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Abstract: Catastrophic earthquake-induced landslides can occur on slopes composed of loosened
and fractured rock masses. Although it is impossible to prevent such landslides, estimation of the
susceptibility of slopes to earthquake-induced landslides is useful for risk management. An index
of susceptibility to earthquake-induced landslides (ISEL) was developed by using helicopter-borne
electromagnetic resistivity data. However, the ISEL has not yet been validated through the analysis of
pre-earthquake data. In this study, ISEL values were estimated from resistivity and digital elevation
data obtained in 2013 around Mt. Aso, Kyushu, before the 2016 Kumamoto earthquake. Although
most of the landslides around Mt. Aso during the 2016 Kumamoto earthquake were mass movements
of volcanic tephra layers, some of them occurred on loosened rock masses. Landslide susceptible
areas at loosened rock masses are the target for ISEL value estimation. Our results validated the
effectiveness of the ISEL as a predictor of earthquake-induced rock mass landslides.

Keywords: susceptibility to landslides; resistivity; earthquake; helicopter-borne electromagnetic survey

1. Introduction

Several large-scale earthquakes occurred worldwide during the last few decades,
especially in Asia, triggering several thousand landslides in mountainous areas [1–9].
Catastrophic earthquake-induced landslides tend to occur on slopes composed of loosened
and fractured rock masses, for example, the 1999 Chi-Chi earthquake (Taiwan) [10,11], the
2004 Chuetsu earthquake (Japan) [12], the 2008 Wenchuan earthquake (China) [13], and
the 2010 Darfield earthquake (Canterbury) [14]. The huge volume of debris generated by
such landslides often causes secondary damage such as damming and outburst flooding
of rivers, disrupting road networks, and isolating villages. In order to mitigate landslide
damage, it is first necessary to estimate the risk of landslide occurrence and damage extent,
then develop a disaster management plan in advance.

There are several approaches to estimating landslide susceptibility. Deterministic
models based on infinite slope stability analyses employing simplified assumptions such
as basic failure mechanisms or homogeneous mechanical properties of soil and rock have
been used [15]. For regional landslide susceptibility assessments, such models might
oversimplify some components of the analyses.

Landslide occurrence probability is one of the key components of landslide suscep-
tibility mapping. Probability can be derived from statistical analyses of past landslide
events, which include assessment of landslide frequency [16]. This method can be used to
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establish zones of relative landslide susceptibility if complete records of landslide events
in a particular region exist. However, preparing complete records is impossible because
large-scale catastrophic landslides are too infrequent to make a record of landslide in-
ventory for statistical analysis of landslide occurrence [16,17]. Surface morphology and
topography can also provide useful clues for identifying loosened slopes and assessing
landslide susceptibility since slopes that exhibit landslide morphologies have usually been
weakened and loosened by previous landslides [7,18–21]. However, landslide topography
cannot always be used for mapping landslide susceptibility because the mechanically
weakened bedrock in such areas results in particularly rapid decay of the relief that char-
acterizes them [22]. Interferometric Synthetic-Aperture Radar (InSAR) systems for early
detection and continuous monitoring of landslides have also been used because of their
wide-swath, cloud-independent, day-and-night observation capability [23,24]. However,
during large-scale earthquakes, strong tremors can cause sudden landslides on loosened
slopes even without precursor movement, thus InSAR data cannot be used to predict such
landslides.

In order to identify landslide susceptibility, the looseness of slopes needs to be deter-
mined by identifying geological structures and detecting loosened bedrock zones. This may
be accomplished by core drilling and ground-based geophysical surveys, which can pro-
vide high-resolution subsurface data [25]. However, these methods are too expensive for
regional applications, especially in mountainous areas. In large areas with limited surface
accessibility, airborne surveying is the only practical approach to compensate for the short-
age of ground-based observational data. Helicopter-borne electromagnetic (HEM) data are
useful for the extrapolation of information acquired from geological field surveys [26–28].
Resistivity data collected through HEM surveys have been used to quickly investigate
subsurface slope structures over broad, and in some cases, inaccessible areas, for purposes
such as tunnel design and construction (e.g., [29–31]). Although it is known that resistivity
data are useful to estimate the looseness of rock masses, caution must be exercised in their
interpretation because they measure several geological parameters including water content,
clay mineralogy, and lithology. These must be excluded in order to extract data specific
to bedrock looseness. Nonomura et al. [32] analyzed HEM resistivity data to differentiate
loosened slopes from sound bedrock and identify deep-seated landslide susceptible zones.
From this, Nonomura et al. [32] developed a parameter for estimating looseness named
“average ruggedness of resistivity.” Nonomura and Hasegawa [33] validated the parame-
ter’s effectiveness in estimating the looseness of rock masses and proposed an index for
earthquake-induced landslide (ISEL) susceptibility at the Kanagi landslide where a catas-
trophic, deep-seated landslide was triggered by the 1707 Hoei earthquake (M 8.6) [34,35].
The “average ruggedness of resistivity” at various locations around the Kanagi landslide
was compared based on the assumption that most of the loosened rock masses within the
landslide area were removed in the 1707 earthquake, and loosened rock masses outside of
the landslide area remain.

The results indicate that areas with lower “average ruggedness of resistivity” are
located within the landslide area and areas with higher “average ruggedness of resistivity”
are located outside of the landslide area. Based on this, Nonomura and Hasegawa [33]
confirmed that loosened rock masses can be identified by using this parameter.

Moreover, they assumed that landslides tend to occur on slopes when loosened rock
masses are affected by strong tremors during an earthquake and proposed the index of
susceptibility for earthquake-induced landslides (ISEL) by multiplying the looseness of
bedrock (“average ruggedness of resistivity”) by the amplification of seismic vibration on
slopes (estimation of topographic effect using DEM) [33].

However, the ISEL has not yet been validated for landslide occurrence tendency
during an earthquake in areas with high ISEL values. In order to make practical use of the
index to estimate the location of earthquake-induced landslides, validation is indispensable.

The aim of this study is to validate the extent to which the ISEL can estimate the
occurrence of landslides using pre-earthquake airborne resistivity data collected in 2013
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from areas where landslides triggered by the 2016 Kumamoto earthquake occurred. The
ISEL was calculated using these data after the earthquake.

2. Study Area

Figure 1 shows the location and lithology of the study area. Figure 2 shows the
Japan Meteorological Agency (JMA) seismic intensity distribution of the 2016 Kumamoto
earthquake around the study area. The main shock of the April 2016 Kumamoto earthquake
occurred at 12 km depth in the central Kyushu region with a moment magnitude of 7.3. The
strong tremor, which was widely observed, caused considerable damage in and around
central Kyushu [8], (Figure 2) [36].
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There were several landslides, especially in the Minami-Aso area (Figure 1). The
landslides were traced on the estimated ground deformation using airborne LiDAR data
acquired before and after the earthquake, where a decrease in elevation of more than 1m
was detected in several places after the landslides [37] (Figure 3). The pre-earthquake
LiDAR data were acquired in April 2010 and the post-earthquake LiDAR data were ac-
quired in April and May 2016. The traced landslides were categorized into two types: those
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occurring at lava layers and those occurring at volcanic tephra layers. The categorization is
based on field observations conducted between 15–17 November 2016.
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Most of the landslides occurred as mass movements at volcanic tephra layers which
are composed of soft soils, while some landslides occurred at lava layers composed of hard
rock masses. This is because surface deposits in the Minami-Aso area are mostly black and
brown tephra layers overlying lava flows [8].

3. Method for Estimating Landslide Susceptibility

This study attempts to validate the “index of susceptibility for earthquake-induced
landslides” (ISEL) by using HEM resistivity data acquired before the 2016 Kumamoto
earthquake. These data were processed using the same method as in Nonomura et al. [32]
and used to calculate the ISEL using the same method as in Nonomura and Hasegawa [33].

3.1. HEM Data Acquisition

HEM survey data provide information about subsurface resistivity distribution [38–43].
The HEM system used in this study is comprised of transmitting and receiving coils
operating at six frequencies (140 kHz, 31 kHz, 6.9 kHz, 3.3 kHz, 1.5 kHz, and 340 Hz)
inside a cylindrical container suspended below a helicopter by wires 30 m in length at a
maintained height of about 30 m above the ground during data recording. The survey was
carried out between 16–25 December 2013, more than two years before the 2016 Kumamoto
earthquake.

The flight line interval was approximately 100 m and the flight velocity was 30 km/h.
At each frequency, approximately 10 data points were obtained for every 8 m along the
flight lines. The HEM data were processed using the same method as in Nonomura
et al. [32] in order to obtain resistivity data. The resistivity pixel size was 10 m.

In order to determine the looseness of rock masses where the landslides occurred,
resistivity data obtained at the 140 kHz frequency were used. The exploration depth
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(skin depth) of this frequency was calculated at 11.0–21.8 m using Sengpiel and Siemon’s
equation [44].

3.2. Index of Susceptibility for Earthquake-Induced Landslides

In Nonomura and Hasegawa [33], the ISEL was developed as an index of susceptibility
for earthquake-induced landslides, which incorporates estimates of rock mass looseness
and the topographic amplification of seismic vibration. In this study, the extent to which the
ISEL can estimate the occurrence of landslides was validated by using data from landslides
triggered by the 2016 Kumamoto earthquake. A flow diagram (Figure 4) illustrates how
the ISEL was calculated and later validated.
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Seismic waves during earthquakes tend to be amplified at ridges with steep slopes; the
strong seismic vibrations can trigger landslides [45,46]. Uchida et al. [47], in an extensive
study of the 1995 Kobe earthquake in the Rokko mountain range, statistically quantified
the topographic effect on earthquake-induced landslide susceptibility in terms of the slope,
mean curvature of the ground surface, and maximum seismic acceleration as follows:

F = 0.075 × Slope − 8.9 × Mean curvature + 0.0056 × PGA − 3.2 (1)

where F < 0 means there is no possibility of a landslide. For F > 0, the larger the value of F,
the higher the probability of a landslide.

Equation (1) was developed using data obtained in an area of granite overlain by
weathered sandy soil. The equation was considered applicable in areas of Pleistocene and
Pliocene sedimentary rocks affected by the 2007 Niigataken Chuetsu-Oki earthquake [48].
The main types of landslides in the Kobe earthquake and the Niigataken Chuetsu-Oki
earthquake were shallow landslides. However, Equation (1) does not apply to landslides
triggered by the 2004 Chuetsu earthquake because they were deep-seated [49]. It implies
that the main contributors to deep-seated landslides are not only related to topography
but also underlying subsurface structures, such as looseness and the existence of potential
sliding surfaces. In order to focus on deep-seated landslides and landslides from rock
masses, we used F to represent a topographical index of seismic wave amplification
together with the index of rock mass looseness and set the peak ground acceleration
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(PGA) at 300 gal based on the JMA seismic intensity scale of 6-lower observed in the
2016 Kumamoto earthquake (Figure 2).

Resistivity distributions show several subsurface properties over wide areas, such
as rock mass looseness, clay mineralogy, and water content. Under dry conditions, the
resistivity of loosened and fractured rock is high because the fractures are filled with air
rather than water [50,51]. To estimate looseness from resistivity data, the influence of
lithology on the resistivity distribution must be minimized. Nonomura et al. [32] proposed
that the distribution of relatively higher resistivity, calculated by applying the concept of the
openness to resistivity data [52], could be used to determine the looseness of rock masses.
The localized distribution of resistivity within a given radial distance in one direction is
defined as the “ruggedness of resistivity.” A positive value of ruggedness of resistivity at
a pixel indicates that the resistivity at that pixel is higher than at neighboring pixels; the
greater the value of ruggedness, the greater the resistivity difference between neighboring
pixels. Nonomura et al. [32] measured ruggedness in eight azimuthal directions (separated
by 45◦) from each pixel, the average of which they called “average ruggedness of resistivity”
and used as an index of looseness.

Landslides tend to occur on slopes when loosened rock mass is affected by strong
tremors during an earthquake. By multiplying the looseness of bedrock (“average rugged-
ness of resistivity”) with seismic vibration amplification on slopes (the topographic effect
“F”), the index of susceptibility for earthquake-induced landslides (ISEL) was obtained.

ISEL = Average ruggedness of resistivity × F (2)

4. Results
4.1. Topographic Seismic Vibration Amplification

According to Uchida et al. [47], pixels with positive F-values (Equation (1)) where
topographic seismic vibration amplification is possible, are prone to shallow landslides.
Figure 5a shows the distribution of topographic index F in the study area, calculated
using Equation (1), with a PGA of 300 gal. Higher F-values are estimated on steep slopes
and convex slopes. Landslides occurring at lava layers were distinguished from those
at volcanic tephra layers and overlaid on the F distribution. Landslides at lava layers
had relatively higher F-values (F = 2–4 or F > 4). However, there were many pixels with
relatively high F-values where landslides did not occur. Therefore, landslide susceptibility
at lava layers cannot be estimated by using F-values alone. On the other hand, landslides
at volcanic tephra layers occurred where F-values were relatively low. Therefore, landslide
occurrence at tephra layers cannot be estimated using F-values.

4.2. Resistivity and Average Ruggedness of Resistivity—Estimation of Looseness

Figure 5b shows the distribution of the 140 kHz resistivity data with landslides at
lava layers and at volcanic tephra layers. Landslides from lava layers occurred in areas
where the resistivity is 500–700 Ωm. However, there were also many areas within this
range of resistivity where landslides did not occur. Landslides at volcanic tephra layers
(Figure 6a,b) occurred in areas where the resistivity is 300–800 Ωm. Therefore, the relation-
ship between resistivity distribution and landslide occurrence is not clear. Figure 5c shows
the average ruggedness of resistivity calculated with 50 m radial distance. A positive value
of ruggedness at one data point (pixel) indicates that the resistivity at that pixel is higher
than at neighboring pixels; the greater the value of ruggedness, the greater the resistivity
difference between neighboring pixels. The landslides at lava layers and at volcanic tephra
layers were overlaid. The landslides at lava layers showed higher average ruggedness of
resistivity (>5). The relationship between landslide occurrence at tephra layers and average
ruggedness of resistivity is not clear; some of the landslides occurred at higher values
(5–10), while others occurred at lower values (<−5). It can be said that areas with higher
average ruggedness of resistivity are related to the looseness of rock mass at lava layers,
but not to the looseness of tephra layers.



Geosciences 2021, 11, 95 7 of 12

Geosciences 2021, 11, 95 7 of 12 
 

  
(a) (b) 

  
(c) (d) 

Figure 5. Parameters for calculating ISEL and ISEL distribution with landslides (a) Topographic index F calculated by 
using Equation (1) (b) Resistivity distribution (c) Average ruggedness of resistivity (d) ISEL. In blue—landslides at lava 
layer; in pink—landslide at volcanic tephra layers 

4.2. Resistivity and Average Ruggedness of Resistivity—Estimation of Looseness 
Figure 5b shows the distribution of the 140 kHz resistivity data with landslides at 

lava layers and at volcanic tephra layers. Landslides from lava layers occurred in areas 
where the resistivity is 500–700 Ωm. However, there were also many areas within this 
range of resistivity where landslides did not occur. Landslides at volcanic tephra layers 
(Figure 6a,b) occurred in areas where the resistivity is 300–800 Ωm. Therefore, the rela-
tionship between resistivity distribution and landslide occurrence is not clear. Figure 5c 

Figure 5. Parameters for calculating ISEL and ISEL distribution with landslides (a) Topographic index F calculated by using
Equation (1) (b) Resistivity distribution (c) Average ruggedness of resistivity (d) ISEL. In blue—landslides at lava layer; in
pink—landslide at volcanic tephra layers



Geosciences 2021, 11, 95 8 of 12

Geosciences 2021, 11, 95 8 of 12 
 

shows the average ruggedness of resistivity calculated with 50 m radial distance. A posi-
tive value of ruggedness at one data point (pixel) indicates that the resistivity at that pixel 
is higher than at neighboring pixels; the greater the value of ruggedness, the greater the 
resistivity difference between neighboring pixels. The landslides at lava layers and at vol-
canic tephra layers were overlaid. The landslides at lava layers showed higher average 
ruggedness of resistivity (>5). The relationship between landslide occurrence at tephra 
layers and average ruggedness of resistivity is not clear; some of the landslides occurred 
at higher values (5–10), while others occurred at lower values (<−5). It can be said that 
areas with higher average ruggedness of resistivity are related to the looseness of rock 
mass at lava layers, but not to the looseness of tephra layers. 

  
(a) (b) 

Figure 6. Photos of landslides at rock mass (a) Landslides occurred on andesitic rock slope (b) Landslides occurred on 
andesitic rock slopes. The outcrop was partially covered with trees. 

4.3. The Distribution of ISEL and Occurrence of Landslides at Bedrock 
The index of susceptibility for earthquake-induced landslides (ISEL) was calculated 

by multiplying the seismic vibration amplification on slopes (F-value) with the looseness 
of rock masses (“average ruggedness of resistivity”) (Equation (2)). The distribution of the 
ISEL is shown in Figure 5d. Landslides triggered by the 2016 Kumamoto earthquake were 
overlaid on the ISEL distribution. Landslides at lava layers occurred at ISEL > 0. On the 
other hand, landslides at tephra layers occurred at both ISEL < 0 and ISEL > 0. Therefore, 
the ISEL can be used to estimate landslide susceptibility at rock masses, but it cannot be 
used to estimate susceptibility at volcanic tephra layers. 

5. Discussion 
In the Pacific Ocean, nearly 90% of the world’s earthquakes occur along plate bound-

aries. In order to mitigate earthquake-induced landslide damage, it is necessary to esti-
mate the possible damage extent and conduct disaster management in advance. Earth-
quakes can cause devastating secondary damage, such as fire, tsunami, and landslides. 
For tsunami disaster management, tsunami hazard maps and tsunami inundation maps 
have already been widely prepared. On the other hand, although deep-seated landslides 
in mountainous areas can also cause serious damage, methods for identifying susceptible 
areas and estimating damage extent have not yet been established. 

Landslide susceptibility has been regionally estimated by geologists’ interpretation 
of surface morphology and topographic characteristics [18–20]. This approach is useful 
for finding earthquake-induced deep-seated landslide susceptible zones, but it is difficult 
to use it for estimating the degree and extent of deep-seated landslide susceptibility. 

On the other hand, by using airborne electromagnetic methods, subsurface condi-
tions can be observed and visualized [43]. Nonomura and Hasegawa [30] proposed a 

Figure 6. Photos of landslides at rock mass (a) Landslides occurred on andesitic rock slope (b) Landslides occurred on
andesitic rock slopes. The outcrop was partially covered with trees.

4.3. The Distribution of ISEL and Occurrence of Landslides at Bedrock

The index of susceptibility for earthquake-induced landslides (ISEL) was calculated
by multiplying the seismic vibration amplification on slopes (F-value) with the looseness
of rock masses (“average ruggedness of resistivity”) (Equation (2)). The distribution of the
ISEL is shown in Figure 5d. Landslides triggered by the 2016 Kumamoto earthquake were
overlaid on the ISEL distribution. Landslides at lava layers occurred at ISEL > 0. On the
other hand, landslides at tephra layers occurred at both ISEL < 0 and ISEL > 0. Therefore,
the ISEL can be used to estimate landslide susceptibility at rock masses, but it cannot be
used to estimate susceptibility at volcanic tephra layers.

5. Discussion

In the Pacific Ocean, nearly 90% of the world’s earthquakes occur along plate bound-
aries. In order to mitigate earthquake-induced landslide damage, it is necessary to estimate
the possible damage extent and conduct disaster management in advance. Earthquakes can
cause devastating secondary damage, such as fire, tsunami, and landslides. For tsunami
disaster management, tsunami hazard maps and tsunami inundation maps have already
been widely prepared. On the other hand, although deep-seated landslides in mountain-
ous areas can also cause serious damage, methods for identifying susceptible areas and
estimating damage extent have not yet been established.

Landslide susceptibility has been regionally estimated by geologists’ interpretation of
surface morphology and topographic characteristics [18–20]. This approach is useful for
finding earthquake-induced deep-seated landslide susceptible zones, but it is difficult to
use it for estimating the degree and extent of deep-seated landslide susceptibility.

On the other hand, by using airborne electromagnetic methods, subsurface conditions
can be observed and visualized [43]. Nonomura and Hasegawa [30] proposed a method
for estimating the earthquake-induced landslide susceptibility by using airborne resistivity
data and topographic data. In order to establish a practical method, its possibilities and
limitations need to be validated in areas where earthquake-induced landslides actually
occurred.

The distribution of the ISEL values was compared with the distribution of landslides
caused by the 2016 Kumamoto earthquake around Mt. Aso. The number of pixels in each
ISEL class range for landslides at lava layers (Figure 7a) and landslides at volcanic tephra
layers (Figure 7c) were counted. Probability was calculated in each ISEL class range; the
number of pixels where landslides occurred was divided by the total number of pixels
within the study area per ISEL class range (Figure 7b,d). As Figure 7a indicates, a clear



Geosciences 2021, 11, 95 9 of 12

relationship between the ISEL values and the number of pixels could not be established,
but Figure 7b indicates that the increase in the probability of landslide occurrence correlates
with the increase of ISEL values; the entire range where ISEL > 30 indicates a greater than
1% probability of landslide occurrence at rock masses (Figure 7b). On the other hand, in
the case of volcanic tephra layers, neither the number of landslide occurrences (Figure 7c)
nor the probability of landslide occurrence (Figure 7d) is related to ISEL value.
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Therefore, ISEL value is related to the probability of landslide occurrence at lava
layers and not volcanic tephra layers. In Nonomura and Hasegawa [30], the ISEL was
developed as an index of susceptibility for earthquake-induced landslides in the Paleogene
Murotohanto Group, which consists of sandstone, mudstone, and interbedded sandstone
and mudstone. Therefore, the ISEL can be regarded as a useful index to estimate landslide
susceptibility at rock masses but not at volcanic tephra.

Although the increase in the probability of landslide occurrence at lava layers cor-
relates with the increase in ISEL values, the maximum probability itself is not so high,
around 5%. While the probability of landslide occurrence is low, it is necessary to take
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measures if the risk is high. Therefore, the ISEL is an important tool for estimating landslide
susceptibility. It is also useful for comparing and prioritizing regions and routes for disaster
management planning.

The 2016 Kumamoto earthquake provided a key opportunity for ISEL validation
because resistivity data collected prior to the earthquake, a pre-requisite for validation,
were available. In order to make practical use of the ISEL for disaster risk management, it
needs to be further validated using earthquake-induced landslide data. However, since
resistivity data are usually not widely available, such opportunity is limited. Therefore, it
is important to share resistivity data in the research community.

6. Conclusions

This study used airborne resistivity data acquired in 2013 in the area of Mt. Aso,
Kyushu, to calculate the spatial distribution of an index for susceptibility to earthquake-
induced landslides (ISEL) developed by Nonomura and Hasegawa [33]. It then compared
the distribution of the ISEL values to the distribution of landslides at rock masses, which
were triggered during the 2016 Kumamoto earthquake. The results validated the effec-
tiveness of the ISEL as a predictor of landslide occurrence by using pre-earthquake data
collected from areas affected by the 2016 Kumamoto earthquake. Further work is needed to
develop a practical method of using the ISEL for landslide disaster management planning.
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22. Kasprzak, M.; Jancewicz, K.; Różycka, M.; Kotwicka, W.; Migoń, P. Geomorphology- and geophysics-based recognition of stages

of deep-seated slope deformation (Stdetes, SW Poland). Eng. Geol. 2019, 260, 105230.
23. Strozzi, T.; Farina, P.; Corsini, A.; Ambrosi, C.; Thüring, M.; Zilger, J.; Wiesmann, A.; Wegmüller, U.; Werner, C. Survey and

monitoring of landslide displacements by means of L-band satellite SAR interferometry. Landslides 2005, 2, 193–201. [CrossRef]
24. Scaioni, M.; Longoni, L.; Melillo, V.; Papini, M. Remote sensing for landslide investigations: An overview of recent achievements

and perspectives. Remote Sens. 2014, 6, 9600–9652. [CrossRef]
25. Jianjun, G.; Zhang, Y.; Xiao, L. An application of the high-density electrical resistivity method for detecting slide zones in

deep-seated landslides in limestone areas. J. Appl. Geophys. 2020, 177, 104013. [CrossRef]
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