
Vol.:(0123456789)

Natural Hazards (2023) 117:2347–2373
https://doi.org/10.1007/s11069-023-05945-8

1 3

ORIGINAL PAPER

Debris and mud flows runout assessment: a comparison 
among empirical geometric equations in the Giampilieri 
and Briga basins (east Sicily, Italy) affected by the event 
of October 1, 2009

Luca Maria Falconi1   · Lorenzo Moretti2 · Claudio Puglisi1 · Gaia Righini2

Received: 15 November 2022 / Accepted: 24 March 2023 / Published online: 15 April 2023 
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract
Empirical/geometric methods rely on simple geometrical connections between some land-
slide parameters and the runout distance reached by the displaced material. Despite the 
extreme simplification of the dynamic of this landslide typology, those methods can pro-
vide useful information about the propagation of this shallow and fast landslide typology, 
joining the reliability of the results with easiness of use. The objective of this work is to 
compare the efficacy of different geometric relationships for the identification of the runout 
distances in a debris- and mud-flows-prone test area located in Sicily, southern Italy, where 
several events were analyzed, and a consistent set of data was collected and processed. 
Notwithstanding some uncertainties in the methodological approach and not negligi-
ble scattering between expected and observed runout distances, the use of such geomet-
ric approaches, together with the evaluation of kinematic parameters such as velocity and 
kinetic energy, can significantly boost the implementation of site-specific analyses for a 
more detailed definition of landslides susceptibility at a local scale.
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LEWS	� Landslides early warning system
LIP	� Landslide identification point
LP	� Landslide path
TA	� Track area
SBP	� Slope break point

1  Introduction

Debris and mud flows, shallow and fast-moving landslides involving plastic and saturated 
material (Hungr et al. 2014), start on steep slopes while the displaced material could be 
carried also very far from the initiation areas. Usually, the landslides hazard and risk maps 
implemented by regional and local authorities mainly include the inventory maps of past 
landslide and/or landslide susceptibility maps showing the potential initiation areas, i.e., 
areas of the initial detachment of the landslides. Regional hazard maps provided by public 
authorities rarely are the result of debris flows runout analysis. In these fundamental land 
planning instruments, the determination of the area that may be reached by the displaced 
material and the lower point of the debris deposition area, where most elements at risk are 
typically located, is often missing. Joining the identification of landslide source area with 
its runout, the distance covered by the displaced material, and the propagation area allows 
a more exhaustive comprehension of the phenomena and more efficient hazard and risk 
assessment (Corominas et al. 2003; Melo and Zezere 2017).

The propagation of the material detached by debris and mud flow is a combination of 
several causes and elements, extremely difficult to reproduce and analyze in appropriate 
and exhaustive models. Two main types of procedures are widely used for the runout inves-
tigation: empirical–statistical expressions, mainly based on the correlation of geometric 
parameters, and analytical/numerical models that simulate several parameters of the physi-
cal processes (Rickenmann et al. 2005; Hürlimann et al. 2008; McDougall 2017). The dis-
tinction between the two approaches is not always sharp because some empirical relations 
are often used in the simulation procedures due to the difficulties in gathering simple and 
universal rules for landslides modeling (Scheidl and Rickenmann 2010; Pastor et al. 2012; 
Huang and Cheng 2017).

The extension of the study area and the objective of the investigation usually drive the 
choice between the two approaches, involving different details, scales and engaged efforts. 
While the location and definition of stabilization structural works need a slope scale 
description and analysis, the implementation of tools for the regional planning and early 
warning system design requires the description of huge dataset, spread on a wide area. 
Moreover, the design of an early warning system needs necessarily to join the appraisal of 
the initiation susceptibility with the estimate of the material propagation. The numerical 
modeling approach is specifically suitable to characterize a single event and to design the 
actions at slope scale, even if recent studies illustrate some more extended application (Di 
Napoli et al. 2021; Guthrie and Befus 2021). The neural networks were also used to esti-
mate the runout with promising results that could be improved by adding further and wider 
dataset (Chae et al. 2006).

Empirical/geometric methods rely on simple correlations between some landslide 
parameters and runout (Hungr 1995; Jakob and Hungr 2005; Fig. 1). Despite the extreme 
simplification of the dynamic of the phenomena under investigation, those methods can 
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provide a prediction of the extent of the landslide propagation with good reliability (Berti 
and Simoni 2007). Moreover, they can successfully support decision-makers and are con-
sistent with more recent guidelines for landslides risk assessment (Porter and Morgenstern 
2013; Corominas et al. 2014).

The first and most used empirical expression in the geometrical approach is based on 
the “reach angle—Fahrböschung,” introduced by Heim (1932), which links the vertical 
drop with the roughness of the terrain below the initiation zone (i.e., obstacles, rock walls, 
trees), the friction coefficient of the detached material and the landslide volume (Zou et al. 
2017). A general regression Eq. (1) describes the relationship where A and B are constants 
and V is the landslide volume:

Using this equation, in the past decades some authors have analyzed several datasets of 
debris flow events that occurred in different areas of the world, obtaining different values 
of the constants (Corominas 1996; Crosta et  al. 2003; Lorente et  al. 2003; McDougall, 
2014).

Highlighting the potential energy component, the general relationship was expressed in 
a slightly different form by Rickenmann (1999) and García-Ruiz et al. (2002):

where the runout (L) is in relation to the mass (M) of the displaced material and the differ-
ence in height (H) between the highest point of the debris flow (LIP) and the lower point 
of the landslide deposit toe (TP). Even if the runout is clearly correlated with the landslide 

(1)���(����) = A + B���V

(2)L = 30(MH)0.25

Fig. 1   Main elements related to the runout assessment of a debris flow. Landslide initiation point: maxi-
mum height of the main scarp. Toe point: lower point of the accumulated material; slope break point: point 
where significantly change the slope gradient; L: 3D runout distance; Lmin: 2D runout distance; ΔH: height 
difference between the top of the main scarp and the toe; ΔHs: height difference between LIP and SBP; 
ΔXs: planar distance between LIP and SBP; α: reach (or extension, propagation) angle; θ: slope angle; β: 
transition angle
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height, this relation cannot be easily applied in forecast analysis because the stopping point 
of the material is obviously unknown a priori, being instead the parameter to identify. Any-
how, the strong correlation between the runout and the volume suggested a direct and suit-
able connection that was applied in Legros 2002.

As several parameters influence the landslide movement, the runout forecasting models 
should consider concurrently as much influence factors as possible. In Guo et al. (2014), 
the results of the multiple factor predictive methods applied on 54 landslides (mainly rock 
soil slides and debris rock avalanches), triggered by the 2008 Wenchuan earthquake, show 
that the type of rock, the volume detached in the initiation area and the transition angle 
on the slope, have a prevalent effect on the propagation distance. Guo analysis highlights 
how crucial is in this landslide process the transition angle that depends on the slope angle 
above and below the point along the landslide path which significantly changes the slope 
gradient, below which the velocity of the phenomenon decreases and where the debris flow 
gradually loses the erosion power and the deposition starts. Starting from Eq. (2), another 
expression (Puglisi et  al. 2015) focused on the role played by the initial portion of the 
slope, using its height instead of the total vertical drop of the landslide.

In several and widespread situations, especially in developing countries, the lack of 
good quality datasets, the scarcity of funds and the absence of expert staff are serious draw-
backs for landslide susceptibility and risk assessment, in particular using advanced numeri-
cal models. Therefore, the implementation of simple and low-cost methodologies, easily 
applicable and reliable is an urgent and required need (Guinau et  al. 2007), also in the 
runout estimation of debris and mud flow. One of the most powerful innovations of the GIS 
tools for data processing (such as the “Model Builder” in ArcGIS or “Graphic Modeller” in 
QGIS) can facilitate large area analyses that require the execution of numerous algorithms 
in sequence to achieve the identification of the landslide path and the runout distance from 
a specific starting point. In this framework, starting from a potential source areas map, the 
geometric approach is especially useful to implement tools devoted to regional planning 
and (pre)early warning system design.

The objective of this work is to compare the efficacy of different geometric expressions 
for the identification of the runout of debris and mud flows in a test area located in Sicily, 
southern Italy, where several events were analyzed, and a consistent dataset was collected 
and processed by means of the GIS tools available in QGIS open software. The debris and 
mud flows used as a base dataset in the present study occurred along an area on the Ion-
ian side of the Peloritani Mountain Belt, SW of Messina Italy (Fig. 2), hit by a high con-
centrated rainstorm on the October 1, 2009. This intense rainfall event triggered abundant 
slope failures, mainly debris and mud flows, in the southern Messina municipalities, Itala 
and Scaletta Zanclea areas causing severe damages in small villages and along the trans-
portation network; unfortunately, also many fatalities and injured people were reported 
(Regione Siciliana 2009; Fig. 3).

2 � Regional setting

The Peloritani Mountain Belt is the southern extremity of the Calabride-Peloritan Arc in 
the Nord-East Sicily and a SE verging pile of nappes composes it. Pre-Alpine metamorphic 
units that were involved in Hercynian and Alpine orogenic processes and overlap sedimen-
tary Maghrebid units (Carbone et al. 2007) characterize each nappe. Outcropping forma-
tions in the Peloritanian sector are mostly composed of micashists of various metamorphic 
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grades and secondly by deposition of sedimentary covers. The fast crustal uplifts, start-
ing from the upper Pliocene and lower Pleistocene, strongly influenced the overall geo-
morphology, which resulted in a high energy relief, “V”-shaped valleys with steep slopes 
eroded by torrent-like straight watercourses, narrow and deeply embanked into high rock 
walls in the mountain sectors, becoming wide and over-flooded in the terminal parts with 
extensive alluvial fans or dejection cones, ruins of old cliffs, fluvial and marine terraces 
(Regione Siciliana 2004). The low geomorphologic evolution, typical of a recent uplift, 
fosters intensive erosion processes and the alteration and degradation of crystalline litho-
types, as well as the high erodibility of sedimentary deposits, cause a widespread insta-
bility along the slopes. During high-intensity and prolonged hydrometeorological events, 

Fig. 2   Debris-mud flows inventoried in the study area distinguished in hystorical (orange dots) and 
occurred in October 1, 2009 (red areas) events

Fig. 3   Debris and mud flows in the Messina municipality area
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gravitational movements classified as rapid mud and debris flows occur. These rapid flows 
start on neoformation rupture surfaces as small roto-translational slides in the soil over 
the bedrock and then become mud and debris flows which move toward the valley with a 
velocity of several meters per second (about 10 or 15 m/s).

Mica schists, phyllites and sericitic-chloritic schists compose the bedrock parent 
material of the detached soil. The soil thickness is variable according to the terraces 
preservation status and its contact with the bedrock varies in depth from 50 to 80 cm. 
The soils are usually sandy with low clay content (almost 10%) and clearly show thixo-
tropic characteristics (Napoli et  al. 2015). Brown soils—Rankers—lithosols outcrop 
in the most elevated side of the area, close to the Peloritani watershed, while brown 
soils—leached brown soils—lithosols outcrop in the highest portions of the coastline 
(Ballatore & Fierotti 1967). Leptic Cambisols ed Eutric Cambisols (Sodic) are present 
in the most elevated and medium parts of the slopes characterized by abandoned/not 
preserved terraces and currently covered with mixed bushed vegetation.

Orographic and morphologic characteristics as a whole directly influence the cli-
matic features of the territory near Messina, typically Mediterranean with hot and dry 
summers, and precipitation falling mostly in the period from October to January. The 
mountain range close to the coastline, which represents a barrier for the air masses 
coming from Tyrrhenian and Ionian seas, strongly conditions the pluviometric trend 
(Nigro, 2011). Rainfall events are usually short and intense during the rainy season 
(October–April) and quite rare in the dry season (May–September). The October 1, 
2009 precipitation is not an unusual event in the area of interest: some similar events 
have been recorded before (29–30 October 1985, 3–4 October 1996, 25 October 2007) 
and after (10th of March 2010, 22nd of November 2011, 1st of November 2012) even 
if they caused minor consequences. From the 15th and the 16th of September 2006, an 
event with 199 mm in 3 h rainfall intensity was registered; despite the higher intensity 
in comparison with the October 1, 2009 event (162 mm in 7 h), it didn’t trigger signifi-
cant landslides. More recently, from 24 and 26 October 2021, some exceptional events 
with Civil Protection warning communications were recorded.

Landslide hazard in Messina municipality, which experienced also widespread fires 
in the past, lead often to a generalized high risk due to the specific urbanization and the 
poor availability of hydro-geomorphologic risk reduction plans. A continuous urban 
landscape along the coastline, where the population migrated in the past decades leav-
ing the outback original settlements, characterizes the study area. Moreover, several 
critical linear infrastructures are located along the coastline, such as main highways, 
railways, pipelines, and telecommunication features. Inland and most elevated areas, 
used in the past for grazing and agriculture, are now covered by woods, shrubs, and 
meadows, while in the hills and valleys prevail areas devoted to different agriculture 
activities.

In the past ten years, after the October 1, 2009 event, many studies analyzed the geo-
morphologic hazard of the area of interest, paying special attention to the rapid shal-
low landslides. Beyond landslides inventories (Ardizzone et al. 2012; Ciampalini et al. 
2015; Malerba et al. 2015), several studies considered the hydraulic aspects of debris 
flows and the relationships with rapid floods (Casalbore et  al. 2011; Aronica et  al. 
2012; Fiorillo et al. 2018), or specifically landslides hazard (Nigro et al. 2011; Puglisi 
et al. 2013) and related geomorphologic (De Guidi and Scudero 2013) and anthropic 
(Del Ventisette et al. 2012) control factors. A significant effort was devoted to debris 
flow susceptibility analysis based on physical (Schilirò et  al. 2015a), deterministic 
(Schilirò et al. 2015b), and statistics (Lombardo et al. 2018) models. Moreover, some 
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work was dedicated to setting up the first steps of local landslides early warning and 
environmental protection systems (Basile & Panebianco 2011).

3 � Material and methods

In addition to Eq. (2), the analysis is focused on other empirical geometric equations that 
relate one or more dimensional characteristics of a debris–mud flow to the runout. The 
Legros (2002) equation, characterized by an extreme simplicity and ease of application, 
was also taken into consideration:

which relates the runout distance L to the displaced volume V. On the contrary, Guo et al. 
(2014) equation is substantially more complex:

where, in addition to the volume and the transition angle (β) in the slope break point (SBP), 
also the type of rock involved in the movement—RT factor—is considered.

Also, the equation in Puglisi et  al. (2015) considers the change in the slope gradient 
along the landslide path:

The general relationship has been applied for two distinguished dataset of confined and 
unconfined debris flows (respectively mud–debris flow and debris avalanche sensu Hungr 
et al. 2014), providing two distinct power functions, respectively:

The confined elements represent those phenomena that along the path merged into a 
preexisting drainage line, while the unconfined propagated on an open slope. In the first 
case, the landslides maintained approximately the same width as the initiation areas, while 
in the second case they increased significantly their width moving downstream (Hungr 
et al. 2013).

Agreeing with the key role played by the SBP in the propagation dynamics of a dis-
placed mass but focusing more on the gradient than on the height of the initial portion of 
the slope, a new further equation is developed and proposed in the present work:

where, in addition to the volume, the runout is correlated with the gradient of the slope 
between the LIP and the SBP, equal to the ratio between the height (ΔHs) and the length 
(ΔXs) of the initial part of the slope.

The analysis began with the results of geomorphological field surveys and aer-
ial photo observation (October 1, 2009 post-event flights acquisition provided by the 
Civil Protection Office of the Messina Municipality), collected in an inventory of about 

(3)L = 235V0.39

(4)logLmax = 0.136RT + 0.159logV + 0.529sin� + 1.497

(5)L = a(V ∗ ΔH
s
)b

(6)L = 5.049
(

V ∗ ΔH
s

)0.329
confined

(7)L = 3.099
(

V ∗ ΔH
s

)0.346
unconfined

(8)L = a(V ∗ i)b = a(
V ∗ ΔH

s

ΔX
s
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two-thousand debris and mud flows occurred in the Messina area between 2007 and 
2011. One hundred elements, distinguished in confined (19) and unconfined (81), were 
extracted from the inventory, mainly randomly, in order to constitute a representative 
subset of all known rapid shallow landslides of the area (Fig. 4). Fifty of these (12 con-
fined and 38 unconfined) were used ad training dataset to identify site-specific runout 
equations while the remaining fifty (7 confined and 43 unconfined) were used for the 
validation of the equations. While the calibration dataset was mainly randomly selected 
from the surveyed data provided with all the necessary geometric and soil thickness 
parameters, the validation dataset was selected with greater attention avoiding the phe-
nomena with particularly lobed shapes, a long path clearly channeled into the drainage 
network and evident interactions with anthropic structures.

In addition to the LIP and the TP, the Initiation Area (IA, polygonal element related 
to the source area) and the Landslide Path (LP, linear element representative of the path 
between LIP and TP and consequently of the runout) the vector layers have been drawn 
for each of the 100 observed events (Figs. 5 and  6). On the basis of geomorphological 
interpretation of the aerial photographs, the polygon of each Initiation Area has been 
drawn having as main references the crown of the main scarp. Because of the difficulty 
in the unique identification of the toe of the rupture surface, many of the inventoried 
areas resulted useless for the aim of the study. In addition to the elements used in the 
study, the Track Area (area affected by the flow along the path) and the Deposition Area 
(zone of accumulation at the foot of the landslide) were also delineated.

Fig. 4   Study area with the 100 observed Landslide Identification Points (50 for training and 50 for vali-
dation analysis), distinguished in confined (red dot) and unconfined (yellow dot). The 114 points (green) 
where the soil thickness were measured are also shown
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Fig. 5   Characteristic geometric elements in a wide but confined debris–mud flows system

Fig. 6   Characteristic geometric elements in four adjacent unconfined debris–mud flows
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Using the 2 m cell size DEM (derived by the aerial photograph interpretation), the 
absolute height (m a.s.l.) of each element of the two punctual layers (LIP and TP) was 
identified, while for the linear layer (LP) the length (m) was calculated, both in plan 
(2D) as on the DEM (3D). The volume (m3) of each landslide has been calculated 
through the areal layer (IA; m2), and the soil thickness (m) map was produced using the 
GIST model equation (Catani et al. 2010; Fig. 7):

(9)hi = −Kc ∙ C ∙ � ∙ �−1

Fig. 7   Soil thickness map produced with the GIST model equation with the 2 m cell size DEM

Fig. 8   Soil thickness map produced with the Z (left) and S (left) model equation with the 2  m cell size 
DEM
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where hi represents the soil thickness, Kc is a calibration parameter that adjusts the normal-
ized values of the other indices to real thickness values, C is an index linked to the slope 
curvature, η is an index linked to the position along the slope profile and ψ is linked to the 
critical slope threshold. In addition to the GIST modeling approach, the calculation of the 
soil thickness was also carried out with the Z and S models equation (Saulnier et al. 1997; 
Fig. 8):

In these equations hi, zi and θi indicate, respectively, the soil thickness, the elevation 
and the slope at the ith cell, while hmax, hmin, zmax, zmin, θmax and θmin are the maximum and 
minimum values, respectively, of the soil thickness, elevation and slope measured in the 
study area. Based on an estimate supported by field observations, minimum and maximum 
values of the soil thickness have been, respectively, attributed to 0 and 2 m.

While the two “topographic models” are very simple to apply, the soil thickness estima-
tion through the GIST model required the development of a complex process aimed at the 
definition of the four indices using the 2 m cell size DEM.

The C index was produced as a normalization of the longitudinal curvature derived from 
the DEM. The morphological characteristics of the slopes of the study area were equalized 
to cases 1 (convex profiles) and 2 (convex to concave profiles) described in Catani et al. 
(2010), in which the C index is inversely proportional to the curvature.

Firstly, the definition of the η index required the calculation of the parameter P (length 
of the upstream flow/length of the total flow), through the use of the GRASS "r.flow" tool, 
applying the 3D option. The metamorphic and sedimentary formations, prevalent in the 
outcrops in the study area, were treated in analogy to the toposequence of the flyscioid and 
crystalline units of the Terzona basin (Catani et al. 2010). In this type of toposequence, the 
index η is set equal to the parameter P, assuming that η increases linearly from the mini-
mum value (η = 0) in correspondence with the talweg (p = 0) to the maximum (η = 1) in 
correspondence with the watersheds (p = 1).

The ψ index was defined starting from the elaboration of the slope values and the litho-
technical characteristics in correspondence with the inventoried LIP of the event of Octo-
ber 1, 2009. Slightly higher values than the internal friction angle of the three lithotechni-
cal classes (Granular B, Stratified A and Crystalline) affected by the debris flows have been 
attributed to the index ψ, as critical slope angles.

Once all the levels (in raster format) relating to the C, η and ψ indices were developed, 
the calibration factor Kc was identified, carried out by identifying the minimum value 
of the sum of the square of the difference between the in-field measured value and the 
calculated.

The results of the three models offer a different distribution in the soil depth classes 
(Fig. 9). The Z and S models indicate an unrealistic prevalence of the 1–2 m soil thickness 
class meanwhile the GIST model offers a more realistic distribution, exceeding the maxi-
mum estimated value of 2 m for the 17% of the cells in the area.

The results were also compared with 114 in-field measured data (Fig. 10). While the Z 
and S models overestimate the soil thickness, the results of the GIST model show errors 

(10 [Z model])hi = hmax −

(

zi − zmin
)

(

zmax − zmin
)

(

hmax − hmin
)

(11 [S model])hi = hmax

[

1 −
tan�i − tan�min

tan�max − tan�min

(

1 −
hmin

hmax

)]
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that are not small but more balanced (34% > 0 and 66% < 0), the average Δ value (average 
value of the difference between estimated and measured thickness) equal to − 20 cm and 
the standard deviation equal to 0,84. Though it widely shows considerable discrepancies, 
even greater than one meter, the GIST soil thickness map was deemed adequate for the aim 
of the study and thus used in the subsequent elaborations. The low accuracy was consid-
ered acceptable, especially because the error introduced would still be applied homogene-
ously on each of the runout equations.

The volume of each of the 50 polygons of the training dataset was calculated in four 
ways, all using the soil thickness map provided by the GIST model:

	 I.	 VCT—using a map algebra tool (volume calculation tool of QGIS) to estimate, cell 
by cell, the volume of soil, that was then summed up inside the initiation areas (IA),

	 II.	 VCT* kh—using the same QGIS tool but with a correction factor kh (see Eq. (12)),
	 III.	 dave*A—as product between initiation area (IA) and the average value of the GIST 

soil thickness map (dave) in the source area
	 IV.	 dmax*A* kh—as product between initiation area (IA), the maximum value of the GIST 

soil thickness map (dmax) in the source area, and a correction factor kh, applying the 
following equation:

where:

•	 Vol = volume of displaced material in the initiation area (m3)
•	 dmax = maximum depth of the initiation area (m)
•	 IA = area of the initiation area (m2)
•	 kh = correction factor experimentally determined equal to 0.672

Based on the field data, the relationship (12) assumes that the maximum depth of the 
initiation area corresponds to the maximum soil thickness. In fact, in the source areas of 
rapid flows activated on October 1, 2009 in the Messina area, after the landslides failure, 

(12)Vol = dmax ∗ IA ∗ kh

Fig. 9   Soil thickness distribution of the Z, S and GIST models
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the lithoid bedrock is often outcropping. The correction factor kh was defined based on 
in-field measurements in eight initiation areas where the depths between the hypothetical 
original slope surface and the failure surface along 29 profiles were measured. The area 
of each section of the real profile was related to the corresponding “box-like” area, char-
acterized by the maximum depth measured in the initiation area. The correction factor Kc 
constitutes the average value of the ratio between each real profile area and the “box-like” 
profile area (Fig. 11).

The four approaches were compared with the volume value estimated using Eq.  (12); 
using this case, the maximum soil thickness values (dobs) were observed during the in-field 
measurements in each source area (Table 1).

A comparison among the average of the differences between the values obtained with 
the assessed soil thickness and the in-field measures provides an estimate of the reliability 
of the four approaches (Table 2). The formula with the maximum value of soil thickness 
calculated in the initiation area with the GIST approach provides a volume value almost 
double that with the in-field measure, while the Volume Calculation Tool with the kc cor-
rection factor provides a substantially inferior value. The results of the simple volume 
calculation tool, very similar to the volumes estimated through the average GIST values, 
provided volume values closer to the estimation with the field measures and consequently 
were preferred for the following elaboration.

Fig. 10   Comparison between soil thickness field measurements (x axis) and Z (left), S (middle) and GIST 
(right) models’ estimation (y axis)

Fig. 11   In eight measured initiation areas, a maximum soil depth (green dot and line) was measured. Depth 
measurements in each initiation area permitted to draw several surfaces characterized by a horizontal hypo-
thetical top line and by a measured bottom line. The kh correction factor is the ratio between the sum of the 
all the surfaces and the sum of all the “box-like” area
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From the linear elements layer of the observed runout, i.e., the paths of each landslide 
(LP), all the records were extracted singularly, thus obtaining fifty linear layers, each with 
a single path record, from which the relative topographic profile was produced. Along each 
profile, the SBP was manually identified, often with some difficulty: this element, in fact, 
is not always present or uniquely identifiable along the flow path. Nevertheless, the height 
(∆Hs) and the planar (∆Xs) distance between LIP and SBP for each flow has been identi-
fied (Fig. 12). Moreover, in a 4 m buffer (2 cell size radius) produced from each point of 
the SBP layer, the average slope values were calculated resulting in an overall value of 28°.

The three angular parameters α, β and θ included in the runout equations considered 
in the study, were evaluated using the slope map derived from the 2 m cell size DEM or 
through trigonometric calculations. The extension angle (α), as the angle between the hori-
zontal and the line of conjunction between LIP and TP, was deduced as the arc-tangent of 
the ratio between the difference in height and the distance in plan between the two points 
(Fig.  13). The slope angle (θ) was obtained in the same way, using SBP instead of TP 
(Fig. 14). The transition angle (β, Fig. 15) was calculated as a function of the difference 
between the maximum and minimum angles identified in the 4 m buffer areas (2 cell size 
radius) produced from the SBP layer (Fig. 16).

Using the geometric and geographic features of LIP, SBP and TP of the fifty debris–mud 
flows of the training dataset, all the different geometric parameters correlated with the 
runout were defined.

The study was performed without considering the area and volume of the mobilized 
material outside the source area, i.e., in the track area (TA) along the landslide path (LP). 
Moreover, assuming by approximation that the type of mobilized material is uniform for all 
the landslides considered in the study, the Guo et al. (4) equation was simplified by attrib-
uting to the RT factor a constant value. Furthermore, this latter equation has been modified 
in order to make it easier to compare with the others:

4 � Results and discussion

The runout of the 50 observed phenomena of the training dataset, i.e., the length of the 
Landslide Path from each Initiation Area, was measured both in plan (Lmin; 2D) and along 
the profile (L; 3D), providing non-negligible differences (average value: 22%; minimum: 
6%; maximum: 44%; standard deviation: 9%; Fig.  17). This indicates the importance of 

(13)Lmax = ea ∗ eb∗logV ∗ ec∗sin� = ea ∗ Vb ∗ ec∗sin�

Table 2   Volume estimation 
formula and value of the ratio 
between the estimated soil 
thickness and the in-field 
measurement

Formula Estimated/
field meas-
ured

Volume calculation tool GIST 1.05
Volume calculation tool GIST * kh 0.7
Average GIST soil thickness * Area 1.10
Maximum GIST soil thickness * Area * kh 1.82
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clearly defining what type of runout distance it is calculating to avoid dangerous underesti-
mates in forecasting analysis.

A correlation analysis among 2D and 3D runout and the landslide geometric charac-
teristics was produced for each equation, using the volume calculated with the Volume 

Fig. 13   Distribution of the propagation angle (α) classes in the 50 elements of the training dataset

Fig. 14   Distribution of the slope angle (θ) classes in the 50 elements of the training dataset



2366	 Natural Hazards (2023) 117:2347–2373

1 3

Calculation Tool of QGIS (Fig. 18 and Table 3), both for confined and for unconfined land-
slides of the training dataset.

The five equations and related parameters taken from the training phase were then 
applied to the validation dataset. A comparison between observed and estimated runout 
values allows to evaluate the different performance of each equation (Figs. 19 and 20). 
Although the differences between the use of 2D and 3D length measures are very small 
in the training phase (Fig.  17), and given the greater simplicity of calculating the 2D 
distance compared to the 3D one, only the 2D length data were used for the validation 
analysis.

Fig. 15   Distribution of the transition angle (β) classes in the 50 elements of the training dataset

Fig. 16   The GIS query tool examines the cells entirely included in the buffer (blue lines) with the radius 
(blue dashed line) pointed in the Slope Break Point (blue dot) providing the minimum (orange cell) and the 
maximum (green cell) angles
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Fig. 17   Length % difference between 3 and 2D Landslide Path from each Initiation Area of the 50 elements 
of the training dataset

Fig. 18   Regression calculated using runout distance (y axis), both in 2D (blue dots) and 3D (orange dots), 
and the geometrical factors (x axis) considered in Rickenmann 1999 (left) and Puglisi et  al. 2015 (right) 
equations, of the training dataset

Table 3   Power laws of each runout distance formula used in the study considering all the training landslide 
dataset (confined and unconfined), both in 2D and 3D

Complete dataset 2D equation 3D equation

Rickenmann (1999) L = 2.4902 (V*ΔH)0.3882 L = 3.4469(V*ΔH)0.3732

Legros (2002) L = 6.8959V0.4824 L = 9.3935V0.4592

Guo et al. (2014) L = e0.7068*V0.5904*e1.7626senβ L = e1.0670*V0.5665*e1.6371senβ

Puglisi et al. (2015) L = 3.3219(V*ΔHs)0.3694 L = 4.532(V*ΔHs)0.355

New equation L = 6.8424(V*ΔHs/ΔXs)0.5171 L = 9.1758(V*ΔHs/ΔXs)0.4955
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Fig. 19   Comparison between observed and estimated 2D runout distances calculated for the validation 
dataset with Rickenmann (1999), Legros (2002), Guo et al. (2014) and Puglisi et al. (2015) relationships: 
orange and blue dots are, respectively, related to unconfined and confined events

Fig. 20   Comparison between 
observed and estimated 2D 
runout distances with the new 
relationship
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All the five relationships tend to underestimate the runout, particularly for the confined 
type, providing all positive values of the mean differences between observed and estimated 
propagation distance. The results of the entire validation dataset show high reliability in 
terms of R2 of Eq. (5) (Puglisi et al. 2015), slightly lower than Eq. (2) (Rickenmann 1999). 
The other three equations ((3), (4) and (8)) provide lower R2 values than (5). Although it 
introduces an additional variable (ΔXs), the new Eq.  (8) does not seem to provide a sig-
nificant improvement in the forecasting capabilities of the geometric approach to runout 
estimation. The use of the tan(θ) instead of the ΔHs/ΔXs ratio does not significantly modify 
the results. Even if Eq. (5) provides high performances, on the other hand the identification 
of the SBP was not yet obtained in automatic way and it is inevitably prone to subjective 
interpretation. The simplicity of the approach of Eq. (3), that relates the runout exclusively 
to the volume of the initiation area, makes it the easiest to use.

The separated analysis of the confined and unconfined landslide dataset leads to signifi-
cant results. The R2 values of the “unconfined” data (43 events) are similar to those of the 
“total” dataset, while for the “confined” data (7 events) R2 values are substantially lower. 
The scattered effect complies with the possible uncertainty of the base data since the iden-
tification of the TP is much easier for unconfined events than for confined ones. While the 
toe of the landslide deposits is always well identifiable for unconfined debris flows, the TP 
of confined phenomena could be placed between the entrance into the main hydrographic 
network and the point where the deposited material is recognized: in the first case, the 
observed runout would probably be underestimated while in the second the effect of the 
hydraulic dynamics in the watercourse could be erroneously summed.

How to use data relating to multiple confined phenomena in which displaced mate-
rial, coming from different and separated initiation areas, converge toward a single path, 
remains another open issue. In fact, it is difficult to attribute univocally part of the dis-
placed material to different initiation area, when different surges share the same path. Simi-
larly, summing the volumes of all the initiation areas in a single event could overestimate 
the volume of each event, attributing the sum to a single LIP. Five of the twelve confined 
landslides of the training dataset were highly multi-lobed and created serious interpretative 
problems, both for the estimate of the volume and for the location of the toe point. In these 
few cases (10% of the total), whose toe point corresponds to huge debris accumulations in 
the main valley floors, if not directly on the coast, the volume of a multiplicity of distinct 
scarps with strictly converging paths was attributed to a single LIP. Although it could over-
estimate the volume of some considered events, this approach was adopted in a precaution-
ary way, permitting to contemplate in the comparison analysis even in extreme cases.

5 � Conclusions

The empirical geometric approach finds its most appropriate application in the maps pro-
duction for territorial planning and (pre)early warning systems, rather than for the design 
of protection works. Unfortunately, shallow landslide hazard maps containing runout esti-
mation are currently not particularly widespread. In this study, the use of some empirical 
geometric runout equations allowed testing their specific reliability in the specific context 
of the Messina area.

Various approximation elements were introduced in the application of the five relation-
ships. Firstly, the area and volume of the mobilized mass outside the initiation area, i.e., 
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along the path, were not considered. Furthermore, the study made use of Eq. (3) assuming 
that the type of mobilized material was homogeneous for all the shallow landslide dataset.

The results show that 2D and 3D estimations are very similar in terms of reliability. 
Considering that all the five used equations tend to underestimate the runout distances, 
further improvements in the evaluation of the soil thickness with the GIST method may 
lead to providing more conservative predictions. Alternatively, the use of different volume 
calculation options may allow modulating distinguished expected scenarios.

The two functions (3) and (4), that introduced the use of the SBP, give acceptable results. 
If available, specific data on the lithological characteristics of the mobilized masses, expressed 
in the RT factor, may certainly contribute to achieving even better results. Furthermore, the 
implementation of an automatic and consistent GIS tool for placing the SBP along the land-
slide path may better express the potential of these two functions. The Legros equation seems 
to join the reliability of the results with easiness of use, while the new equation needs fur-
ther application to better verify its potential. Further efforts must be addressed to identify a 
unique method to extrapolate the parameters of multilobate-confined phenomena; in fact, how 
to attribute the specific volumes and the position of the TP to this kind of debris flow remains 
an open issue.

Moreover, to improve the effectiveness of the empirical geometric approach for estimating 
the runout of potential events, it is necessary to perform detailed field surveys (Lorente, 2003), 
possibly carried out immediately following the occurrence of the landslides, and laboratory 
tests on soil samples of the mobilized material (Hürlimann et al. 2015). New field measure-
ment of geometric data, such as soil thickness and volume of the initiation areas, and in situ 
and laboratory geotechnical and physical test of the soil and of the mobilized material, would 
allow the development of more detailed general equations and more effective site-specific 
curves.

Notwithstanding a non-negligible scattering between expected and observed runout dis-
tances and some limitations in exporting the correlation curves derived from datasets obtained 
in a specific area (Rickenmann 1999), the use of the geometric approaches can significantly 
boost the implementation of susceptibility analyses. Joining the runout estimate with the eval-
uation of kinematic parameters, such as velocity and kinetic energy, may lead to more detailed 
definition of landslides hazard at river basin scale. Although the geometric approach tends 
to simplify the complex dynamics of debris and mud flows, any future progress in the use of 
runout equations may greatly contribute to risk mitigation, producing more significant maps 
for spatial planning and more efficient early warning systems.
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