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Abstract: Performing a reliable stability analysis of a landslide slope requires a good understanding
of the internal geometries and an accurate characterisation of the geotechnical parameters of the
identified strata. Geotechnical models are commonly based on geomorphological data combined
with direct and intrusive geotechnical investigations. However, the existence of numerous empirical
correlations between seismic parameters (e.g., S-wave velocity) and geotechnical parameters in the
literature has made it possible to investigate areas that are difficult to reach with direct instrumenta-
tion. These correlations are often overlooked even though they enable a reduction in investigation
costs and time. By means of geophysical tests, it is in fact possible to estimate the N-SPT value and
derive the friction angle from results obtained from environmental seismic noise measurements.
Despite the empirical character and a certain level of uncertainty derived from the estimation of
geotechnical parameters, these are particularly useful in the preliminary stages of an emergency, when
straight data are not available and on all those soils where other direct in situ tests are not reliable.
These correlations were successfully applied to the Theilly landslide (Western Alps, Italy), where
the geotechnical model was obtained by integrating the results of a multi-parameter geophysical
survey (H/V seismic noise and ground-penetrating radar) with stratigraphic and geomorphological
observations, digital terrain model and field survey data. The analysis of the triggering conditions
of the landslide was conducted by means of hydrological–geotechnical modelling, evaluating the
behaviour of the slope under different rainfall scenarios and considering (or not) the stabilisation
interventions present on the slope. The results of the filtration analyses for all events showed a
top-down saturation mechanism, which led to the formation of a saturated face with a maximum
thickness of 5 m. Stability analyses conducted for the same events showed the development of a
shallow landslide in the first few metres of saturated soil. The modelling results are compatible
with the actual evolution of the phenomenon and allow us to understand the triggering mechanism,
providing models to support future interventions.

Keywords: landslide; H/V; GPR; slope stability analysis; N-SPT; SEEP/W; SLOPE/W

1. Introduction

Mountains and hills are increasingly the target of instability phenomena, capable of
causing loss of life and extensive damage to infrastructure [1–3]. Several kinds of landslide
exist; they can involve different materials [4,5], and can be triggered by different factors.
Among them, heavy rainfall is one of the most important [6–10].

The growing rise in landslide phenomena has increased the demand for adequate
stability analyses of the areas subject to gravitational movements. The basis of a reliable
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stability analysis is the geological model of the landslide, which must faithfully represent
reality. To realise it, a good knowledge of the landslide phenomenon and the availability of
a good data set is necessary. Landslide geological models are commonly built based on ge-
omorphological data combined with direct and invasive investigations such as excavations,
boreholes and surveys [11–13]. These methodologies are very common but expensive and
require an easily accessible area. Moreover, being point survey techniques, they necessitate
more measurements than indirect survey methodologies such as geophysical techniques.
The latter allow the reconstruction of subsurface geometries based on variations in physical
characteristics measured from the surface [14–16].

As reported in [17], geophysical techniques are widely used to detect subsurface prop-
erties, and study buried geometries and map landslide areas. Among the most widely used
geophysical techniques employed to investigate landslides are seismic refraction, electrical
tomography, passive seismic and ground penetrating radar (GPR) [14,16,18–25]. These
techniques are widely used because of their many advantages, despite some limitations.
Geophysical methods, in fact, allow large areas and volumes to be investigated and the
mechanical properties of dry and wet soils to be determined because acquired data reflect
the geological and hydrological characteristics of the area. Moreover, measurements can be
repeated without disturbing the environment, and, above all, they can be used in contexts
that are difficult to reach by classical instrumentation (e.g., drilling machines). However,
geophysical techniques have limitations due to the calibration of the data set and the
decrease in resolution with depth, and, furthermore, they provide the physical parameters
of the subsurface and not the geotechnical ones. For this reason, geophysical techniques
are considered complementary to geotechnical techniques, and their use allows a detailed
study of a landslide slope.

In this work, geophysical techniques such as single-station environmental seismic
noise (analysed according to the horizontal-to-vertical spectral ratio, HVSR or H/V, [26])
and GPR measurements were used to support geotechnical investigations (geognostic
survey such as the standard penetration test and geotechnical in situ and laboratory
tests) to return a detailed geological model for subsequent numerical modelling. The H/V
spectral ratio measurements are increasingly used in landslide areas to identify the potential
slip surface [27–30]. In fact, they make it possible to identify deep surface discontinuities
separating materials characterised by a strong acoustic impedance (loose material versus.
bedrock) [22] and references therein). The technique requires the use of portable and not so
heavy instruments and has the great advantage that it can be used in all those environments,
such as landslides, which are difficult to reach. Thanks to new high-resolution antennas, the
GPR technique has been widely used in recent years to map the subsurface and identify its
geometric characteristics [31–35]). GPR has also been applied with good results in landslide
studies to obtain a detail of the landslide structure, to identify the depth of the sliding
surface, and lithological contacts. The radargram can in fact provide a scan of the internal
structure of the landslide and the distribution of water within it [24,36–38].

The combined use of geophysical and geotechnical data made it possible, in this
study, to create the geological model employed in the stability analysis that was carried
out by performing a combined filtration and stability analysis using the GEOSLOPE
package [39,40]. Indeed, evaluating the effect of pore water pressures is fundamental
to understanding the mechanism of slope failure in the case of landslides triggered by
precipitation. The SEEP/W software [39] allows, through an implicit solution of the Darcy
equation, to evaluate the pore water pressure and to build models describing the movement
of water within porous materials. The results obtained from the filtration modelling can be
entered into the SLOPE/W software [40], which allows stability models to be built using the
limit equilibrium method (LEM). Among the various solutions of LEM methods proposed
to solve the Factor of Safety (FS), the one proposed by [41] was used [42–44]. Ref. [41]
developed a solution in which the relationship between vertical and horizontal interface
forces is expressed through an unknown function, whose parameters are derived from the
global mass balance ([13] and references therein). The geotechnical parameters, necessary
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for modelling, are generally derived from direct in situ or laboratory tests. In this work,
the parameters were derived by applying empirical formulas using the N-SPT parameter
derived from direct and indirect tests. In particular, the values of Vs allowed the N-SPT
value to be estimated and the friction angle (ϕ′) to be derived, which was subsequently
inserted into the stability analysis models. Although the existence of these formulae is
known, they are to date scarcely used in the modelling of landslide slopes, as it is preferred
to derive the parameters from direct evidence. In this paper, it is shown how the estimated
geotechnical parameter can be used with good reliability for stability analyses.

The methodology was validated for the Theilly landslide (AO, Italy), for the study
of which direct data (survey and samples) and indirect data (H/V and GPR data) were
collected to reconstruct the geometry of the slope under study. The combined analysis
of geophysical and geotechnical data led to the creation of the geological model of the
landslide. The model subsequently allowed the study of the various phases of reactivation
of the movement through filtration–stability analysis, allowing the FS of the slope to be
evaluated before and after the collapse of the works. The stability analysis also allowed
the evaluation of the slope in the presence of bioengineering works, such as grassing
interventions.

2. Study Area and Landslide Description

The village of Theilly (in the Fontainemore municipality, Aosta province, North-West
Italy, Figure 1) rises at 840 m a.s.l. on the right bank of the Lys Stream. The slopes of
the Lys valley were deeply modelled by the action of the great Quaternary glaciers and,
subsequently, the valley was further eroded by four main processes: (a) the powerful
action of the Lys stream, which engraved a V-shaped valley in the U-shaped glacial valley;
(b) the erosive processes implemented by the surface and subsurface circulation of water;
(c) the effect of gravity; and (d) the anthropic intervention. Therefore, the morphology of
the area is typically post-glacial, characterised by the presence of the confluence step and
the slope sector downstream of the main glacial terraces. In particular, the steep slope of
Theilly is made up of a thick Quaternary detrital cover characterised by detrital deposits of
mixed genesis (deposits consisting of materials linked to the rehash of pre-existing deposits,
mainly glacial deposits), and undifferentiated glacial deposits (heterogeneous deposits,
made up of blocks of various kinds immersed in a silty–sandy matrix [45] (Figure 1a).
This interpretation is based on direct evidence gathered during a dedicated geological
survey [46] and is consistent with the information on regional geological maps at a scale of
1:100,000. The blocks have dimensions from centimeters to meters. The rocky substratum
is mainly made up of micaschists. The slopes of the Lys valley are also characterised by
important water circulation, and, thanks to the high permeability of the deposits and the
fractures of the bedrock, the water quickly reaches the valley, where the rocky substrate
emerges.

The Theilly landslide is classified as a shallow slide [5] affecting the debris deposits on
the slope downstream of the Theilly village. The sliding of the moraine material, arranged
on very high slopes, was caused by the undermining of the foot by the Lys stream. Disasters
in this sector have been ongoing for a long time, but the first reports recorded date back to
1975. Since 2011, numerous interventions have been carried out to restore and safeguard the
village, through the installation of gabions, which have allowed the revegetation of a large
part of the affected area (Figure 1b–e), without however resolving the instability situation.
Despite the restoration work, the landslide under study underwent several reactivations,
with damage to the gabions and falling blocks. Three major reactivations are highlighted:
25–28 November 2016, 24 November 2019 and 2–3 October 2020. All reactivations of the
landslide occurred following heavy rainfall of short duration, without however resolving
the situation of instability.
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images: [47].

3. Methods

The main goals of the work were the evaluation of the stability of the Theilly landslide
and the assessment of the triggering mechanism. The workflow is characterised by two
main phases:

1. processing and integration of geological, geophysical and spatial data;
2. stability analysis of two representative sections of the geotechnical model (Figure 2).
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Figure 2. Flowchart of the phases and data needed to reconstruct the geological–geotechnical model
of the slope employed in the stability analysis using the GEOSLPE package.

The geological model of the slope was created integrating geophysical and geotechni-
cal data collected in two campaigns (September–October 2021). All the available data were
used to build the geotechnical model of the slope in terms of stratigraphy, slope geometry
and geotechnical parameters for slope stability analysis through hydrological–geotechnical
modelling.

3.1. Geophysical Survey

Geophysical investigations (seismic noise single-station measures and GPR) were
conducted with the aim of characterising the landslide slope to identify the layering and
potential slip surface. Given the characteristics of the slope and the fact that the landslide
area was difficult to access to instrumentation, 35 single-station passive seismic (H/V)
measurements (red dots in Figure 3) were carried out and paired with a ground penetrating
radar (GPR) survey (yellow lines in Figure 3) on the terrace above the slope (Figure 3).

3.1.1. H/V Measurements

The microtremor methodology is a passive single-station analysis technique of environ-
mental seismic noise. The term microtremor refers to all surface vibrations, characterised
by low energy levels and low amplitudes, generated by both natural and anthropogenic
sources [48]. The horizontal-to-vertical spectral ratio (HVSR or H/V) technique developed
by [26] allows the natural frequency of vibration of a sedimentary deposit to be determined.
The spectral relationship between the amplitude of the microtremor measured along the
horizontal components (H) and the vertical ones (V) is assessed, as it is strongly correlated
with the geological setting of the site (e.g., [22,49,50]. The HVSR technique therefore allows
the fundamental or resonance frequency of a soil to be determined. The H/V ratio curve
shows the presence of one or more frequency peak/s in the case of heterogeneous soils
with high acoustic impedance contrasts. The peaks correspond to the presence of several
layers with different lithology and depth. If the depth (z) or S-wave velocity (VS) of the
upper layer is known, it is then possible to reconstruct the VS–z profile of the subsoil [51]
according to the well-known law:

f =
VS

4·h (1)

where h indicates the thickness of the layer. For this purpose, 35 H/V measurements
were collected near the landslide crown and within the landslide body (green dots in
Figure 3). The measurements were carried out using four three-way digital tromometers.
Measurements were carried out under free field conditions, setting a sampling frequency
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of 256 Hz and an acquisition time length of 20 min. The acquired measurements were
analysed and processed using the Grilla® software, and all records were processed in
the frequency range 0–128 Hz, considering time windows of 20 s each and applying a
smoothing technique based on a triangular window with an amplitude of 10%.
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3.1.2. GPR Measurements

The GPR technique is a geophysical, non-invasive and non-destructive method that
has become widely established in recent years due to its ability to return high-resolution
images of the area under investigation [33,38]. GPR is widely used in the fields of geology
for the identification of cavities, piezometric surface, stratigraphic succession and location
of buried services [18,24,37,38,52–56], and archaeology [57] and engineering [58–60].

The GPR method identifies changes in the physical properties of soil using an elec-
tromagnetic pulse generated by a radar antenna ([61–64] and references within). The
electromagnetic wave emitted by the transmitting antenna propagates in the subsurface
at a speed dictated by the dielectric characteristics of the materials. The emitted pulse is
reflected by the discontinuities/interfaces present in the subsoil or by the objects having
different relative dielectric permittivity, and then it is recorded by the receiving antenna
that measures the travel time [38,65,66]. The GPR method can reconstruct the stratigraphic
and hydrogeological characteristics of the subsurface.

The GPR instrument used in this study is the Cobra CBD Radarteam Sweden antenna;
it is a triple-band antenna with a frequency of 200–800 MHz, having decimetre resolution.
It is suitable for surveys with high resolution and limited depth of investigation. The depth
of investigation is a function of the frequency of the antenna and the electrical conductivity
of the soils being surveyed. In this specific case, profiles were performed on the terrace at
the escarpment with the objective of extracting information on the shallow stratigraphy
(first 6 m), evidenced by previous site restoration work. Yellow lines in Figure 3 show the
GPR traces performed.
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3.2. Empirical Equations and N-SPT

An efficient stability analysis is closely related to a good assignment of geotechnical
parameters (ϕ′ and c′) to the strata identified in the construction of the geological model.
However, it is not always possible to determine the geotechnical parameters from direct
tests, but indirect methods exist in the literature to be able to trace the values of ϕ′ and c′

also by using seismic parameters (VS) [67,68].
Shear wave velocity (VS) is a fundamental parameter for studying the dynamic prop-

erties of soils. Numerous empirical correlations exist in the literature that relate the value
of Vs to in situ tests such as the SPT test. In the absence of the direct measurements of Vs or
N-SPT, one of these values can be determined by indirect methods. Since the 1970s, numer-
ous Vs and N-SPT correlation studies have been conducted in Japan and the United States,
among which it is necessary to mention: [69–76]. There is extensive literature on these
correlations, the different fields of application [77–84] and their use for all soil types [85–87].

Most of the correlations in the literature have the following form:

VS = a·(NSPT)
b (2)

where the constants a and b were determined by different authors from a data set and by
statistical regressions. Therefore, by knowing the value of Vs or N-SPT, it is possible to
trace back by direct or inverse formula to one of the two unknowns.

Moreover, by having the value of N-SPT, it is possible to derive the value of the friction
angle ϕ′ directly using the RBS (road bridge specification) direct correlation method, which
is based on the following relationship:

ϕ′ =
√

15·NNORM + 15 (3)

where NNORM denotes the normalised value, derived from the following correlation:

NNORM =

(
σ′0
σ′v0

)0.5

·NSPT (4)

where σ′0 is the reference lithostatic pressure, assumed to be 100 kPa, and σ′v0 is the
effective vertical pressure at the depth of the test.

In this study, the Equations (2)–(4) were used to determine the value of N-SPT from
the known VS, expressing N-SPT as:

NSPT =

(
VS

a

) 1
b

(5)

The SPT test is among the most widely used methods for obtaining information on
poorly cohesive soils. This test returns with good reliability the properties of the investi-
gated soils, such as ϕ′, relative density (Dr), Young’s elastic modulus and S-wave velocity
(VS) [8,8]. By knowing the number of N-SPT blows from direct in situ measurements, it is
possible to obtain ϕ′ through correlations found in the literature.

3.3. Geotechnical Surveys

Geotechnical characterisation of the materials affected by the landslide was carried
out through laboratory tests and geognostic survey. The laboratory tests, performed on
samples collected in situ, consisted of (i) grain size analysis, (ii) determination of index
properties and (iii) determination of shear strength parameters. Blue dots in Figure 3 show
the location of the sampling sites: samples were collected at different locations on the slope
(both inside and outside the landslide body), at different depths (0.25 m, 0.37 m and 0.20 m),
to characterise in detail the materials involved in the slope dynamics.

Particle size analysis of the samples was performed by wet sieving in accordance with
ASTM (American Society for Testing and Materials) international standards [88]. The evalu-
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ation of the saturated hydraulic conductivity (Ksat) was performed in situ using a portable
constant-load permeability measuring device (Amoozmeter or CCHP, Compact Constant
Head Permeameter, [89]). Due to the nature of the soil, only one in situ saturated perme-
ability test could be performed at the T2 sampling point (Figure 3), at a depth of 37 cm from
ground level. The results were interpreted according to Glover’s solution [90–92]. Shear
strength parameters (effective friction angle ϕ′ and effective cohesion c′) of the samples
were determined by means of consolidated and drained direct shear tests under saturated
conditions with Casagrande-type shear equipment, applying procedures standardized
by [93]. Shear stages on the investigated samples were carried out using normal load values
(σN) of 73 kPa, 128 kPa and 177 kPa. The results are compatible with the data set of data
present in [94] and relating to similar terrains.

In addition, the geotechnical investigations included the drilling of a geognostic
borehole for continuous core investigation near the escarpment (yellow dot in Figure 3). The
investigation was conducted with the aim of determining the lithological and geotechnical
characteristics of the soils involved in the movement. The survey performed by continuous
coring reached a depth of 40 m and was equipped with an open-tube piezometer. During the
execution of the survey, 9 SPTs (standard penetration tests) were performed at the following
depths: 3.0 m; 6.0 m; 9.0 m; 12.0 m; 18.0 m; 21.0 m; 24.0 m; 27.0 m and 33.0 m. The SPT [95]
measures the number (N) of blows required to infill a standard mallet percussively, with a
predetermined drop height, a standard sampler. The sampler is lowered into the borehole
until it rests on the level to be examined. The number of blows required to penetrate it by
30 cm is called the number of blows N-SPT [25]. In addition, 7 soil samples were collected,
on which grain size analysis was performed. Finally, 4 Lefranc permeability tests were
performed [96]. The results of geotechnical investigations are reported in Section 4.2.

3.4. Slope Stability

The analysis of the triggering conditions of the Theilly landslide was conducted by
hydrological and geotechnical modelling, which allowed the identification of the variation
of the FS in response to various rainfall events. Combined filtration–stability analysis
was conducted with the codes SEEP/W and SLOPE/W, both belonging to the GeoStudio
2020 package [39,40].

Slope modelling in response to the rainfall event, i.e., analysis of saturated and un-
saturated flow along the slope under transient conditions, was conducted with the finite
element code SEEP/W. The code is based on the filtration law formulated by [97], which
describes the motion of water in a saturated soil. The law was later modified by extending
it to unsaturated soils [98,99]. The filtration model adopted is based on the equation of
motion and the equation of conservation of mass, in the form extended to unsaturated
conditions [99,100]. Under transient conditions, the input data are the precipitation val-
ues along the entire surface of the section under analysis. The filtration analysis made it
possible to reconstruct, in the slope affected by the landslide, the trend of interstitial soil
pressures as a function of the rainfall regime for the thirty days preceding the event.

The stability analysis was performed with SLOPE/W software. The negative and
positive interstitial pressure distributions calculated with the SEEP/W model during the
events were incorporated within the stability analysis. The code implemented the limit
equilibrium method (LEM), and the slope FS was calculated using the method of [41], in
which the relationship between vertical and horizontal interface forces is expressed through
an unknown function in which the parameters are derived from the global mass balance
([13] and references therein). The code usesof the Mohr–Coulomb criterion in terms of
effective stresses in the case of positive interstitial pressures, and the equation of [101] in
the case of negative interstitial pressures. In particular, the equation of [101] allows the
quantification of material strength under undersaturated conditions through the material
characteristic curve and effective shear strength parameters.
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4. Results
4.1. Geophysical Results

The distribution of single-station seismic noise measurements is shown in Figure 4a.
The 35 H/V measurements have been grouped into two sets (A and B in Figure 4a).
Figure 4b shows the H/V curves of group A, recorded near the landslide crown, while
Figure 4c shows the curves of group B, recorded on the landslide body. Thanks to previous
studies conducted on the landslide, it was possible to constrain by means of the Vs (Table 1)
the main identified natural peaks and determine the layer depth by solving Equation (1).
Both sections show the presence of a natural peak at about 3.3–4.3 Hz, corresponding to a
depth of about 18–35 m. It can be attributed to the interface between the weathered material
and the unweathered substratum. Some of the peaks at higher frequencies are both natural
and anthropogenic peaks. In particular, the presence of a second natural peak (group B) at
high frequencies of approximately 20–35 Hz, corresponding to a depth of 2–4 m, is evident.
It can be attributed to the interface between the anthropogenic fill present in the area and
the landslide.
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Figure 4. (a) Location of H/V measurements divided into two groups defined as A and B. (b) H/V
curves of group A recorded near the crown. (c) H/V curves of group B recorded on the landslide
body.

Table 1. Values of f (frequency), depth (h) and mean S-wave velocity (Vs) for each of the each of the
seismo-layers identified by the HVSR analysis.

Seismo-Layer f (Hz) h (m) Vs (m/s)

1 20–35 2–4 298
2 3.3–4.3 18–35 433
3 / ∞ 832

The acquired GPR data made it possible to create representative subsurface sections
at different depths (Figure 5) of the investigated area. The colour scale represents the
medium’s ability to absorb the impulse (cold colours) or reflect the signal (warm colours).
Therefore, a homogeneous and uniform medium will allow the signal to pass through
undisturbed, resulting in cold tones, while an anisotropic medium will show warmer
colours. The rectangle in red in Figure 5 shows the area affected by the landslide. At depths
between 1 and 4 m, there is an increase in interference, probably produced by the chaotic



Remote Sens. 2023, 15, 2159 10 of 27

material in situ. In this area, the investigation went down to a depth of 6 m, allowing a
detailed study of the area close to the crown of the landslide, where anthropogenic filling
had taken place because of the slope restoration work (approximately 4 m thick). Starting
from a depth of 4 m, in the red rectangle, the presence of an anomaly (warm colours)
extending up to 6 m (maximum depth reached by the survey) is noted. This anomaly can
be traced back to a stratigraphic change associated with the presence of decimetric-sized
gneiss blocks in this area. The investigation allowed for an understanding of the thickness
and extent of the fill, highlighting portions of major anomalies at different depths associated
with gneiss blocks of different sizes and the presence of an extremely heterogeneous layer
5–6 m thick.
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(d) Z = 4.0 m; (e) Z = 5.0 m; and (f) Z = 6.0 m. The colour scale represents the ability of the medium
to absorb/let the pulse pass through it.

4.2. Geotechnical Results

The samples analysed are representative of soils characterised by heterogeneous grain
size. They are mainly granular soils, with a predominance of a sandy fraction in samples
T1, T2 and T3, and a predominance of a gravelly fraction in sample T4. Based on grain size
analysis results, the soils involved in the landslide movement are classifiable as silty sands
(SM) according to USCS (Unified Soil Classification System) classification. Data from direct
shear tests indicated friction angle values in the range of 35◦ to 39.4◦ and a cohesion of
5.5 kPa (Figure 6). Table 2 shows the results of the tests performed on the samples.
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Figure 6. Mohr–Coulomb failure envelope for samples T1, T3 and T4.

Table 2. Summary of the geotechnical parameters of the four samples collected from the Theilly land-
slide. K = permeability constant load test; w = water content; ϕ′ = friction angle; and c′ = cohesion.

Sample T1 T2 T3 T4

Depth (m) 0.25 0.37 0.2 0.25
Gravel (%) 31.2 20.7 35.5 41.8
Sand (%) 36.8 40.2 48.5 34.1
Silt (%) 30.4 39 16 23.4

Clay (%) 1.6 0.1 / 0.7
USCS

Classification SM SM SM SM

K (m/sec) / 8.87 × 10−6 / /
K Hazen (m/s) 2.56 × 10−6 9.02 × 10−7 / 3.24 × 10−6

w (%) 8.6 33 1 2.8
ϕ′ (◦) 35 / 39.4 38.4

c′ (kPa) 5.5 / 0 0

The stratigraphy derived from the borehole showed the presence of reworked soil,
classified as anthropogenic fill, up to a depth of 7.5 m. From that depth, the survey showed
an alternation of coarse gravel with a sandy matrix that was partially-to-well cemented
and medium-to-coarse sand with pebbles of varying sizes, from millimetres to centimetres.
These gravel and sand layers were interrupted in the sequence by the presence of leucocratic
gneiss blocks with quartz, white mica, k-feldspar and chlorite. The results of particle size
analysis and the Lefranc permeability test, performed on the seven samples taken during
the survey, are summarised in Table 3.

Figure 7 shows the geological sections along the two investigated profiles, created
using the data derived from the stratigraphic survey and laboratory tests performed on the
samples taken.

Of the nine SPT tests performed, only those at a depth of 12.45 m (N-SPT = 44) and at
21.45 m (N-SPT = 80) were usable. The remaining seven failed, as the number of hits (N)
exceeded the value of 50 for a 15 cm section, this value representing ‘Rejection’, i.e., the end
of the test.
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Table 3. Summary of the geotechnical parameters of the borehole. C1, C2, C3 and C4 indicate
the samples at various depths on which the tests were performed. K = permeability coefficient
determined by the Lefranc permeability test.

Sample C1 C2 C3 C4 C5 C6 C7

Depth (m) 4.5–4.8 10.0–10.2 14.5–14.7 18.20–18.50 20.0–20.40 30.0–30.3 33.3–33.6
Pebble (%) 19.4 31.5 / / / / /
Gravel (%) 35.2 30.1 9.8 52.2 34.4 47.2 23.9
Sand (%) 30.6 23.3 88.8 36.4 49.1 32.8 62.3

Silt/Clay (%) 14.8 15.1 1.4 11.4 15.5 18.8 13.8
USCS Classi-

fication GM-GC GM-GC SW GW-GM SM-SC SM-SC SM-SC

K (m/s) / 6.9 × 10−6 / / 2.14 × 10−5 4.94 × 10−6 1.08 × 10−5
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4.3. Landslide Modelling

The geophysical investigations, the geotechnical characterisation of materials in situ
and in the laboratory, and the results of the survey allowed the creation of a detailed
geotechnical model of the landslide area. The data agreed in showing the presence of three
layers, characterised by an increase in the degree of thickening with depth. It is justified by
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an increase in seismic wave velocities and by an alternation of coarse sands and gravels
with a sandy matrix, whose cementation increases with depth, interspersed with altered
gneissic blocks. Slope modelling was carried out in two areas of the slope by making two
geological–technical sections (A–A’ and B–B’) (black lines in Figure 3). Section A–A’ covers
the slope section affected by the 2020 landslide. Section B–B’, on the other hand, covers a
portion upstream of the landslide at the point where the geognostic survey was performed.
For each of the two sections, two topographic profiles were obtained from the digital terrain
model (DTM) data with 1 m resolution, made available by the Valle d’Aosta Region.

The geotechnical model of the slope can be simplified, proceeding from ground level
to depth, with the following three layers. Layer 1—surface detritus consisting mainly of
sands with gravel varying in thickness from 3 m (at the landslide crown) to 15 m along
the landslide body. Layer 2—weakly thickened slope deposits. This is an underlying
layer of increasingly thickened materials consisting mainly of weakly gravelly sand. The
thickness of this layer varies between 5 and 15 m. Layer 3—the bedrock. Considering
the nature of the landslide and its characteristics, the search for critical surfaces was only
conducted in the first two layers, as the substrate was never affected by movements during
landslide reactivations. The geotechnical and hydrological parameters of the first two levels
were obtained by combining all the analyses conducted and described in the previous
paragraphs. Table 1 shows the values assigned to the two modelled layers. The bedrock
parameters have not been reported as it was considered impenetrable. The water table
level for the two sections was defined based on the depth found during the survey and is
located for both sections within Layer 2.

The modelling made it possible to define the behaviour of the slope under various
rainfall scenarios without and with the stabilisation measures carried out in 2011. In
particular, the filtration–stability conditions were evaluated for three main rainfall events
(see [45]) that produced a reactivation of the landslide: 25–28 November 2016; 24 November
2019 and 2–3 October 2020 (Figure 8). Finally, a model of filtration stability was analysed,
considering the effect of vegetation in terms of increased root cohesion.

To simulate the stabilisation interventions, a vertical overload corresponding to the
weight of these gabions, estimated from technical data in the literature, was applied
(Figure 9).

4.4. Filtration Analysis

The filtration analysis, conducted on Sections A–A’ and B–B’ for all three events (2016,
2019 and 2020), allowed us to reconstruct the slope’s filtration mechanism considering the
precipitation in the thirty days before the event (only one day’s analysis is shown here; for
the remainder see the Supplementary Materials section). The analysis showed for all events
a top-down saturation mechanism.

Section A–A’
The 25–28 November 2016 rainfall event was characterised by high intensity and

short duration. Figure 10a shows the interstitial pressures for 26 November 2016, obtained
using the SEEP/W software. Initially (20 November), Layer 1 was in an undersaturated
condition; with the onset of precipitation on 21 November, the interstitial pressures of
the more superficial horizons began to increase, taking on positive values and reaching
maximum values (around 2 kPa) from 24 November. Figure 10a shows the water pressure
profiles within the layer for a depth of about 10 m. The deep portion of Layer 1 was not
affected by pressure variations, in accordance with the dynamics of the rainfall event,
characterised by a short duration and high intensity of precipitation, which partly led to the
saturation of the first soil layers and partly flowed down the slope, also due to the latter’s
high acclivity.
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Figure 8. Distribution of interstitial pressures in the slope (Section A–A’) during selected storm
phases: (a) November 2016 event; (b) November 2019 event; and (c) October 2020 event. The blue line
in each section represents the vertical transect for which interstitial pressure variations were analysed
and graphed. 1 Layer 1; and 2 Layer 2.
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Figure 10. (a) Geotechnical slope model along section A–A’ reconstructed along the line of maximum
slope for the last landslide event. 1: Layer 1, sand with gravel; 2: Layer 2, weakly gravelly sand; and
3: Layer 3, bedrock. (b) Zoom of the area with the locations of the gabions. (c) The table shows the
geotechnical and hydrological parameters of the two modelled layers.

The November 2019 rainfall event had a longer duration than that of 2016 and was
characterised by several intervals of short duration and high intensity that led to the
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progressive saturation of the soil horizons of Layer 1. Figure 10b shows the changes in inter-
stitial pressures along the slope, while the graph shows the water pressure profiles within
Layer 1 for a depth of approximately 7 m. The analysis determines an initial undersatura-
tion of Layer 1. The rainfall events recorded between 13 and 15 November saturated the
more superficial soil layers, generating slightly positive interstitial pressures. Subsequent
rainfall events contributed to the maintenance of saturation and allowed the infiltration of
water into the lower layers and the consequent increase in interstitial pressures, until the
rainfall event that began on 22 November produced an increase in interstitial pressures,
destabilising the slope. The change in pressures was therefore consistent with the dynamics
of the rainfall event characterised by relatively heavy rainfall, which led to the saturation
of soil Layer 1. The 22–24 November event, characterised by high intensity, led to the
formation of overpressures in the most superficial layers.

The October 2020 rainfall event was characterised by a short duration and very high
rainfall intensity, with peaks of over 30 mm/h. This event led to a rapid saturation of
the ground surface levels. The modelling was carried out by modifying the topographic
profile based on the in situ surveys and available photographic material, thus considering
the effects of the 2016 and 2019 landslides, and eliminating the second order of works.
Figure 10c shows the variation of interstitial pressures along the slope, while the graph
shows the water pressure profiles within Layer 1 for a depth of approximately 9 m. From
the analysis, Layer 1 was in an undersaturated condition at the beginning of the rainfall
event; with the rainfall recorded from 1 October onwards, the uppermost layer of the
soil began to saturate, where positive interstitial pressures were generated. As the event
continued, the lower levels also began to saturate. This behaviour is consistent with the
dynamics of the rainfall event, the short duration of which, combined with a very high
rainfall intensity, exceeded the infiltration capacity of the soil; this, in combination with the
high slope gradient, resulted in the soil remaining undersaturated at depth.

Section B–B’
The filtration analysis along the B–B’ profile of the 25–28 November 2016 event showed

a pressure distribution (Figure 11a) like that described for the A–A’ profile. At the beginning
of the rainfall event, Layer 1 was undersaturated and, as the rainfall event progresses, a
saturation phase of the more superficial soil layers began for a thickness of about 3 m.

The filtration analysis of the 24 November 2019 event confirmed the same saturation
process that occurred in the A–A’ profile. Figure 11b shows the distribution of interstitial
pressures, while the graph (Figure 11b) illustrates the water pressure profiles within Layer
1. The water was initially undersaturated, then began to saturate in the more superficial
layers with the onset of precipitation. As precipitation continued, characterised by several
medium-intensity events, the slope became progressively saturated down to a depth of
approximately 8 m.

The filtration analysis of the last event (2–3 October 2020) on this portion of the slope
confirms what was observed for section A–A’; in this case too, it can be observed that layer
1 was initially undersaturated (Figure 11c), then with the onset of rainfall the saturation of
the more superficial soil levels was observed (graph Figure 11c), to a thickness of about 1 m,
while at greater depths no overpressure formation was observed. Again, the distribution of
interstitial pressures and their temporal evolution were consistent with the dynamics of an
extremely intense and brief rainfall event, which at times exceeded the infiltration capacity
of the soil.
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4.5. Stability Analysis

The stability analysis was carried out for each event (2016, 2019 and 2020) evaluating
for section A–A’ the FS both in the presence and absence of the structural works (gabion
wall); meanwhile the collapse of the gabions at the section had occurred, and it was
necessary to evaluate the FS both in the presence and absence of the works. Meanwhile, for
section B–B’, the analysis was conducted only in the presence of gabion walls, since the
collapse of the gabions did not occur in this area and looking for the critical surface in the
slope section that included the order of gabion walls downstream of the slope, so that the
results could be compared with section A–A’.



Remote Sens. 2023, 15, 2159 18 of 27

The modelling carried out along section A–A’ and relating to the event of 24–26
November 2016 (Figure 12) showed, in the presence of gabion walls, the development of
the most critical slip surface upstream of the second order of gabion walls propagating
downstream for 40 m. The analysis of the FS showed a slope in a precarious condition
already at the beginning of the rainfall event (FS = 1.1) and which, as the rainfall progressed,
reached borderline equilibrium conditions between 23 and 24 November (FS = 1.05), when
the landslide occurred (Figure 13). The same section in the absence of gabion walls showed
a sliding surface like the modelling in the presence of structural works and originating
at the same point (Figure 12). Similarly, the evolution of the FS during the rainfall event
showed a similar trend; however, the FS values were slightly higher, since at the beginning
of the event FS = 1.15, which then decreased to a value of 1.08 between 24 and 25 November
(Figure 13).
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Figure 12. Stability analysis of the 3 events under study. For section A–A’, the analysis was carried
out in the presence and absence of structural works, and for section B–B’ only in the presence of
retaining works. A zoom of the most critical slip surface identified by the modelling is shown in the
figure; for the location of the zoom refer to Figure 9.

On the other hand, the modelling carried out along section B–B’ for the 2016 event
identified the most critical surface downstream of the last order of gabion walls (Figure 12),
with the development of a surface landslide of approximately 50 m in length. The evolution
of the factor of safety during the rain event showed that the slope was in a precarious
equilibrium condition, with a minimum FS value of 1.09 and a maximum of 1.15 (Figure 13).
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The stability analysis of the 24 November 2019 event was performed with the same
settings as the modelling of the 2016 event, as no information on the geometry of the
landslide generated was available. The simulation along section A–A’ (Figure 12) in the
presence of gabion walls developed, as in the previous case, downstream of the second
order of gabion walls. The FS at the beginning of the event presented a value of 1.12, which
decreased to 1.03 as the rainfall event progressed (Figure 13). In the absence of gabions,
the critical surface identified was almost identical to the surface in the presence of gabions.
Similarly, the FS presented an evolution very similar to that in the presence of works;
however, the minimum value stopped at 1.06. Modelling along section B–B’ (Figure 12)
identified the development of the most critical slip surface approximately 16 m downstream
of the last order of gabion walls, with the creation of a surface landslide approximately
37 m long. The analysis of the FS highlighted the precarious balance of the slope; in fact, at
the beginning of the rainfall event there were FS values of just over 1.1 (Figure 13), which
decreased to values of just under 1.08 as the rainfall event continued.

The modelling of the event of 2–3 October 2020 identified along section A–A’ in
the presence of the works (Figure 12) a sliding surface with an extremely shallow depth
(minimum thickness of 0.5 m and maximum within 2.5 m), which affected a part of the
slope where the containment works were located. The analysis of the factor of safety
(Figure 13) showed a condition of boundary equilibrium of this portion of the slope already
with the onset of rain (FS = 1.0); however, with the evolution of the meteorological event,
the FS did not vary.

The simulation conducted in the absence of overburden (Figure 12) revealed, during
the October 2020 event, a critical sliding surface almost coinciding in location and size
with that identified by simulating the presence of overburden. The evolution of the FS



Remote Sens. 2023, 15, 2159 20 of 27

(Figure 13) also showed a similar trend to that seen previously, although with slightly
higher FS values, reaching a minimum value of 1.03.

The stability analysis along section B–B’ (Figure 12) showed that on this portion of
the slope the most critical surface was generated approximately 12 m downstream of the
last order of gabion walls, with the creation of a surface landslide approximately 37 m
long. The analysis of the FS, also in this case, highlighted the precarious equilibrium of
the slope; in fact, at the beginning of the rainfall event, FS values of slightly more than 1.1
were recorded (Figure 13), consistent with the results of the simulations of the previous
events. However, in this case, no reduction in the FS values was observed as the rainfall
event evolved.

5. Discussion

The analysis of geophysical and geotechnical data combined with the support of
spatial data (DTM) allowed the reconstruction of a detailed geological model of the Theilly
landslide. The HVSR investigation led to the identification of two important natural peaks,
one at high frequencies (20–35 Hz), which made it possible to identify the thickness of
the material reworked by anthropic intervention, and one at low frequencies (3.3–4.3 Hz),
attributable to a deeper level (20–30 m), characterised by a high Vs value (>800 m/s).

The geotechnical investigation confirmed the presence of a strong layer of reworked
soil between 3 and 4 m thick, below which there was an alternation of coarse sands
and gravels immersed in a sandy–loam matrix, interspersed with gneiss blocks. The
geotechnical investigation associated with the geophysical investigation made it possible
to reconstruct the geometry of the slope and its thicknesses and to derive the geotechnical
parameters for the filtration–stability analysis.

5.1. VS-N-SPT-ϕ′ Correlation and Evaluation

In Section 3.2, it is shown how the Vs values can be related to the N-SPT and, by having
the value of N-SPT, how it is possible to derive the friction angle ϕ′ directly. As presented
in the Results section, the H/V data made it possible to relate the depth of the interface to
the frequency of the identified peaks and to the Vs of the identified seismo-layers. Thus,
empirical equations could be applied to derive the value of N-SPT, and consequently ϕ′,
from the Vs obtained by means of H/V measures. Of course, the estimation of N-SPT
values from geophysical data is affected by a higher level of uncertainty, compared with
the direct measure during a borehole survey. Nevertheless, this N-SPT indirect estimation
could be very useful in the first phases of an emergency when direct data are not available,
and a preliminary back and forward stability analysis could be performed to evaluate the
landslide evolution and to assess civil protection actions. In the following, the goodness
and reliability of this procedure is shown and discussed.

Table 4 shows the values of coefficients a and b, proposed by 17 different authors
and used in this work to estimate N-SPT. For the two main seismo-layers identified by the
H/V measurements, the values of ϕ′ shown in Table 4 were determined, using the value
of Vs employed in the H/V data and empirically deriving the value of N-SPT, which was
necessary to determine the value of ϕ′.

Performing the survey and N-SPT tests made it possible to derive from direct formulas
the value of ϕ′. Table 5 shows the calculated ϕ′ values for each of the correlations used.
The N-SPT value of 44 (corresponding to the depth of 12.45 m) was used to calculate the ϕ′

value for Layer 1 and that of 80 (corresponding to the depth of 21.45 m) for Layer 2.
Comparing the ϕ′ values range obtained from the laboratory tests (35–39◦), that of

empirical VS-N-SPT correlations (35–44◦), and that from N-SPT correlations (36–39◦), we
observed that the ϕ′ value varied between a minimum value of 35◦ in all measurements
and a maximum of 39◦ (laboratory tests and N-SPT correlation) and 44◦ (VS-N-SPT correla-
tion). The greatest variability, as expected, was observed in the ϕ′ value derived from the
empirical correlations between Vs and N-SPT, while the laboratory and N-SPT data were
very much in agreement in the value of ϕ′. However, a good agreement clearly emerged in
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the data obtained from direct and indirect measurements, making it reliable to estimate ϕ′

from geophysical data when direct N-SPT measures or soil samples are not available.

Table 4. Values of the coefficients a and b proposed by 17 different authors and used to estimate N-
SPT. Nnorm indicates the normalised value of NSPT and ϕ′ is the value of the friction angle obtained
for each value of N-SPT.

Seismo-Layer 1 Seismo-Layer 2

Authors a b N-SPT Nnorm ϕ′ N-SPT Nnorm ϕ′

[71] 85.35 0.348 38 55 43 45 25 34
[102] 18.9 0.6 83 132 56 90 54 43
[103] 31.7 0.6 42 62 45 63 31 36
[104] 84 0.31 58 87 51 61 35 38
[105] 87.2 0.36 31 46 41 44 23 33
[70] 81.4 0.39 29 42 40 44 23 33
[70] 59.4 0.47 31 46 41 60 29 35
[72] 92 0.329 37 54 43 45 24 34

[106] 89.9 0.341 35 51 42 42 23 33
[107] 91 0.337 35 51 42 42 23 33
[108] 80 0.333 54 79 49 53 30 36
[109] 61 0.5 24 36 38 53 22 33
[110] 100.5 0.29 45 65 46 44 25 34

Muzzi (1984) 1 80.6 0.331 54 79 49 53 30 36
[111] 65.58 0.502 21 30 36 45 19 32
[73] 157.4 0.49 29 43 40 61 28 35

[112] 104.7 0.296 36 53 43 35 20 32
Mean 40 59 44 52 27 35

Standard
deviation 15.3 24.2 4.9 12.8 8.1 2.8

1 Personal communication.

Table 5. ϕ′ values derived from the N-SPT value of the survey for each proposed author.

N-SPT from in situ Measurements 44 80

Depth (m) 85.35 0.348
Author ϕ′

R.B.S 35.0 37.9
[113] 35.0 37.5
[114] 21.4 33.9
[70] 38.1 41.4

[115] 35.5 37.8
[116] 34.7 37.0
[117] 38.9 40.7
[118] 40.3 43.2
[119] 34.7 36.9
[120] 42.0 42.0

5.2. Effect of Vegetation on Slope Stability

The slope stability analysis for the 2016 event was repeated by inserting the effects of
a possible grassing of the slope into the model. It is in fact known that the use of specific
herbaceous species allows an increase in the stability of the slopes, increasing the cohesion
of the soil (on average from 5 kPa to 8 kPa, [121]) and shear strength, but also reducing the
infiltration of water and the superficial erosive processes [122]. To simulate this process, the
geological model of the slope (limited to section A–A’) was modified, inserting a surface
level with a thickness of 1 m, in which cohesion was increased to simulate the effect of the
radical cohesion of the plants (Figure 14a). Cohesion was increased by 5 kPa, as indicated
by the technical data of the literature. In addition, in this case, two simulations were carried
out: with the gabions and without the gabions. For each of them, the most critical sliding
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surface identified previously was loaded (see Section 4.5) and the evolution of the FS was
analysed. The evolution of the FS with the effect of radical cohesion, for the two scenarios,
is shown Figure 14c, from which it is observed how the inclusion of an artificialised slope
in the model allowed a significantly increase in the stability of the slope. In the presence of
gabions, the FS values varied between 1.15 and 1.24, with a variable increase between 10
and 16% compared with the previous simulation. In the absence of gabions, the FS values
varied between 1.16 and 1.24, with a variable increase between 7% and 10% compared
with the previous simulation. In this simulation, the effect of reducing infiltration due to
vegetation was not considered, and, consequently, the increases in the safety factor could
be underestimated compared with the real ones.
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6. Conclusions

Geophysical and geotechnical data combined with spatial data (DTM) allowed the
reconstruction of a detailed geological–geotechnical model of the Theilly landslide. The
SEEP/W simulations carried out for three selected rainfall events made it possible to
reconstruct the dynamics of water filtration in the slope and the processes that led to the
triggering of the landslide phenomena.

The results of the combined filtration–stability analysis showed that:

• the slope, due to the steepness of the slope and the nature of the materials, was in limit
equilibrium conditions even in dry ground conditions;

• the filtration analyses conducted for the 2016, 2019 and 2020 events revealed a dynamic
of soil saturation from top to bottom, which led to the generation of positive interstitial
pressures in the first few metres of soil, and the formation of a saturated front with a
maximum thickness of 5 m;
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• the stability analyses conducted for the 2016, 2019 and 2020 events showed the devel-
opment of surface landslides affecting the first few metres of saturated soil;

• the analyses also showed that the presence of the gabion walls played no beneficial
role in slope stability, as the FS values in the presence of the works were slightly lower
than the values in the absence of the works.

Moreover, the simulation with the presence of bioengineering works showed that a
possible grassing of the slope could benefit its stability. This simulation was conducted
using the minimum values of root cohesion reported in the literature and without consider-
ing the reduction of infiltration due to vegetation, so an intervention in this sense could
bring benefits even greater than those estimated.

Finally, the availability of Vs values from geophysical data made it possible to verify
the reliability of employing these data in the empirical VS-N-SPT correlations to estimateϕ′.
This result is important, especially in the first phases of an emergency when civil protection
actions must be assessed and a rapid estimation of the further landslide evolution (forward
stability analysis) is necessary, but direct N-SPT measures or soil samples are not available.
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