate-
rial and is equipped with an internal tipping bucket 
mechanism that allows for optimal performance 

Fig. 5   Installation scheme of Monitoring Station N. 1

Fig. 6   Monitoring Stations 
N. 2 (a) and N. 3 (b)
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repeatability. A stainless-steel screen filter chan-
nels rainfall, preventing debris from obstructing the 
flow directed through a nozzle into one of the bucket 
halves. The tipping mechanism rotates around a pivot 
and tilts when the first bucket reaches a predeter-
mined level, prompting the second bucket to be posi-
tioned under the funnel. When the bucket tips, a reed 
switch is activated by a magnet attached to the tipping 
mechanism. The data logger can detect the closure of 
the reed relay through a pulse channel. The selected 
rain gauge has an aerodynamic design aimed at pre-
venting air acceleration in its vicinity, thereby ensur-
ing rain remains within the collection container and 
preserving the measurement’s accuracy. Table 1 lists 
the technical specifications of the selected rain gauge.

For measuring wind speed and direction, a biax-
ial sonic anemometer was selected (Fig.  9b). This 
device enables the characterization of wind along two 
orthogonal axes on the horizontal plane by measuring 
the time taken for a sound wave to propagate between 
two pairs of orthogonally oriented transducers com-
prising the instrument. The transducers bounce the 

ultrasonic signal from a hood, thus minimizing the 
effects of transducer shadowing and flow distortion. 
A characteristic of the chosen anemometer lies in 
the absence of moving parts, unlike mechanical ane-
mometers, thereby eliminating the need for periodic 
replacements. The technical specifications of the cho-
sen anemometer are listed in Table 2.

For the measurement of relative humidity and tem-
perature, a thermo-hygrometer was installed (Fig. 9c). 
This device facilitates the calculation of air pressure 
and temperature fluctuations, yielding the percentage 
of humidity present in the air based on the gathered 
data. It utilizes a single-chip element that integrates 
both a temperature sensor and a relative humidity 
sensor, each of them undergoing individual calibra-
tion with calibration corrections stored on the chip. 
A stainless-steel mesh filter minimizes the impact of 
dust and dirt on the sensor while also facilitating air 
exchange around the sensor element, thereby reduc-
ing the likelihood of condensation remaining inside 
the filter cap. Additionally, a small PTFE membrane 
filter is adhered to the surface of the element, pre-
venting any finer dust or mold from directly affecting 
the measurement. The technical characteristics of the 
selected thermo-hygrometer are showed in Table 3.

With regard to the measurement of soil volumet-
ric water content, both a preassembled capacitive 
probe, as well as TDR sensors, were chosen (Fig. 10a, 
b). The capacitive probe is equipped with 12 sensors 
spaced at 10 cm intervals and it is tapered, with sen-
sors and electronics encapsulated within the probe 
plastic using resin; it measures the variation in capac-
itance between the electrodes inserted into the soil, 
which are affected by the presence of water content 
(and hence the apparent dielectric permittivity of the 
soil). The TDR sensor consists of two 30  cm-long 
stainless-steel rods connected to the measurement 
electronics; it calculates the travel time of high-fre-
quency electromagnetic pulses generated and sent 
along the rods inserted into the soil. When these 
pulses interact with the water particles present, they 
are reflected backward toward the sensor. Table  4 
lists the technical specifications of both the capacitive 
probe and the TDR sensors.

For the measurement of negative pore pressures, 
jet-fill tensiometers (Fig.  11) equipped with five 
different lengths were installed, coupled with cur-
rent transducers (specifically, 4-wire, solid-state, 
differential silicon shear stress/strain gauges). The 

Fig. 7   Monitoring stations and sensors for propagation analy-
sis. Legend: (1) weathered gneiss of class III; (2) weathered 
gneiss of class IV; (3) weathered gneiss of class V; (4) weath-
ered gneiss of class VI; (5) terraced marine deposits; (6) 
coastal and alluvial deposits; (7) 2001 debris flow; (8) 2005 
debris flow
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tensiometer consists of a porous ceramic cup, a 
plastic body tube, and a jet-fill reservoir cap. The 
ceramic cup is placed in good hydraulic contact with 
the soil and allows water transfer into and out of the 

tensiometer body based on the tension (suction) in 
the soil. The water tension in the soil causes a varia-
tion in pressure inside the tensiometer, which can be 
converted by the current transducer into an electrical 

Fig. 8   Data acquisition unit 
(a) and photovoltaic panel 
(b) installed in all monitor-
ing stations

Fig. 9   Rain gauge (a), anemometer (b) and thermo-hygrometer (c) installed in Monitoring Station N. 1



Geotech Geol Eng	

Vol.: (0123456789)

signal and used to determine the soil suction. The 
technical characteristics of the coupled tensiometers/
current transducers are shown in Table 5.

The selected piezometers are relative electric 
piezometers designed for measuring water levels in 
open tubes. They consist of a cylindrical metallic 
body housing the pressure transducer, complete with 
a porous front filter made of sintered steel, allow-
ing measurements unaffected by barometric pres-
sure since the sensor membrane communicates with 
the atmosphere through an integrated compensation 

capillary tube in the signal cable. The electronic com-
ponents are fully immersed in resin to ensure long-
term sealing. The piezometers were installed with 
Casagrande cells, positioned as close as possible 
to the potential sliding surface and equipped with a 
12.7 mm diameter tube and a 38.1 mm diameter tube 
(Fig. 12). Before installing the piezometers, the filters 
were presaturated. The measurement of interstitial 
water pressure at the Casagrande cell’s installation 
depth occurs by converting the pressure deforming 
the membrane connected to the sensor into a propor-
tional electrical signal. The electrical measurement of 
the output signal in mA is converted into kPa using 
the instrument’s sensitivity value as indicated on the 
calibration sheet of each instrument. The technical 
specifications of the chosen piezometers are listed in 
Table 6.

To monitor ground displacements continuously, 
chains of fixed inclinometers interconnected by 
rigid rods and bidirectional joints were installed 
inside these tubes. Within the inclinometer meas-
uring probes, two digital MEMS (microelectro-
mechanical systems) inclination sensors (biaxial 
probes) are mounted, measuring the inclination of 
the probe relative to the vertical in two orthogonal 

Table 1   Technical specifications for the selected rain gauge

Measure Rainfall precipitation
Sensor type Tipping bucket with mag-

netic reed switch
Rainfall intensity 0–1000 mm/h
Resolution 0.1 mm
Accuracy  ± 1% up to 120 mm/h
Output Contact closure (reed switch)
Working temperature  + 1 °C/ + 70 °C
Diameter (funnel) 20 cm
Height 43.5–46.5 cm
Weight 2.5 kg

Table 2   Technical specifications for the selected anemometer

Measure Wind speed and direction WIND DIRECTION
Sensor type 2-dimensional ultrasonic anemometer Full-scale Range 0°–359°
Measurement frequency 40 Hz block averaged to 1 Hz output Accuracy  ± 3°

frequency Resolution 1°
Working temperature − 35 °C/+ 70 °C WIND SPEED
Diameter 14.2 cm Full-scale Range 0–60 m/s
Length 16 cm Accuracy  ± 2% @ 12 m/s
Weight 0.5 kg Resolution 0.01 m/s

Table 3   Technical specifications for the selected thermo-hygrometer

Measure Air temperature and relative humidity AIR TEMPERATURE
Sensor type thermo-hygrometer Full-scale Range − 40 to + 70 °C
Sensor protection Outer glass-filled PP cap fitted with a stainless steel mesh Accuracy  ± 0.4 °C

dust filter with nominal pore size of < 30 μm. The sensor Resolution 0.001 °C
element is fitted with a PTFE protective film with a RELATIVE HUMIDITY
filtration efficiency of > 99.99% for particles of 200 nm Full-scale Range 0–100% RH

Diameter 12.5 mm Accuracy  ± 1.8%@25 °C
Length 115 mm Resolution 0.001% RH
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planes passing through the probes axis. Specifically, 
at the Monitoring Station N. 2, a 15 m long digital 
inclinometer chain (Fig. 13a) with 25 sensor nodes 
was installed; it is constructed with 5 modular seg-
ments of 3 m, with independent rods made of highly 

durable metallic material with a 0.61 m pitch con-
nected by mechanical joints, each equipped with a 
biaxial inclinometer sensor. Close to it, a 15 m long 
digital inclinometer chain (Fig. 13b) with 30 instru-
mented nodes equipped with biaxial inclinometer 

Fig. 10   Capacitive probe 
(a) and TDR sensors (b) 
installed in Monitoring Sta-
tion N. 1

Table 4   Technical 
specifications for capacitive 
probe and TDR sensors

Measure Volumetric water content
Sensor type Capacitive probe TDR sensor
Range 0% to saturation 0% to saturation
Resolution 1:10,000 0.1% VWC
Precision  ± 0.03% vol Better than 0.1% VWC
Working temperature − 20 °C/+ 60 °C 0 °C/+ 70 °C
Probe dimensions Diameter: 24.5 mm Head: 85 × 63 × 18 mm

Fig. 11   Tensiometers 
installed in Monitoring Sta-
tion N. 1
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sensors with a 0.5  m pitch, constructed with rigid 
segments, preassembled with flexible joints, and 
protected by a double layer of stainless-steel braid 
was installed as well. Figure 13c shows the installa-
tion phase of both the inclinometer chains.

At Monitoring Station N. 3, a 13 m long digital 
inclinometer chain (Fig. 14) was installed, consist-
ing of seven probes, five of which are 2  m long 
(1.5  m carbon fiber rod) and two are 1.5  m long 
(1  m rod), equipped with biaxial sensors in stain-
less steel casings. The technical specifications of 
the chosen inclinometer chains are listed in Table 7.

All monitoring points containing piezometers 
and inclinometers feature a protective pit equipped 
with a cover positioned over the head of the tubes 
to accommodate instrument anchoring material 
and cable passage. In Monitoring Stations N.2 and 
N.3, the two instrument boreholes are connected at 
the head via corrugated conduits, with an internal 
diameter of 4 cm, which extend from the boreholes 
along a 3-m pole up to a height of 1.80 m from the 
ground level, providing protection for four multipo-
lar cables. The 3-m pole allows for the installation 
of the reference data acquisition unit and the photo-
voltaic panel.

To capture and record the debris flow phenom-
enon, compact cameras with a 4  K UHD resolution 
image sensor at a frequency of 30 frames per sec-
ond were installed (Fig.  15a). These cameras have 
a horizontal image angle of 45°, an integrated tem-
perature sensor, an audio module (microphone and 
speaker), and an 8 GB micro SD internal DVR. They 
are housed in cases with an IP66 protection rating and 
utilize applications supported by artificial intelligence 
and deep learning. The entire video analysis and 
recording occur within the camera in real-time and 
with an integrated video processing. Images are cap-
tured in color during the day and in black and white at 
night. Table 8 lists the technical specifications of the 
chosen cameras.

In this research, sonic ranging sensors designed 
for a non-contact assessment of debris flow depth 
were installed (Fig. 15b). These sensors gauge depth 
by emitting an ultrasonic pulse (50  kHz), which is 
reflected back when encountering a reflective object 
(such as debris flows) and captured by the sensor. The 
time taken for the sound waves reflected from the tar-
get to return is measured. Given the well-established 
variable of the speed of sound, the distance to the 

Table 5   Technical specifications for coupled tensiometers/
current transducers

Measure Negative pore water pressure
Sensor type Jet-fill tensiometer and solid state 

differential silicon shear stress/strain 
gauge

Full-scale range 0–1 bar
Linearity 0.25% F.S
Output 4–20 mA
Working Temperature 0 °C/+ 60 °C
Tensiometer length 30, 60, 90, 120, 150 cm

Fig. 12   Piezometer installed in Monitoring Station N. 2

Table 6   Technical specifications for the selected piezometers

Measure Positive pore water pressure
Sensor type Relative piezometer
Full-scale range 200 kPa
Sensitivity 0.01% F.S
Accuracy 0.3% F.S
Output 4–20 mA
Working Temperature − 10 °C/+ 70 °C
Diameter 22 mm
Length 190 mm
Weight 0.25 kg
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object can be determined. Table 9 lists the technical 
specifications of the chosen sonic ranging sensors.

4 � Discussion and Conclusions

The main objective of designing this monitoring 
system is to validate existing and potential landslide 
inception and propagation models used in previous 
research. This validation aims to fine-tune the land-
slide inception model and the alert model for using it 
in early warning systems, after a sufficiently extensive 
monitoring period.

The design of the integrated monitoring system, 
the definition of the acquisition time and the pro-
cessing of the measured data were based on previous 
studies conducted in the study area. The best sus-
ceptibility map obtained by the authors (Fig. 3) was 
used to locate the three monitoring stations aimed 
at validating and forecasting the proposed inception 
methodology,.

Geophysical investigations, consisting of twenty-
six seismic refraction tomographies (each 48 m long), 
and in  situ geotechnical investigations, comprising 
eighteen mechanical continuous borehole drilling 
with depths ranging from 5 to 20 m, allowed identify-
ing the thickness of the class VI gneiss (about 2 m at 
the head of channels). This made it possible to deter-
mine the depths at which instruments (tensiometers, 
TDR sensors and capacitive probes) were installed in 
Monitoring Stations N.1 and 2 (Fig. 16). Additionally, 
two piezometers were installed at the base of class VI 
gneiss at depths of 1.70 m and 2.0 m in Monitoring 
Stations N.2 and N.3, respectively. The maximum soil 
depth for embedding inclinometer casing tubes was 
also defined using the same investigations.

Instrumentation for monitoring the propaga-
tion phase (cameras and sonic ranging sensors) was 
located along the propagation path of significant 
past debris flows in the study area (2001 and 2005). 
Numerical analyses of these events provided data on 
the height and velocity of the debris flow front, which 
made it possible to set both the height for the sonic 

Fig. 13   Inclinometers installed in Monitoring Station N. 2: 25 sensor nodes inclinometer (a), 30 sensor nodes inclinometer (b), and 
installation phase (c)
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ranging sensors (Fig.  17) and the optimal distance 
between different sensors, necessary to optimize their 
acquisition time.

The decision to use multiple instruments measur-
ing the same parameters, such as TDR sensors and 
capacitive probes, or two types of inclinometers in the 
same borehole, was driven by the intention to design 
a redundant monitoring system, thereby increasing 
system reliability. Redundant sensors allow the sys-
tem to continue functioning despite individual com-
ponent failures without compromising overall per-
formance. Additionally, this setup aims at verifying, 
for research purposes, the accuracy of conventional 

instruments compared to more advanced ones. Fur-
thermore, both the capacitive probe and the TDR sen-
sors were selected and positioned within the soil to 
ensure nearly continuous soil moisture measurement 
along the depth of investigation. Similarly, TDR sen-
sor installation depths matched those of the jet-fill 
tensiometers to correlate in  situ soil water content 
with negative pore-water pressures measured at the 
same depths. The decision to use fixed inclinometers, 
despite providing less detailed deformation profiles 
than manual probes, was driven by the fact that, in 
the monitored phenomenon, displacements are con-
centrated in shallow depth layers. Additionally, these 

Fig. 14   Inclinometer 
installed in Monitoring Sta-
tion N. 3

Table 7   Technical specifications for inclinometers

Measure Horizontal displacement
Sensor type MEMS sensor MEMS sensor MEMS sensor
Range  ± 30°  ± 60°  ± 15°
Resolution 9 arcseconds  ± 2 arcseconds 0.00056°
Working Temperature − 10 °C/+ 40 °C − 35 °C/+ 60 °C − 30 °C/+ 70 °C
Weight 0.54 kg per 0.6 m gauge length 0.2 kg/segment 2.4 kg in total (1.5 m 

length)/2.5 kg in total 
(2 m length)
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movements are analysed alongside other variables, 
such as pore-water pressures, whose variations occur 
so rapidly that they require high-frequency measure-
ments not feasible with manual readings conducted 
with removable inclinometers.

Moreover, landslide monitoring systems rely on 
electrical power sources, such as batteries and solar 
panels, ensuring power redundancy. The reason to 
implement redundant power supplies is to ensure con-
tinuous operation even if the primary power source 
fails or is disrupted.

Finally, the temporal frequency for instrument data 
acquisition for inception analysis was selected to also 
develop a potential warning model for early warning 
systems. Continuous and real-time rainfall data acqui-
sition is essential,, hence the chosen temporal fre-
quency values. For other sensors (jet-fill tensiometers, 
TDR sensors and capacitive probe), a precautionary 
data acquisition frequency of 30 s was set, consider-
ing the shallower sensors, soil hydraulic conductivity, 
state parameters, and potential drying vertical cracks.

Additionally, the temporal frequency for data 
acquisition of the instruments installed for the propa-
gation analysis was set considering both the numeri-
cal analysis results and the instrumentation features. 
Specifically, the decision to capture images at a 

Fig. 15   Monitoring stations for debris flow propagation: camera (a); sonic ranging sensor (b) and Monitoring Station Cam 1—SL1 
(c)

Table 8   Technical specifications for the selected cameras

Measure Flow motion
Resolution 4 K UHD
Max frame rate (MxPEG+): 20fps@4 K
Chip Quad-core ARM 

Cortex-A53 (up to 
1300 MHz)

Accuracy  ± 1 cm or 0.4% of 
distance to target, 
whichever is greater

Working Temperature − 40 °C/+ 65 °C

Table 9   Technical specifications for the selected sonic rang-
ing sensors

Measure Debris flow depth
Sensor type sonic
Range 0.5–10 m
Resolution 0.25 mm
Accuracy  ± 1 cm or 0.4% of distance 

to target, whichever is 
greater

Working Temperature − 45 °C/+ 50 °C
Diameter 7.6 cm
Length 10.1 cm
Weight 0.4 kg
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frequency of 30 frames per second was influenced by 
the potential use of these images for particle track-
ing velocimetry (tracking the movement of individual 
particles) or particle image velocimetry (measur-
ing the average displacement of a set of particles). 
Since determining flow velocity with these techniques 
involves dividing particle movement between two 
consecutive frames by the time interval for captur-
ing image pairs, setting the correct values for spatial 
and temporal resolution is essential. Regarding the 

sonic ranging sensors, the temporal frequency for 
data acquisition was set to one second considering 
the flow velocity, the minimum distance between two 
sensors, and their measurement time.

The use of instruments like piezometers, incli-
nometers, tensiometers, TDR sensors and capacitive 
probes, installed within slopes susceptible to debris 
flow inception, can be extremely useful to comple-
ment rainfall measures. These instruments make 
it possible to quantify the effect of rainfall on the 

Fig. 16   Geophysical and 
geotechnical in situ inves-
tigations (modified from 
Ciurleo et al. 2020). Leg-
end: (1) weathered gneiss 
of class III; (2) weathered 
gneiss of class IV; (3) 
weathered gneiss of class 
V; (4) weathered gneiss 
of class VI; (5) terraced 
marine deposits; (6) coastal 
and alluvial deposits; (7) 
2001 debris flow; (8) 2005 
debris flow

Fig. 17   Propagation analysis results for the most significant debris flows occurred in the study area (modified from Ciurleo et al. 
2020)
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water advance front inside the soils involved in the 
shallow landslides (class VI gneiss), consequently 
changing soil suction and shear strength, and on the 
groundwater. This will help improve the landslide 
inception and warning models. On the other hand, 
instruments such as cameras and sonic ranging sen-
sors used to monitor debris flow propagation help 
refine the landslide propagation model, enabling the 
design of risk mitigation protective measures.

Therefore, the novelty of this study lies in the 
methodological approach used to design the inte-
grated monitoring system, starting from the best 
susceptibility map for the inception of the area 
obtained by the authors in previous studies. The 
monitoring system, founded on traditional and inno-
vative technologies, can be used both to validate the 
integrated methodology proposed by the authors for 
analysing the inception, propagation, and accumula-
tion of debris flows and to define the alert model for 
using it in early warning systems for fast landslides. 
Once the methodological approach is validated at an 
intermediate scale and verified by the in  situ inte-
grated monitoring system descibed in this paper, it 
can be trasferred to different scales in similar geo-
logical and geotechinal contexts. Therefore, the 
proposed methodology, coupled with the integrated 
monitoring system, could become a relevant tool for 
the management and the mitigation of landslide risk 
at both local and territorial scale.
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