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Abstract: Velocity is one of the most important parameters to evaluate the damaging potential of
a mass movement, but its assessment, especially for extremely rapid landslides, is a complex task.
In the literature, several models to assess mass movement velocity exist, but they usually require
many detailed parameters, and therefore, they are applicable only to a single slope and not usable for
regional-scale analyses. This study aims to propose a simple morphometric methodology, based on
the spatialisation of the Energy Line method, to determine the velocity of shallow landslides and
rockfalls at a regional scale. The proposed method requires a limited amount of input data (landslide
perimeters and a digital elevation model), and its application can be carried out using GIS software
and a Matlab code. The test area of this work is the Valle d’Aosta Region (Northern Italy), selected
due to its peculiar geological and geomorphological setting that makes this region susceptible to the
occurrence of both shallow landslides and rockfalls. Since measured velocity values for rockfalls and
shallow landslides were not available, the results obtained with the proposed method have been
validated through the implementation of a model in the literature, namely the Gravitational Process
Path (GPP) model, for some selected landslides.

Keywords: shallow landslides; rockfalls; landslides velocity; Heim method; GPP

1. Introduction

Landslides, defined as “movements of a mass of rock, earth or debris down a slope” [1],
are one of the most disastrous natural phenomena from both an economic and a social
point of view. As mentioned by Nadim et al. [2], the occurrence of these events has
been increasing over time due to climate change and human impact. For this reason, the
scientific and political community recognises the need to study these phenomena in order
to implement possible prevention and mitigation plans.

The destructive capacity of mass movement events is a function of several parameters
that are difficult to evaluate, such as the volume, the velocity, and hence, the energy of
the landslide body. The latter represents an essential quantity for the landslide characteri-
sation; indeed, the velocity is a parameter widely used in the scientific literature for the
evaluation of landslide intensity [3-9] and is, consequently, a key requirement for landslide
risk assessment.

However, mass movement velocity is difficult, and often impossible, to measure,
when referring to extremely rapid movements, such as debris flows, shallow landslides,
and rockfalls; only a few examples can be found in the literature [10,11]. Nevertheless,
in the last twenty years, techniques that use images acquired by ground-based synthetic
aperture radar (GB-SAR) sensors have been developed in order to monitor the kinematics
of individual slopes also affected by fast-moving landslides [12]. This is an expensive
technique that needs to be integrated with additional monitoring tools, and it is, therefore,
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mainly used for civil protection purposes [12]. Furthermore, GB-SAR, as well as other in
situ instruments (e.g., total station), can be used to estimate slope deformation velocities
only before the collapse of the landslides. For this reason, on a local scale, mass movement
velocity is often estimated by applying numerical models that require a large amount of
medium- and high-resolution data [13]. For example, for the study of shallow landslides,
the SPH [14] model is widely used, while for rockfalls, RockFall Analyst [15] is often
applied. Nevertheless, there are some models employed for both types of landslides (e.g.,
DAN-W [16], GPP [17]). Additionally to numerical models and monitoring, there are also
other ways to estimate fast-moving landslide velocity on-field in the aftermath of an event,
for instance, by the super-elevation of the flow, as discussed in Prochaska et al. [18].

For slow-moving landslides, several monitoring instruments (e.g., inclinometers,
ground-based radar, GPS, and total stations) installed in situ allow for the measurement of
the velocity at a slope scale [19].

Nevertheless, as stated by Corominas et al. [20], for spatial planning and manage-
ment purposes, it is necessary to obtain the components of landslide risk (i.e., intensity,
vulnerability, exposure, hazard) at a regional scale [21]. Methodologies that provide these
parameters at a large scale involve the expensive and time-consuming use of spatially
homogeneous data that are distributed over wide areas and are often not available [22].
Satellite radar interferometry techniques are consolidated methodologies [23-25] to esti-
mate mass movement velocity with a relatively low cost and easy application, allowing for
the analysis of ground surface deformations both at a detailed scale and over large areas.
Although an advantageous method for spatial planning purposes, this instrumentation
does not allow for the velocity of fast-moving landslides to be detected [26].

To overcome the aforementioned issue, this study aims to introduce a method for
assessing the velocity of shallow landslides and rockfalls at a regional scale—a spatialisation
of the Heim Energy Line method [27]. The proposed methodology is a morphometric
approach, whose application implies the knowledge several input data spatialised on the
area of interest. Therefore, the two types of movement analysed in this study are shallow
landslides and rockfalls. Rockfalls are movements of rock masses characterised by an
initial free fall, followed by rebound and rolling; they are phenomena that typically affect
steep cliffs and have extremely rapid velocities. Shallow landslides also affect steep slopes
and are characterised by high velocities; these are movements that generally occur on
slopes characterised by water-saturated topsoil as a consequence of heavy rainfall. The
above-mentioned two types of mass movements are part of the extremely rapid movement
class, i.e., with a velocity greater than 5 m/s, as stated by Cruden and Varnes [3]. The
proposed method was tested in the Valle d’Aosta Region, where several landslide events
have been mapped within the regional inventory. Since measured mass movement velocity
values were not available for the study area, the obtained results were validated using a
suitably calibrated model from the literature.

2. Materials and Methods
2.1. Study Area

The study area was the Valle d”Aosta territory, an alpine region located in the extreme
north-western sector of Italy.

From a geological point of view, this region belongs to the Alpine chain, and it is
delimited by two important geological lines: the Periadriatic fault system to the south and
the Penninic front to the north. The geological units outcropping in Valle d’Aosta have
been reclassified into 16 litho-technical groups, which are shown in Figure 1.

Regarding the geomorphology of the area, the region is a mainly mountainous zone
characterised by a very variable altitude, with values from 300 m a.s.l. to more than 4000 m
a.s.l. with the main peaks of the Alpine orogeny [28]. The area corresponds to the mountain
section of the Dora Baltea River basin, a glacial valley with an east-west orientation that
is the main evidence of Quaternary glaciations [28] (Figure 2). The main phenomena that
shape a mountain territory are mass movements and glaciers. In fact, the Valle d"Aosta
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territory was mainly influenced by the Pleistocene glacial phases that shaped the main
valley and the tributary valleys; in the region, there is evidence of glacial modelling as both
erosional and depositional forms. The subsequent fluvial action changed the landscape
through the deepening of the glacial valley floors, the erosion of glacial deposits, and the
formation of alluvial deposits [29].
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Figure 1. Litho-technical map of the Valle d’Aosta Region, Italy, distributed by regional authorities.

In addition to glacial phenomena, gravitational movements play an important role
in the modelling of the region. Indeed, the geological history and the morphology of the
territory cause the presence of numerous mass movements of different types and sizes. In
this regard, the data of the Inventario dei Fenomeni Franosi in Italia (IFFI, landslide inventory
in Italy compiled by ISPRA [30,31]) Project show a 17.8% landslide index; this means that
almost 18% of the regional area consists of landslides [29]. The IFFI inventory is the only
homogeneous landslide inventory at a national level, and it is a fundamental instrument for
landslide risk assessment and management. The IFFI Project does not include phenomena
related to torrential processes, e.g., debris flows, because they are considered extraneous to a
landslide inventory. Specifically regarding the Valle d’Aosta region, due to the morphology
of the territory, which is characterised by high steepness, the most common landslides
are the rapid ones, such as shallow landslides and rockfalls. In fact, the IFFI inventory
includes 612 polygons of rockfalls/topplings and 728 polygons of shallow landslides out of
a total of 2145 landslides mapped. The climate also plays an important role; the marginal
mountainous areas are characterised by an alpine climate with high rainfall/snowfall up
to 1100 mm/year [32], and slope steepness and rainfall are among the main triggers of
mass movements. A further factor that causes slope instability conditions in Alpine regions
is snowmelt. Therefore, global climate change leading to more intense rainfall and the
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growing anthropogenic impact are the main causes of the continuous increase in mass
movements. There are several geological and geomorphological studies [33-36] dealing
with the relation of slope instability in glacial valleys with freeze-thaw cycles, and in
particular with the pressure release following glacier retreat.

e
PO Samg
% & Martin

Elevation (m a.s.l.)
w4807
B 590

river network
Il fast-moving landslides
Bl siow-moving landslides
other types of landslide

Figure 2. Digital elevation model of the study area with overlapping Dora Baltea River network and
the IFFI landslide inventory [30,31].

2.2. Heim Method

The proposed methodology aims to estimate the velocity of fast-moving landslides on
a large scale, such as shallow landslides and rockfalls. This method is based on the Heim
Energy Lines model [27] and its application on a regional scale.

The Heim Energy Lines method [27] was suggested in order to identify the kinetic
energy of a mass movement, and it is based on the slope morphology. In particular, the
landslide body is considered as a rigid block moving down a slope, and this allows for the
use of the conservation of energy law, assuming that all the energy lost in the movement is
dissipated by friction.

The basic principles of the Heim [27] model are shown in Figure 3. Specifically, it is
based on the definition of the energy line, i.e., the theoretical line connecting the highest
point of the landslide (top) and the most distant point of landslide accumulation (tip). This
line forms an angle $ ((1) with the horizontal plane and represents the landslide travel
angle, characterised by a value inversely proportional to the landslide propagation distance.

AH
t = — 1
an 3 I 1)
where (3 is the slope of the line from the horizontal, and L and AH represent the vertical
and horizontal offsets, respectively.
Therefore, through the energy line, it is possible to obtain the arrival distance of the

landslide and, consequently, its velocity. In fact, the velocity at any point of the landslide is
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proportional to the vertical distance (k) between the energy line and the point itself. The
parameter k (Equation (2)) represents the kinetic load, i.e., the kinetic energy divided by
the weight of the displaced mass. Within a landslide, k can be expressed as the semi-ratio
between the square of the propagation velocity (v) and the acceleration of gravity (g).

k=-— )

Thus, considering all the points of the landslide it is possible to have an idea of its
velocity. In particular, with Equation (3), we can estimate the velocity of a landslide body

for any position x:
o(x) = \/2kg )
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Figure 3. Slide model of a landslide; CM = centre of mass of the displaced body;
u = potential energy; k = kinetic load; w = work of the friction forces; @,= apparent angle of friction
(tan @, = (1 — ry)tan ¢’, where r represents the ratio of water pressure to total vertical lithostatic
pressure) (modified from Canuti and Casagli [37]).

2.3. Input Data Preparation and Elaboration

The Heim Energy Line method [27] is limited to a local scale application; in order to
apply it to a regional scale, and thus to all the fast-moving landslides in Valle d"Aosta, its
spatialisation is necessary. To apply this model, the same model for shallow landslides and
rockfalls, a procedure in the GIS environment was implemented for which the landslide
perimeters and a digital elevation model (DEM) were requested. The landslide polygons
were obtained from the IFFI Project, the Inventory of Landslide Phenomena in Italy com-
piled by ISPRA [30,31]. A DEM with a 10 m resolution [38] was cropped on each landslide
polygon, hence obtaining the base file from which the length (L) and the maximum and
minimum height values were extracted for each landslide, taken as the top and tip of
the landslide, respectively. Afterwards, due to the large amount of data to be analysed
and the absence of a specific tool in the GIS environment, all the data were processed
using Matlab software (MathWorks, version R2020a). For the application of the Matlab
code, provided in the Supplementary Materials, (Supplementary File S1), the required data
were prepared; after converting the DEM into points (so that a regular grid of points was
obtained), each point was associated with its spatial coordinates. Then, two tables were
created: one showing the maximum height value of each polygon with its coordinates and
the landslide identification code, and the other with the height of each point belonging
to the polygons, its spatial coordinates, the length of the landslide (L), the difference in
height between the top and the tip (AH), and the landslide identification code. Therefore,
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a specific calculation routine was performed in Matlab, which allowed for obtaining the
following parameters for each point within all the landslides (Figure 4):

(1) L'—horizontal distance of each point within the landslide from the top;
(2) TanP—tangent of the propagation angle (constant for each landslide);
(8) G—vertical distance between the top and the energy line, G =L" X tanf;
(4) Qy—height of the energy line, Q; = Qmax-G;

(5) k—kinetic load, k = Q,—landslide point elevation (DEM).

Knowing the kinetic load k, by using the inverse formula, it is possible to get the
velocity at each point belonging to the landslide polygons, as shown in Equations (2) and (3).

source ! track deposition
zone

zone

Figure 4. Graphical representation of a generic landslide based on the Heim Energy Line method; the
parameters obtained with a specific Matlab routine are indicated.

3. Results

In order to estimate the velocities of fast-moving landslides over the whole region, a
Matlab code based on the Heim method [27] was created. Through the code, two tables
with the velocity values were obtained: one with the maximum velocity value and the
other one with the point velocity values for each landslide polygon. These tables can be
easily imported into a GIS environment and used for studies with different purposes.

An example of the results can be seen in Figures 5 and 6, where the velocity distribution
of a shallow landslide and of a rockfall are reported, respectively. The shallow landslide
shows a velocity distribution ranging from 0 m/s to 21 m/s, while that of the rockfall is
from 0 m/s to 35 m/s. Over the whole region, the obtained velocity values are characterised
by an average maximum value of about 19 m/s for shallow landslides and about 28 m/s for
rockfalls. Therefore, the distribution of the velocity values resulting from the Matlab code
based on the Heim method [27] is consistent with the values acquired from the monitoring
activities that are available in the literature. These results were confirmed by several
works carried out on the Alpine territory [11,39-43], which found that the average rockfall
velocity values on forested slopes range between 15 and 25 m/s, and in non-forested
areas, they reach a maximum value of 30 m/s. The results for shallow landslides are also
consistent with the velocity values found in the literature. As stated by Iverson [44] and
Rickenmann [45], fast-moving flows can travel over long distances with velocities between
2 and 20 m/s.
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Proposed method velocity (m/s)
21
.

Figure 5. Velocity values of a shallow landslide obtained by a Matlab code based on the Heim method.
The continuous black line corresponds to the landslide boundary, and the black point to the release
reference point according to the IFFI inventory.

Proposed methodvelocity (m/s)
e 35

-

Figure 6. Velocity values of a rockfall obtained by a Matlab code based on the Heim method. The
continuous black line corresponds to the landslide boundary, and the black point to the release
reference point according to the IFFI inventory.

Validation of the Results

In the literature, there are only a few examples of measured velocity values of rapid
landslides [10,11]; indeed; they are usually all modelled. This issue is even more complex
when working at a regional scale. Therefore, in order to verify the reliability of the velocity
values obtained with the spatialisation of the Heim Energy Line method [27], a validation
procedure was performed using the Gravitational Process Path (GPP) model [17]. This
is an extension of SAGA GIS that simulates the process path, the runout length, and the
deposition area of gravitational phenomena using a digital elevation model (DEM). The
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GPP model combines several sub-models, which makes the model applicable to different
processes such as rockfalls, debris flows, and snow avalanches. A further advantage of this
model is that it requires a small amount of input data, allowing applications at a regional
scale [46] as well as at a slope scale [7].

Regarding rockfalls and debris flows, the approaches typically used are “Random
Walk” to determine the process path, the “one-parameter friction model” to calculate the
runout distance of rockfalls, and the “Perla, Cheng, McClung (PCM) model [47] in the
case of debris flows [17]. The GPP model requires as input data a DEM and a release area
raster. The Random Walk approach involves as input a slope threshold, below which the
divergent flow is modelled, and two parameters that control the flow. The one-parameter
friction model requires the definition of the following parameters: a free fall threshold
representing the minimum angle between the starting cell and the current one to model
the free fall, the energy reduction after the impact, a friction parameter, and the type of
movement (sliding or rolling). The PCM model is a two-parameter friction model according
to which the movement depends mainly on a sliding friction coefficient and a mass-to-drag
ratio. The aforementioned parameters have been calibrated according to the value ranges
found in the literature for the study area [48,49]. The application of the model allows
for obtaining three products: the “Process Area”, which shows the number of passages
of the material, “Stopping Positions”, which highlight the arrival point of the landslide
material, and “Maximum Velocity”, which provides the maximum velocity values for each
cell. This procedure was performed on selected samples of landslide polygons. Specifically,
ten rockfalls and ten shallow landslides were analysed; Figures 7 and 8 show the velocity
values obtained from the GPP model for a shallow landslide and a rockfall, respectively.
These values can be compared with the velocities obtained by the proposed methodology
shown in Figures 5 and 6.

Other examples are shown in Figure 9. The comparison between the outputs highlights
that the GPP results, even if with the same geometry, can be characterised by a greater
extension. This is due to the different input data used by the two models. In fact, the
proposed method works using a DEM corresponding to the landslide polygon, while the
GPP model, requiring as input data a DEM of the whole region and the release area of the
landslides, simulates the landslide path from the release area considering the entire territory.

GPP velocity (m/s)

22

—

Figure 7. Velocity values of the shallow landslide, shown in Figure 5, obtained by the GPP model.
The continuous black line corresponds to the landslide boundary, and the black point to the release
reference point according to the IFFI inventory.
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GPP velocity (m/s’
e 36

-

Figure 8. Velocity values of a rockfall, shown in Figure 7, obtained by the GPP model. The continuous
black line corresponds to the landslide boundary, and the black point to the release reference point
according to the IFFI inventory.

-« o
b -
W = (]
Proposed method velocity (m/s)

Figure 9. Other examples of the application of the proposed method and GPP model. (a) Velocity
values of a shallow landslide obtained by a Matlab code based on the Heim method; (b) velocity
values of the same shallow landslide shown in (a) obtained by the GPP model; (c) velocity values
of a rockfall obtained by a Matlab code based on Heim method; (d) velocity values of the same
rockfall shown in (c) obtained by the GPP model. In all the figures, the continuous black line
corresponds to the landslide boundary, and the black point to the release reference point according to
the IFFI inventory.
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The comparison between the maximum velocity values obtained with the two methods
showed a good correspondence. In particular, a good positive correlation was found, as
shown in the following graphs (Figures 10 and 11), and Pearson correlation coefficients of
0.95 and 0.99 were obtained respectively for rockfalls and shallow landslides.

Non-parametric Kendall and Spearman tests, which measure the strength of the
relationship between two variables, were also carried out, leading to the following results:
a Kendall coefficient of 0.73 and a Spearman coefficient of 0.89 were achieved for rockfalls;
regarding shallow landslides, these coefficients were 0.87 and 0.96, respectively. Moreover,
not only the maximum velocity values were compared, but also the velocity distribution
within each analysed landslide was investigated. To achieve this goal, boxplots of the
velocity values of each landslide have been made both for the proposed approach and for
the GPP model.

40

35 y=0.9392x +1,1303
R2=0,9036 .
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0 %o
15 o . @

Vmax GPP (m/s)
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0 = 10 15, 20 25 30 35 40

Vmax proposed method (m/s)

Figure 10. Graph of correlation between the proposed method and GPP model maximum velocity
values for ten selected rockfalls. Each point shown in the graph represents the maximum velocity
value of a rockfall computed with the two methods.

50
a5 y=10812x-2,0199 4
R?=0.9767 .
40
35
o [] '_.-".
= 5 e
£E o
& 25 o.&
U] ®.- :
x 20 s
=
E
> 15
) .. K
10
Te
5
0
0 5 10 15 20 25 30 35 40 45 50

Vmax proposed method (m/s)

Figure 11. Graph of correlation between the proposed method and GPP model maximum velocity
values for ten selected shallow landslides. Each point shown in the graph represents the maximum
velocity value of a shallow landslide computed with the two methods.
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In Figures 12 and 13, the boxplots relating to rockfalls and shallow landslides are
shown. These graphs highlight a good correlation between the velocity values distributions
obtained with the proposed method and the GPP model.

40

35 ] Proposed method
E GPP

30

25

20

Velocity (m/s)

15

10

Landslide

Figure 12. Boxplots of the velocity values of the selected sample of rockfalls. The full-colour boxplots
refer to the proposed method velocity values, and the dashed ones to the GPP velocity values. The
colours correspond to those used in Figure 10. The boxplot consists of a box, delimited by the first
and third quartiles, with the median value reported inside, and two whiskers that connect the box to
the minimum and maximum value.
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Figure 13. Boxplots of the velocity values of the selected sample of shallow landslides. The full-colour
boxplots refer to the proposed method velocity values, and the dashed ones to the GPP velocity
values. The colours correspond to those used in Figure 11. The boxplot consists of a box, delimited
by the first and third quartiles, with the median value reported inside, and two whiskers that connect
the box to the minimum and maximum value.

4 5 6
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4. Discussion

The application of the proposed methodology based on the Heim method [27] for the
evaluation of the velocity of fast-moving landslides on a regional scale provided positive
results in terms of the velocity value accuracy and the calculation times obtained. Moreover,
it is a simple application method that overcomes the traditional difficulties of regional
scale studies.
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In particular, as mentioned by Hungr [50], the dynamics of rapid landslides depend
on the mass movement type. Rockfalls are characterised by an initial acceleration caused by
a loss of cohesion on very steep slopes, followed by free fall and rebound of rock material.
These phases are characterised by extremely rapid velocity, which then decreases as a
result of various impacts and rolling on low slope surfaces. On the other hand, landslides
characterised by rapid flow have a high front velocity, and they tend to stop in the presence
of a change in slope.

The dynamics of these fast-moving landslides were confirmed by the obtained results.
In fact, as shown in Figures 5-9, the distributions of the velocity values within the landslide
polygons are consistent with the topographic characteristics of the area. In particular, the
highest velocities were observed in correspondence with significant altitude differences,
decreasing to zero in the proximity of the deposit areas.

In order to verify the velocity values obtained, a GPP application was performed; it
is a simple model, but it allows for obtaining good results that are useful for validating
the velocity values obtained through the proposed method. The comparison between
the maximum velocity values obtained with these two methods showed good results, as
demonstrated by the statistical correlation coefficients (Pearson, Kendall, and Spearman).
In addition, a comparison between the distributions of all the velocity values of the selected
landslide polygons was performed; this was carried out by the implementation of boxplots,
which showed a good correspondence between the proposed approach and the GPP model,
especially for rockfalls. In the case of shallow landslides, the particular shape of the
landslide polygons, which are often curved and very small in width, could explain the not
optimal result.

Uncertainties can come from the spatial resolution of the DEM, which could influence
the results, potentially reducing the accuracy of the results or masking some defects of
both the used models. Other uncertainties are derived from the use of a remote-sensed
inventory that, as stated by Bellugi et al. [51], is characterised by several limitations. In
particular, this type of inventory does not distinguish landslides from their runout, it is not
updated, and it does not include accurate geomorphological data. Given these limitations,
the inventory used was suitable for the purposes of this paper, and working at a regional
scale, it provided good results.

The application of the Heim method [27] is characterised by some disadvantages.
Indeed, it must be considered that it is a simplified morphometric method and so it is based
exclusively on altitude differences. The velocity values obtained are approximate due to
some assumptions; in particular, a line connecting the top and the tip of the landslide was
simply used and considered constant across the entire landslide, representing a kind of
plane over the landslide. In this way, the maximum velocity value is the most significant
one, but a future development to improve the results could be the application of the model
using a semi-cone or a more complex shape to enhance the accuracy of the results.

5. Conclusions

“Velocity is the most important parameter determining the destructive potential of
landslides” [50]. In this work, a procedure based on the Heim method was applied in
the Valle d’Aosta Region (Italy) in order to determine the velocity for shallow landslides
and rockfalls at a large scale over the whole region. It is a morphometric method whose
application requires as input data the landslide polygons and a digital elevation model.
Using a Matlab code, it was possible to obtain for both landslide types a table with the
maximum velocity values and a table with the point velocity values for each landslide
polygon. The results obtained were compared with velocities found in the literature
and then validated with the GPP model. The estimated values are consistent with the
morphological characteristics of the study area and highlight a good statistical correlation
with the GPP model outputs. Regarding the distribution of velocities within the landslide
polygons, rockfalls showed a better correspondence than shallow landslides due to their
shape. In summary, the model applied provided acceptable results in a simple way, but
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these can be improved by using a surface that considers the irregularity of the landslide
area. In addition, the velocity values provided within our procedure could be useful for
assessing the landslide intensity and, thus, for strategies of quantitative risk evaluation.

Supplementary Materials: The following supplementary material can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ geosciences12040177/s1, File S1: Matlab code.
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