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A B S T R A C T

The physical and geotechnical characterization of surficial geological systems forming slopes and the definition 
of soil hydrological conditions leading to rainfall-induced shallow landslides are key factors for the effective 
landslide hazard assessment and setting of Landslide Early Warning Systems (LEWS). Indeed, poor knowledge of 
the thicknesses, local stratigraphic features and geotechnical properties of soil/regolith coverings, as well as their 
soil hydrological status, can lead to oversimplified assumptions resulting in high uncertainties in the prediction 
of landslide hazard in space and time. This work proposes the integration of geotechnical and geophysical ap
proaches to advance the reconstruction of surficial engineering geological models and the assessment of the 
hydrological status of soil-covered slopes prone to landsliding, to be used for the setting of physical-based slope 
models. A combined field and laboratory geotechnical and geophysical study of a sector of Mount di Vezzi (Ischia 
Island, southern Italy), known for the recurrent shallow rainfall-induced landslides affecting settlements in the 
foothills, was carried out to test our approach. As a principal result, the integration of both approaches advances 
the reconstruction of a comprehensive physical model of the potentially unstable slopes. Significantly, the 
coupling of geophysical and geotechnical properties, such as electrical resistivity, volumetric water content and 
soil water pressure head, allows the use of resistivity as a proxy for the hydrological status of the soil mantled 
slopes at a volume scale consistent with that of the initial stage of shallow landslides, ranging from 101 to 103 m3. 
The results obtained are expected to be applicable for the definition of the parameters of physical-based slope 
models to be used for supporting LEWS, built on rainfall thresholds and hydrological measurements, thus for the 
estimation of the spatial and temporal variation of shallow rainfall-induced landslide hazard.

1. Introduction

The engineering geological and hydrological characterization of soil- 
covered slopes potentially prone to rainfall-induced shallow landslides 
is essential for the effective setting of physical-based models aimed at 
the hazard assessment through Landslide Early Warning Systems 
(LEWS) (Borga et al., 1998; Dietrich and Montgomery, 1998; Lu and 
Godt, 2008; Simoni et al., 2008; Baum and Godt, 2010; Ren et al., 2010; 
Arnone et al., 2011; Salciarini et al., 2012, 2017; Park et al., 2013; Rossi 
et al., 2013; Chen and Zhang, 2014). Physical-based slope models 
consider both static and dynamic variables (Napolitano et al., 2016; 
Salvatici et al., 2018; Forte et al., 2019; Tufano et al., 2021). The first, 
such as stratigraphic, geotechnical and morphological settings, control 
the triggering of landslides in space. Instead, the second ones, such as 

the soil hydrological status, determine the landslide occurrence in time. 
Therefore, the knowledge of local stratigraphic features and thickness of 
the soil/regolith coverings, geotechnical characterization and soil hy
drological conditions are key factors to avoid oversimplified assump
tions of physical-based slope models aimed at spatial and temporal 
landslide hazard assessment. This means that high-quality physical and 
geotechnical datasets are required to reconstruct reliable physical-based 
models of rainfall-induced shallow landslides. Indeed, poor knowledge 
of soil hydrological and geotechnical parameters and their spatial dis
tribution can lead to high uncertainties in the model output and thus to 
low accuracy in predicting spatial and temporal occurrence of landslides 
(e.g. Tofani et al., 2017; Prancevic et al., 2020; Pirone et al., 2023).

Currently, the parameters of physical-based models of slopes 
potentially prone to shallow landslides are essentially determined by 
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integrating basic morphological data (slope angle) and sparse geotech
nical investigations, as well as sporadic and localized soil hydrological 
monitoring. All these types of field investigations consist of site-specific 
measurements or sampling, which generally investigate soil volumes in 
the order of 10-3 – 10-1 m3. They can therefore hardly capture the spatial 
variability and heterogeneity of geotechnical and hydrological soil 
properties (Baecher and Christian, 2003) on a scale corresponding to 
that of landslide phenomena, which extends over volumes several orders 
of magnitude larger (102 – 106 m3).

In contrast, geophysical prospecting can define the buried strati
graphic setting and its physical properties over an underground volume 
that is more representative of the hydrological conditions controlling 
slope instability due to surface measurements carried out over large 
areas. A comprehensive review of the geophysical investigation of 
landslide areas was given by Jongmans and Garambois (2007). Although 
the authors highlighted the advantages of the most widely used 
geophysical techniques in this application field, such as seismic refrac
tion, electrical resistivity tomography, passive seismic and ground 
penetrating radar, they also provided a critical analysis of their limita
tions. These were mainly attributed to shortcomings in discussing the 
resolution and penetration depth of each method, in critically explaining 
the geological interpretation of geophysical data, and in achieving 
quantitative information from geophysics in terms of geotechnical pa
rameters and hydrological properties. Subsequently, based on this re
view, Pazzi et al. (2019) analysed papers published between 2007 and 
2018, with the main objective of demonstrating the efforts made by the 
geophysical community to overcome the limitations highlighted by 
Jongmans and Garambois (2007). Due to recent advances in geophysical 
technologies and data processing methods, Pazzi et al. (2019) high
lighted in their review significant improvements in the geological 

interpretation of geophysical data and in the resolution of the applied 
methods. Indeed, various successful examples of the integrated use of 
geotechnical and geophysical data for the study of areas affected by 
landslide phenomena have been published in recent years (e.g. Zarroca 
et al., 2014; Crawford et al., 2015; Giocoli et al., 2015; Crawford and 
Bryson, 2018; Pasierb et al., 2019; Khan et al., 2021; Kiernan et al., 
2022). Conversely, the analysis of previous studies revealed very few 
efforts to establish quantitative relationships between geophysical data 
and geotechnical/hydrological parameters. The present paper aims to 
contribute to this issue by developing an integrated approach, based on 
geophysical and geotechnical field and laboratory investigations, which 
is expected to advance the characterization of slope areas potentially 
prone to shallow rainfall-induced landslides. The proposed procedure 
has been tested on a slope area located on the Ischia Island (Campania, 
southern Italy), well known from chronicles for the recurrent deadly 
landslides that hit settlements located at the footslopes. In particular, a 
joint analysis of in-situ and laboratory geotechnical and geophysical 
data was carried out to obtain a detailed characterization of the strati
graphic, physical and hydrological conditions of the pyroclastic deposits 
on Mount di Vezzi (Ischia Island, southern Italy), from which five debris 
flows (Figs. 1, 2 and 3) initiated on 30 April 2006 causing the loss of four 
human lives. An integrated analysis of the investigated geophysical and 
geotechnical parameters was also performed to establish a possible 
empirical relationship between resistivity and soil hydrological vari
ables, such as effective saturation and soil water pressure head. This 
could allow the use of the geoelectrical monitoring to estimate the hy
drological status of the soil cover at the slope scale, which is a key factor 
in the setting of effective LEWS based on hydrological measurements.

Fig. 1. High-resolution hillshade of the Ischia Island with an inventory of landslide phenomena (Fusco et al., 2023). Key to symbols: red polygons) larger landslides; 
yellow dots) punctual landslides. The location of the study area at Mount di Vezzi is represented by the purple rectangle (zoomed in Fig. 2).
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2. Study area and landslide description

The Ischia Island, located in the north-western sector of the Gulf of 
Naples (Fig. 1), is characterized by very complex geological features 
consisting of volcanic series and structures covered by diffuse marine 
and continental deposits. The geological complexity of the Island is due 
to the alternation of phases of construction of the volcanic structure, 
initiated before 150 k-years ago, and dismantling, caused by the inter
action of volcano-tectonic phenomena and slope instability (de Vita 
et al., 2006; 2010; Della Seta et al., 2012; 2015; Marmoni et al., 2017).

The most important reliefs of the island are Mt. Epomeo (787 m a.s. 
l.), formed by a resurgent block in a large green tuff caldera (Selva et al., 
2019), and Mount di Vezzi (392 m a.s.l.), formed by a 150 m thick lava 

dome (Vezzoli, 1988), which controls the morpho-structural setting of 
the mountain. The latter is formed, from the bottom, by the “Scarrupata 
di Barano” Formation, constituted by tuffs and tuff-breccias with ash-fall 
pumices and alcalitrachitic lavas, the Pignatiello Formation, constituted 
by very thick strata of lapilli, pumiceous ash-fall breccias, unwelded ash- 
flow and pumice-flow deposit, belonging to the Green Tuff of the Mount 
Epomeo Formation, and finally the Piano Liguori Formation, constituted 
by light colored ash with intercalated pumiceous lapilli levels (Chiesa 
et al., 1987; Vezzoli, 1988). In addition, abundant detrital deposits are 
widespread in the area, mostly derived from landslide processes devel
oped along the volcanic slopes (Mele and Del Prete, 1998). The climate 
features are typically Mediterranean with humid winter and dry and hot 
summer and classifiable as “hot dry-summer” (Csa) (Beck et al., 2018), 

Fig. 2. Landslides of April 30, 2006 on Mount di Vezzi (see Fig. 1). The five landslides were numbered from East to West. The shading indicates the slope angle (red 
above 40◦). The colors in the landslide areas correspond to the type of landslide mechanisms (Cruden and Varnes, 1996; Hungr et al., 2014): yellow) debris slide; 
green) debris avalanche; cyan) debris flow. Location of test pits and joined dynamic penetrometer tests (TP1, TP2 and TP3) are shown in the surrounding of the 
landslide source area. 11 ERT, SP geophysical investigations and test pit T4 used for soil sampling were carried out in a nearby area (see Fig. 3) represented by the 
yellow rectangle. The valleyward path of landslide No. 5 is truncated due its continuation in the hydrographic channel as a hyperconcentrated flow, thus in form of a 
flood phenomenon. Coordinates are in UTM WGS84 system (Fuse 33).
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Fig. 3. (a) Frontal view of Mount Di Vezzi northern slope with landslides of 30 April 2006 (No. 2, 3, 4 and 5 in Fig. 2; No. 1 is not visible from this point of view) and 
approximate location of the geophysical survey (red rectangle, see Fig. 2). (b) Distribution of the 11 ERT profiles; the continuous and dashed red lines represent the 
closed loop where the SP measurements were taken, while the white arrowheads and the white dot on profile 1 indicate the path of the SP measurements and the final 
reference point of the entire SP dataset, respectively (Barde-Cabusson et al., 2021). (c) Photograph of the IRIS-SYSCAL PRO georesistivimeter equipped with two 
multi-electrode cables (yellow wires in c and d) of 24 electrodes each spaced 1 m apart.
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with mean annual precipitation of about 820 mm and mean annual air 
temperature of 15.5 ◦C. The predominant land cover type occurring in 
landslides sources areas is chestnut deciduous forest (Castanea Sativa).

Due to the high relief energy, the Ischia Island has been recurrently 
affected by landslides induced by heavy rainfall events and earthquakes, 
as indicated by previous studies (Mele and Del Prete, 1998; Fusco et al., 
2023), which recognized 240 landslide phenomena on the Island since 
historical times. These phenomena have varied from shallow debris 
slides evolving in flow-like types (debris flows and hyperconcentrated 
flows) with high catastrophic effects (Santo et al., 2012), involving py
roclastic and pedogenized soil coverings, to rockfalls of tuff and lava 
from steep slopes of coastal cliffs or fault scarps (Del Prete and Mele, 
1999; 2006; Alvioli, 2022; Massaro et al., 2024). Flow-like phenomena, 
occurring during intense thunderstorms, caused the repeated flooding of 
the urbanized areas of Casamicciola, Lacco Ameno, Maronti and Mon
terone (Forio), determining the greatest damage and loss of human lives 
since 1910 (Donzelli, 1910; Bordiga, 1914) and totaling 42 up to 2022.

Among the most important landslide events in recent decades are the 
debris slide – debris flows (Cruden and Varnes, 1996; Hungr et al., 2014) 
that occurred in January 1997, July 1999, September 2001, April 2006, 
November 2009, November 2022 (de Riso et al., 2004; De Vita et al., 
2007; Santo et al., 2012; Romeo et al., 2023) involving from 5 × 103 m3 

to 50 × 103 m3 of pyroclastic, marine sedimentary and pedogenized 
materials, as well as wooded vegetation cover, with a very rapid and 
catastrophic kinematics and causing the loss of 4 (2006), 1 (2009) and 
12 (2022) casualties.

Regarding the study area, on April 30, 2006, in the early hours of the 
morning, five shallow debris slides were triggered on the northern side 
of the Mount di Vezzi, which moved down the slope as very rapid flow- 
like landslides, channeling into the hydrographic network and reaching 
the footslope. One of the landslides hit and destroyed a building located 
at the outlet of a channel, causing the loss of four human lives. The 
landslides were recognized as shallow slope movements, involving the 
loose pyroclastic soils covering the volcanic bedrock with an average 
depth less than one meter. Furthermore, the landslides appeared to be 
complex in style and, according to the grain size of the depleted soils, 
classifiable as debris slides-debris flows with an intermediate phase of 
debris-avalanches (Cruden and Varnes, 1996; Hungr et al., 2014). The 
landslides were preliminarily studied by field investigations consisting 
of topographic, stratigraphic, geotechnical tests and resistivity surveys 
(De Vita et al, 2007; Di Maio et al., 2007). The main results were the 
recognition of a rotational kinematics of the initial debris slides 
involving very loose and permeable surficial ash-fall pyroclastic deposits 
overlapping a fine ash pyroclastic soil with higher compaction grade and 
lower permeability. Based on these characteristics, the landslides that 
occurred on Mount di Vezzi on April 30, 2006, can be considered 
analogous to the numerous other cases that have occurred along the peri- 
vesuvian carbonate slopes (De Vita et al., 2013; Napolitano et al., 2016; 
Fusco et al., 2021; Sepe et al., 2023).

3. Materials and methods

The proposed integrated approach consists of two phases related to 
in-situ and laboratory measurements of geotechnical and geophysical 
parameters whose combination allowed a comprehensive characteriza
tion of the investigated test site at the slope scale. Due to difficult 
operating conditions caused by high slope angles ranging from 35◦ to 
50◦ and dense wood vegetation, only part of the field engineering 
geological investigations was carried out directly in the landslide source 
areas, which consisted of 3 test pits joined with dynamic penetrometer 
tests (TP1, TP2 and TP3 in Fig. 2). Instead, geophysical investigations, 
consisting of electrical resistivity tomography (ERT) and self-potential 
(SP) surveys, jointly with geotechnical surveys, were carried out later
ally to the landslide source areas at a site located about 100 m eastward, 
with a lower slope angle (30◦) and scarce wood vegetation (Fig. 2), 
therefore favorable for the correct deployment of electrical cables.

As demonstrated by the observation of stratigraphic features, this site 
was recognized as equivalent to the landslide source areas in terms of the 
soil horizons involved in landsliding. At the same site, 3 sets of undis
turbed soil samples were collected by a test pit and analyzed using both 
laboratory geotechnical and geophysical methods (T4 in Fig. 2). The 
combined geotechnical and geophysical field survey of the test site was 
conducted in May 2017.

3.1. Engineering geological characterization of landslide materials

3.1.1. Geotechnical field testing
The surficial deposits involved in the landslides that occurred on 

April 30, 2006, on Mount di Vezzi were investigated by a stratigraphic 
characterization of outcrops corresponding to the main scarps and flanks 
of landslides, road cuts and test pits manually dug. Specifically, a cri
terion based on the nomenclature of pedologic soil horizons was applied 
(Soil Science Division Staff, 2017; USDA, 2022).

Natural cuts and outcrops, as well as 3 test pits, allowed the obser
vation of approximately the first 3 m of the soil pyroclastic mantle, 
measured along the vertical (apparent thickness), in landslide source 
areas. To extend the information obtained from the stratigraphic surveys 
to a greater depth and to indicatively characterize the mechanical 
properties of the soil cover overlying the bedrock, 3 dynamic pene
trometer tests were carried out for each test pit location. A dynamic 
penetrometer specifically designed to be easily transported under diffi
cult operating conditions was used. This consists of a 6 kg beating mass 
(m) falling from a height of 0.5 m (H) onto an anvil (m’) of 3.2 kg; the 
latter is connected to a 16 mm diameter rod series (1.58 kg/m), at the 
bottom of which is a standard tip (CENT/TC 341 N 119 E, 2003) with a 6 
× 10-4 m2 area (A). The total energy developed by the falling mass is 
29.43 J (m × H × g). The soil shear strength can be appraised, starting 
from the number of blows (Nz) required to penetrate the depth interval 
(z), using the penetration resistance (R) expressed by the “Dutch For
mula” (Sanglerat, 1972; Cassan, 1988): 

R[Pa] =
m × H × g

A × z
Nz

×
m

m + mʹ (1) 

The value of the penetration interval (z) at which the dynamic 
strength was discretized is 0.1 m. Another fundamental aspect of the 
engineering geological characterization of the soil coverings involved in 
landslides was the estimation of the saturated hydraulic conductivity 
(Ksat field) by means of borehole infiltration tests carried out with the 
Amoozegar permeameter (Amoozegar, 1989), also known as CCHP 
(Compact Constant Head Parameter) (Reynolds and Elrick, 1986). It 
allows a constant hydraulic head (H) to be maintained in a borehole 
(with radius r) under a given influx water discharge (Q), i.e. with a water 
level lower than the ground surface. This condition is achieved by 
neutralizing the natural hydraulic head by means of a hydraulic circuit 
in which the air can entry after overcoming an equivalent pressure 
(principle of the Mariotte’s bottle). This infiltration test is prolonged 
over a relatively long period of time to minimize effects of the unsatu
rated flow transitory. The Ksat field can be estimated by means of the 
Glover formula (Zangar, 1953), which is derived from the solution of 
Darcy’s law for a flow through a cylindrical surface, applied in saturated 
and steady-state conditions (Horton, 1933; Philip, 1957): 

Ksatfield =
C × Q

2 × π × H2

where : C = sinh1
(

H/r

)[(
r
/

H
)2

+ 1
]1 /2

+ r/H

(2) 

In a test pit representative of the stratigraphic condition (T4 in 
Fig. 2), three series of 9 undisturbed soil samples were taken for each soil 
horizon investigated, respectively at 0.50 m, 1.50 m and 2.50 m of 
depth, during the same period as the geotechnical and geophysical field 
testing. Specifically, the soil samples were collected by gently pushing 
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plastic tube samplers (diameter of 80 mm and length of 150 mm) 
vertically into the soil after digging to the desired depth and forming a 
horizontal surface (see photograph in Fig. 10 for an example of sam
pling). For each series, 2 or 3 soil samples were characterized by 
geotechnical laboratory methods, while the others were used for the 
characterization of geophysical properties. The soil samples were tested 
in laboratory for the characterization of both the physical and index 
properties, needed for the classification with the USCS international 
system (ASTM D2487-06, 2006), and the geophysical properties.

3.1.2. Geotechnical laboratory testing
Geotechnical index properties were determined using standard lab

oratory procedures: particle specific gravity (Gs), grain size analysis by 
both sieving and sedimentation methods, Atterberg limits (wL and wP) 
and Plasticity Index (PI = wL − wP); Soil Organic Matter (SOM). Porosity 
(n) and void ratio (e) were also estimated. The laboratory tests were 
carried out according to the ASTM and BS standards for the grain size 
(ASTM D421; ASTM D2217; ASTM D422), consistency limits assessment 
(ASTM D4318; British Standard 1377) and loss on ignition technique 
(ASTM D 2974).

Relationships between volumetric water content (θ) and soil water 
pressure head (h) were estimated using empirical pedotransfer functions 
(Saxton and Rawls, 2006; Saxton and Willey, 2006) based on gravel 
content and relative content of sand, silt and clay grain size fractions as 
well as organic matter content and porosity. Soil Water Retention Curves 
(SWRCs) were then estimated by interpolation of θ and h data by means 
of the van Genuchten model (1980): 

θe =
θh − θr

θs − θr
=

1
(1 + α⌈h⌉n

)
m, (3) 

where: θe is the effective saturation [dimensionless]; θh [cm3⋅cm− 3] 
is the volumetric water content corresponding to each value of soil water 
pressure head h [cm] and saturation degree; θs and θr [cm3⋅cm− 3] are the 
saturated and residual water contents, respectively; α[cm− 1], n 
[dimensionless] and m = 1–1/n [dimensionless] are the fitting param
eters of the van Genuchten equation, which were obtained using the 
RETC software (van Genuchten et al., 1994) by minimizing the standard 
deviation between experimental data and model.

3.2. Geophysical study

3.2.1. Geophysical field testing
Numerous examples in the literature clearly demonstrate the wide 

applicability of geophysical investigations for the study of potential 
landslide hazard areas, both in terms of measurement techniques and 
geological settings (e.g. Jongmans and Garambois, 2007). The main 
information that these methods can provide are the identification of the 
vertical and lateral limits of the landslide body (i.e. differentiation be
tween soil covering and bedrock) and the characterization of the layers 
(horizons) that form the soil covering. However, it should be empha
sized that electrical and electromagnetic methods are also capable of 
detecting and characterizing the occurrence of groundwater or soil 
moisture within the investigated underground volume, due to the close 
correlation between the electrical parameters provided by these 
methods and the water content permeating the investigated buried 
geological formations. Given the purpose of the present study, two 
electrical methods, i.e. electrical resistivity tomography (ERT) and self- 
potential (SP), were chosen to define the electro-stratigraphy of the soil 
covering and the physical conditions of both the soil horizons and the 
underlying bedrock. It should be noted that while ERT prospecting in 2D 
or 3D mode is one of the most widely used electrical geophysical tech
niques for landslide hazard assessment (e.g. Di Maio and Piegari, 2011; 
Perrone et al., 2014; Gance et al., 2016; Di Maio et al., 2020; Zhang 
et al., 2021), SP surveys, when combined with ERT techniques, have 
been proven to be particularly useful for the study of the groundwater 

flow (e.g. Thirard et al., 2020 and references therein). However, to the 
best of our knowledge, there are no examples of the application of the SP 
method to the study of shallow landslides involving the ash-fall pyro
clastic soils mantling the slopes of the peri-volcanic mountain areas of 
the Campania region (southern Italy).

3.2.1.1. ERT survey. The ERT prospection consists of obtaining the 
distribution of apparent electrical resistivity values in the vertical cross- 
section along a survey profile (2D mode) or in a volume (3D mode) by 
placing a 3D electrode layout on the ground surface (e.g. Loke and 
Barker, 1996a). The distribution of the real resistivity values is then 
obtained by inverting the estimated apparent resistivity data through 2D 
or 3D inversion procedures, usually based on linearized least-square 
methods with local optimization techniques (e.g. Loke and Barker, 
1996b; Loke and Dahlin, 2002; Papadopoulos et al., 2010). If it is not 
possible to arrange a 3D electrode array, it is common practice to merge 
the results of a number of 2D ERTs along parallel profiles and to invert 
the acquired apparent resistivity data using 3D inversion approaches 
(pseudo-3D mode) (e.g. Dahlin and Loke, 1997).

The ERT survey in the study area consisted of 2D tomographies 
carried out along 11 parallel profiles, 47 m long and 2 m apart, located 
on a slope with little rough morphology (yellow rectangle in Fig. 2), but 
with an elevation difference of about 14 m between the first and the last 
profile (Fig. 3a). Apparent resistivity data were acquired by the IRIS- 
SYSCAL PRO georesistivimeter, equipped with multi-electrode cables 
characterized by an inter-electrode spacing of 1 m (Fig. 3b, c). The pole- 
dipole electrode configuration was used, which allowed an investigation 
depth of about 15 m below ground level (b.g.l.). After filtering the 
collected data to remove any signals due to noise, the RES2DINV soft
ware (Loke and Barker, 1996b; Loke, 2004) was used to invert the 
apparent resistivity values observed along each measurement profile, 
taking into account the true topography of the profiles ranging from 
approximately 349 to 353 m a.s.l.. Due to the high-spatial resolution of 
the 2D ERT survey, the acquired data were also inverted using a pseudo- 
3D inversion scheme implemented by the RES3DINV algorithm. For 
both the 2D and 3D inversions, the finite-element method and the 
complete Gauss-Newton inversion algorithm were chosen to relate the 
model parameters to the model response and to determine the change in 
the model parameters (Loke and Barker, 1996b; Loke and Dahlin, 2002), 
respectively. The root mean square (RMS) error was found to be less 
than 3 % and 4 % for the 2D and 3D inversions, respectively, reflecting 
the high reliability of the obtained resistivity models, which are shown 
in Figs. 6 and 7.

3.2.1.2. SP survey. SP prospection consists in the measurement of nat
ural electrical potential difference (ddp) on the ground surface due to 
anomalous electrical charge distributions in the subsoil. They can be 
generated by different phenomena, such as redox reactions around ore/ 
metallic bodies, electrochemical processes related to zones with 
different ionic concentrations and electrokinetic phenomena associated 
with underground fluid and/or heat flow circulation (e.g. Revil and 
Jardani, 2013 and references therein). In hydrogeological problems, the 
electrokinetic mechanisms are mainly responsible for the SP anomalies 
observed at the ground surface (e.g. Revil et al., 2003; Soueid Ahmed 
et al., 2016).

The SP survey on the Ischia Island was carried out along the ERT 
profiles shown in Fig. 3a. To obtain a network of intercorrelated mea
surements, the natural ddp values were continuously collected between 
pairs of adjacent points, 1 m apart, belonging to the whole circuit 
formed by the 11 ERTs (Figs. 2 and 3a). This acquisition mode allows the 
application of reference and closure corrections to reduce cumulative 
errors due, for example, to cultural noise (Barde-Cabusson et al., 2021
and references therein). A high-impedance voltmeter (sensitivity 0.1 
mV) and two non-polarizable copper electrodes immersed in a copper 
sulfate solution were used for data acquisition (Fig. 3d). The SP drops 
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along the circuit were recorded between two consecutive measuring 
points when the signal reached a steady state.

To get information on the depth location of the polarization field 
sources, the collected SP data were processed using a 3D tomographic 
inversion method that considers the topographic effects on the acquired 
data (Patella, 1997; Di Maio et al., 1998; 2000). Basically, the method 
consists of evaluating the cross-correlation function between the 
observed electric field and the field expected from a synthetic electric 
source located at any point of the investigated subsurface volume. 
Through an appropriate normalization process of the cross-correlation 
function (Patella et al., 1997), a Charge Occurrence Function (COF) is 
obtained, which is constrained to vary between − 1 and 1, with 
maximum negative and positive values indicating a major occurrence of 
negative and positive charge accumulation zones, respectively.

3.2.2. Geophysical laboratory testing: Resistivity versus saturation degree 
curves

To reconstruct a physical model of the landslide source areas at the 
slope scale, considering also the spatial distribution of the saturation 
degree (θe), laboratory resistivity (ρ) measurements were carried out at 
varying values of volumetric soil water content (θ) on samples collected 
from the investigated ash-fall pyroclastic soil cover (see Section 3.1.1). 
Specifically, a total of 11 samples representative of three different py
roclastic soil horizons, taken at depths of 0.50 m (5 samples), 1.50 m (3 
samples) and 2.50 m (3 samples), were analyzed. To simulate in-situ 
conditions, the resistivity measurements were performed at room tem
perature and standard pressure on samples saturated with rainwater, 
characterized by an electrical conductivity of 152 μS/cm, using the 
Wenner four-electrode technique (e.g. Taylor and Barker, 2002). The 

resistivity vs. saturation degree curves for the analyzed samples were 
obtained by oven drying them and evaluating the effective saturation 
values, θ e, (for details of the experimental approach, the reader is 
referred to Di Maio and Piegari (2011) and De Vita et al. (2012).

4. Results

The coupled geotechnical and geophysical characterizations, both 
based on field and laboratory measurements and tests, allowed the 
reconstruction of respective conceptual and physical models that 
resemble the features of the landslide source areas. The two models were 
successively integrated with each other to enhance the understanding of 
factors favoring the landslide susceptibility, as well as the hydrological 
conditions preparing and leading to the landslide triggering. The results 
of the respective characterizations are reported below.

4.1. Field characterizations of landslide source areas

4.1.1. Engineering geological model
The test pits dug in the landslide source areas, at the tops of land

slides crowns (Fig. 2), allowed the identification of a common strati
graphic setting. Taking into account the lithological identification of 
soils and the nomenclature of the principal pedologic soil horizons (Soil 
Science Division Staff, 2017; USDA, 2022) and USCS classification 
(ASTM D2487-06, 2006), the following series of ash-fall pyroclastic soils 
was recognized in all the cases (Fig. 4): 1) A soil horizon, classifiable as 
organic soil (Pt); 2) B soil horizon, mainly characterized by weathered 
pumiceous pyroclasts with grain size ranging from lapilli to coarse ash, 
dispersed in a slightly organic sandy-silt matrix, classifiable as sand with 

Fig. 4. Stratigraphic columns reconstructed at the tops of landslides main scarps (cfr. Fig. 2). The stratigraphic characterization is based on the nomenclature of the 
main pedologic soil horizons (Soil Science Division Staff, 2017; USDA, 2022). The red dashed lines indicate the trace of the sliding surface which were inferred based 
on stratigraphic observations and topographic measurements carried out along the landslide main scarp and flanks. The depths are true (stratigraphic thickness), i.e. 
calculated perpendicularly to the slope surface.

R. Di Maio et al.                                                                                                                                                                                                                                Catena 247 (2024) 108509 

7 



silt with diffuse root apparatuses and bioturbation structures (SM); 3) 
upper C horizon (C1), consisting of pumiceous and subordinately 
scoriaceous pyroclasts with low weathering degree, locally reworked, 
with grain size ranging from lapilli to coarse ash (with maximum 
dimension up to 20 mm), classifiable as gravel and sand with silt (GM); 
4) lower C horizon (C2), made of light brown compact ash with sporadic 
presence of reddish crusts, classifiable as low plasticity silt (SM); 5) Bb 
horizon, defined as a buried B layer, therefore assimilable to a paleosol 
(SM); 6) R horizon, representing the volcanic bedrock, which in the 
initiation areas is formed of welded scoria in very thick strata with an 
upstream dipping attitude. The root apparatuses of the vegetation, 
comprising mainly of chestnut trees, were found to extend down to the B 
horizon, being scarcer in the deeper soil horizons. From a lithostrati
graphic point of view, the volcaniclastic series can be referred to the 
“Piano Liguori” Formation (Vezzoli, 1988; Orsi et al., 1996), based on 
the characters of the C soil horizon, which represents the parent mate
rial. Regarding the initiation areas, the instability mainly involved the 
first three soil horizons and only marginally the lower compact ash 
horizon.

The results of the dynamic penetrometric tests were expressed in 
terms of dynamic penetration resistance (Rd). The sum of the shallow 
soil horizons, A + B + C1, results roughly homogeneous in terms of Rd 
and generally characterized by lower values (average 1.8 MPa), corre
sponding to a very loose relative density degree. In contrast, the C2 soil 
horizon, corresponding to the compact ash, is distinguished by higher 
values of Rd (average 5.3 MPa) (Fig. 5). Owing to the lack of specific 
empirical correlations, the estimated values of Rd can give qualitative 
indications about the shear strength values of the tested soils, which can 
be considered lower in the shallower soil horizons (A, B and C1) 
compared to the deeper ash soil horizon (C2).

Regarding the estimation of the hydraulic conductivity, the constant 
head borehole permeability tests showed a saturated field hydraulic 

conductivity (Ksat field) value of about 1 × 10-4 m⋅s− 1 for the B soil ho
rizon, with a very rapid and negligible transient from unsaturated to 
saturated flow, consistent with the coarse grain size and the low relative 
density of this soil horizon. In contrast, the test showed a Ksat field value 
of about 1 × 10-7 m⋅s− 1 for the lower C2 compact ash horizon. Although 
the A and C1 soil horizons were not tested due to their small thickness, 
the results obtained allowed us to recognize a strong difference in the 
saturated hydraulic conductivity between shallow and deeper soil ho
rizons of about 3 orders of magnitude.

These results allowed the identification of an engineering geological 
model of the landslide source areas, which is characterized by the 
proneness of the shallow A, B and C1 soil horizons to slope instability 
under heavy rainfalls and preceding unfavorable soil hydrological con
ditions. This conceptual model is supported by the field observations in 
the landslide source areas, which show the involvement of the shallow 
soil horizons in landsliding, and by the lower shear strength and high 
hydraulic conductivity of these soil horizons, which are in contrast with 
the higher shear strength and lower Ksat of the deeper soil horizon not 
involved in landsliding.

At the same time, as it will be shown in the next sections, this con
ceptual model supports the validity of the geophysical investigations 
carried out at a site close to the landslide source areas, characterized by 
the same soil horizons, as well as the results of geotechnical and 
geophysical laboratory tests carried out on undisturbed soil samples.

4.1.2. Geophysical model
Fig. 6 shows the 2D inversion results obtained for the eleven ERTs 

carried out along the profiles 2 m apart in the yellow rectangle of Fig. 2. 
Looking at Fig. 6, it is well evident in all the 2D images the presence of a 
shallow layer, about 2–3 m thick, characterized by relatively high re
sistivity (ρ) values ranging from 500 Ωm to 1500 Ωm, with local maxima 
reaching values of about 3000–4000 Ωm. This layer overlaps a much 
more conductive soil horizon, about 10 m thick, recognized by ρ values 
varying from about 40 Ωm to 160 Ωm, with scattered nuclei even more 
conductive (ρ ~ 20–30 Ωm). Both electro-layers dip to the north and are 
therefore characterized by a geometry parallel to the slope. At a depth of 
about 13–14 m from the ground level, the resistivity increases and 
reaches the highest values observed, i.e. about 7000–8000 Ωm. Refer
ring to the whole sequence of 2D resistivity tomographies (Fig. 6), or, 
equivalently, to the 3D model in Fig. 7, it can be recognized that the 
third electro-layer dips to the N at a greater angle than the first two 
layers, gradually deepening until it is no longer visible within the 
investigated subsurface volume.

Fig. 8 shows the SP map of the investigated area. The observed low- 
and high-frequency SP anomalies can be attributed to electrokinetic 
causes, as other phenomena, such as electrochemical and/or minerali
zation, would be unlikely for the geological materials present in the 
study area. Therefore, it is plausible to assume that the water regime of 
the slope under investigation is responsible for the electrical charge 
accumulations induced along discontinuities separating media with 
different electrical properties. Specifically, relatively deep sources due 
to different lithological/stratigraphic characteristics of the ash-fall py
roclastic soil horizons would be responsible for the relatively low- 
frequency anomalies observed in the northern and southern sectors of 
the study area. Conversely, the higher frequency anomalies observed in 
the central sector of the area may be related to shallower local sources. 
In other words, the SP map (Fig. 8) highlights the occurrence of a 
relatively deep dipolar field, oriented approximately SW-NE, ascribable 
to stratigraphic discontinuities, whose trend is locally disrupted by 
higher frequency anomalies, generally negative, due to rather superfi
cial inhomogeneities of limited extent associated with areas of higher 
anion concentrations because of the infiltration of gravitational capil
lary water into the subsoil.

Fig. 9 shows the results of the 3D tomographic inversion of the SP 
data, which provides the underground electrical charge distributions 
likely to be responsible for the SP anomalies observed at the surface (see 

Fig. 5. Example of comparison between the dynamic penetrometer log 
executed for the landslide 2, expressed in terms of dynamic resistance (Rd), and 
the stratigraphic column reconstructed at the landslide top (TP1 in Fig. 2). The 
red dashed line indicates the trace of the sliding surface.
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Fig. 6. 2D inversion result of the 2D ERT data acquired along the 11 profiles (yellow box in Figs. 2; Figs. 3a and 3b).
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Fig. 8 and Section 3.2.1.2). As can be seen, the computed values of the 
Charge Occurrence Function (COF) were estimated to be in the range of 
approximately − 0.3 to 0.15.

The most striking correlation between the 3D ERT and SP tomo
graphic images in Figs. 7 and 9, respectively, is the pattern of positive 
and negative charge accumulations, which roughly resembles the 
observed resistivity discontinuities. We note that such a pattern (see 
Fig. 9b), probably due to polarization charges induced along structural 
and/or physical discontinuities, correspond well to the morphology of 
the horizontal discontinuity between the first two resistivity layers and 
to a vertical pattern possibly related to a fracture system characterized 
by a pronounced fluid mass flow. The latter would thus be responsible 
for the primary charge sources accountable for the observed positive and 
negative clusters. Interestingly, the location and depth of the two posi
tive charge accumulations in Fig. 9b correspond to the most conductive 
parts of the second electro-layer identified in Fig. 7a and 7b with the two 
dark blue zones. The observed charge configuration can be explained by 

considering the electro-kinetic origin of the recorded potentials, i.e. 
streaming potentials (Sharma, 1977). In particular, the positive SP 
source zones would be associated with groundwater accumulation areas, 
whereas the negative SP source concentration zones are probably due to 
water infiltration along the hypothesized fracture system.

4.2. Laboratory geotechnical and geophysical characterizations of 
landslide materials

Laboratory geotechnical and geophysical characterizations of the 
soil horizons involved in landsliding were performed on soil samples 
collected in a test pit dug in the area where the ERT and SP surveys were 
carried out. Due to operating constraints, this area was identified in the 
nearby of the landslide source areas (Fig. 2) and considered equivalent 
for the stratigraphic setting.

The test pit T4 (Figs. 2 and 10), dug by hand tools down to the depth 
of 2.50 m, revealed a stratigraphic setting formed from the top: A soil 

Fig. 7. 3D inversion result of the 2D ERT data acquired along the 11 (yellow box in Figs. 2; Figs. 3a and 3b): a) shown in the north direction; b) in the west direction.

Fig. 8. SP map of the investigated area (yellow box in Figs. 2; Figs. 3a and 3b).
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Fig. 9. 3D inversion result of the SP data acquired at Mt. Vezzi (yellow box in Figs. 2; Figs. 3a and 3b)., shown in the north (a) and in the west directions (b). The 
image (b) highlights volumes characterized by specific ranges of electric charge occurrence values: max negative values (blue shades), max positive values (violet 
shades) and zero values (grey shades).

Fig. 10. Photograph of the test pit T4 executed in the area of the ERT and SP surveys (yellow box in Figs. 2; Figs. 3a and 3b) with reconstruction of the local 
stratigraphy (USDA, 2022) and indication of sampling depths and sample IDs. The plastic cylinder samplers are visible at the bottom of the test pit before being 
pushed into the soil for the undisturbed sampling.
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horizon, consisting of abundant humus and undecomposed organic 
matter (0 – 0.10 m depth; true thickness 0.086 m) (Pt); Bw soil horizon, 
formed by pedogenized soil with pumiceous lapilli dispersed in a sandy 
silt matrix (0.10 – 1.10 m depth; true thickness 0.86 m) (SM); BC soil 
horizon, partly pedogenized soil with scarce pumiceous lapilli dispersed 
in a silty sand matrix (1.10 – 2.10 m depth; true thickness 0.86 m) (SM); 
C1 soil horizon, formed by unweathered pumiceous lapilli (gravel) and 
coarse ashes (sand) corresponding to a deposit of the Piano Liguori 
Formation (2.10 – undefined depth) (GM). Three sets of undisturbed soil 
samples were collected from the three soil horizons and tested by lab
oratory geotechnical and geophysical procedures. The deeper C2 soil 
horizon, found in the landslide source areas, not involved in landsliding 
due to its higher shear strength and lower permeability, was not inter
cepted by the test pit.

4.2.1. Geotechnical laboratory characterization
The results of the geotechnical laboratory tests (Table 1) showed 

values of physical properties consistent with those determined in a 
previous study for the landslides that occurred on April 30, 2006, at 
Mount di Vezzi (De Vita et al., 2007) and with those typical of ash-fall 
pyroclastic soils covering carbonate mountains in the area surround
ing the Somma-Vesuvius volcano (De Vita et al., 2013).

The dry unit weight (γdry) is typically characterized by values lower 
than that of water, showing a variability with the depth of mean values 
from 8.21 kN⋅m3 of the Bw soil horizon, to 9.06 kN⋅m3 of the BC soil 
horizon to 6.95 kN⋅m3 of the C1 soil horizon. The values of the solid 
particle unit weight (Gs) are fairly constant at around 26.04 kN⋅m3. 
Porosity (n) and void ratio (e) are typically very high compared to other 
soil types, with respective mean values of 0.68 and 2.15, for the Bw soil 
horizon, 0.67 and 2.00, for the BC soil horizon and 0.73 and 2.64, for the 
C1 soil horizon. The lower values of γdry and the highest values of n and e 

of the deepest soil horizon are related to its coarser grain size and the 
intraparticle porosity of pyroclastic soils.

Index properties, grain size and Atterberg’s limits were also deter
mined on the soil samples, allowing their classification according to the 
USCS system (Fig. 11; Table 2). The mean values of gravel, sand, silt and 
clay grain size classes were estimated for each soil horizon, respectively 
as: 24.0 %, 56.7 %, 16.9 % and 2.4 % for the Bw soil horizon; 18.6 %, 
57.5 %, 20.9 %, 3.0 % for the BC soil horizon; 45.1 %, 36.5 %, 16.1 % 
and 2.3 % for the C1 soil horizon. The results of the grain size analysis 
confirmed the field observation of the coarser texture of the deepest soil 
horizons, corresponding to unweathered deposits of the Piano Liguori 
Formation. According to the USCS system and due to the passing fraction 
at the ASTM No. 200 sieve (0.075 mm), which is always greater than 12 
%, Atterberg’s limits were determined on the passing fraction allowing 
the classification by the Casagrande’s plasticity chart (Fig. 12). The re
sults show values of liquid limit (wL) lower than 50 % and Plasticity 

Table 1 
Physical properties of the soil horizons sampled at the Mount di Vezzi, as determined by the geotechnical laboratory tests.

Soil horizon ID Bw BC C1

Sample ID Unit S1 S2 S3 S4 S5 S6 S7

Depth (m) m 0.50 1.50 2.50
Dry unit weight (γd) kN⋅m3 8.02 8.32 8.31 8.44 9.69 7.36 6.54

Solid particle unit weight (Gs) kN⋅m3 27.65 24.87 25.16 26.18 28.02 25.60 24.86
Porosity (n) m3⋅m− 3 0.71 0.67 0.67 0.68 0.65 0.71 0.74

Void ratio (e) m3⋅m− 3 2.45 1.99 2.03 2.10 1.89 2.48 2.80

Fig. 11. Grain size curves of soil samples.

Table 2 
Results of the grain size analysis and classification of soil samples according to 
the USCS system.

Soil horizon ID Bw BC C1

Sample ID Unit S1 S2 S3 S4 S5 S6 S7

Depth (m) m 0.50 1.50 2.50
Gravel % 21.0 31.3 19.8 21.4 15.8 46.2 44.0
Sand % 62.4 49.5 58.3 55.5 59.5 34.8 38.2
Silt % 14.5 16.8 19.3 20.2 21.7 16.7 15.5
Clay % 2.1 2.4 2.7 2.9 3.1 2.3 2.3

Soil organic 
matter

% 7.2 6.5 6.8 3.9 3.5 1.2 1.0

USCS ¡ SM SM SM SM SM GM GM
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Index (PI) lower than 10 %, which allow the classification of the passing 
fraction as low plasticity silt (ML). Considering these results, the soil 
samples can be classified as sand with silt (SM) according to the USCS 
system.

Based on the results of the grain size and soil organic matter analyses 
(Table 2), pedotransfer functions (Saxton and Rawls, 2006) were applied 
to estimate the coupled value of volumetric water content (θ) and soil 
water pressure head (h), from which SWRCs were reconstructed and 
optimized parameters of the van Genucthen model were obtained by the 
RETC software (Table 3).

4.2.2. Geophysical laboratory characterization
Experimental data of effective saturation (θ e) vs. electrical resistivity 

(ρ) of the 3 sets of undisturbed soil samples collected from the selected 
sampling depths (Fig. 10) were obtained by geophysical laboratory tests 
(Fig. 13), allowing the reconstruction of empirical power-law functions 
(Table 4). A simple power-law, corresponding to the well-known 
Archie’s relationship (Archie, 1942), was obtained only for the curves 
related to the soil samples of the shallow soil horizon (Bw), while the 
fitting curves of the samples belonging to the other two deeper soil 
horizons (BC and C1 soil horizon) required slightly modified fit 
functions: 

θe =
(ρ

a

)1
b (4) 

θe =
(ρ

a

)1
b
− 1 (5) 

where a is the resistivity of the fully water-saturated rock sample and m 
is the cementation exponent (Glover, 2016). It is interesting to note that 
the value of a in Table 4, which constrains the resistivity value of each 
investigated soil horizon at zero saturation (i.e. θ e = 0), gives a re
sistivity estimate for the deepest horizon that is greater than those 
characterizing the first two soil horizons. This is in good agreement with 
the lithological nature of the C1 soil horizon, which is formed by coarser 
soils (see par. 4.2.1).

By extracting the soil water pressure head (h) from eq. (3), 

h =

[(
1
θe

)1
m
− 1

]1
n

α , (6) 

and combining it with the eqs. (4) and (5), the following empirical 
equations relating soil water pressure head to soil resistivity were 
reconstructed [eqs. (7) and (8)]: 
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Fig. 12. Results of Atterberg’s limits and classification of soil samples by the Casagrande’s plasticity chart (USCS classification; ASTM D 2487-83, 1985).

Table 3 
Parameters of the van Genuchten model provided by the optimized procedure performed by RETC software of the θ h and h data obtained by the Saxton pedotransfer 
functions (Saxton and Rawls, 2006).

Soil horizon ID Bw BC C1

Sample ID Unit S1 S2 S3 Mean S4 S5 Mean S6 S7 Mean

Depth m 0.50 1.50 2.50
θ r cm3 ⋅ cm− 3 0.1138 0.1110 0.1099 0.1116 0.0084 0.0051 0.0068 0.0032 0.0041 0.0036
θ s cm3 ⋅ cm− 3 0.5876 0.5857 0.5921 0.5885 0.4989 0.5379 0.5184 0.4625 0.4603 0.4614
α cm− 1 0.0060 0.0062 0.0063 0.0062 0.0058 0.0082 0.0070 0.0068 0.0070 0.0069
n − 2.8496 2.5807 2.5707 2.667 2.8246 1.8378 2.3312 2.0142 1.9558 1.985
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Fig. 13. Effective saturation (θ e) versus resistivity (ρ) curves (colored dots) for the analyzed samples belonging to the three selected sampling depths: 0.50 m (a), 
1.50 m (b) and 2.50 m (c). The dark green solid lines show the fitting curves obtained by the functions given in Table 4.
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Using the optimized fitting parameters of the van Genuchten equa
tion (Table 3) and the relationship linking the soil resistivity (ρ) to the 
effective saturation (θ e) (Table 4), empirical equations relating the soil 
water pressure head (h) to the soil resistivity were found (Fig. 14).

5. Discussion

In this work, an attempt of extending field and laboratory charac
terizations of soil coverings involved in rainfall-induced shallow land
slides was made by integrating geotechnical and geophysical 
techniques.

The proposed approach is to be considered novel because it aims to 
integrate the site-specific significance of geotechnical investigations, 
which are based only on local measurements and samplings and are 
therefore reasonably related to a volume scale varying from 10-3 to 10-1 

m3, with geoelectrical surveys, which involve underground volumes 
varying in the range 100 – 103 m3, and thus much more representative of 
the landslide scale. Furthermore, the results of this work demonstrate 
that the integration of both methodologies can be functional for two 
distinct objectives in the field to shallow rainfall-induced landslides 
hazard assessment.

The first is the reconstruction of the slope physical model, based on 
the integration of slope engineering geological and geophysical models, 
incorporating soil horizons prone to landsliding and their spatial fea
tures at the landslide scale, as well as geotechnical and geophysical 
properties. Without this type of integration, the slope physical model 
needed for modeling slope stability is usually reconstructed by spatial 

interpolations of stratigraphic and geotechnical data observed at the 
site-specific scale, which are affected by approximations depending on 
the distance between investigation points. Instead, our approach, 
relying on high-resolution 2D/3D images of the subsurface resistivity 
patterns, not only favor the spatial interpolation of local stratigraphic 
data obtained from test pits and dynamic penetration tests, but also al
lows to explore depths that would otherwise require the use of heavy 
drilling machinery, which is prevented by steep morphology and dense 
wood vegetation. In this regard, it is important to emphasize that the 
resistivity models (Fig. 6) are consistent and match well with those 
obtained from the geotechnical field investigations (Fig. 5). Indeed, they 
show an upper resistivity horizon (ρ > 250 Ωm) corresponding to the A, 
B and C1 soil horizons, an intermediate resistivity horizon (ρ < 250 Ωm) 
corresponding to the C2 soil horizon and a deeper resistivity horizon (ρ 
> 250 Ωm) corresponding to the local volcanic bedrock.

The second aspect concerns the assessment of the hydrological status 
of the soil covering, which is known to be predisposed to rainfall trig
gering (Fusco et al., 2017; Greco et al., 2023). This is based on the good 
correlation of the resistivity (ρ) with the soil water content (θ) and soil 
water pressure head (h), as well as on the close relationship between the 
SP anomaly pattern and the accumulation and movement of ground
water flows associated with landslide reactivation (Sujitapan et al., 
2019). In fact, rainfall could exert a major control on the SP given that 
the streaming potential is likely to be the main SP mechanism in po
tential debris-flow source areas. These correlations open the application 
of geoelectrical surveys to soil hydrological monitoring of soil mantled 
slopes prone to landsliding and to the setting of LEWS, in particular for 
what regards the antecedent hydrological conditions of the soil cover
ings. Indeed, the role of the antecedent hydrological status of the soil 
cover on the rainfall conditions that trigger shallow landslides 
(Napolitano et al., 2016; Fusco et al., 2021; 2022; Rianna et al., 2023; 
Levinna et al., 2024) is nowadays considered a fundamental part of 
LEWS, together with the rainfall nowcasting based on meteorological 
radar. In this regard, the relevance of the soil hydrological monitoring in 
the definition of LEWS has been demonstrated by many authors (e.g., 
Collins and Znidarcic, 2004; Sidle and Ochiai, 2006; Lu and Godt, 2013; 
Bogaard and Greco, 2016) due to the link between the antecedent soil 
water content, mostly in unsaturated conditions, and the decrease in soil 
shear strength, which predisposes to slope failure under a given rainfall 
event. Conversely, the decrease in antecedent volumetric soil water 

Table 4 
Fitting functions of the experimental curves θe vs ρ (Fig. 13) for the different soil 
horizons analyzed, where a is the resistivity of the porous medium for θe = 0, the 
exponent b is related to the properties of the medium and R2 is the coefficient of 
determination.

Horizon Depth 
(m)

Fitting 
function

a (Ωm) b R2

Bw 0.50 Eq. (4) 1313 ± 45 − 0.51 ±
0.01

0.90

BC 1.50 Eq. (5) 10010 ±
551

− 2.82 ±
0.28

0.86

C1 2.50 Eq. (5) 22194 ±
888

− 2.69 ±
0.17

0.83

Fig. 14. Continuous lines: relationships between soil resistivity (ρ) and soil water pressure head (h) for the three soil horizons considered. Dashed lines: relationships 
between soil resistivity and effective saturation (θ e) for the three soil horizons considered.
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content reduces the probability of slope instability under the same 
rainfall condition. Therefore, soil hydrological monitoring has progres
sively become a fundamental achievement to assess the hydrological 
response of the slope and to calibrate the hydrological numerical 
modelling (Greco et al., 2013; Lu and Godt, 2013; Comegna et al., 2016; 
Fusco et al., 2017; Bordoni et al., 2019; Fusco et al., 2019; 2022). In such 
a perspective, the application of the relationship between resistivity (ρ) 
and soil hydrological variables (θ and h) can be considered novel 
because it potentially allows the monitoring of the hydrological status of 
the soil mantled slopes and the value of the soil water pressure head (h), 
on which both the threshold value of the rainfall triggering shallow 
landslides (Napolitano et al., 2016; Fusco et al., 2022; Rianna et al., 
2023; Levinna et al., 2024) and the variable shear strength under un
saturated conditions (Lu and Likos, 2004) depend. Moreover, our results 
open new perspectives regarding their potential uses in data-driven or 
physically based modeling LEWS based on considering the antecedent 
hydrological status of the soil cover.

Furthermore, continuous SP monitoring could help to identify 
changes in the distribution of the SP source accumulation zones related 
to the groundwater flow dynamics (Colangelo et al., 2006). These 
achievements can be considered as a practical and cost-effective 
advancement of traditional soil hydrological monitoring techniques, 
which are based on the use of tensiometers or other sensors (time- 
domain reflectometer and electrical capacitance meter), whose signifi
cance is strictly site-specific and potentially affected by installation 
problems.

Limitations of the proposed approach include the spatial heteroge
neity of hydrological and geotechnical parameters of soil horizons 
sampled for laboratory tests, which would reduce the reliability of 
correlations with geophysical properties at larger scales. This in turn 
may lead to uncertainties in model outputs, i.e. may affect the accuracy 
of predictions of the spatial and temporal occurrence of landslides. 
However, it should be noted that previous studies by the authors in 
similar landslide contexts (Di Maio et al., 2020; Pirone et al., 2023), in 
favorable homogeneous stratigraphic conditions, have shown good 
agreement between the volumetric water content obtained by field time 
domain reflectometry measurements and that estimated by combining 
ERT measurements with the resistivity vs. water content characteristics 
curves of different soil horizons. Moreover, although geophysical pro
specting methods can define the buried stratigraphic setting and its 
physical properties over subsurface volumes, they are constrained by 
lateral and vertical resolution. Particularly for spatially highly hetero
geneous soil covers, this constrain could prevent the accurate identifi
cation of predisposing factors for very shallow landslide occurrence.

Further developments of the research would require continuous 
monitoring of the soil hydrological regime of the pyroclastic soil cover, 
coupled with repeated geoelectrical surveys over time, to assess not only 
seasonal variability but also the effects of long-term climate change on 
hydrological factors predisposing to and triggering slope instability (Liu 
et al., 2024; Ye et al., 2024). Finally, an expected future advancement of 
the research would be the coupling of resistivity measurements with 
slope stability analysis through the knowledge of shear strength data.

6. Conclusions

Due to the increasing risk from shallow rainfall-induced landslides, 
which is favored by both the increased frequency and intensity of 
rainstorms induced by the climate change and the expansion of urban
ized areas in footslope zones, the research into effective methods for 
assessing the hazard from rainfall-induced shallow landslides is a major 
scientific challenge. Therefore, the integration of geotechnical and 
geoelectrical techniques appears to be a promising approach for a better 
definition of the physical models of potentially unstable slopes, which is 
needed for the assessment of slope stability. This extended concept of the 
slope model, which can be named physical model, is intended to 
contribute to the estimation of the spatial component of the landslide 

hazard, namely the landslide susceptibility. Moreover, the coupling of 
geophysical and geotechnical properties, such as resistivity, volumetric 
water content and soil water pressure head, enables the use of resistivity 
as a proxy for the hydrological status of the soil mantled slopes. On the 
other hand, the SP appears to be suitable for monitoring groundwater 
conditions, thus providing precursory information for early warning of 
landslides. This allows the use of geoelectrical surveys to estimate the 
hydrological status of the soil cover at the scale of the initial stage of 
shallow landslides (100 – 102 m3), which in turn allows the estimation of 
the temporal component of the landslide hazard and supports the setting 
of Landslide Early Warning Systems (LEWS) based on rainfall 
thresholds.

The approach proposed in this work is meant to be a proof of concept 
that can be developed into standard procedures and applied in all areas 
worldwide affected by shallow rainfall-induced landslides hazard.
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